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Molecular Toxinology has been consolidated as a scientific area focused on the 
intertwined description of several aspects of animal toxins. In an inquiring 

biotechnological world, animal toxins appear as an invaluable source for the discovery 
of therapeutic polypeptides. Animal toxins rely on specific chemical interactions with 

their partner molecule to exert their biological actions. The comprehension of how 
molecules interact and recognize their target is essential for the rational exploration of 
bioactive polypeptides as therapeutics. Investigation on the mechanism of molecular 
interaction and recognition offers a window of opportunity for the pharmaceutical 

industry and clinical medicine. Thus, this book brings examples of two interconnected 
themes - molecular recognition and toxinology concerning to the integration between 

analytical procedures and biomedical applications.
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Preface

Molecular Toxinology has been consolidated as a scientific field focused on the intertwined
description of ecological, biochemical, clinical, pharmacological and structural aspects of an‐
imal toxins. In an inquiring biological world, where the practical scientific responses are giv‐
en ultimately to improve the human health, animal toxins have arisen as an invaluable
source for the discovery of therapeutic peptides and proteins. Both basic and applied re‐
search in academy and pharmaceutical industries are granted and benefited from million of
years of natural history by which families of toxins in animal venoms have evolved and
were improved in terms of selectivity and target specificity. Another advantage is that na‐
ture has selected several toxin structures and scaffolds to act effectively as poison but indeed
have similar counterparts in the human body. No matter if organic or polypeptide, animal
toxins rely on specific chemical interactions with their partner molecule to exert their biolog‐
ical actions.

Obviously, better the comprehension of how molecules interact and discriminate (recognize)
their target, better the benefits we can achieve for rational exploration of the bioactive pepti‐
des and polypeptides as therapeutics. In this respect, a deep investigation of the molecular
mechanism of interaction and recognition by which a given polypeptide acts as ligand or
target molecule offers a window of opportunities for the pharmaceutical industry and clini‐
cal medicine.

This book is dedicated to present to the reader selected elegant examples of two intercon‐
nected themes - molecular recognition and toxinology–concerning to the integration be‐
tween analytical procedures and biomedical applications. With this aim, the book is divided
in three sections, where the first combines chapters on molecular toxinology, the second
deals on molecular cloning and genetics, and the third brings into focus basic and applied
works on molecular recognition.

Thus, by means of proteomic and pharmacological concepts, Cunha's group (Chapter 1) and
Fernandes-Pedrosa (Chapter 2) describe several examples of venom toxins from the main
poisonous animal groups and illustrate the potential application of isolated venom compo‐
nents to modulate physiological and pathological processes, particularly, in mammals. In
Chapter 3, Mortari and Siqueira Cunha present a comprehensive review concerning to the
arthropod neurotoxic polypeptides useful for target-driven drug discovery, and in Chapter
4 Giuliatti shows in detail how to apply distinct computational methods to elaborate three-
dimensional protein models and search for binders and ligands. Lameu and collaborators, in
Chapter 5, review the multiple biological roles of venom bradikinin potetiating peptides–a
component of kallikrein-kinin system–and the importance of these molecules in programs of
drug development for the treatment of cardiovascular diseases. In Chapter 6, Yanomine and
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co-workers discuss about serine proteases from snake venom, taking into account the clon‐
ing, expression and use of this class of thrombin-like enzymes in controlling coagulopathies.
In Chapter 7, Chudzinski-Tavassi's group paradigmatically covers robust analytical proce‐
dures to understand the Lonomia obliqua (caterpillar) envenomation, compositional deter‐
mination of bristle secretion, and biomedical application of its components on blood
coagulation system. In a moment that several species of hymenoptera have their genome
sequenced and annotated, Torres and co-authors bring to view, in Chapter 8, the current
status and recent progress on the venom from ants, dedicating particular attention to the
giant ant Dinoponera quadriceps. Connecting the molecular mechanism by which toxins in‐
duce tissue damage, Bruzan and collaborators (Chapter 9) elegantly discuss the role of miR‐
NA in the mechanism of intoxication caused by microcystin - a hepatotoxin produced by
cyanobacteria.

Section two is opened with a work written by Perez de la Lastra et al. (Chapter 10) devoted
to the identification of key components from vulture immune system involved in the neu‐
tralization of noxious microorganisms taking during carcass feeding. Related to host mecha‐
nisms of detoxification and control of disease-causing plague's vector, the article authored
by Shahein et al. (Chapter 11) introduces the genetic, structural and functional characteris‐
tics of GST from ticks and its amenability to serve as an antigen for parasite killing using
anti-tick vaccines. In connection, Castillo & Porta (Chapter 12) focus on presenting concepts
and practice of preparing structurally modified recombinant allergens for diagnosis and al‐
lergen-specific immunotherapy to treat allergy syndrome. In biotechnology, different bio‐
logical platforms are used for genome modification and developed for recombinant protein
expression. The review article (Chapter 13) by Murakami brings into focus the recent advan‐
ces in genetic transformation of macroalgae–a photosynthetic biological system of high eco‐
nomic, industrial and medical importance. Closing the section two, Noriyuki and
collaborators report, in Chapter 14, the genetic diversity and population balance of Hotoke
loach in rivers from rural area of Japan, bringing to discussion an actual ecological case that
can be applicable as model for the evaluation of population status and genetic background
of other endangered species of animals.

Section three starts (Chapter 15) with the examination of the mechanistic and structural
characteristics of molecular recognition between HIV-1 integrase and its inhibitor raltegra‐
vir, by Tchertanov and Arora. This survey sets the basis for target-based drug discovery and
clinical application of highly specific allosteric inhibitor in HIV therapy. In Chapter 16, Fier‐
ro and collaborators present theoretical and original data from protein crystal structure and
computational molecular modelling to evaluate ligand-binding sites of monoamine oxidases
and experimentally test several selective inhibitors. Hibino and co-authors (Chapter 17) treat
sharply on a powerful and sophisticated technology to investigate and quantify the ligand
association/dissociation with their respective receptors based on single-molecule imaging
(SMI). The authors offer some examples of the actual use of SMI in Life Sciences and its ap‐
plicability in the field of Toxinology. The molecular interaction and recognition between sac‐
charides and polypeptides play a crucial role in biological process and signaling. In Chapter
18, Miura and collaborators exemplify several aspects of sugar-protein discrimination and
interaction, discussing the fabrication of glycopolymeric biomaterials for analytical and
nanotechnological purposes. In Chapter 19, Khalafi and Rafiee present fundaments of how
spectral changes of cyclodextrin are observed and illustrate practical uses of this system in
molecular recognition of distinct compounds, including toxins. Another technique of evalu‐

XIV Preface

ating recognition of molecules involves the application of potentiometry, as discussed by
Radecki and Radecka, in Chapter 20. Closing the section three, Akitsu and Kominato bring
into view the backgrounds of conformational changes occurring in consequence of molecu‐
lar recognition based on Schiff-base interaction. This principle can be applicable for spectro‐
scopic analysis and docking studies of metal-Schiff base complexes in proteins.

I hope the readers will enjoy the selected and interconnected themes compiled here and that
the chapters in this book will serve as useful reference for productive research and techno‐
logical application.

I am very thankful to all authors for their contribution and sharing their knowledge, what
surely is the result from constant and dedicated works. I manifest my gratitude to InTech
editorial office for making possible the concretization of this book project.

Dr. Gandhi Radis-Baptista
Universidade Federal do Ceara, Instituto de Ciencias do Mar - Labomar,

Brazil

Preface XI
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Chapter 1

Peptidomic Analysis of Animal Venoms

Ricardo Bastos Cunha

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53773

1. Introduction

The last two decades have witnessed a growing interest in the discovery of new chemical
and pharmacological substances of animal origin. Pharmacological tests of toxins obtained
from animal venoms revealed its effects on central nervous system, mainly acting on ion
channels in heart, intestine, in vascular permeability, etc. Potential applications of these sub‐
stances have been proposed ranging from human disease treatment to plague control of ag‐
ricultural interest. In this scenario, the peptidomic analysis has played an increasingly
important role.

Venomous organisms are widespread throughout the animal kingdom, comprising more
than 100,000 species distributed in all major phyla. Virtually all ecosystems on Earth have
venomous or poisonous organisms. Venoms represent an adaptive trait, and an example of
convergent evolution. They are truly mortal cocktails, comprising unique mixtures of pepti‐
des and proteins naturally tailored by natural selection to operate in defense or attack sys‐
tems, for the prey or the victim. Venoms represent an enormous reservoir of bioactive
compounds able to cure diseases that do not respond to conventional therapies. Darwinian
evolution of animal venoms has accumulated in nature a wide variety of biological fluids
which resulted in a true combinatorial libraries of hundreds of thousands of molecules po‐
tentially active and pharmacologically useful.

Venom is a general term which refers to a variety of toxins used by certain animals that
inoculate its victims through a bite, a sting or other sharp body feature. Venoms of verte‐
brates and invertebrates contain a molecular diversity of proteins and peptides, and other
classes of substances, which together form an arsenal of highly effective agents, paralyz‐
ing and lethal, mainly used for predation and defense. We must distinguish venom from
poison, which is ingested or inhaled by the victim, being absorbed by its digestive system
or respiratory system. Animal venoms, in contrast, are administered directly into the lym‐

© 2013 Cunha; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Cunha; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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phatic  system,  where  it  acts  faster.  Only  those  organisms  possessing  injection  devices
(stingers,  fangs,  spines,  hypostomes,  spurs  or  harpoons)  which  allow  the  active  use  of
venom for predation can be correctly characterized as venomous. Many other animals se‐
crete  lethal  substances (insects,  centipedes,  frogs,  fish,  etc.),  but,  as  these substances are
used primarily for defense purposes, these animals are termed poisonous and cannot be
accurately characterized as venomous.

Venomous and poisonous invertebrates include cnidarians [1, 2] (sea anemones, jellyfish
and corals), some families of mollusks [3] (mainly Conidae) and arthropods [4] (scorpions,
pseudoscorpions, spiders, centipedes, ticks and hymenoptera insects, like bees, ants and
wasps). Arthropods inject their venom through fangs (spiders and centipedes) or stingers
(scorpions and pungent insects). The sting, in some insects, such as bees and wasps, is a
modified egg-laying device, called ovipositor. Some caterpillars have venom defense glands
associated to specialized bristles in the body known as urticating hairs, which can be lethal
to humans (such as the moth Lonomia) [5]. Bees use an acidic poison (apitoxin), which causes
pain in those bitten, to defend their hives and food stocks [6]. Wasps, on the other hand, use
its venom to only paralyze the prey [7]. In this way, the pray can be stored alive in food
chambers for the young. The ant Polyrhachis dives produces a poison that is applied topically
on the victim for pathogen sterilization [8]. There are many other venomous and poisonous
invertebrates, including jellyfish [9], bugs [10] and snails [11-13]. The sea wasp (Chironex
fleckeri), also called box jellyfish, has about 500,000 cnidocytes in each tentacle, containing
nematocysts, a harpoon-shaped mechanism that injects an extremely potent venom into the
victim, which causes severe physical and psychological symptoms known as Irukandji syn‐
drome. In many cases, this inoculation leads to death of the victim, that is why sea wasp is
popularly known as “the world’s most venomous creature” [14].

Loxoscelism is a condition produced by the bite of spiders from the genus Loxosceles, and
is the only proven cause of necrosis in humans of arachnological origin [15]. Loxosceles spi‐
ders can be found worldwide. However, their distribution is heavily concentrated at the
Western Hemisphere, particularly at the Americas, with more evidence in the tropics. In
urban areas of South America, the presence of this type of spider is so evident that loxo‐
scelism is considered a public health problem. Although Loxosceles bite is usually mild, it
may  ulcerate  or  cause  more  serious  dermonecrotic  injurie  and  even  systemic  reactions.
This injurie is  mainly due to the presence of  the enzyme sphingomyelinase D in spider
venom. Because the great number of diseases which mimic the loxoscelism symptoms, it
is frequently misdiagnosed by physicians [16]. Although there is no known fully effective
therapy for  loxoscelism,  research about  potential  antivenoms and vaccines  has  been ex‐
haustive,  presently  also using the peptidomic approach [17],  and many palliative thera‐
pies are reported in literature [15, 18].

Among vertebrates, only few reptiles (snakes and lizards) have developed the machinery
for venom production [9], although some fish [9, 19], amphibians [20] and mammals (pla‐
typus for example)  [21]  have venom glands.  The best  known venomous reptiles are the
snakes,  which  normally  inject  venom  into  their  prey  through  hollow  fangs.  The  snake
venom is produced by mandibular glands located below the eyes and is inoculated into
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the victim through tubular or channeled fangs. Snakes use their venom mainly for hunt‐
ing, although they can also use it  for defense. A snakebite can cause a variety of symp‐
toms  including  pain,  swelling,  tissue  damage,  decreased  blood  pressure,  seizures,
bleeding, respiratory paralysis, kidney failure and coma, and may, in severe cases, cause
the patient death. These symptoms will vary depending on snake specie. Snakebite is an
important medical emergency in many parts of the world, particularly in tropical and sub‐
tropical regions. According to World Health Organization (WHO), the incidence of snake‐
bite reaches 5 million per year, causing 2.5 million envenomations and 125,000 deaths [22].
About 80% of envenomation deaths worldwide are caused by snakebite, followed by scor‐
pion bite, which causes 15% [23]. Most affected are healthy people, such as children and
agricultural populations, usually in poor resources areas, away from health centers in low-
income countries in Africa, Asia and Latin America. As a result, WHO declared snakebite
as a health crisis and a neglected tropical disease.

In addition to snakes, there are other venomous reptiles, such as the beaded lizard (Heloder‐
ma horridum), the Gila monster (Heloderma suspectum) and other species of lizards [9]. The
composition of the Komodo dragon (Varanus komodoensis) venom is as complex as snake
venoms [24]. Because of recent studies of venom glands in squamata and analysis of nuclear
protein-coding genes, a new hypothetical clade, Toxicofera, is being proposed [25]. This
clade would include all poisonous Squamata: suborders Serpentes (snakes) and Iguania
(iguanas, agamid lizards, chameleons, etc.) and the infraorder Anguimorpha, represented
by the families Varanidae (monitor lizards), Anguidae (alligator lizards, glass lizards, etc.)
and Helodermatidae (Gila monster and beaded lizard).

Venoms can also be found in some fish, such as cartilaginous (rays, sharks and chimae‐
ras) and teleostean, including monognathus eel-like fishes, catfishes, rockfishes, waspfish‐
es,  scorpionfishes,  lionfishes,  goatfishes,  rabbitfishes,  spiderfishes,  surgeonfishes,
gurnards,  scats,  stargazers,  weever,  swarmfish,  etc.  [9,  19].  Another  venomous  fish,  the
doctor fish, also know as “reddish log sucker”, is used by some spas to feed the affected
and dead areas of the skin of psoriasis patients, leaving the healthy skin to grow. There
are venomous mammals, including solenodons, shrews, slow loris and the male platypus
[21]. There are few poisonous amphibian species [20]. Some salamanders can expel venom
through a rib of a sharp edge. There are even reports of venomous dinosaurs [26]. Sinorni‐
thosaurus, a genus of Dromaeosauridae dinosaur with feathers, may have had a venomous
bite. But this theory is still controversial. The coelophysoid dinosaur Dilophosaurus is com‐
monly portrayed in popular culture as being poisonous, but this superstition is not con‐
sidered likely by the scientific community.

Until recently, the work in toxinology involved prospecting highly toxic or lethal toxins in
animal venoms that could explain the symptoms observed clinically. Typically, such an ap‐
proach involved the isolation and structural characterization of the molecule which causes
an specific adverse effect observed when a person is envenomed. However, small molecules
with micro-effects that were not easily observed were neglected or poorly studied. This sit‐
uation changed in recent years with the improvement in sensitivity, resolution and accuracy
of mass spectrometry and other techniques used in proteomic toxinology. With the advent
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of these new technologies, small peptides from animal venoms with unexplored biological
activities started to be studied systematically, emerging, then, this new area of knowledge
and scientific research called peptidomics. These molecules are potential candidates for new
drugs or compounds with significant therapeutic actions.

2. Chemical composition and strategic importance of venoms

Over 5000 years ago, the Mesopotamians used a cane with a serpent as an emblem of Nin‐
gizzida, the god of fertility, marriage and pests. In Christianity, the serpent has always been
associated with evil because of the biblical allegory of Adam and Eve. There is also a biblical
story in which Moses erected a post with a brazen serpent to release his people from the pla‐
gue of snakes. Throughout the development of Christianity, this symbol was transformed
and the post became a tau.

But not always and not in all cultures, serpents were associated with evil. Many people be‐
lieved in the cure power of serpents, often associated with its venom. Indeed, the medicinal
value of animal venoms has been known since Antiquity. The medicinal use of bee venom,
apitoxin, is reported in ancient Egypt and in Europe and Asia history. Charlemagne and
Ivan the Terrible, for example, would have used apitoxin to treat common diseases. The med‐
ical uses of scorpion and snake venoms are well documented in Chinese pharmacopoeia. In
an Islamic traditional tale, Muhammed is sick and, in the face of no known cure, it allows
the use of snake venom as a last resource.

To Greeks and Romans, the serpent was a symbol of cure because periodically abandons its
old skin and seemingly reborn, in the same way that doctors remove the disease of the body
and rejuvenate the men, and also because the serpent was a symbol of concentrated atten‐
tion, which was required to the curers. However, the association of serpents with cure may
also be related to its venom, represented symbolically by herbs in the Greek-Roman mythol‐
ogy of Aesculapius, the god of medicine and cure. Called to assist Glaucus, who had been
killed by lightning, Aesculapius saw a snake enter the room where he was, and killed it with
his staff. Soon, a second serpent entered the room carrying herbs in its mouth, which depos‐
ited at the mouth of another dead serpent, making it back to life. Watching this scene, Aes‐
culapius decided to put the herbs into the Glaucus mouth, who also raised from dead. Since
then, Aesculapius turned the serpent your pet guardianship. His staff with a coiled serpent
became the symbol of modern medicine in a large number of countries and is present even
in the banner of the World Health Organization (WHO).

However, despite the healing power of animal venoms be known for a long time, the sys‐
tematic investigation of venom components as natural sources for the generation of pharma‐
ceuticals was only performed over the past decades, after a peptide that potencialize
bradykinin action was isolated from the venom of the Brazilian snake Bothrops jararaca [27].
This led to the development, in the 1950s, of the first commercial drug based on angiotensin
I converting enzyme (ACE)-inhibitor (trade name captopril®), for the treatment of arterial
hypertension and heart failure [28]. Prialt® (ziconotide) is another example of synthetic drug
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successfully isolated from an animal venom [11]. This is a synthetic non-opioid peptide,
non-NSAID, non-local anesthetic calcium channel blocker, isolated from the secretions of the
cone snail Conus magus. Prialt® is used for the alleviation of chronic intractable pain and is
administered directly into the spinal cord, due to deep side effects or lack of efficacy when it
is administered by the more common routes such as orally or intravenously.

The evolution of the venom secretion apparatus in animals is indeed an impressive biologi‐
cal achievement at the evolutionary point of view. Since venoms components result of bio‐
chemical and pharmacological refinement over a long period in evolutionary scale, they
have been tuned for optimum activity by the natural evolution. Thus, nature has already
prospected huge combinatorial libraries of potential therapeutic drugs. The biochemical
evolution of proteins from salivary fluids or venom exocrine glands is remarkable, especial‐
ly when one considers the highly specialized functions of these proteins and its high specif‐
icity with respect to the target molecule.

Several classes of organic molecules have been described in venoms, such as alkaloids and
acylpolyamines. However, the main constituents are indeed polypeptides. Venoms of cone
snail and arthropods, such as spiders, scorpions and insects, to a lesser extent, seem to be
mainly peptidic, while snakes produce protein rich venoms. Snake venoms contain a variety
of proteases, which hydrolyze peptide bonds of proteins, nucleases, which hydrolyze phos‐
phodiester bonds of DNA, and neurotoxins, which disable signaling in the nervous system.
The brown spider venom contains a variety of toxins, the most important of which is the tis‐
sue destruction agent sphingomyelinase D, present in the venom of all species of Loxosceles
in different concentrations [29]. Only another spider genus (Sicarius) and several pathogenic
bacteria are known to produce this enzyme.

Some venoms comprise several hundreds of components, which further expands its poten‐
tial as a source of new medicines. Many components of venoms affect the nervous system
and modulate the generation and propagation of action potentials, acting on multiple molec‐
ular sites, which include central and peripheral neurons, axons, synapses and neuromuscu‐
lar junctions [30]. Many of these target receptors play important physiological roles or are
associated with specific diseases. Therefore, the components of animal venoms are impor‐
tant biological tools for studying these receptors, and the discovery of molecules in venoms
with selective activity for these receptors represents a very attractive approach to the search
for new drugs. The venom components may therefore be probed for the development of
new therapies for pain management [31], new anti-arrhythmic [32], anticonvulsant [33] or
anxiolytic drugs [34], new antimicrobial agents [35-37] or pesticides [38, 39], etc. Even a sub‐
stance that causes priapism has been isolated from the venom of a Brazilian spider [40], be‐
coming a potential drug candidate to attend erectile dysfunction.

Another reason to study the composition of animal venoms is trying to seek more effective
prophylaxis for envenomings. Doctors treat victims of venomous sting with serum, which is
produced by injecting into an animal, such as sheep, horse, goat or rabbit, a small amount of
specific venom. The animal’s immune system responds to the target dose, producing anti‐
bodies to active molecules of the venom. These antibodies can then be isolated from the ani‐
mal’s blood and used in envenoming treatment in other animals, including humans.
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However, this treatment can be effectively used only a limited number of times for a partic‐
ular person, since that person will develop antibodies to neutralize the exogenous animal’s
antibodies used to produce the antiserum (antibodies antiantibodies). Even if that person
does not suffer a severe allergic reaction to the antiserum, his own immune system can de‐
stroy the antiserum even before the antiserum destroys the venom toxins. Most people will
never need an antiserum treatment throughout their lives. However, others, who work or
live in risk areas habited by snakes or other venomous animals, such as agricultural areas
for example, need that this treatment is available in public health network.

Some treatments are done not with antiserum, but herbal. Aristolochia rugosa and Aristolochia
trilobata, or angelic, are medicinal plants used in Western India and in Central and South
America against snake and scorpion bites [41]. Aristolochic acid, produced by those plants,
inhibits inflammation induced by immune complexes and non-immunological agents (carra‐
geenan or croton oil). It also inhibits the activity of phospholipases present in snake venoms
(PLA2], forming a 1:1 complex with the enzyme. Phospholipases play an important role in
the reactions cascade that lead to inflammatory response and pain. Therefore, its inhibition
may reduce problems of scorpionism, snakebite and loxoscelism.

3. Proteomic and peptidomic analysis: A new approach to study venoms

Proteins are very large molecules formed by amino acids chains linked together as a poly‐
mer. Although biological systems uses only 20 amino acids to build their proteins, the differ‐
ent possible combinations among them is virtually infinite, resulting in tens of thousands
different proteins, each one with a unique sequence, genetically defined, which determines
its specific form and biological function. Furthermore, each protein may undergo a variety
of post-translational modifications, which diversifies even more its form and function. Pro‐
teins are the main constituents of protoplasm of all cells. As the major components of cells
metabolic pathways, proteins have vital functions in organism, such as: catalyze biochemical
reactions (eg. enzymes), transmit messages (eg. neurotransmitters), regulate cellular repro‐
duction, influence growth and development of various tissues (eg. trophic factors), carry
oxygen in the blood (eg. hemoglobin), defend the body against diseases (eg. antibodies),
among countless other achievements. There is no metabolic reaction in which the participa‐
tion of at least one protein is dispensable.

The term “proteome” is derived from the junction of the word “PROTEin” with the word
“genOME” and refers to the set of proteins expressed starting from a genome, i.e., all the
proteins produced by an organism. Indeed, the word proteome is often be more related to
the set of proteins expressed in a specific organ, or biological fluid, or cell, in a given state
(eg. diseased cell).  The proteome is therefore the complete complement of a genome, in‐
cluding the “makeup” that proteins receives after being synthesized, i.e., the post-transla‐
tional  modifications,  all  of  them  absolutely  relevant  for  that  proteins  perform  their
biological function. The proteome of a cell or fluid varies with time and conditions under
which the organism is subjected. The human body, for example, can contain more than 2
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million different proteins, each one exerting a distinct role. Unlike the genome, which is
relatively static, the proteome is constantly changing in response to tens of thousands of
intra and extracellular environmental signals. The proteome varies with the nature of each
tissue or organ, the cell development stage, the stress conditions to which the organism is
subjected, the organism health state, the effects of drug treatment, etc. As such, the pro‐
teome is often defined as the proteins present in a sample (tissue, organism, cell culture,
biological fluid, etc.) at a given point in time.

The term proteomics consists of comprehensive and systematic study of all proteins present
in a given cell state, which was made possible by the huge development of mass spectrome‐
try techniques over the past two decades. Proteomics and genomics run parallel and are in‐
terdependent. Genomics without proteomics is only an “alphabet soup”, because it can only
make inferences about their products (proteins). Moreover, proteomics requires genomics to
identify the proteins expressed in a particular cell state. Briefly, genomics provides a static
information of the various ways in which a cell may use its proteins, while proteomics gives
a dynamic panorama of molecular diversity, showing not only which proteins are more or
less expressed (or is not even expressed), but also how these proteins were modified and
how these modifications affect its role in the cell theater.

Proteomic technologies can play an important role in new drugs discovery, new diagnos‐
tics and molecular medicine, because it is the connection between genes, proteins and dis‐
eases.  For  example,  the  discovery  of  defective  proteins  that  cause  specific  diseases  can
help develop new drugs that either alter the shape of a defective protein or mimic its ac‐
tion.  Most of  the most popular drugs today either have proteinaceous nature or have a
protein target.  Through proteomics,  one can create  “custom” drugs,  i.e.,  drugs specially
designed for specific individuals. Such drugs are supposed to be more effective and cause
fewer side effects. Another field to which proteomic studies can contribute is the biomark‐
ers  discovery  for  specific  diseases,  whose  overexpression (or  depletion)  would indicate,
quite early, the disease development. For example, serum levels of prostate specific anti‐
gen (PSA)  is  commonly  used in  the  diagnosis  of  prostate  cancer  in  men,  which  makes
PSA a biomarker for cancer. Unfortunately, however, the diagnosis based on a single pro‐
tein biomarker is not very reliable. Proteomics may help scientists to develop diagnostic
tests that simultaneously analyze the expression of multiple proteins in order to improve
the specificity and sensitivity of these tests.

Over time, new study areas with the suffix “omics” have emerged, such as metabolomics,
lipidomics, carbohydratomics, degradomics etc. The term venomics did not slow to appear,
and today it is defined as the study of all components (protean or not protean) of a venom.
The word peptidomics has also been proposed to set the study of the peptides (instead of
proteins) of a cell type or a biological fluid, such as venom. According to Ivanov and Yatskin
[42]: “structure and biologic function of the entire multitude of peptides circulating in living
organisms, their organs, tissues, cells and fluids comprises the scope of peptidomics”. For
these authors, “these two multitudes of polypeptides (proteins and peptides) play a domi‐
nant role in the functioning of any cellular system, tissue or organ. They are intimately con‐
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nected with each other and exist in equilibrium as an essential part of homeostasis (i.e., the
normal state of any living organism and the basis of life itself)”.

Peptidomic analysis has been proposed by several authors [43-55] as a way to access infor‐
mation relevant to clinical diagnosis and/or to monitor the patient biochemical profile dur‐
ing the therapy. The growing interest in peptidomic analysis led some scientists to develop
new analytical technologies to improve peptidomic analysis, such as: use of capillary elec‐
trophoresis to separate the peptides [46]; use of size exclusion chromatography as a pre-frac‐
tionation step [53, 56]; new technologies and methods for sample pretreatment [57], such as
methods for isolation rare amino acid-containing peptides, terminal peptides, PTM peptides
and endogenous peptides, automated sample pretreatment technologies (automated sample
injection and on-line digestion) [58]; development of a new target plate for MALDI-MS for
one step electric transfer of analytes from a 1-dimensional electrophoresis gel directly to the
target plate [59, 60]; etc. In recent years, in the face of the remarkable development on nano‐
technology, many researchers have produced different kind of nanoparticles, such as meso‐
porous silica nanoparticles [50, 51, 61, 62] and carbon nanotubes [52, 63], for selective
peptide extraction (and, hence, its enrichment) from biological fluids for therapeutic purpos‐
es (clinical diagnosis and/or novel biomarker discovery).

In the case of animal venoms, however, peptidomics is a highly interesting area for differ‐
ent reasons, since most of the biologically active components of pharmacological interest
are  of  peptidic  nature  [64].  For  example,  Biass  and  co-workers  [12]  studied  the  venom
peptidomic profile  of  the cone snail-hunting fish,  Conus consors,  through approaches in‐
volving  different  sample  preparation  protocols  and analysis  by  mass  spectrometry.  The
cone snail was quoted in the television series Animal Planet: The Most Extreme,  because it
can quickly shoot a harpoon filled with deadly toxins. The conidia (Conidae) constitute a
family of several shells divided into subfamilies.  It  is  estimated that this genus produce
more than 70,000 different pharmacologically active components, most of peptidic nature,
whereas interspecies variations. It is a rich library of neuropharmacology and combinato‐
rial  chemistry.  Precisely for this  reason,  the 6th  Framework Programme of  the European
Union funded with € 10.7 million the international project CONCO involving 20 partners
and 13 countries  [65],  whose objective  is  to  explore  new molecules  therapeutically  rele‐
vant produced by venomous marine cone snails.

4. The tools to peptidomic analysis

Mass spectrometry is an analytical tool that has evolved dramatically over the past 20 years
in terms of sensitivity, resolving power and versatility, and is currently one of the main tools
for studying the molecular components of biological systems, including venoms. The devel‐
opment of techniques such as electrospray ionization (ESI) and matrix-assisted laser desorp‐
tion ionization (MALDI) was essential for allowing polypeptides be analyzed by mass
spectrometry. Hyphenation of separation techniques such as high performance liquid chro‐
matography (HPLC) with mass spectrometry was also decisive for this progress. As a conse‐
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quence, the highly combinatorial nature of venom components and their underlying
pharmacologic complexity have been progressively revealed by mass spectrometry. Cur‐
rently, major challenges remain on samples complexity, lack of biological material and data‐
bases absence to peptide and protein identification based on sequence information.

Peptidomic analysis of a sample will consist of essentially four steps: (I) peptides extraction
from the sample; (II) separation of these peptides — including their prior separation from
other polypetidic components of the sample, i.e., proteins, defined as the protean compo‐
nents with molecular weight above 10 kDa —; (III) peptides detection — which is commonly
performed by mass spectrometry —, (IV) and finally identification of the peptides — which
usually involves fragmentation of those peptides in a tandem mass spectrometer (MS/MS).

With respect to peptide sequencing for identification purposes, the technique traditionally
used is Edman degradation-based sequencing [66, 67]. But nowadays this kind of sequenc‐
ing is increasingly being replaced by sequencing techniques based on mass spectrometry
[68, 69]. This is due to the fact that mass spectrometry is much more rapid and sensitive than
Edman sequencing and prenscinde of prior separation of the peptides, which means that
peptides can be sucessfully analyzed and sequenced by mass spectrometry from a complex
peptide matrix, which is impossible by Edman sequencing. This is only possible because the
peptide of interest is selected (i.e., separated from others) in the first mass spectrometer.
Then, this parent ion is fragmented in a collision chamber and the daughter ions are ana‐
lyzed in a second mass spectrometer (MS/MS). Figure 3 gives an example of peptide de novo
sequencing by tandem mass spectrometry. For more details about this kind of polypeptide
sequencing, see reference [69].

In proteomics, the most widely used technique to separate protean components of a sample
is the two-dimensional polyacrylamide gel electrophoresis (2D-PAGE). In peptidomics,
however, techniques based on liquid chromatography coupled to mass spectrometry (LC-
MS) appear to be more popular, since peptides are not well resolved by electrophoresis [70].
Despite this, capillary electrophoresis has also been used successfully in peptidomic analy‐
sis, mainly to analyze biological fluids for clinical applications, such as disease diagnosis
and response to therapy [46].

As an example, Valente and co-workers [71] ran a two-dimensional gel from the venom of
Bothrops insularis, an endemic snake specie in Queimada Grande Island, Brazil. The result is
shown in Figure 1. This is an example of venomics, i.e., the study of all protean components
of a venom. Using the proteomic approach, the authors detected 494 spots in the gel using
an image analysis software, from which 69 proteins were identified by current identification
techniques, using mass spectrometry and heavy bioinformatics to interpret the mass spectra
and also to make a comparative search of protein sequences deposited in databases. The
identified proteins include metalloproteinases, serine proteinases, phospholipases A2, lec‐
tins, growth factors, L-amino acid oxidases, the developmental protein G10, a disintegrin, a
nuclear protein of the BUD31 family, and putative novel bradykinin-potentiating peptides.
In the same study, the authors also performed a peptidomic analysis of the venom, by direct
analysis of the crude venom by MALDI-TOF-TOF and LC-ESI-Q-TOF. Many new peptides
were partially or completely sequenced by both MALDI-MS/MS and LC-ESI-MS/MS. Using
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the proteomic approach associated with peptidomic analysis, the authors could speculate
about the existence of posttranslational modifications and a proteolytic processing of precur‐
sor molecules which could lead to diverse multifunctional proteins.

Figure 1. Proteomic profile of Bothrops insularis venom: 2D-PAGE reference map (copyed from reference [71]).

Liao and co-workers [72] also applied proteomic and peptidomic approaches together to an‐
alyze the venom of Chilobrachys jingzhao (a type of tarantula; one of the most venomous spi‐
ders in southern China). They developed a protocol which consists in run a gel filtration of
the crude venom and then divide the fractions in two parts. The fraction containing protean
components with molecular mass above 10 kDa they underwent proteomic analysis, which
consisted of 2-DE, in gel trypsin digestion, MALDI-TOF-TOF and ESI-Q-TOF analysis of the
spots, protein identification by PMF, de novo sequencing of the peptides, and protein identi‐
fication by MS BLAST sequence similarity search. The fraction containing protein compo‐
nents with molecular weight below 10 kDa was used for peptidomic analysis, consisting in
separation of the peptides by ion-exchange HPLC followed by reverse phase HPLC, MAL‐
DI-TOF analysis of the chromatographic fractions, Edman peptide sequencing, and peptide
identification by MS BLAST. The authors reported that peptides were the predominant com‐
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ponents [69%) of the dry crude venom, while proteins accounted only for 6%. Nonprotean
components (low MW inorganic and organic molecules, such as polyamines, salts, free
acids, glucose, etc.) complete the remaining 25% of the crude venom.

Another good example of peptidomic analysis was presented by Rates and co-workers [73],
who studied the Tityus serrulatus (a specie of scorpion whose venom has been most exten‐
sively studied) venom peptide diversity. In this work, the authors fracionated the venom by
gel filtration followed by reverse phase chromatography of each fraction obtained in the first
separation. The results are shown in Figure 2. Then, the chromatographic fractions were an‐
alyzed by MALDI-TOF-TOF. The peptides were sequenced using de novo methodology (Fig‐
ure 3) and the sequences obtained were compared with protein databases in sequence
similarity searches. The authors also reported the finding of novel peptides without se‐
quence similarities to other known molecules.

(a) (b) 

Figure 2. Tityus serrulatus venom fractionation through gel filtration (A) and re-chromatography of each fraction by
reverse phase chromatography (B) (copyed from reference [73]).

One of the biggest difficulties currently encountered by researchers working with peptido‐
mic analysis  of  animal venoms is  that  organisms with unsequenced genomes,  including
venomous animals, still represent the overwhelming majority of species in the biosphere.
Fortunately, Andrej Shevchenko, from Max Planck Institute of Molecular Cell Biology and
Genetics,  at  Dresden,  Germany,  paved  the  way  for  homology-driven  proteomic  ap‐
proaches to explore proteomes of organisms with unsequenced genomes [74-76]. Through
this new methodology, the search against sequences databases is made not by the exact
sequence, but by sequence similarity to other protein sequences deposited in the database.
This new approach does not fully solve the problem, but allows peptides to be positively
identified in peptidomic experiments through cross-species identification. Wang and col‐
leagues  [77]  developed an alternative  strategy to  circumvent  the  problem of  absence  of
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Genetics,  at  Dresden,  Germany,  paved  the  way  for  homology-driven  proteomic  ap‐
proaches to explore proteomes of organisms with unsequenced genomes [74-76]. Through
this new methodology, the search against sequences databases is made not by the exact
sequence, but by sequence similarity to other protein sequences deposited in the database.
This new approach does not fully solve the problem, but allows peptides to be positively
identified in peptidomic experiments through cross-species identification. Wang and col‐
leagues  [77]  developed an alternative  strategy to  circumvent  the  problem of  absence  of
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systematic online database information, and used this technique to analyze the peptidome
of amphibian skin secretions. Although amphibian skin secretion is not exactly a venom,
it is still a biological model also very promising for the search of new pharmacologically
active substances.  First,  the authors deduced all  of  putative bioactive peptide sequences
by shotgun cloning the cDNAs encoding peptide precursors. Then, they separated the en‐
tire peptidome by UPLC/MS/MS, and confirmed those sequences deduced before by de no‐
vo MS/MS sequencing.

Figure 3. MS/MS spectra interpretation (de novo sequencing) for peptide NH2-FPFNSD(K/Q)GFH(K/Q)-CO2H (copyed
from reference [73]). The K/Q denotes a doubt about the possibility of being lysine or glutamine, as these two amino
acids are isobaric. However, as trypsin cleaves on C-terminal sides of arginines and lysines, it is likely that the middle
amino acid is glutamine and the last one is lysine.

5. Concluding remarks

Animal venoms are true “cocktails” of substances normally harmful, but that can be ex‐
plored with intelligence for medical use. Many authors even use the word “cornucopia” to
define a venom. The cornucopia — junction of the Latin “cornu” (horn) with “copiae”
(strength) -, also called “horn of plenty”, is a symbol of nourishment and abundance in clas‐
sical mythology, usually represented by a large horn-shaped container overflowing with
products such as flowers, dried fruit, other foodstuffs, and other types of wealthiness.
Nowadays it is particularly associated with the Thanksgiving holiday. In toxinology, cornu‐
copia represents the chemical wealth of animal venoms, where one can find thousands of
such substances with interesting biological effects that can be explored as candidates for fu‐
ture pharmaceutical products.
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Much (perhaps the largest) of this pool of substances is of peptidic nature, i.e., polypeptides
with molecular weight below 10 kDa. These are biologically active peptides with diverse
functions, ranging from heart hypotensors to erectile dysfunction controllers. Thus, the pep‐
tidomic analysis of animal venoms is an emerging and promising area of science, and can be
considered a frontier area as it includes researchers from toxinology, proteomics, pharma‐
cology, therapeutics, drug discovery, peptide chemistry, analytical chemistry, etc.

In this chapter we tried to show the importance of animal venoms for molecular toxinology
and its potential use for biomedical applications. We also sought to demonstrate the recent
advent and rapid growth of peptidomic analysis as the main tool to explore the molecular
features of these venoms, not only to produce more efficient antisera against venomous bites
but also and mainly to characterize the components of peptide nature in search for new
products of pharmacological interest. Although this new science is still in its early stages of
development, it is already very mature. This is a science field that has enough potential to
grow and provide creative solutions to problems that affect human health. Hopefully more
and more researchers become interested on this topic. Medicine has much to gain from it.
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1. Introduction

Venoms are the secretion of venomous animals, which are synthesized and stored in specific
areas of their body i.e., venom glands. The animals use venoms for defense and/or to immo‐
bilize their prey. Most of the venoms are complex mixture of biologically active compounds
of different chemical nature such as multidomain proteins, peptides, enzymes, nucleotides,
lipids, biogenic amines and other unknown substances. Venomous animals as snakes, spi‐
ders, scorpions, caterpillars, bees, insects, wasps, centipedes, ants, toads and frogs have
largely shown biotechnological or pharmacological applications. During long-term evolu‐
tion, venom composition underwent continuous improvement and adjustment for efficient
functioning in the killing or paralyzing of prey and/or as a defense against aggressors or
predators. Different venom components act synergistically, thus providing efficiency of ac‐
tion of the components. Venom composition is highly species-specific and depends on many
factors including age, sex, nutrition and different geographic regions. Toxins, occurring in
venoms and poisons of venomous animals, are chemically pure toxic molecules with more
or less specific actions on biological systems [1-3]. A large number of toxins have been isolat‐
ed and characterized from snake venoms and snake venoms repertoire typically contain
from 30 to over 100 protein toxins. Some of these molecules present enzymatic activities,
whereas several others are non-enzymatic proteins and polypeptides. The most frequent en‐
zymes in snake venoms are phospholipases A2, serine proteinases, metalloproteinases, ace‐
tylcholinesterases, L-amino acid oxidases, nucleotidases and hyaluronidases. Higher
catalytic efficiency, heat stability and resistance to proteolysis as well as abundance of snake
venom enzymes provide them attractive models for biotechnologists, pharmacologists and
biochemists [3-4]. Scorpion toxins are classified according to their structure, mode of action,
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and binding site on different channels or channel subtypes. The venom is constituted by
mucopolysaccharides, hyaluronidases, phospholipases, serotonins, histamines, enzyme in‐
hibitors, antimicrobials and proteins namely neurotoxic peptides. Scorpion peptides
presents specificity and high affinity and have been used as pharmacological tools to charac‐
terize various receptor proteins involved in normal ion channel functionating, as abnormal
channel functionating in cases of diseases. The venoms can be characterized by identifica‐
tion of peptide toxins analysis of the structure of the toxins and also have proven to be
among the most and selective antagonists available for voltage-gated channels permeable to
K+, Na+, and Ca2+. The neurotoxic peptides and small proteins lead to dysfunction and pro‐
voke pathophysiological actions, such as membrane destabilization, blocking of the central,
and peripheral nervous systems or alteration of smooth or skeletal muscle activity [5-8]. Spi‐
der venoms are complex mixtures of biologically active compounds of different chemical na‐
ture, from salts to peptides and proteins. Specificity of action of some spider toxins is unique
along with high toxicity for insects, they can be absolutely harmless for members of other
taxons, and this could be essential for investigation of insecticides. Several spider toxins
have been identified and characterized biochemically. These include mainly ribonucleotide
phosphohydrolase, hyaluronidases, serine proteases, metalloproteases, insecticidal peptides
and phospholipases D [9-10]. Venoms from toads and frogs have been extensively isolated
and characterized showing molecules endowed with antimicrobial and/or cytotoxic activi‐
ties [11]. Studies involving the molecular repertoire of the venom of bees and wasps have
revealed the partial isolation, characterization and biological activity assays of histamines,
dopamines, kinins, phospholipases and hyaluronidases. The venom of caterpillars has been
partially characterized and contains mainly ester hydrolases, phospholipases and proteases
[12]. The purpose of this chapter is to present the main toxins isolated and characterized
from the venom of venomous animals, focusing on their biotechnological and pharmacolog‐
ical applications.

2. Biotechnological and pharmacological applications of snake venom
toxins

While the initial interest in snake venom research was to understand how to combat effects
of snakebites in humans and to elucidate toxins mechanisms, snake venoms have become a
fertile area for the discovery of novel products with biotechnological and/or pharmacologi‐
cal applications [13-14]. Since then, many different products have been developed based on
purified toxins from snake venoms, as well recent studies have been showing new potential
molecules for a variety of applications [15].

2.1. Toxins acting on cardiovascular system

Increase in blood pressure is often a transient physiological response to stressful stimuli,
which allows the body to react to dangers or to promptly increase activity. However, when
the blood pressure is maintained at high levels for an extended period, its long term effects

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

24

are highly undesirable. Persistently high blood pressure could cause or accelerate multiple
pathological conditions such as organ (heart and kidney) failure and thrombosis events
(heart attack and stroke) [14]. So, it is important to lower the blood pressure of high-rick pa‐
tients through use of specific anti-hypertensive agents, and in this scenario, snake venom
toxins has been shown to be promising sources [14-15]. This is because it has long been not‐
ed that some snake venoms drastically lower the blood pressure in human victims and ex‐
perimental animals [15]. The first successful example of developing a drug from an isolated
toxin was the anti-hypertensive agent Capoten® (captopril), an angiotensin-converting en‐
zyme (ACE) inhibitor modeled from a venom peptide isolated from Bothrops jararaca venom
[16]. These bradykinin-potentiating peptides (BPPs) are venom components which inhibits
the breakdown of the endogenous vasodilator bradykinin while also inhibiting the synthesis
of the endogenous vasoconstrictor angiotensin II, leading to a reduction in blood pressure
[15]. BPPs have also been identified in Crotalus durissus terrificus venom [17]. Snake venom
represents one of the major sources of exogenous natriuretic peptides (NPs) [18]. The first
venom NP was identified from Dendroaspis angusticeps snake venom and was named Den‐
droaspis natriuretic peptide (DNP) [19]. Other venom NPs were also reported in various
snake species, such as Micrurus corallinus [20], B. jararaca [4], Trimeresurus flavoviridis, Trimer‐
esurus gramineus, Agkistrodon halys blomhoffii [21], Pseudocerastes persicus [22], Crotalus durissus
cascavella [23], Bungarus flaviceps [24], among others. L-type Ca2+-channels blockers identified
in snake venoms include calciseptine [25] and FS2 toxins [26] from Dendroaspis polylepis poly‐
lepis, C10S2C2 from D. angusticeps [27], S4C8 from Dendroaspis jamesoni kaimosae [28] and stej‐
nihagin, a metalloproteinase from Trimeresurus stejnegeri [29].

2.2. Toxins acting on hemostasis

Desintegrins are a family of cysteine-rich low molecular weight proteins that inhibits vari‐
ous integrins and that usually contain the integrin-binding RGD motif, that binds the GPIIa/
IIIb receptor in platelets, thus prevents the binding of fibrinogen to the receptor and conse‐
quently platelet aggregation [13]. Two drugs, tirofiban (Aggrastat®) and eptifibatide (Integ‐
rillin®) were designed based on snake venom disintegrins and are avaliable in the market as
antiplatelet agents, approved for preventing and treating thrombotic complications in pa‐
tients undergoing percutaneous coronay intervention and in patients with acute cornonary
sydrome [30-31]. Tirofiban has a non-peptide structure mimicking the RDG motif of the dis‐
integrin echistatin from Echis carinatus [30]. Eptifibatide is a cyclic peptide based on the KGD
motif of barbourin from Sisturus miliaris barbouri snake [31]. Recently, leucurogin, a new re‐
combinant disintegrin was cloned from Bothrops leucurus, being a potent agent upon platelet
aggregation [32]. Thrombin-like enzymes (TLEs) are proteases reported from many different
crotalid, viperid and colubrid snakes that share some functional similarity with thrombin
[13]. TLEs are not inactivated by heparin-antithrombin III complex (the physiological inhibi‐
tor of thrombin), and, differently to thrombin, they are not able to activate FXIII (the enzyme
that covalently cross-links fibrin monomer to form insoluble clots). These are interesting
properties, because although being procoagulants in vitro, TLEs have the clinical results of
being anti-coagulants, by the depletion of plasma level of fibrinogen, and the clots formed
are easily soluble and removed from the body. At same time, thrombolysis is enhanced by
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and binding site on different channels or channel subtypes. The venom is constituted by
mucopolysaccharides, hyaluronidases, phospholipases, serotonins, histamines, enzyme in‐
hibitors, antimicrobials and proteins namely neurotoxic peptides. Scorpion peptides
presents specificity and high affinity and have been used as pharmacological tools to charac‐
terize various receptor proteins involved in normal ion channel functionating, as abnormal
channel functionating in cases of diseases. The venoms can be characterized by identifica‐
tion of peptide toxins analysis of the structure of the toxins and also have proven to be
among the most and selective antagonists available for voltage-gated channels permeable to
K+, Na+, and Ca2+. The neurotoxic peptides and small proteins lead to dysfunction and pro‐
voke pathophysiological actions, such as membrane destabilization, blocking of the central,
and peripheral nervous systems or alteration of smooth or skeletal muscle activity [5-8]. Spi‐
der venoms are complex mixtures of biologically active compounds of different chemical na‐
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[12]. The purpose of this chapter is to present the main toxins isolated and characterized
from the venom of venomous animals, focusing on their biotechnological and pharmacolog‐
ical applications.

2. Biotechnological and pharmacological applications of snake venom
toxins

While the initial interest in snake venom research was to understand how to combat effects
of snakebites in humans and to elucidate toxins mechanisms, snake venoms have become a
fertile area for the discovery of novel products with biotechnological and/or pharmacologi‐
cal applications [13-14]. Since then, many different products have been developed based on
purified toxins from snake venoms, as well recent studies have been showing new potential
molecules for a variety of applications [15].

2.1. Toxins acting on cardiovascular system

Increase in blood pressure is often a transient physiological response to stressful stimuli,
which allows the body to react to dangers or to promptly increase activity. However, when
the blood pressure is maintained at high levels for an extended period, its long term effects
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are highly undesirable. Persistently high blood pressure could cause or accelerate multiple
pathological conditions such as organ (heart and kidney) failure and thrombosis events
(heart attack and stroke) [14]. So, it is important to lower the blood pressure of high-rick pa‐
tients through use of specific anti-hypertensive agents, and in this scenario, snake venom
toxins has been shown to be promising sources [14-15]. This is because it has long been not‐
ed that some snake venoms drastically lower the blood pressure in human victims and ex‐
perimental animals [15]. The first successful example of developing a drug from an isolated
toxin was the anti-hypertensive agent Capoten® (captopril), an angiotensin-converting en‐
zyme (ACE) inhibitor modeled from a venom peptide isolated from Bothrops jararaca venom
[16]. These bradykinin-potentiating peptides (BPPs) are venom components which inhibits
the breakdown of the endogenous vasodilator bradykinin while also inhibiting the synthesis
of the endogenous vasoconstrictor angiotensin II, leading to a reduction in blood pressure
[15]. BPPs have also been identified in Crotalus durissus terrificus venom [17]. Snake venom
represents one of the major sources of exogenous natriuretic peptides (NPs) [18]. The first
venom NP was identified from Dendroaspis angusticeps snake venom and was named Den‐
droaspis natriuretic peptide (DNP) [19]. Other venom NPs were also reported in various
snake species, such as Micrurus corallinus [20], B. jararaca [4], Trimeresurus flavoviridis, Trimer‐
esurus gramineus, Agkistrodon halys blomhoffii [21], Pseudocerastes persicus [22], Crotalus durissus
cascavella [23], Bungarus flaviceps [24], among others. L-type Ca2+-channels blockers identified
in snake venoms include calciseptine [25] and FS2 toxins [26] from Dendroaspis polylepis poly‐
lepis, C10S2C2 from D. angusticeps [27], S4C8 from Dendroaspis jamesoni kaimosae [28] and stej‐
nihagin, a metalloproteinase from Trimeresurus stejnegeri [29].

2.2. Toxins acting on hemostasis

Desintegrins are a family of cysteine-rich low molecular weight proteins that inhibits vari‐
ous integrins and that usually contain the integrin-binding RGD motif, that binds the GPIIa/
IIIb receptor in platelets, thus prevents the binding of fibrinogen to the receptor and conse‐
quently platelet aggregation [13]. Two drugs, tirofiban (Aggrastat®) and eptifibatide (Integ‐
rillin®) were designed based on snake venom disintegrins and are avaliable in the market as
antiplatelet agents, approved for preventing and treating thrombotic complications in pa‐
tients undergoing percutaneous coronay intervention and in patients with acute cornonary
sydrome [30-31]. Tirofiban has a non-peptide structure mimicking the RDG motif of the dis‐
integrin echistatin from Echis carinatus [30]. Eptifibatide is a cyclic peptide based on the KGD
motif of barbourin from Sisturus miliaris barbouri snake [31]. Recently, leucurogin, a new re‐
combinant disintegrin was cloned from Bothrops leucurus, being a potent agent upon platelet
aggregation [32]. Thrombin-like enzymes (TLEs) are proteases reported from many different
crotalid, viperid and colubrid snakes that share some functional similarity with thrombin
[13]. TLEs are not inactivated by heparin-antithrombin III complex (the physiological inhibi‐
tor of thrombin), and, differently to thrombin, they are not able to activate FXIII (the enzyme
that covalently cross-links fibrin monomer to form insoluble clots). These are interesting
properties, because although being procoagulants in vitro, TLEs have the clinical results of
being anti-coagulants, by the depletion of plasma level of fibrinogen, and the clots formed
are easily soluble and removed from the body. At same time, thrombolysis is enhanced by
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stimulation of endogenous plasminogen activators binding to the noncrosslinked fibrin [13].
Batroxobin (Defibrase®) was isolated and purified from Bothrops atrox venom [33] and an‐
crod (Viprinex®) from Agkistrodon rhodostoma [34]. Haemocoagulase® is a mixture of two pro‐
teinases isolated from B. atrox venom, acting on blood coagulation by two mechanisms: the
first having a thrombin-like activity and the second having a thromboplastin-like activity,
activating FX which in turn converts prothrombin into thrombin. It is indicated for the pre‐
vention and treatment of hemorrhages of a variety of origins [13]. Other toxins acting on he‐
mostasis with potential biotechnological/pharmacological applications has been purified
and characterized from several snake venoms, such as bhalternin from Bothrops alternatus
[35], bleucMP from B. leucurus [36], VLH2 from Vipera lebetina [37], trimarin from Trimeresu‐
rus malabaricus [38], BE-I-PLA2 from Bothrops erythromelas [39], among others.

2.3. Toxins with antibiotic activity

Antibiotics are a heterogeneous group of molecules produced by several organisms, includ‐
ing bacteria and fungi, presenting an antimicrobial profile, inducing the death of the agent or
inhibiting microbial growth [40]. L-amino acid oxidases (LAAOs) are enantioselective flavoen‐
zymes catalyzing the stereospecific oxidative deamination of a wide range of L-amino acids
to form α-keto acids, ammonia and hydrogen peroxide (H2O2). Antimicrobial activities are
reported to various LAAOs, such as TJ-LAO from Trimeresurus jerdonii [41], Balt-LAAO-I from
Bothrops alternatus  [42],  TM-LAO Trimeresurus mucrosquamatus  [43],  BpirLAAO-I from Bo‐
throps pirajai [44], casca LAO from Crotalus durissus cascavella [45], a LAAO from Naja naja oxiana
[46], BmarLAAO from Bothrops marajoensis [47], among others. Recently, studies revealed that
B. jararaca venom induced programmed cell death in epimastigotes of Trypanossoma cruzi, being
this anti-T. cruzi activity associated with fractions of venoms with LAAO activity [48]. Secret‐
ed phospholipases A2 (sPLA2s) constitute a diverse group of enzymes that are widespread in
nature, being particularly abundant in snake venoms. In addition to their catalytic activity,
hydrolyzing the sn-2 ester bond of glycerophospholipids, sPLA2s display a range of biologi‐
cal actions, which may be either dependent or independent of catalytic action [49]. Eight sPLA2

myotoxins purified from crotalid snake venoms, including both Lys49 and Asp49-type iso‐
forms, were all found to express bactericidal activity [50]. EcTx-I from Echis carinatus [51],
PnPLA2 from Porthidium nasutum [52] and BFPA [53] from Bungarus fasciatus also presented
antimicrobial activity. Vgf-1, a small peptide from Naja atra venom had in vitro activity against
clinically isolated multidrug-resistant strains of Mycobacterium tuberculosis [54]. Neuwiedase,
a metalloproteinase from Bothrops neuwiedi  snake venom, showed considerable effects of
Toxoplasma gondii infection inhibition in vitro [55]. Recently, a study revealed that whole venom,
crotoxin and sPLA2s (PLA2-CB and PLA2-IC) isolated from Crotalus durissus terrificus venom
showed antiviral activity against dengue and yellow fever viruses, which are two of the most
important arboviruses in public health [56].

2.4. Toxins acting on inflammatory and nociceptive responses

Various snake venoms are rich in secretory phospholipases A2 (sPLA2), which are potent
pro-inflammatory enzymes producing different families of inflammatory lipid mediators
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such as arachidonic acid derived eicosanoids, various lysophospholipids and platelet acti‐
vating factors through cyclooxygenase and lipoxygenase pathways [57]. In a recent study,
was described the first complete nucleotide sequence of a βPLI from venom glands of Lache‐
sis muta by a transcriptomic analysis [58]. Recently, was purified from the venom of Crotalus
durissus terrificus a hyaluronidase (named Hyal) that was able to provide a highly antiede‐
matogenic acitivity [59]. Crotapotin, a subunit of crotoxin, from C. d. terrificus, has been re‐
ported to possess immunossupressive activity, associated to an increase in the production of
prostaglandin E2 by macrophages, consequently reducing the proliferative response of lym‐
phocytes [60]. Various elapid and viperid venoms have been reported to induce antinocicep‐
tion through their neurotoxins and myotoxins [61]. C. d. terrificus venom induces
neurological symptoms in their victims, but, contrary to most venoms from other species, it
does not induce pain or severe tissue destruction at the site of inoculation, being usual the
sensation of paresthesia in the affected area [62]. Based on this, several studies have been
carried out with this venom, being reported in the literature several molecules with antinoci‐
ceptive activity from C. d. terrificus venom, such as crotamine [63] and crotoxin [64]. Has
been demonstrated that the anti-nociceptive effect of crotamine involve both central and pe‐
ripheral mechanisms, being 30-fold higher than the produced by morphine [63]. Studies
suggest that crotoxin has antinociceptive effect mediated by an action on the central nervous
system, without involvement of muscarinic and opioid receptors [64]. Other antinociceptive
peptides isolated from snake venoms are cobrotoxin, a neurotoxin isolated from Naja atra
[65] and hannalgesin, a neurotoxin isolated from Ophiophagus hannah [66].

2.5. Toxins acting on immunological system

Venom-derived peptides are being evaluated as immunosuppressants for the treatment of
autoimmune diseases and the prevention of graft rejection [67]. Studies have shown that an‐
ti-crotalic serum possesses an antibody content usually inferior to the antibody content of
other anti-venom serum suggesting that the crotalic venom is a poor immunogen or that it
has components with immunosuppressor activity [68]. Indeed, the immunosuppressive ef‐
fect of venom and crotoxin (a toxin isolated from Crotalus durissus terrificus) was reported
[68]. Crotapotin, an acidic and non-toxic subunit of crotoxin, administrated by intraperito‐
neal route, significantly reduces the severity of experimental autoimmune neuritis, an exper‐
imental model for Guillain-Barré syndrome, which indicate a novel path for neuronal
protection in this autoimmune disease and other inflammatory demyelinating neuropathies
[69]. Inappropriate activation of complement system occurs in a large number of inflamma‐
tory, ischaemic and other diseases. Cobra venom factor (CVF) is an unusual venom compo‐
nent which exists in the venoms of different snake species, such as Naja sp., Ophiophagus sp.
and Hemachatus sp. that activate complement system [70]. Due its similarity with C3 comple‐
ment system component, after binding to mammalian fB in plasma and cleavage of fB by fD,
produces a C3 convertase, that is more stable than the other C3 convertases, and resistant to
the fluid phase regulators. The CVF-Bb convertase consumes all plasma C3 obliterating the
functionality of complement system [70]. Recently, a CVF named OVF was purified from the
crude venom of Ophiophagus hannah and cloned by cDNA transcriptomic analysis of the
snake venom glands [71].
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stimulation of endogenous plasminogen activators binding to the noncrosslinked fibrin [13].
Batroxobin (Defibrase®) was isolated and purified from Bothrops atrox venom [33] and an‐
crod (Viprinex®) from Agkistrodon rhodostoma [34]. Haemocoagulase® is a mixture of two pro‐
teinases isolated from B. atrox venom, acting on blood coagulation by two mechanisms: the
first having a thrombin-like activity and the second having a thromboplastin-like activity,
activating FX which in turn converts prothrombin into thrombin. It is indicated for the pre‐
vention and treatment of hemorrhages of a variety of origins [13]. Other toxins acting on he‐
mostasis with potential biotechnological/pharmacological applications has been purified
and characterized from several snake venoms, such as bhalternin from Bothrops alternatus
[35], bleucMP from B. leucurus [36], VLH2 from Vipera lebetina [37], trimarin from Trimeresu‐
rus malabaricus [38], BE-I-PLA2 from Bothrops erythromelas [39], among others.

2.3. Toxins with antibiotic activity

Antibiotics are a heterogeneous group of molecules produced by several organisms, includ‐
ing bacteria and fungi, presenting an antimicrobial profile, inducing the death of the agent or
inhibiting microbial growth [40]. L-amino acid oxidases (LAAOs) are enantioselective flavoen‐
zymes catalyzing the stereospecific oxidative deamination of a wide range of L-amino acids
to form α-keto acids, ammonia and hydrogen peroxide (H2O2). Antimicrobial activities are
reported to various LAAOs, such as TJ-LAO from Trimeresurus jerdonii [41], Balt-LAAO-I from
Bothrops alternatus  [42],  TM-LAO Trimeresurus mucrosquamatus  [43],  BpirLAAO-I from Bo‐
throps pirajai [44], casca LAO from Crotalus durissus cascavella [45], a LAAO from Naja naja oxiana
[46], BmarLAAO from Bothrops marajoensis [47], among others. Recently, studies revealed that
B. jararaca venom induced programmed cell death in epimastigotes of Trypanossoma cruzi, being
this anti-T. cruzi activity associated with fractions of venoms with LAAO activity [48]. Secret‐
ed phospholipases A2 (sPLA2s) constitute a diverse group of enzymes that are widespread in
nature, being particularly abundant in snake venoms. In addition to their catalytic activity,
hydrolyzing the sn-2 ester bond of glycerophospholipids, sPLA2s display a range of biologi‐
cal actions, which may be either dependent or independent of catalytic action [49]. Eight sPLA2

myotoxins purified from crotalid snake venoms, including both Lys49 and Asp49-type iso‐
forms, were all found to express bactericidal activity [50]. EcTx-I from Echis carinatus [51],
PnPLA2 from Porthidium nasutum [52] and BFPA [53] from Bungarus fasciatus also presented
antimicrobial activity. Vgf-1, a small peptide from Naja atra venom had in vitro activity against
clinically isolated multidrug-resistant strains of Mycobacterium tuberculosis [54]. Neuwiedase,
a metalloproteinase from Bothrops neuwiedi  snake venom, showed considerable effects of
Toxoplasma gondii infection inhibition in vitro [55]. Recently, a study revealed that whole venom,
crotoxin and sPLA2s (PLA2-CB and PLA2-IC) isolated from Crotalus durissus terrificus venom
showed antiviral activity against dengue and yellow fever viruses, which are two of the most
important arboviruses in public health [56].

2.4. Toxins acting on inflammatory and nociceptive responses

Various snake venoms are rich in secretory phospholipases A2 (sPLA2), which are potent
pro-inflammatory enzymes producing different families of inflammatory lipid mediators
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such as arachidonic acid derived eicosanoids, various lysophospholipids and platelet acti‐
vating factors through cyclooxygenase and lipoxygenase pathways [57]. In a recent study,
was described the first complete nucleotide sequence of a βPLI from venom glands of Lache‐
sis muta by a transcriptomic analysis [58]. Recently, was purified from the venom of Crotalus
durissus terrificus a hyaluronidase (named Hyal) that was able to provide a highly antiede‐
matogenic acitivity [59]. Crotapotin, a subunit of crotoxin, from C. d. terrificus, has been re‐
ported to possess immunossupressive activity, associated to an increase in the production of
prostaglandin E2 by macrophages, consequently reducing the proliferative response of lym‐
phocytes [60]. Various elapid and viperid venoms have been reported to induce antinocicep‐
tion through their neurotoxins and myotoxins [61]. C. d. terrificus venom induces
neurological symptoms in their victims, but, contrary to most venoms from other species, it
does not induce pain or severe tissue destruction at the site of inoculation, being usual the
sensation of paresthesia in the affected area [62]. Based on this, several studies have been
carried out with this venom, being reported in the literature several molecules with antinoci‐
ceptive activity from C. d. terrificus venom, such as crotamine [63] and crotoxin [64]. Has
been demonstrated that the anti-nociceptive effect of crotamine involve both central and pe‐
ripheral mechanisms, being 30-fold higher than the produced by morphine [63]. Studies
suggest that crotoxin has antinociceptive effect mediated by an action on the central nervous
system, without involvement of muscarinic and opioid receptors [64]. Other antinociceptive
peptides isolated from snake venoms are cobrotoxin, a neurotoxin isolated from Naja atra
[65] and hannalgesin, a neurotoxin isolated from Ophiophagus hannah [66].

2.5. Toxins acting on immunological system

Venom-derived peptides are being evaluated as immunosuppressants for the treatment of
autoimmune diseases and the prevention of graft rejection [67]. Studies have shown that an‐
ti-crotalic serum possesses an antibody content usually inferior to the antibody content of
other anti-venom serum suggesting that the crotalic venom is a poor immunogen or that it
has components with immunosuppressor activity [68]. Indeed, the immunosuppressive ef‐
fect of venom and crotoxin (a toxin isolated from Crotalus durissus terrificus) was reported
[68]. Crotapotin, an acidic and non-toxic subunit of crotoxin, administrated by intraperito‐
neal route, significantly reduces the severity of experimental autoimmune neuritis, an exper‐
imental model for Guillain-Barré syndrome, which indicate a novel path for neuronal
protection in this autoimmune disease and other inflammatory demyelinating neuropathies
[69]. Inappropriate activation of complement system occurs in a large number of inflamma‐
tory, ischaemic and other diseases. Cobra venom factor (CVF) is an unusual venom compo‐
nent which exists in the venoms of different snake species, such as Naja sp., Ophiophagus sp.
and Hemachatus sp. that activate complement system [70]. Due its similarity with C3 comple‐
ment system component, after binding to mammalian fB in plasma and cleavage of fB by fD,
produces a C3 convertase, that is more stable than the other C3 convertases, and resistant to
the fluid phase regulators. The CVF-Bb convertase consumes all plasma C3 obliterating the
functionality of complement system [70]. Recently, a CVF named OVF was purified from the
crude venom of Ophiophagus hannah and cloned by cDNA transcriptomic analysis of the
snake venom glands [71].
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2.6. Toxins with anticancer and cytotoxic activities

Anticancer therapy is an important area for the application of proteins and peptides from
venomous animals. Integrins play multiple important roles in cancer pathology including
tumor cell proliferation, angiogenesis, invasion and metastasis [72]. Inhibition of angiogene‐
sis is one of the heavily explored treatment options for cancer, and in this scenario snake
venom disintegrins represent a library of molecules with different structure, potency and
specificity [1]. RGD-containing disintegrins was identified in several snake venoms, inhibit‐
ing tumor angiogenesis and metastasis, such as accutin (from Agkistrodon acutus) [73], sal‐
mosin (from Agkistrodon halys brevicaudus) [74], contortrostatin (from Agkistrodon contortrix)
[75], jerdonin (from Trimeresurus jerdonii) [76], crotatroxin (from Crotalus atrox) [77], rhodos‐
tomin (from Calloselasma rhodostoma) [78] and a novel desintegrin from Naja naja [79]. The
cytostatic effect of L-amino acid oxidases (LAAOs) have been demonstrated using various
models of human and animal tumors. Studies show that LAAOs induces apoptosis in vascu‐
lar endothelial cells and inhibits angiogenesis [80]. Examples of LAAOs isolated from snake
venoms with anticancer potential are a LAAO isolated from Ophiophagus hannah [81],
ACTX-6 from A. acutus [82], OHAP-1 from Trimeresurus flavoviridis [83] and Bl-LAAO from
Bothrops leucurus [84]. Secretory phospholipases A2 (sPLA2) also figures the snake toxins
with anticancer potential [1]. sPLA2 with cytotoxic activity to tumor cells was described in
Bothrops neuwiedii [85], Bothrops brazili [86], Naja naja naja [87], among others. Crotoxin, the
main polypeptide isolated from C. d. terrificus has shown potent antitumor activity as well
the whole venom, highlighting thereby the potential of venom as a source of pharmaceutical
templates for cancer therapy [88]. BJcuL, a lectin purified from Bothrops jararacussu venom
[89] and a metalloproteinase [90] and a lectin from B. leucurus [91] are other examples of tox‐
ins from snake venoms with anticancer potential.

3. Biotechnological and pharmacological applications of scorpion venom
toxins

Scorpions are venomous arthropods, members of Arachnida class and order Scorpiones.
These animals are found in all continents except Antarctica, and are known to cause prob‐
lems in tropical and subtropical regions. Actually these animals are represented by 16 fami‐
lies and approximately 1500 different species and subspecies which conserved their
morphology almost unaltered [92-93]. The scorpion species that present medically impor‐
tance belonging to the family Buthidae are represented by the genera Androctonus, Buthus,
Mesobuthus, Buthotus, Parabuthus, and Leirus located in North Africa, Asia, the Middle East,
and India. Centruroides spp. are located in Southwest of United States, Mexico, and Central
America, while Tityus spp. are found in Central and South America and Caribbean. In these
different regions of the world the scorpionism is considered a public health problem, with
frequent statements that scorpion stings are dangerous [8]. It is generally known that scor‐
pion venom is a complex mixture composed of a wide array of substances. It contains muco‐
polysaccharides, hyaluronidase, phopholipase, low relative molecular mass molecules like
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serotonin and histamine, protease inhibitors, histamine releasers and polypeptidyl com‐
pounds. Scorpion venoms are a particularly rich source of small, mainly neurotoxic proteins
or peptides interacting specifically with various ionic channels in excitable membranes [94].

3.1. Toxins acting on cardiovascular system

The first peptide from scorpion endowed effects of bradykinin and on arterial blood pres‐
sure was isolated from the Brazilian scorpion Tityus serrulatus [95]. These peptides named
Tityus serrulatus Hypotensins have molecular masses ranging approximately from 1190 to
2700 Da [96]. Other scorpion bradykinin-potentiating peptides (BPPs) were reported to be
found in the venom of the scorpions Buthus martensii Karsch [97] and Leiurus quinquestriatus
[98]. These molecules can display potential as new drugs and could be of interest for bio‐
technological purposes.

3.2. Toxins with antibiotic activity

In order to defend themselves against the hostile environment, scorpions have developed
potent defensive mechanisms that are part of innate and adaptive immunity [99]. Cysteine-
free antimicrobial peptides have been identified and characterized from the venom of six
scorpion species [100]. Antimicrobial peptides isolated from scorpion venom are important
in the discovery of novel antibiotic molecules [101]. The first antimicrobial peptide isolated
from scorpions were of the defensin type from Leiurus quinquestriatus hebraeus [102]. Later
cytolitic and/or antibacterial peptides were isolated from scorpions belonging to the Buthi‐
dae, Scorpionidae, Ischnuridae, and Iuridae superfamilies hemo-lymph and venom
[103-108]. The discovery of these peptides in venoms from Eurasian scorpions, Africa and
the Americas, confirmed their widespread occurrence and significant biological function.
Scorpine, a peptide from Pandinus imperator with 75 amino acids, three disulfide bridges,
and molecular mass of 8350 Da has anti-bacterial and anti-malaria effects [104]. A cationic
amphipatic peptide consisting of 45 amino acids has been purified from the venom of the
southern African scorpion, Parabuthus schlechteri. At higher concentrations it forms non-se‐
lective pores into membranes causing depolarization of the cells [109]. Opistoporin1 and 2
(OP 1 and 2) was isolated from the venom of Opistophthalmus carinatus. These are amphi‐
pathic, cationic peptides which differ only in one amino acid residue. OP1 and PP were ac‐
tive against Gram-negative bacteria and both had hemolytic activity and antifungal activity.
These effects are related to membrane permeabilization [106]. A new antimicrobial peptide,
hadrurin, was isolated from Hadrurus aztecus. It is a basic peptide composed of 41 amino-
acid residues with a molecular mass of 4436 Da, and contains no cysteines. It is a unique
peptide among all known antimicrobial peptides described, only partially similar to the N-
terminal segment of gaegurin 4 and brevinin 2e, isolated from frog skin. It would certainly
be a model molecule for studying new antibiotic activities and peptide-lipid interactions
[110]. Pandinin 1 and 2 are antimicrobial peptides have been identified and characterized
from venom of the African scorpion Pandinus imperator [101]. Recently six novel peptides,
named bactridines, were isolated from Tityus discrepans scorpion venom by mass spectrome‐
try. The antimicrobial effects on membrane Na+ permeability induced by bactridines were

Toxins from Venomous Animals: Gene Cloning, Protein Expression and Biotechnological Applications
http://dx.doi.org/10.5772/52380

29



2.6. Toxins with anticancer and cytotoxic activities

Anticancer therapy is an important area for the application of proteins and peptides from
venomous animals. Integrins play multiple important roles in cancer pathology including
tumor cell proliferation, angiogenesis, invasion and metastasis [72]. Inhibition of angiogene‐
sis is one of the heavily explored treatment options for cancer, and in this scenario snake
venom disintegrins represent a library of molecules with different structure, potency and
specificity [1]. RGD-containing disintegrins was identified in several snake venoms, inhibit‐
ing tumor angiogenesis and metastasis, such as accutin (from Agkistrodon acutus) [73], sal‐
mosin (from Agkistrodon halys brevicaudus) [74], contortrostatin (from Agkistrodon contortrix)
[75], jerdonin (from Trimeresurus jerdonii) [76], crotatroxin (from Crotalus atrox) [77], rhodos‐
tomin (from Calloselasma rhodostoma) [78] and a novel desintegrin from Naja naja [79]. The
cytostatic effect of L-amino acid oxidases (LAAOs) have been demonstrated using various
models of human and animal tumors. Studies show that LAAOs induces apoptosis in vascu‐
lar endothelial cells and inhibits angiogenesis [80]. Examples of LAAOs isolated from snake
venoms with anticancer potential are a LAAO isolated from Ophiophagus hannah [81],
ACTX-6 from A. acutus [82], OHAP-1 from Trimeresurus flavoviridis [83] and Bl-LAAO from
Bothrops leucurus [84]. Secretory phospholipases A2 (sPLA2) also figures the snake toxins
with anticancer potential [1]. sPLA2 with cytotoxic activity to tumor cells was described in
Bothrops neuwiedii [85], Bothrops brazili [86], Naja naja naja [87], among others. Crotoxin, the
main polypeptide isolated from C. d. terrificus has shown potent antitumor activity as well
the whole venom, highlighting thereby the potential of venom as a source of pharmaceutical
templates for cancer therapy [88]. BJcuL, a lectin purified from Bothrops jararacussu venom
[89] and a metalloproteinase [90] and a lectin from B. leucurus [91] are other examples of tox‐
ins from snake venoms with anticancer potential.

3. Biotechnological and pharmacological applications of scorpion venom
toxins

Scorpions are venomous arthropods, members of Arachnida class and order Scorpiones.
These animals are found in all continents except Antarctica, and are known to cause prob‐
lems in tropical and subtropical regions. Actually these animals are represented by 16 fami‐
lies and approximately 1500 different species and subspecies which conserved their
morphology almost unaltered [92-93]. The scorpion species that present medically impor‐
tance belonging to the family Buthidae are represented by the genera Androctonus, Buthus,
Mesobuthus, Buthotus, Parabuthus, and Leirus located in North Africa, Asia, the Middle East,
and India. Centruroides spp. are located in Southwest of United States, Mexico, and Central
America, while Tityus spp. are found in Central and South America and Caribbean. In these
different regions of the world the scorpionism is considered a public health problem, with
frequent statements that scorpion stings are dangerous [8]. It is generally known that scor‐
pion venom is a complex mixture composed of a wide array of substances. It contains muco‐
polysaccharides, hyaluronidase, phopholipase, low relative molecular mass molecules like
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serotonin and histamine, protease inhibitors, histamine releasers and polypeptidyl com‐
pounds. Scorpion venoms are a particularly rich source of small, mainly neurotoxic proteins
or peptides interacting specifically with various ionic channels in excitable membranes [94].

3.1. Toxins acting on cardiovascular system

The first peptide from scorpion endowed effects of bradykinin and on arterial blood pres‐
sure was isolated from the Brazilian scorpion Tityus serrulatus [95]. These peptides named
Tityus serrulatus Hypotensins have molecular masses ranging approximately from 1190 to
2700 Da [96]. Other scorpion bradykinin-potentiating peptides (BPPs) were reported to be
found in the venom of the scorpions Buthus martensii Karsch [97] and Leiurus quinquestriatus
[98]. These molecules can display potential as new drugs and could be of interest for bio‐
technological purposes.

3.2. Toxins with antibiotic activity

In order to defend themselves against the hostile environment, scorpions have developed
potent defensive mechanisms that are part of innate and adaptive immunity [99]. Cysteine-
free antimicrobial peptides have been identified and characterized from the venom of six
scorpion species [100]. Antimicrobial peptides isolated from scorpion venom are important
in the discovery of novel antibiotic molecules [101]. The first antimicrobial peptide isolated
from scorpions were of the defensin type from Leiurus quinquestriatus hebraeus [102]. Later
cytolitic and/or antibacterial peptides were isolated from scorpions belonging to the Buthi‐
dae, Scorpionidae, Ischnuridae, and Iuridae superfamilies hemo-lymph and venom
[103-108]. The discovery of these peptides in venoms from Eurasian scorpions, Africa and
the Americas, confirmed their widespread occurrence and significant biological function.
Scorpine, a peptide from Pandinus imperator with 75 amino acids, three disulfide bridges,
and molecular mass of 8350 Da has anti-bacterial and anti-malaria effects [104]. A cationic
amphipatic peptide consisting of 45 amino acids has been purified from the venom of the
southern African scorpion, Parabuthus schlechteri. At higher concentrations it forms non-se‐
lective pores into membranes causing depolarization of the cells [109]. Opistoporin1 and 2
(OP 1 and 2) was isolated from the venom of Opistophthalmus carinatus. These are amphi‐
pathic, cationic peptides which differ only in one amino acid residue. OP1 and PP were ac‐
tive against Gram-negative bacteria and both had hemolytic activity and antifungal activity.
These effects are related to membrane permeabilization [106]. A new antimicrobial peptide,
hadrurin, was isolated from Hadrurus aztecus. It is a basic peptide composed of 41 amino-
acid residues with a molecular mass of 4436 Da, and contains no cysteines. It is a unique
peptide among all known antimicrobial peptides described, only partially similar to the N-
terminal segment of gaegurin 4 and brevinin 2e, isolated from frog skin. It would certainly
be a model molecule for studying new antibiotic activities and peptide-lipid interactions
[110]. Pandinin 1 and 2 are antimicrobial peptides have been identified and characterized
from venom of the African scorpion Pandinus imperator [101]. Recently six novel peptides,
named bactridines, were isolated from Tityus discrepans scorpion venom by mass spectrome‐
try. The antimicrobial effects on membrane Na+ permeability induced by bactridines were
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observed on Yersinia enterocolitica [111]. The profile of gene in the venom glands of Tityus
stigmurus scorpions was studied by transcriptome. Data revealed that 41 % of ESTs belong
to recognized toxin-coding sequences, with transcripts encoding antimicrobial toxins (AMP-
like) being the most abundant, followed by alfa KTx-like, beta KTx-like, beta NaTx-like and
alfa NaTx-like. Parallel, 34% of the transcripts encode “other possible venom molecules”,
which correspond to anionic peptides, hypothetical secreted peptides, metalloproteinases,
cystein-rich peptides and lectins [7].

3.3. Toxins acting on acting on inflammatory and nociceptive response

The use of toxins as novel molecular probes to study the structure-function relationship of
ion-channels and receptors as well as potential therapeutics in the treatment of wide variety
of diseases is well documented. The high specificity and selectivity of these toxins have at‐
tracted a great deal of interest as candidates for drug development [8]. At least five peptides
have been identified from Buthus martensii (Chinese scorpion) venom that have anti-inflam‐
matory and antinociceptive properties [61]. One peptide, J123, blocks potassium channels
that activate memory T-cells [112]. The venom also contains a 61-amino acid peptide that
has demonstrated antiseizure properties in an animal model [113] as well as other constitu‐
ents that act as analgesics in mice, rats, and rabbits [114]. The polypeptide BmK IT2 from
scorpion Buthus martensi Karsh stops rats from reacting to experimentally-induced pain
[115]. A protein from the Indian black scorpion, Heterometrus bengalensis, bengalin caused
human leukemic cells to undergo apoptosis in vitro [116]. The peptide chlorotoxin, found in
the venom of the scorpion Leiurus quinquestriatus, retarded the activity of human glioma
cells in vitro [117]. An investigation about the role of kinins, prostaglandins and nitric oxide
in mechanical hypernociception, spontaneous nociception and paw oedema after intraplan‐
tar have been done with Tityus serrulatus venom in male wistar rats, proving the potential of
use of the venom to alleviate pain and oedema formation [118].

3.4. Toxins acting on acting on immunological system

OSK1 (alpha-KTx3.7) is a 38-residue toxin cross-linked by three disulphide bridges initial‐
ly purified from the venom of the central Asian scorpion Orthochirus scrobiculosus [119]. OSK1
and several structural analogues were produced by solid-phase chemical synthesis, and were
tested for lethality in mice and for their efficacy in blocking a series of 14 voltage-gated and
Ca2+ activated K+ channels in vitro. The literature report that OSK1 could serve as leads for
the design and production of new immunosuppressive drugs [119]. Margatoxin, a peptid‐
yl inhibitor of K+ channels has been purified to homogeneity from venom of the new world
scorpion Centruroides margaritatus showed that could be used as immunosuppressive agent
[120]. Kaliotoxin, a peptidyl inhibitor of the high conductance Ca2+-activated K+ channels
(KCa) has been purified to homogeneity from the venom of the scorpion Androctonus maur‐
etanicus mauretanicus. This peptide appears to be a useful tool for elucidating the molecu‐
lar pharmacology of the high conductance Ca2+-activated K+ channel [121]. Agitoxin 1, 2, and
3, from the venom of the scorpion Leiurus quinquestriatus var. hebraeus have been identi‐
fied on the basis of their ability to block the shaker K+ channel [122]. Hongotoxin, a pep‐
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tide inhibitor of shaker-type (K(v)1) K+ channels have been purified to homogeneity from
venom of the scorpion Centruroides limbatus [123]. Noxiustoxin, component II-11 from the
venom of scorpion Centruroides noxius Hoffmann, was obtained in pure form after fractiona‐
tion by Sephadex G-50 chromatography followed by ion exchange separation on carboxy-
methylcellulose columns. This peptide is the first short toxin directed against mammals and
the first  K+ channel blocking polypeptide-toxin found in scorpion venoms [124].  Pi1 is a
peptide purified and characterized from the venom of the scorpion Pandinus imperato, show‐
ing ability to block the shaker K+ channel [125]. All of these peptides obtained from scor‐
pions venoms are potential toxins acting on immunological system as immunosuppressant
for autoimmune diseases.

3.5. Toxins with anticancer and cytotoxic activities

One of the most notable active principles found in scorpion venom is chlorotoxin (Cltx), a
peptide isolated from the species Leiurus quinquestriatus. Cltx has 36 amino acids with four
disulfide bonds, and inhibits chloride influx in the membrane of glioma cells [126]. This pep‐
tide binds only to glioma cells, displaying little or no activity at all in normal cells. The toxin
appears to bind matrix metalloproteinase II [117]. A synthetic version of this peptide
(TM601) is being produced by the pharmaceutical industry coupled to iodine 131 (131I-
TM601), to carry radiation to tumor cells [127]. A recent study shows that TM601 inhibited
angiogenesis stimulated by pro-angiogenic factors in cancer cells, and when TM601 was co-
administered with bevacizumab, the combination was significantly more potent than a ten-
fold increase in bevacizumab dose [128]. A chlorotoxin-like peptide has also been isolated,
cloned and sequenced from the venom of another scorpion species, Buthus martensii Karsch
[129]. In reference [130] was expressed the recombinant chlorotoxin like peptide from Leiu‐
rus quinquestriatus and named rBmK CTa. Two novel peptides named neopladine 1 and neo‐
pladine 2 were purified from Tityus discrepans scorpion venom and found to be active on
human breast carcinoma SKBR3 cells. Inmunohistochemistry assays revealed that neopla‐
dines bind to SKBR3 cell surface inducing FasL and BcL-2 expression [131]. Results indicate
the venom from this scorpion represents a great candidate for the development of new clini‐
cal treatments against tumors.

3.6. Toxins with insecticides applications

Evidence for the potential application of scorpions toxins as insecticides has emerged in re‐
cent years. The precise action mechanism of several of these molecules remains unknown;
many have their effects via interactions with specific ion channels and receptors of neuro‐
muscular systems of insects and mammals. These highly potent and specific interactions
make venom constituents attractive candidates for the development of novel therapeutics,
pesticides and as molecular probes of target molecules [132].

Toxin Lqhα IT from the scorpion Leiurus quinquestriatus hebraeus venom is the best represen‐
tative of anti-insect alpha toxins [133-134]. A similar effect was observed after applying the
insect-selective toxin Bot IT1 from Buthus occitanus tunetanus venom [135]. Selective inhibi‐
tion of the inactivation process of the insect para/tipNav expressed in Xenopus oocyteswas
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observed on Yersinia enterocolitica [111]. The profile of gene in the venom glands of Tityus
stigmurus scorpions was studied by transcriptome. Data revealed that 41 % of ESTs belong
to recognized toxin-coding sequences, with transcripts encoding antimicrobial toxins (AMP-
like) being the most abundant, followed by alfa KTx-like, beta KTx-like, beta NaTx-like and
alfa NaTx-like. Parallel, 34% of the transcripts encode “other possible venom molecules”,
which correspond to anionic peptides, hypothetical secreted peptides, metalloproteinases,
cystein-rich peptides and lectins [7].

3.3. Toxins acting on acting on inflammatory and nociceptive response

The use of toxins as novel molecular probes to study the structure-function relationship of
ion-channels and receptors as well as potential therapeutics in the treatment of wide variety
of diseases is well documented. The high specificity and selectivity of these toxins have at‐
tracted a great deal of interest as candidates for drug development [8]. At least five peptides
have been identified from Buthus martensii (Chinese scorpion) venom that have anti-inflam‐
matory and antinociceptive properties [61]. One peptide, J123, blocks potassium channels
that activate memory T-cells [112]. The venom also contains a 61-amino acid peptide that
has demonstrated antiseizure properties in an animal model [113] as well as other constitu‐
ents that act as analgesics in mice, rats, and rabbits [114]. The polypeptide BmK IT2 from
scorpion Buthus martensi Karsh stops rats from reacting to experimentally-induced pain
[115]. A protein from the Indian black scorpion, Heterometrus bengalensis, bengalin caused
human leukemic cells to undergo apoptosis in vitro [116]. The peptide chlorotoxin, found in
the venom of the scorpion Leiurus quinquestriatus, retarded the activity of human glioma
cells in vitro [117]. An investigation about the role of kinins, prostaglandins and nitric oxide
in mechanical hypernociception, spontaneous nociception and paw oedema after intraplan‐
tar have been done with Tityus serrulatus venom in male wistar rats, proving the potential of
use of the venom to alleviate pain and oedema formation [118].

3.4. Toxins acting on acting on immunological system

OSK1 (alpha-KTx3.7) is a 38-residue toxin cross-linked by three disulphide bridges initial‐
ly purified from the venom of the central Asian scorpion Orthochirus scrobiculosus [119]. OSK1
and several structural analogues were produced by solid-phase chemical synthesis, and were
tested for lethality in mice and for their efficacy in blocking a series of 14 voltage-gated and
Ca2+ activated K+ channels in vitro. The literature report that OSK1 could serve as leads for
the design and production of new immunosuppressive drugs [119]. Margatoxin, a peptid‐
yl inhibitor of K+ channels has been purified to homogeneity from venom of the new world
scorpion Centruroides margaritatus showed that could be used as immunosuppressive agent
[120]. Kaliotoxin, a peptidyl inhibitor of the high conductance Ca2+-activated K+ channels
(KCa) has been purified to homogeneity from the venom of the scorpion Androctonus maur‐
etanicus mauretanicus. This peptide appears to be a useful tool for elucidating the molecu‐
lar pharmacology of the high conductance Ca2+-activated K+ channel [121]. Agitoxin 1, 2, and
3, from the venom of the scorpion Leiurus quinquestriatus var. hebraeus have been identi‐
fied on the basis of their ability to block the shaker K+ channel [122]. Hongotoxin, a pep‐
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tide inhibitor of shaker-type (K(v)1) K+ channels have been purified to homogeneity from
venom of the scorpion Centruroides limbatus [123]. Noxiustoxin, component II-11 from the
venom of scorpion Centruroides noxius Hoffmann, was obtained in pure form after fractiona‐
tion by Sephadex G-50 chromatography followed by ion exchange separation on carboxy-
methylcellulose columns. This peptide is the first short toxin directed against mammals and
the first  K+ channel blocking polypeptide-toxin found in scorpion venoms [124].  Pi1 is a
peptide purified and characterized from the venom of the scorpion Pandinus imperato, show‐
ing ability to block the shaker K+ channel [125]. All of these peptides obtained from scor‐
pions venoms are potential toxins acting on immunological system as immunosuppressant
for autoimmune diseases.

3.5. Toxins with anticancer and cytotoxic activities

One of the most notable active principles found in scorpion venom is chlorotoxin (Cltx), a
peptide isolated from the species Leiurus quinquestriatus. Cltx has 36 amino acids with four
disulfide bonds, and inhibits chloride influx in the membrane of glioma cells [126]. This pep‐
tide binds only to glioma cells, displaying little or no activity at all in normal cells. The toxin
appears to bind matrix metalloproteinase II [117]. A synthetic version of this peptide
(TM601) is being produced by the pharmaceutical industry coupled to iodine 131 (131I-
TM601), to carry radiation to tumor cells [127]. A recent study shows that TM601 inhibited
angiogenesis stimulated by pro-angiogenic factors in cancer cells, and when TM601 was co-
administered with bevacizumab, the combination was significantly more potent than a ten-
fold increase in bevacizumab dose [128]. A chlorotoxin-like peptide has also been isolated,
cloned and sequenced from the venom of another scorpion species, Buthus martensii Karsch
[129]. In reference [130] was expressed the recombinant chlorotoxin like peptide from Leiu‐
rus quinquestriatus and named rBmK CTa. Two novel peptides named neopladine 1 and neo‐
pladine 2 were purified from Tityus discrepans scorpion venom and found to be active on
human breast carcinoma SKBR3 cells. Inmunohistochemistry assays revealed that neopla‐
dines bind to SKBR3 cell surface inducing FasL and BcL-2 expression [131]. Results indicate
the venom from this scorpion represents a great candidate for the development of new clini‐
cal treatments against tumors.

3.6. Toxins with insecticides applications

Evidence for the potential application of scorpions toxins as insecticides has emerged in re‐
cent years. The precise action mechanism of several of these molecules remains unknown;
many have their effects via interactions with specific ion channels and receptors of neuro‐
muscular systems of insects and mammals. These highly potent and specific interactions
make venom constituents attractive candidates for the development of novel therapeutics,
pesticides and as molecular probes of target molecules [132].

Toxin Lqhα IT from the scorpion Leiurus quinquestriatus hebraeus venom is the best represen‐
tative of anti-insect alpha toxins [133-134]. A similar effect was observed after applying the
insect-selective toxin Bot IT1 from Buthus occitanus tunetanus venom [135]. Selective inhibi‐
tion of the inactivation process of the insect para/tipNav expressed in Xenopus oocyteswas
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was observed in the presence of Bjα IT [136] and OD1 [137], which are toxins from Buthotus
judaicus and Odonthobuthus doriae scorpion venom, respectively. A second group of scorpion
toxins slowing insect sodium channel inactivation was called alpha-like toxins. The first pre‐
cisely described toxins from this group were the Lqh III/Lqh3 (from L. q. hebraeus), Bom III/
Bom 3 and Bom IV/ Bom 4 (from B. o. mardochei). They were all tested on cockroach axonal
preparation [138-139]. BmKM1 toxin from B. martensi Karsch was the first alpha-like toxin
available in recombinant form that was tested also on cockroach axonal preparation [140].
Toxins Lqh6 and Lqh7 from L. q. hebraeus scorpion venom show high structural similarity
with Lqh3 toxin. Their toxicity to cockroach is in the range found for other alpha-like toxins
[141]. Alpha-like toxins from scorpion venoms show lower efficiency when applied to in‐
sects, as compared to α anti-insect toxins. Therefore they seem to be less interesting from the
point of view of future insecticide development [132]. Scorpion contractive and depressant
toxins are highly selective for insect sodium channels. Several of these toxins were tested on
cockroach axonal preparations; toxin AaH IT1 from the A. australis scorpion venom was the
first one [142-143]. All other contractive toxins tested on cockroach axon produced very sim‐
ilar effects, as for example Lqq IT1 from L. q. quinquestriatus [133]; Bj IT1 from B. judaicus
[143], Bm 32-1 and Bm 33-1 from B. martensi [144].

4. Biotechnological and pharmacological applications of spider venom
toxins

Spider venoms contain a complex mixture of proteins, polypeptides, neurotoxins, nucleic
acids, free amino acids, inorganic salts and monoamines that cause diverse effects in verte‐
brates and invertebrates [145]. Regarding the pharmacology and biochemistry of spider ven‐
oms, they present a variety of ion channel toxins, novel non-neurotoxins, enzymes and low
molecular weight compounds [146].

4.1. Toxins acting on cardiovascular system

Venom from the South American tarantula Grammostola spatulata presents GsMtx-4, a small
peptide belonging to the "cysteine-knot" family that blocks cardiac stretch-activated ion
channels and suppresses atrial fibrillation in rabbits [147]. Studies are being conducted to
develop therapeutics for atrial fibrillation based on GsMtx-4.

4.2. Toxins acting on hemostasis

ARACHnase (Hemostasis Diagnostics International Co., Denver, CO) is a normal plasma that
contains a venom extract from the brown recluse spider, Loxosceles reclusa, which mimics the
presence of a lupus anticoagulant (LA). ARACHnase is a biotechnological product useful‐
ness like a positive control for lupus anticoagulant testing [148]. Native dermonecrotic tox‐
ins (phospholipase-D) from Loxosceles sp. are agents that stimulate platelet aggregation [149].
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4.3. Toxins with antibiotic activity

Two peptide toxins with antimicrobial activity, lycotoxins I and II, were identified from ven‐
om of the wolf spider Lycosa carolinensis (Araneae: Lycosidae). The lycotoxins may play a
dual role in spider-prey interaction, functioning both in the prey capture strategy as well as
to protect the spider from potentially infectious organisms arising from prey ingestion. Spi‐
der venoms may represent a potentially new source of novel antimicrobial agents with im‐
portant medical implications [150].

4.4. Toxins acting on inflammatory and nociceptive response

Psalmotoxin 1, a peptide extracted from the South American tarantula Psalmopoeus cambridg‐
ei, has very potent analgesic properties against thermal, mechanical, chemical, inflammatory
and neuropathic pain in rodents. It exerts its action by blocking acid-sensing ion channel 1a,
and this blockade results in an activation of the endogenous enkephalin pathway [151].
Phospholipases from both Loxosceles laeta and Loxosceles reclusa cleaved LPC (lysophosphati‐
dylcholine) to LPA (lysophosphatidic acid) and choline. LPA receptors are potential targets
for Loxosceles sp. envenomation treatment [152]. The possibilities for biotechnological appli‐
cations in this area are enormous. Recombinant dermonecrotic toxins could be used as re‐
agents to establish a new model to study the inflammatory response, as positive inducers of
the inflammatory response and edema [9, 153-154]. The phospholipase-D from Loxosceles
venom could be used in phospholipid studies, specially studies on cell membrane constitu‐
ents with emphasis upon sphingophospholipids, lysophospholipids, lysophosphatidic acid
and ceramide-1-phosphate, as models for elucidating lipid product receptors, signaling
pathways and biological activities; this new wide field of Loxosceles research could also re‐
veal new targets for the treatment of envenomation [10].

4.5. Toxins acting on immunological system

The antiserum most commonly used for treatment of loxoscelism in Brazil is anti-arachnidic
serum. This serum is produced by the Instituto Butantan (São Paulo, Brazil) by hyperimmu‐
nization of horses with venoms of the spiders Loxosceles gaucho and Phoneutria nigriventer
and the scorpion Tityus serrulatus. Several studies have indicated that sphingomyelinase D
(SMase D) in venom of Loxosceles sp. spiders is the main component responsible for local
and systemic effects observed in loxoscelism [153, 155]. Neutralization tests showed that an‐
ti-SMase D serum has a higher activity against toxic effects of L. intermedia and L. laeta ven‐
oms and similar or slightly weaker activity against toxic biological effects of L. gaucho than
that of Arachnidic serum. These results demonstrate that recombinant SMase D can replace
venom for anti-venom production and therapy [155].

4.6. Toxins with anticancer and cytotoxic activities

Psalmotoxin 1 was evaluated on inhibited Na+ currents in high-grade human astrocytoma
cells (glioblastoma multiforme, or GBM). These observations suggest this toxin may prove
useful in determining whether GBM cells express a specific ASIC-containing ion channel
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was observed in the presence of Bjα IT [136] and OD1 [137], which are toxins from Buthotus
judaicus and Odonthobuthus doriae scorpion venom, respectively. A second group of scorpion
toxins slowing insect sodium channel inactivation was called alpha-like toxins. The first pre‐
cisely described toxins from this group were the Lqh III/Lqh3 (from L. q. hebraeus), Bom III/
Bom 3 and Bom IV/ Bom 4 (from B. o. mardochei). They were all tested on cockroach axonal
preparation [138-139]. BmKM1 toxin from B. martensi Karsch was the first alpha-like toxin
available in recombinant form that was tested also on cockroach axonal preparation [140].
Toxins Lqh6 and Lqh7 from L. q. hebraeus scorpion venom show high structural similarity
with Lqh3 toxin. Their toxicity to cockroach is in the range found for other alpha-like toxins
[141]. Alpha-like toxins from scorpion venoms show lower efficiency when applied to in‐
sects, as compared to α anti-insect toxins. Therefore they seem to be less interesting from the
point of view of future insecticide development [132]. Scorpion contractive and depressant
toxins are highly selective for insect sodium channels. Several of these toxins were tested on
cockroach axonal preparations; toxin AaH IT1 from the A. australis scorpion venom was the
first one [142-143]. All other contractive toxins tested on cockroach axon produced very sim‐
ilar effects, as for example Lqq IT1 from L. q. quinquestriatus [133]; Bj IT1 from B. judaicus
[143], Bm 32-1 and Bm 33-1 from B. martensi [144].

4. Biotechnological and pharmacological applications of spider venom
toxins

Spider venoms contain a complex mixture of proteins, polypeptides, neurotoxins, nucleic
acids, free amino acids, inorganic salts and monoamines that cause diverse effects in verte‐
brates and invertebrates [145]. Regarding the pharmacology and biochemistry of spider ven‐
oms, they present a variety of ion channel toxins, novel non-neurotoxins, enzymes and low
molecular weight compounds [146].

4.1. Toxins acting on cardiovascular system

Venom from the South American tarantula Grammostola spatulata presents GsMtx-4, a small
peptide belonging to the "cysteine-knot" family that blocks cardiac stretch-activated ion
channels and suppresses atrial fibrillation in rabbits [147]. Studies are being conducted to
develop therapeutics for atrial fibrillation based on GsMtx-4.

4.2. Toxins acting on hemostasis

ARACHnase (Hemostasis Diagnostics International Co., Denver, CO) is a normal plasma that
contains a venom extract from the brown recluse spider, Loxosceles reclusa, which mimics the
presence of a lupus anticoagulant (LA). ARACHnase is a biotechnological product useful‐
ness like a positive control for lupus anticoagulant testing [148]. Native dermonecrotic tox‐
ins (phospholipase-D) from Loxosceles sp. are agents that stimulate platelet aggregation [149].
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4.3. Toxins with antibiotic activity

Two peptide toxins with antimicrobial activity, lycotoxins I and II, were identified from ven‐
om of the wolf spider Lycosa carolinensis (Araneae: Lycosidae). The lycotoxins may play a
dual role in spider-prey interaction, functioning both in the prey capture strategy as well as
to protect the spider from potentially infectious organisms arising from prey ingestion. Spi‐
der venoms may represent a potentially new source of novel antimicrobial agents with im‐
portant medical implications [150].

4.4. Toxins acting on inflammatory and nociceptive response

Psalmotoxin 1, a peptide extracted from the South American tarantula Psalmopoeus cambridg‐
ei, has very potent analgesic properties against thermal, mechanical, chemical, inflammatory
and neuropathic pain in rodents. It exerts its action by blocking acid-sensing ion channel 1a,
and this blockade results in an activation of the endogenous enkephalin pathway [151].
Phospholipases from both Loxosceles laeta and Loxosceles reclusa cleaved LPC (lysophosphati‐
dylcholine) to LPA (lysophosphatidic acid) and choline. LPA receptors are potential targets
for Loxosceles sp. envenomation treatment [152]. The possibilities for biotechnological appli‐
cations in this area are enormous. Recombinant dermonecrotic toxins could be used as re‐
agents to establish a new model to study the inflammatory response, as positive inducers of
the inflammatory response and edema [9, 153-154]. The phospholipase-D from Loxosceles
venom could be used in phospholipid studies, specially studies on cell membrane constitu‐
ents with emphasis upon sphingophospholipids, lysophospholipids, lysophosphatidic acid
and ceramide-1-phosphate, as models for elucidating lipid product receptors, signaling
pathways and biological activities; this new wide field of Loxosceles research could also re‐
veal new targets for the treatment of envenomation [10].

4.5. Toxins acting on immunological system

The antiserum most commonly used for treatment of loxoscelism in Brazil is anti-arachnidic
serum. This serum is produced by the Instituto Butantan (São Paulo, Brazil) by hyperimmu‐
nization of horses with venoms of the spiders Loxosceles gaucho and Phoneutria nigriventer
and the scorpion Tityus serrulatus. Several studies have indicated that sphingomyelinase D
(SMase D) in venom of Loxosceles sp. spiders is the main component responsible for local
and systemic effects observed in loxoscelism [153, 155]. Neutralization tests showed that an‐
ti-SMase D serum has a higher activity against toxic effects of L. intermedia and L. laeta ven‐
oms and similar or slightly weaker activity against toxic biological effects of L. gaucho than
that of Arachnidic serum. These results demonstrate that recombinant SMase D can replace
venom for anti-venom production and therapy [155].

4.6. Toxins with anticancer and cytotoxic activities

Psalmotoxin 1 was evaluated on inhibited Na+ currents in high-grade human astrocytoma
cells (glioblastoma multiforme, or GBM). These observations suggest this toxin may prove
useful in determining whether GBM cells express a specific ASIC-containing ion channel
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type that can serve as a target for both diagnostic and therapeutic treatments of aggressive
malignant gliomas [156]. The antitumor activity of a potent antimicrobial peptide isolated
from hemocytes of the spider Acanthoscurria gomesiana, named gomesin, was tested in vitro
and in vivo. Gomesin showed cytotoxic and antitumor activities in cell lines, such as melano‐
ma, breast cancer and colon carcinoma [157].

4.7. Toxins with insecticides applications

Several spider toxins have been studied as potential insecticidal bioactive with great biotech‐
nological possible applications [10]. A component of the venom of the Australian funnel
web spider  Hadronyche  versuta  that  is  a  calcium channel  antagonist  retains  its  biological
activity when expressed in a heterologous system. Transgenic expression of this toxin in
tobacco effectively protected the plants from Helicoverpa armigera  and Spodoptera littoralis
larvae, with 100% mortality within 48h [158].  LiTxx1, LiTxx2 and LiTxx3 from Loxosceles
intermedia  venom were identified containing peptides that were active against Spodoptera
frugiperda. These venom-derived products open a source of insecticide toxins that could be
used as substitutes for chemical defensives and lead to a decrease in environmental prob‐
lems [159]. An insecticidal peptide referred to as Tx4(6-1) was purified from the venom of
the spider Phoneutria nigriventer  by a combination of gel filtration, reverse-phase fast liq‐
uid chromatography on Pep-RPC, reverse-phase high performance liquid chromatography
(HPLC) on Vydac C18 and ion-exchange HPLC. The protein contains 48 amino acids includ‐
ing 10 Cys and 6 Lys. The results showed that Tx4(6-1) has no toxicity for mice, and sug‐
gest that it is a specific anti-insect toxin [160]. SMase D and homologs in the SicTox gene
family are the most abundantly expressed toxic protein in venoms of Loxosceles and Sicar‐
ius spiders (Sicariidae). A recombinant SMase D from Loxosceles arizonica was obtained and
compared its enzymatic and insecticidal activity to that of crude venom. SMase D and crude
venom have comparable and high potency in immobilization assays on crickets. These da‐
ta indicate that SMase D is  a potent insecticidal  toxin,  the role for which it  presumably
evolved [161]. δ-PaluIT1 and δ-paluIT2 are toxins purified from the venom of the spider
Paracoelotes luctuosus. Similar in sequence to μ-agatoxins from Agelenopsis aperta, their phar‐
macological target is the voltage-gated insect sodium channel, of which they alter the inac‐
tivation properties in a way similar to α-scorpion toxins. Electrophysiological experiments
on the cloned insect voltage-gated sodium channel heterologously co-expressed with the
tipE subunit in Xenopus laevis oocytes, that δ-paluIT1 and δ-paluIT2 procure an increase of
Na+ current [162]. Recently, several toxins have been isolated from spiders with potential
biotechnological application as insecticide.

5. Biotechnological and pharmacological applications of toad and frog
toxins

Amphibians (toads, frogs, salamanders etc.) during their evolution have developed skin
glands covering most parts of their body surface. From these glands small amounts of a mu‐
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cous slime are secreted permanently, containing substances with different pharmacologic
activities such as cardiotoxins, neurotoxins, hypotensive as well as hypertensive agents, he‐
molysins, and many others. Chemically they belong to a wide variety of substance classes
such as steroids, alkaloids, indolalkylamines, catecholamines and low molecular peptides
[11, 163]. Several studies have been showing new potential molecules for a variety of phar‐
macological applications from toads and frogs venoms.

5.1. Toxins acting on cardiovascular system

Neurotensin-like peptides has been identified from frog skin, such as margaratensin, isolat‐
ed from Rana margaratae [164], a potential antihypertensive drug. Similar to the cardiac gly‐
cosides, bufadienolides from Bufo bufo gargarizans toad skin are able of inhibiting Na+/K+-
ATPase, having an important role on treatment of congestive heart failure and arterial
hypertension [165]. Examples of these bufadienolides are arenobufagin [166], cinobufagin,
bufalin, resibufogenin, among others [165]. In the skin of Rana temporaria and Rana igromacu‐
lata frogs, bradykinin, a hypotensive and smooth muscle exciting substance, has been found
[11]. Atelopidtoxin, a water-soluble toxin from skin of Atelopus zeteki frog, when injected into
mammals, produces hypotension and ventricular fibrillation [167]. Semi-purified skin ex‐
tracts from Pseudophryne coriacea frog displayed effects on systemic blood pressure, reducing
it by a probably cholinergic mechanism [168].

5.2. Toxins acting on hemostasis

Annexins are a well-known multigene family of Ca2+-regulated membrane-binding and
phospholipid-binding proteins. A novel annexin A2 (Bm-ANXA2) was isolated and purified
from Bombina maxima skin homogenate, being the first annexin A2 protein reported to pos‐
sess platelet aggregation-inhibiting activity [169].

5.3. Toxins with antibiotic activity

Toxins with antibiotic activity are the most well studied toxins in toads and frogs. Two anti‐
microbial bufadienolides, telocinobufagin and marinobufagin, were isolated from skin se‐
cretions of the Brazilian toad Bufo rubescens [170]. Antimicrobial peptides, named syphaxins
(SPXs), were isolated from skin secretions of Leptodactylus syphax frog [171]. The alkaloids
apinaceamine, 6-methyl-spinaceamine isolated from the skin gland secretions of Leptodacty‐
lus pentadactylus showed in screening tests bactericidal activity [172]. The cinobufacini and
its active components bufalin and cinobufagin, from Bufo bufo gargarizans Cantor skin, pre‐
sented anti-hepatitis B virus (HBV) activity [173]. Telocinobufagin from Rhinella jimi toad
were demonstrated to be active against Leishmania chagasi promastigotes and Trypanosoma
cruzi trypomastigotes, while hellebrigenin, from same source, was active against only T. cru‐
zi trypomastigotes [174].
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ta indicate that SMase D is  a potent insecticidal  toxin,  the role for which it  presumably
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cosides, bufadienolides from Bufo bufo gargarizans toad skin are able of inhibiting Na+/K+-
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from Bombina maxima skin homogenate, being the first annexin A2 protein reported to pos‐
sess platelet aggregation-inhibiting activity [169].

5.3. Toxins with antibiotic activity

Toxins with antibiotic activity are the most well studied toxins in toads and frogs. Two anti‐
microbial bufadienolides, telocinobufagin and marinobufagin, were isolated from skin se‐
cretions of the Brazilian toad Bufo rubescens [170]. Antimicrobial peptides, named syphaxins
(SPXs), were isolated from skin secretions of Leptodactylus syphax frog [171]. The alkaloids
apinaceamine, 6-methyl-spinaceamine isolated from the skin gland secretions of Leptodacty‐
lus pentadactylus showed in screening tests bactericidal activity [172]. The cinobufacini and
its active components bufalin and cinobufagin, from Bufo bufo gargarizans Cantor skin, pre‐
sented anti-hepatitis B virus (HBV) activity [173]. Telocinobufagin from Rhinella jimi toad
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5.4. Toxins acting on inflammatory and nociceptive responses

Epibatidine, an azabicycloheptane alkaloid isolated from the skin of frog Epipedobates tricol‐
or, was found to be a potent antinociceptive compound. Although its toxicity, this toxin
could be a lead compound in the development of therapeutic agents for pain relief as well
for treatment of disorders whose pathogenesis involves nicotinic receptors [175]. A variety
of toxins acting on opioid receptors have been isolated from amphibians. Dermorphin (Tyr-
D-Ala-Phe-Gly-Tyr-Pro-Ser-NH2) and related heptapeptide [Hyp6]-dermorphin isolated
from the frog skin of Phyllomedusa sp., show higher affinity for μ-opioid receptors. Several
peptides belonging to the dermorphin family have been isolated from frog skin [61]. Deltor‐
phins (also referred as dermenkephalin) and related peptides isolated from the frog skin
have been found to exhibit high selectivity for δ-opiate receptors [176].

5.5. Toxins with anticancer and cytotoxic activities

Venenum Bufonis is a traditional Chinese medicine obtained from the dried white secretion of
auricular and skin glands of Chinese toads (Bufo melanostictus Schneider or Bufo bufo gargar‐
zinas Cantor). Cinobufagin (CBG), isolated from Venenum Bufonis, had potential immune
system regulatory effects and is suggested that this compound could be developed as a nov‐
el immunotherapeutic agent to treat immune-mediated diseases such as cancer [177]. Bufa‐
dienolides from toxic glands of toads are used as anticancer agents, mainly on leukemia
cells. Bufalin and cinobufagin from Bufo bufo gargarizans Cantor were tested and studies
shown that these toxins suppress cell proliferation and cause apoptosis in prostate cancer
cells via a sequence of apoptotic modulators [178]. Bufotalin, one of the bufadienolides iso‐
lated from Formosan Ch’an Su, which is made of the skin and parotid glands of toads, in‐
duce apoptosis in human hepatocellular carcinoma, probably involving caspases and
apopotosis-inducing factor [179]. Cutaneous venom of Bombina variegata pachypus toad pre‐
sented a cytolitic effect on the growth of the human HL 60 cell line [180]. Brevinin-2R, a non-
hemolytic defensin has been isolated from the skin of the frog Rana ridibunda, showing
pronounced cytotoxicity towards malignant cells [181].

5.6. Toxins with insulin releasing activity

Diabetes mellitus is a disease in which the body is unable to sufficiently produce or properly
use insulin. Newer therapeutic modalities for this disease are extremely needed. Peptides
with insulin-releasing activity have been isolated from the skin secretions of the frog Aga‐
lychnis litodryas and may serve as templates for a novel class of insulin secretagogues [182].

6. Biotechnological and pharmacological applications of bee and wasp
toxins

Stinging accidents caused by wasps and bees generally produce severe pain, local damage
and even death in various vertebrates including man, caused by action of their venoms. Bee
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venom contains a variety of compounds peptides including melittin, apamin, adolapin, and
mast cell degranulating (MCD) peptide, in addition of hyaluronidase and phospholipase A
enzymes, that plays a variety of biological activities. The chemical constituents of venoms
from wasps species include acetylcholine, serotonin, norepinephrine, hyaluronidase, histi‐
dine decarboxylase, phospholipase A2 and several polycationic peptides and proteins [12].

6.1. Toxins acting on cardiovascular system

Honey bee venom and its main constituents have a marked effect on the cardiovascular system,
most notably a fall in arterial blood pressure [183]. From the hemodynamic point of view, the
venom, in higher doses, is extremely toxic to the circulatory system and in smaller doses,
however, produce a stimulatory effect upon the heart [184]. Melittin, a strongly basic 26 amino-
acid polypeptide which constitutes 40–60% of the whole dry honeybee venom, induces con‐
tractures and depolarization in skeletal muscle [12]. Melittin is cardiotoxic in vitro, causing
arrest of the rat heart, but only induces a slight hypertension in vivo [183]. Apamin, without
direct effect on contraction or relaxation, could attenuate the relaxation evoked by melittin at
lower concentrations, and thus contribute to the conversion of melittin’s relaxing activity into
the contractile activity of the venom. Another peptide found in bee venom that outlines effects
on the cardiovascular system is the Cardiopep. Cardiopep is a relatively nonlethal compo‐
nent, compared to phospholipase A, melittin, or whole bee venom itself. It is a potent nontox‐
ic  beta-adrenergio-like  stimulant  that  possesses  definite  anti-arrhythmic properties  [185].
Studies on the cardiovascular effects of mastoparan B, isolated from the venom of the hor‐
net Vespa basalis, has shown that the peptide caused a dose-dependent inhibition of blood
pressure and cardiac function in the rat. Research has shown that the cardiovascular effects
of mastoparan B are mainly due to the actions of serotonin, and by a lesser extent to other
autacoids, released from mast cells as well from other biocompartments [186].

6.2. Toxins acting on hemostasis

The mechanism by which bee venom affects the hemostatic system remains poorly under‐
stood [187]. Among the serine proteases isolated from bees, which acts as a fibrin(ogen)olyt‐
ic enzyme, activator prothrombin and directly degrades fibrinogen into fibrin degradation
products, are the Bi-VSP (Bombus ignitus) [188], Bt-VSP (Bombus terrestris) [189] and Bs-VSP
(Bombus hypocrita sapporoensis) [190]. According reference [188], the activation of prothrom‐
bin and fibrin(ogen)olytic activity may cooperate to effectively remove fibrinogen, and thus
reduce the viscosity of blood. The injection fibrin(ogen)olytic enzyme can be used to facili‐
tate the propagation of components of bee venom throughout the bloodstream of mammals.
Bumblebee venom also affects the hemostatic system through by Bi-KTI (B. ignitus), a Ku‐
nitz-type inhibitor, that strongly inhibited plasmin during fibrinolysis, indicating that Bi-
KTI specifically targets plasmin [187]. A toxin protein named magnvesin was purified of
Vespa magnifica. This protein contains serine protease-like activity inhibits blood coagulation,
and was found to act on factors TF, VII, VIII, IX and X [191]. Other anticoagulant protein
(protease I) with proteolytic activity was purified from Vespa orientalis venom, involving
mainly coagulation factors VIII and IX [192]. Magnifin, a phospholipase A1 (PLA1) purified

Toxins from Venomous Animals: Gene Cloning, Protein Expression and Biotechnological Applications
http://dx.doi.org/10.5772/52380

37



5.4. Toxins acting on inflammatory and nociceptive responses

Epibatidine, an azabicycloheptane alkaloid isolated from the skin of frog Epipedobates tricol‐
or, was found to be a potent antinociceptive compound. Although its toxicity, this toxin
could be a lead compound in the development of therapeutic agents for pain relief as well
for treatment of disorders whose pathogenesis involves nicotinic receptors [175]. A variety
of toxins acting on opioid receptors have been isolated from amphibians. Dermorphin (Tyr-
D-Ala-Phe-Gly-Tyr-Pro-Ser-NH2) and related heptapeptide [Hyp6]-dermorphin isolated
from the frog skin of Phyllomedusa sp., show higher affinity for μ-opioid receptors. Several
peptides belonging to the dermorphin family have been isolated from frog skin [61]. Deltor‐
phins (also referred as dermenkephalin) and related peptides isolated from the frog skin
have been found to exhibit high selectivity for δ-opiate receptors [176].

5.5. Toxins with anticancer and cytotoxic activities

Venenum Bufonis is a traditional Chinese medicine obtained from the dried white secretion of
auricular and skin glands of Chinese toads (Bufo melanostictus Schneider or Bufo bufo gargar‐
zinas Cantor). Cinobufagin (CBG), isolated from Venenum Bufonis, had potential immune
system regulatory effects and is suggested that this compound could be developed as a nov‐
el immunotherapeutic agent to treat immune-mediated diseases such as cancer [177]. Bufa‐
dienolides from toxic glands of toads are used as anticancer agents, mainly on leukemia
cells. Bufalin and cinobufagin from Bufo bufo gargarizans Cantor were tested and studies
shown that these toxins suppress cell proliferation and cause apoptosis in prostate cancer
cells via a sequence of apoptotic modulators [178]. Bufotalin, one of the bufadienolides iso‐
lated from Formosan Ch’an Su, which is made of the skin and parotid glands of toads, in‐
duce apoptosis in human hepatocellular carcinoma, probably involving caspases and
apopotosis-inducing factor [179]. Cutaneous venom of Bombina variegata pachypus toad pre‐
sented a cytolitic effect on the growth of the human HL 60 cell line [180]. Brevinin-2R, a non-
hemolytic defensin has been isolated from the skin of the frog Rana ridibunda, showing
pronounced cytotoxicity towards malignant cells [181].

5.6. Toxins with insulin releasing activity

Diabetes mellitus is a disease in which the body is unable to sufficiently produce or properly
use insulin. Newer therapeutic modalities for this disease are extremely needed. Peptides
with insulin-releasing activity have been isolated from the skin secretions of the frog Aga‐
lychnis litodryas and may serve as templates for a novel class of insulin secretagogues [182].

6. Biotechnological and pharmacological applications of bee and wasp
toxins

Stinging accidents caused by wasps and bees generally produce severe pain, local damage
and even death in various vertebrates including man, caused by action of their venoms. Bee

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

36

venom contains a variety of compounds peptides including melittin, apamin, adolapin, and
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from wasp venoms of V. magnifica, is very similar to other (PLA1), especially to other wasp
allergen PLA1. Magnifin can activate platelet aggregation and induce thrombosis in vivo. It
was the first report of PLA1 from wasp venoms that can induce platelet aggregation [193].

6.3. Toxins with antibiotic activity

Antimicrobial peptides have attracted much attention as a novel class of antibiotics, espe‐
cially for antibiotic-resistant pathogens. They provide more opportunities for designing nov‐
el and effective antimicrobial agents [194]. Melittin has various biological, pharmacological
and toxicological actions including antibacterial and antifungal activities [195]. Bombolitin
(structural and biological properties similar to those of melittin), isolated from the venom of
B. ignitus worker bees, possesses antimicrobial activity and show inhibitory effects on bacte‐
rial growth for Gram-positive, Gram-negative bacteria and fungi, suggesting that bomboli‐
tin is a potential antimicrobial agent [196]. Osmin, isolated of solitary bee Osmia rufa, shows
some similarities with the mast cell degranulation (MCD) peptide family. Free acid and C-
terminally amidated osmins were chemically synthesized and tested for antimicrobial and
haemolytic activities. Antimicrobial and antifungal tests indicated that both peptides were
able to inhibit bacterial and fungal growth [197]. Two families of bioactive peptides which
belongs to mastoparans (12a and 12b) and chemotactic peptides (5e, 5g and 5f) were purified
and characterized from the venom of Vespa magnifica. MP-VBs (vespa mastoparan) and
VESP-VBs (vespa chemotactic peptide) were purified from the venom of the wasp Vespa bi‐
color Fabricius and demonstrated antimicrobial action [198]. The amphipathic α-helical
structure and net positive charge (which permits electrostatic interaction with the negatively
charged microbial cell membrane) of mastoparan appear to be critical for MCD activity and
because of these structural properties, mastoparans are often highly active against the cell
membranes of bacteria, fungi, and erythrocytes, as well as mast cells [199].

6.4. Toxins acting on inflammatory and nociceptive responses

Bee venom has been used in Oriental medicine and evidence from the literature indicates
that bee venom plays an anti-inflammatory or anti-nociceptive role against inflammatory re‐
actions associated with arthritis and other inflammatory diseases [200]. Bee venom demon‐
strated neuroprotective effect against motor neuron cell death and suppresses
neuroinflammation-induced disease progression in symptomatic amyotrophic lateral sclero‐
sis (ALS) mice model [200]. Melittin has effects on the secretion of phospholipase A2 and in‐
hibits its enzymatic activity, which is important because phospholipases may release
arachidonic acid which is converted into prostaglandins [201]. Have also been reported that
melittin decreased the high rate of lethality, attenuated hepatic inflammatory responses, al‐
leviated hepatic pathological injury and inhibited hepatocyte apoptosis. Protective effects
were probably carried out through the suppression of NF-jB activation, which inhibited
TNF-α liberation. Therefore, melittin may be useful as a potential therapeutic agent for at‐
tenuating acute liver injury [202]. In addition of melittin, others agents has shown anti-in‐
flammatory activity. Among them are adolapin and MCDP. Adolapin showed marked anti-
inflammatory and anti-nociceptive properties due to inhibition of prostaglandin synthase
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system [203]. MCDP, isolated of Apis mellifera venom, is a strong mediator of mast cell de‐
granulation and releases histamine at low concentrations [204].

6.5. Toxins acting on immunological system

Characterization of the primary structure of allergens is a prerequisite for the design of new
diagnostic and therapeutic tools for allergic diseases. Major allergens in bee venom (recog‐
nized by IgE in more than 50% of patients) include phospholipase A2 (PLA2), acid phospha‐
tase, hyaluronidase and allergen C, as well as several proteins of high molecular weights
(MWs) [205]. Besides these, Api m 6, was frequently (42%) recognized by IgE from bee ven‐
om hypersensitive patients [206]; from wasp venom were purified Vesp c 1 (phospholipase
A1) and Vesp c 5 (antigen-5) from Polistes gallicus, and Vesp ma 2 and Vesp ma 5 from Vespa
magnifica, [207-208]. Formulations of poly(lactic-co-glycolic acid) (PLGA) microspheres rep‐
resent a strategy for replacing immunotherapy in multiple injections of venom. The results
obtained with bee venom proteins encapsulated showed that the allergens may still be effec‐
tive in the induction of an immune response and so may be a new formulation for VIT [209].
Recombinant proteins with immunosuppressive properties have been reported in the litera‐
ture, such as rVPr1 and rVRr3, identified, cloned and expressed from isolated VPR1 and
VPr2 from Pimpla hypochondriaca [210]. Chemotactic peptide protonectin 1-6 (ILGTIL-NH2)
was detected in the venom of the social wasp Agelaia pallipes pallipes [211]. Polybia-MPI and
Polybia-CP were isolated from the venom of the social wasp Polybia paulista and character‐
ized as chemotactic peptides for PMNL cells [212]. Under the diagnosis, the microarray was
reported. Protein chips can be spotted with thousands of proteins or peptides, permitting to
analyses the IgE responses against a tremendous variety of allergens. First attempts to mi‐
croarray with Hymenoptera venom allergens included Api m 1, Api m 2, Ves v 5, Ves g 5
and Pol a 5 in a set-up with 96 recombinant or natural allergen molecules representative of
most important allergen sources. The venom allergens from different bee, wasp and ant spe‐
cies can be offered on a single chip, allowing to differentiate the species that has stung based
on species-specific markers. The allergen microarray allows the determination and monitor‐
ing of allergic patients’ IgE reactivity profiles to large numbers of disease-causing allergens
by using single measurements and minute amounts of serum [213].

6.6. Toxins with anticancer and cytotoxic activities

Bee venom is the most studied among the arthropods covered in this chapter regarding its
anti-cancer activities, due mainly to two substances that have been isolated and character‐
ized: melittin and phospholipase A2 (PLA2). Melittin and PLA2 are the two major compo‐
nents in the venom of the species Apis mellifera [214]. Melittin is inhibitor of calmodulin
activity and is an inhibitor of cell growth and clonogenicity of human and murine leukemic
cells [215]. Study indicated that key regulators in bee venom-induced apoptosis are Bcl-2
and caspase-3 in human leukemic U937 cells through down-regulation of the ERK and Akt
signal pathway [216]. Furthermore recent reports indicate that BV is also able to inhibit tu‐
mor growth and exhibit anti-tumor activity in vitro and in vivo and can be used as a chemo‐
therapeutic agent against malignancy [217]. The adjuvant treatment with PLA2 and
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from wasp venoms of V. magnifica, is very similar to other (PLA1), especially to other wasp
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system [203]. MCDP, isolated of Apis mellifera venom, is a strong mediator of mast cell de‐
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phosphatidylinositol-(3,4)-bisphosphate was more effective in the blocking of tumor cell
growth [218]. New peptides have been isolated from bee venom and tested in tumor cells,
exhibiting promising activities in the treatment of cancer. Lasioglossins isolated from the
venom of the bee Lasioglossum laticeps exhibited potency to kill various cancer cells in vitro
[219]. Briefly the bee venom acts inhibiting cell proliferation and promoting cell death by
different means: increasing Ca2+ influx; inducing cytochrome C release; binding calmodulin;
decreasing or increasing the expression of proteins that control cell cycle or activating PLA2,
causing damage to cell membranes interfering in the apoptotic pathway [220]. Among po‐
tential anticancer compounds, one of the most studied is mastoparan, peptide isolated from
wasp venom that has been reported to induce a potent facilitation of the mitochondrial per‐
meability transition. It should be noted that this recognized action of mastoparan is marked
at concentrations <1 μM [221]. Two novel mastoparan peptides, Polybia-MP-II e Polybia-
MP-III isolated from venom of the social wasp Polybia paulista, exhibited hemolytic activity
on erythrocytes [222]. Polybia-MPI, also was purified from the venom of the social wasp P.
paulista, synthesized and studied its antitumor efficacy and cell selectivity. Results revealed
that polybia-MPI exerts cytotoxic and antiproliferative efficacy by pore formation and have
relatively lower cytotoxicity to normal cells [223].

6.7. Toxins with insulin releasing activity

Bee venom inhibits insulitis and development of diabetes in non-obese diabetic (NOD) mice.
The cumulative incidence of diabetes at 25 weeks of age in control was 58% and NOD mice
bee venom treated was 21% [224]. Mastoparan, component of wasp venom, is known to af‐
fect phosphoinositide breakdown, calcium influx, exocytosis of hormones and neurotrans‐
mitters and stimulate the GTPase activity of guanine nucleotide-binding regulatory proteins
[225]. Thus, it is reported in the literature that mastoparan stimulates insulin secretion in hu‐
man, as well as in rodent. Furthermore, glucose and alpha-ketoisocaproate (alfa-KIC) in‐
crease the mastoparan-stimulated insulin secretion [226].

7. Biotechnological and pharmacological applications of ant, centipede
and caterpillar venom toxins

Ant, centipede and caterpillar venoms have not been studied so extensively as the venoms
of snakes, scorpions and spiders. Ant venoms are rich in the phospholipase A2 and B, hya‐
luronidase, and acid and alkaline phosphatase as well as in histamine itself [227]. Centipede
venoms have been poorly characterized in the literature. Studies have reported in centipede
venoms the presence of esterases, proteinases, alkaline and acid phosphatases, cardiotoxins,
histamine, and neurotransmitter releasing compounds in Scolopendra genus venoms [228].
Among the most studied caterpillar venoms are Lonomia obliqua and Lonomia achelous ven‐
oms, which cause similar clinical effects [229]. Based on cDNA libraries, was possible to
identify several proteins from L. obliqua, such as cysteine proteases, group III phospholipase
A2, C-type lectins, lipocalins, in addition to protease inhibitors including serpins, Kazal-type
inhibitors, cystatins and trypsin inhibitor-like molecules [230].
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7.1. Toxins acting on cardiovascular system

A study showed that the Lonomia obliqua caterpillar bristles extract (LOCBE) directly releas‐
es kinin from low-molecular weight kininogen, being suggested that kallikrein-kinin system
plays a role in the edematogenic and hypotensive effects during L. obliqua envenomation [231].

7.2. Toxins acting on hemostasis

There are numerous studies in literature reporting the effects on the hemostatic system of
toxins from caterpillars. The effect of a crude extract of spicules from Lonomia obliqua cater‐
pillar on hemostasis was found to activate both prothrombin and factor X [232]. Lopap is a
prothrombin activator isolated from the bristles of L. obliqua caterpillar. Lopap demonstrated
ability to induce activation, expression of adhesion molecules and to exert an anti-apoptotic
effect on human umbilical vein endothelial cells [233]. Lonofibrase, an α-fibrinogenase from
L. obliqua was isolated from venomous secretion [234]. Losac, a protein with procoagulant
activity, which acts as a growth stimulator and an inhibitor of cellular death for endothelial
cells, was purified of the bristle extract of L. obliqua. Losac may have biotechnological appli‐
cations, including the reduction of cell death and consequently increased productivity of an‐
imal cell cultures [235]. Lonomin V, serine protease isolated from Lonomia achelous
caterpillar, inhibited platelet aggregation, probably caused by the degradation of collagen. It
is emphasized that Lonomin V shows to be a potentially useful tool for investigating cell-
matrix and cell-cell interactions and for the development of antithrombotic agents in terms
of their anti-adhesive activities [236]. The venom from the tropical ant, Pseudomyrmex triplar‐
inus, inhibited arachidonic acid and induced platelet aggregation, suggesting that venom
prevented the action of prostaglandins. The venom was fractionated and factor F (adeno‐
sine) with antiplatelet activity were detected [237].

7.3. Toxins with antibiotic activity

Venom alkaloids from Solenopsis invicta, fire ant, inhibit the growth of Gram-positive and
Gram-negative bacteria and presumably act as a brood antibiotic. Peptides named poneri‐
cins were identified from the venom of ant Pachycondyla goeldii. Fifteen peptides were classi‐
fied into three different families according to their primary structure similarities: ponericins
G, W, and L. Ponericin G1, G3, G4 and G6 demonstrated antimicrobial activity. Ponericins G
share about 60% sequence similarity with cecropins and these have a broad spectrum of ac‐
tivity against bacteria. Peptides family W shares about 70% sequence similarity with Gae‐
gurin 5 (Rana rugosa) and melittin (discussed in previous topics). Gaegurin 5 exhibits a
broad spectrum of antimicrobial action against bacteria, fungi, and protozoa and has very
little hemolytic action. The ponericin L2 from the third family has only an antibacterial ac‐
tion, and shares important sequence similarities with dermaseptin 5, which has strong anti‐
microbial action against bacteria, yeast, fungi, and protozoa [238]. A cytotoxic peptide from
the venom of the ant Myrmecia pilosula, Pilosulin 1, was identified as a potential novel anti‐
microbial peptide sequence. It outlined a potent and broad spectrum antimicrobial activity
including standard and multi-drug resistant gram-positive and gram-negative bacteria and

Toxins from Venomous Animals: Gene Cloning, Protein Expression and Biotechnological Applications
http://dx.doi.org/10.5772/52380

41



phosphatidylinositol-(3,4)-bisphosphate was more effective in the blocking of tumor cell
growth [218]. New peptides have been isolated from bee venom and tested in tumor cells,
exhibiting promising activities in the treatment of cancer. Lasioglossins isolated from the
venom of the bee Lasioglossum laticeps exhibited potency to kill various cancer cells in vitro
[219]. Briefly the bee venom acts inhibiting cell proliferation and promoting cell death by
different means: increasing Ca2+ influx; inducing cytochrome C release; binding calmodulin;
decreasing or increasing the expression of proteins that control cell cycle or activating PLA2,
causing damage to cell membranes interfering in the apoptotic pathway [220]. Among po‐
tential anticancer compounds, one of the most studied is mastoparan, peptide isolated from
wasp venom that has been reported to induce a potent facilitation of the mitochondrial per‐
meability transition. It should be noted that this recognized action of mastoparan is marked
at concentrations <1 μM [221]. Two novel mastoparan peptides, Polybia-MP-II e Polybia-
MP-III isolated from venom of the social wasp Polybia paulista, exhibited hemolytic activity
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Candida albicans [239]. Two antimicrobial peptides from centipede venoms, scolopin 1 and 2
were identified from venoms of Scolopendra subspinipes mutilan [240].

7.4. Toxins acting on inflammatory and nociceptive responses

Venom from the tropical ant Pseudomyrex triplarinus relieves pain and inflammation in rheu‐
matoid arthritis [241]. Venom from the P. triplarinus contains peptides called myrmexins
that relieve pain and inflammation in patients with rheumatoid arthritis and inhibit inflam‐
matory carragenin-induced edema in mice [242].

7.5. Toxins acting on immunological system

The most frequent cause of insect venom allergy in the Southeastern USA is the imported
fire ant and the allergens are among the most potent known. Fire ant venom is a potent al‐
lergy-inducing agent containing four major allergens, Sol i I, Sol i II, Sol i III and Sol i IV
[243-244].

7.6. Toxins with anticancer and cytotoxic activities

Solenopsin A, a primary alkaloid from the fire ant Solenopsis invicta, exhibits antiangiogenic
activity. Among the results obtained in this study, one of the most interesting was the selec‐
tive inhibition of Akt by solenopsin in vitro, that is of great interest since few Akt inhibitors
have been developed, and Akt is a key molecular target in the pharmacological treatment of
cancer [245]. Glycosphingolipid 7, identified in the millipede Parafontaria laminata armigera,
suppressed cell proliferation and this effect was associated with suppression of the activa‐
tion of FAK (focal adhesion kinase), Erk (extracellular signal-regulated kinase), and Akt in
melanoma B16F10 cells. Cells treated with glycosphingolipid 7 reduced the expression of the
proteins responsible for the progression of cell cycle, cyclin D1 and CDK4 [246].

7.7. Toxins with insecticides applications

Peptides named ponericins from ant Pachycondyla goeldii have a marked action as insecti‐
cides. Among the peptides showed insecticidal activity are the ponericins G1, G2 and poner‐
icins belonging to the family W [238].

In Table 1, is presented a summary of the main biotechnological/pharmacological applica‐
tions of toxins from venomous animals covered in this chapter.

Source Toxin Application Ref.

Toxins acting on cardiovascular system

Snakes Agkistrodon halys

blomhoffii

NP Anti-hypertensive agent [21]

Bothrops jararaca BPP Anti-hypertensive agent (development of

captopril and derivatives)

[16]
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NP Anti-hypertensive agent [4]

Bungarus flaviceps NP Anti-hypertensive agent [24]

Crotalus durissus

cascavella

NP Anti-hypertensive agent [23]

Crotalus durissus

terrificus

BPP Anti-hypertensive agent [17]

Dendroaspis

angusticeps

DNP Anti-hypertensive agent: natriuretic peptide [19]

C10S2C2 Anti-hypertensive drug: L-type Ca2+channels

blocker

[27]

Dendroaspis jamesoni

kaimosae

S4C8 Anti-hypertensive agent: L-type

Ca2+channels blocker

[27]

Dendroaspis polylepis

polylepis

Calciseptine Anti-hypertensive agent: L-type

Ca2+channels blocker

[25]

FS2 toxins Anti-hypertensive agent: L-type

Ca2+channels blocker

[26]

Micrurus corallinus NP Anti-hypertensive agent [20]

Pseudocerastes

persicus

NP Anti-hypertensive agent [22]

Trimeresurus

flavoviridis

NP Anti-hypertensive agent [21]

Trimeresurus

stejnegeri

Stejnihagin Anti-hypertensive agent: L-type

Ca2+channels blocker

[29]

Scorpions Buthus martensii BPP Anti-hypertensive agent [97]

Leiurus

quinquestriatus

BPP Anti-hypertensive agent [98]

Tityus serrulatus BPP Anti-hypertensive agent [96]

Spiders Grammostola

spatulata

GsMtx-4 Blocks cardiac stretch-activated ion channels

and suppresses atrial fibrillation in rabbits

[147]

Toads and Frogs Atelopus zeteki Atelopidtoxin Hypotensive agent and ventricular fibrillation

inductor

[167]

Bufo bufo gargarizans Bufalin NaK+-ATPase inhibitor [165]

Pseudophryne

coriacea

Semi-purified skin

extracts

Hypotensive agent [168]

Rana igromaculata Bradykinin Hypotensive agent and smooth muscle

exciting substance

[11]

Rana margaratae Margaratensin Neurotensin-like peptide [164]

Cinobufagin NaK+ATPase inhibitor [165]

Rana temporaria Bradykinin Hypotensive agent and smooth muscle

exciting substance

[11]

Bees and Wasps Apis mellifera Cardiopep Beta-adrenergio-like stimulant and anti-

arrhythmic agent

[185]
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Candida albicans [239]. Two antimicrobial peptides from centipede venoms, scolopin 1 and 2
were identified from venoms of Scolopendra subspinipes mutilan [240].
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tive inhibition of Akt by solenopsin in vitro, that is of great interest since few Akt inhibitors
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suppressed cell proliferation and this effect was associated with suppression of the activa‐
tion of FAK (focal adhesion kinase), Erk (extracellular signal-regulated kinase), and Akt in
melanoma B16F10 cells. Cells treated with glycosphingolipid 7 reduced the expression of the
proteins responsible for the progression of cell cycle, cyclin D1 and CDK4 [246].

7.7. Toxins with insecticides applications

Peptides named ponericins from ant Pachycondyla goeldii have a marked action as insecti‐
cides. Among the peptides showed insecticidal activity are the ponericins G1, G2 and poner‐
icins belonging to the family W [238].

In Table 1, is presented a summary of the main biotechnological/pharmacological applica‐
tions of toxins from venomous animals covered in this chapter.

Source Toxin Application Ref.
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Snakes Agkistrodon halys

blomhoffii
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Bothrops jararaca BPP Anti-hypertensive agent (development of
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[27]

Dendroaspis polylepis

polylepis

Calciseptine Anti-hypertensive agent: L-type

Ca2+channels blocker

[25]

FS2 toxins Anti-hypertensive agent: L-type

Ca2+channels blocker

[26]

Micrurus corallinus NP Anti-hypertensive agent [20]

Pseudocerastes

persicus

NP Anti-hypertensive agent [22]

Trimeresurus

flavoviridis

NP Anti-hypertensive agent [21]

Trimeresurus

stejnegeri

Stejnihagin Anti-hypertensive agent: L-type

Ca2+channels blocker

[29]

Scorpions Buthus martensii BPP Anti-hypertensive agent [97]

Leiurus

quinquestriatus

BPP Anti-hypertensive agent [98]

Tityus serrulatus BPP Anti-hypertensive agent [96]

Spiders Grammostola

spatulata

GsMtx-4 Blocks cardiac stretch-activated ion channels

and suppresses atrial fibrillation in rabbits

[147]

Toads and Frogs Atelopus zeteki Atelopidtoxin Hypotensive agent and ventricular fibrillation

inductor

[167]

Bufo bufo gargarizans Bufalin NaK+-ATPase inhibitor [165]

Pseudophryne

coriacea

Semi-purified skin

extracts

Hypotensive agent [168]

Rana igromaculata Bradykinin Hypotensive agent and smooth muscle

exciting substance

[11]

Rana margaratae Margaratensin Neurotensin-like peptide [164]

Cinobufagin NaK+ATPase inhibitor [165]

Rana temporaria Bradykinin Hypotensive agent and smooth muscle

exciting substance

[11]

Bees and Wasps Apis mellifera Cardiopep Beta-adrenergio-like stimulant and anti-

arrhythmic agent

[185]
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Vespa basalis Mastoparan B Anti-hypertensive agent [186]

Toxins acting on hemostasis

Snakes Agkistrodon

rhodostoma

Ancrod Anticoagulant and defibrinogenating agent

(Viprinex®)

[34]

Bothrops alternatus Bhalternin Treatment and prevention of thrombotic

disorders

[35]

Bothrops atrox Batroxobin Anticoagulant and defibrinogenating agent

(Defibrase®)

[33]

Mixture of a TLE with a

thromboplastin-like

enzyme

Treatment of hemorrhages

(Haemocoagulase®)

[13]

Bothrops erythromelas BE-I-PLA2 Antiplatelet agent [39]

Bothrops leucurus BleucMP Treatment and prevention of cardiovascular

disorders and strokes

[36]

Leucurogin Antiplatelet agent [32]

Echis carinatus Echistatin Antiplatelet agent [30]

Sisturus miliaris

barbouri

Barbourin Antiplatelet agent [31]

Trimeresurus

malabaricus

Trimarin Treatment and prevention of thrombotic

disorders

[38]

Vipera lebetina VLH2 Treatment and prevention of thrombotic

disorders

[37]

Spiders Loxosceles. Phospholipase-D Platelet aggregation inductor [149]

Toads and Frogs Bombina maxima Bm-ANXA2 Antiplatelet agent [169]

Bees and Wasps Bombus hypocrita

sapporoensis
Bs-VSP

Prothrombin activator, thrombin-like

protease and a plasmin-like protease agent
[190]

Bombus ignites
Bi-VSP

Prothrombin activator, thrombin-like

protease and a plasmin-like protease agent
[188]

Bi-KTI Plasmin inhibitor agent [187]

Bombus terrestris Bt-VSP
Prothrombin activator, thrombin-like

protease and a plasmin-like protease agent
[189]

Vespa orientalis Protease I Anticoagulant agent [192]

Vespa magnifica
Magnifin Inductor platelet aggregation agent [193]

Magnvesin Anticoagulant agent [191]

Ants, Centipedes

and Caterpillars

Lonomia achelous Lonomin V Inhibitor platelet aggregation agent [236]

Lonomia obliqua

Lopap Prothrombin activator agent [233]

Lonofibrase Fibrinogenolytic and fibrinolytic agent Agent [234]

Losac Procoagulant agent [235]

Toxins with antibiotic activity

Snakes Bothrops alternatus Balt-LAAO-I Anti-bacterial agent [42]
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Bothrops asper Myotoxin II Anti-bacterial agent [50]

Bothrops jararaca LAAO Antiparasitic agent [48]

Bothrops marajoensis BmarLAAO Anti-bacterial, antifungal and antiparasitic

agent

[47]

Bothrops neuwiedi Neuwiedase Antiparasitic agent [55]

Bothrops pirajai BpirLAAO-I Anti-bacterial and antiparasitic agent [44]

Bungarus fasciatus BFPA Anti-bacterial agent [53]

Crotalus durissus

cascavella

Casca LAO Anti-bacterial agent [45]

Crotalus durissus

terrificus

Crotoxin Antiviral agent [56]

PLA2-CB Antiviral agent [56]

PLA2-IC Antiviral agent [56]]

Echis carinatus EcTx-I Anti-bacterial agent [51]

Naja atra Vgf-1 Anti-bacterial agent [54]

Naja naja oxiana LAAO Anti-bacterial agent [46]

Porthidium nasutum PnPLA2 Anti-bacterial agent [52]

Trimeresurus jerdonii TJ-LAO Anti-bacterial agent [41]

Trimeresurus

mucrosquamatus

TM-LAO Anti-bacterial agent [43]

Scorpions Hadrurus aztecus Hadrurin Anti-bacterial agent [110]

Leiurus

quinquestriatus

Defensin Anti-bacterial agent [102]

Opistophthalmus

carinatus

Opistoporin I/II Anti-bacterial and antifungal agent [106]

Pandinus imperator Pandinin I/II Antimicrobial agent [101]

Scorpine Anti-bacterial and antiparasitic agent [104]

Parabuthus schlechteri Cationic amphipatic

peptide

Antimicrobial agent [109]

Tityus discrepans Bactridines Anti-bacterial agent [111]

Spiders Lycosa carolinensis Lycotoxins I/II Antimicrobial agent [150]

Toads and Frogs Bufo bufo gargarizans 6-methyl-

spinaceamine

Anti-bacterial agent [172]

Bufalin Antiviral agent [173]

Cinobufagin Antiviral agent [173]

Bufo rubescens Telocinobufagin Anti-bacterial agent [170]

Marinobufagin Anti-bacterial agent [170]

Leptodactylus

pentadactylus

Apinaceamine Anti-bacterial agent [172]

Leptodactylus syphax SPXs Anti-bacterial agent [171]

Rhinella jimi Telocinobufagin Antiparasitic agent [174]
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Parabuthus schlechteri Cationic amphipatic

peptide

Antimicrobial agent [109]
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Toads and Frogs Bufo bufo gargarizans 6-methyl-

spinaceamine
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Bufalin Antiviral agent [173]

Cinobufagin Antiviral agent [173]
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Hellebrigenin Antiparasitic agent [174]

Bees and Wasps Apis mellifera Melittin Anti-bacterial agent [195]

Bombus ignites Bi-Bombolitin Anti-bacterial and antifungal agent [196]

Osmia rufa Osmin Anti-bacterial and antifungal agent [197]

Vespa bicolor
MP-VB1 Anti-bacterial and antifungal agent [198]

VESP-VB1 Anti-bacterial and antifungal agent [198]

Ants, Centipedes

and Caterpillars

Myrmecia pilosula Pilosulin 1 Anti-bacterial and antifungal agent [239]

Scolopendra

subspinipes mutilan

Scolopin 1 Anti-bacterial and antifungal agent [240]

Scolopin 2 Anti-bacterial and antifungal agent [240]

Toxins acting on inflammatory and nociceptive responses

Snakes Crotalus durissus

terrificus

Crotamine Antinociceptive agent [63]

Crotoxin Antinociceptive agent [64]

Hyal Anti-edematogenic agent [59]

Lachesis muta βPLI Phospholipase inhibitor [58]

Naja atra Cobrotoxin Antinociceptive agent [65]

Ophiophagus hannah Hannalgesin Antinociceptive agent [66]

Scorpions Buthus martensii BmKIT2 Antinociceptive agent [115]

J123 peptide K+ channel blocker [112]

Spiders Loxosceles laeta SMase D Pro-inflammatory agent [152]

Loxosceles reclusa Phospholipase D Pro-inflammatory agent [152]

Psalmopoeus

cambridgei

Psalmotoxin 1 Antinociceptive and anti-inflammatory agent [151]

Toads and Frogs Epipedobates tricolor Epibatidine Antinociceptive agent [175]

Phyllomedusa sp Deltorphins Opioid analgesic agents [176]

Dermorphins Opioid analgesic agents [61]

Bees and Wasps
Apis mellifera

Melittin Anti-inflammatory agent [202]

MCDP Anti-inflammatory agent [204]

Ants, Centipedes

and Caterpillars

Pseudomyrex

triplarinus
Myrmexins Anti-inflammatory agent [242]

Toxins acting on immunological system

Snakes Crotalus durissus

terrificus

Crotapotin Immunossupressive agent [69]

Crotoxin Immunossupressive agent [68]

Ophiophagus hannah OVF Complement system activator agent [71]

Scorpions Androctonus

mauretanicus

Kaliotoxin Ca2+ activated K+ channel [121]

Centruroides limbatus Hongotoxin K+ channel blocker [123]

Centruroides

margaritatus

Margatoxin Immunosuppressive agent [120]

Centruroides noxius Noxiustoxin K+ channel blocker [124]
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Leiurus

quinquestriatus

Agitoxin I/II/III K+ channel blocker [122]

Orthochirus

scrobiculosus

OSK1 Immunosuppressive agent [119]

Pandinus imperator Pi1 K+ channel blocker [125]

Spiders Loxosceles laeta SMase D Antiserum [155]

Loxosceles reclusa SMase D Antiserum [155]

Bees and Wasps Agelaia pallipes

pallipes
Protonectin 1-6 Chemotactic agent [211]

Apis mellifera

Api m 1 Allergen [213]

Api m 2 Allergen [213]

Api m 6 Allergen [206]

Pimpla

hypochondriaca

rVPr1 Immunosuppressive agent [210]

rVPr3 Immunosuppressive agent [210]

Polistes annularis Pol a 5 Allergen [213]

Polistes gallicus

Vesp c 1

(phospholipase A1)
Allergen

[207-20

8]

Vesp c 5 (antigen-5) Allergen
[207-20

8]

Polybia paulista
Polybia-MPI Chemotactic agent [212]

Polybia-CP Chemotactic agent [212]

Vespa magnifica

Vesp ma 2 Allergen agent
[207-20

8]

Vesp ma 5 Allergen
[207-20

8]

Vespula germanica Ves g 5 Allergen [213]

Vespula vulgaris Ves v 5 Allergen [213]

Ants, Centipedes

and Caterpillars
Solenopsis invicta

Sol i I Allergen [244]

Sol i II Allergen [243]

Sol i III Allergen [243]

Sol i IV Allergen [243]

Toxins with anticancer and cytotoxic activity

Snakes Agkistrodon acutus Accutin Anticancer agent: disintegrin [73]

ACTX-6 Anticancer agent: L-amino acid oxidase [82]

Agkistrodon contortrix Contortrostatin Anticancer agent: disintegrin [75]

Agkistrodon halys

brevicaudus

Salmosin Anticancer agent: disintegrin [74]

Bothrops brazili sPLA2 Anticancer agent [86]

Bothrops jararacussu BJcuL Anticancer agent [89]

Bothrops leucurus Bl-LAAO Anticancer agent [84]
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triplarinus
Myrmexins Anti-inflammatory agent [242]

Toxins acting on immunological system

Snakes Crotalus durissus
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Crotapotin Immunossupressive agent [69]
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Leiurus

quinquestriatus

Agitoxin I/II/III K+ channel blocker [122]

Orthochirus

scrobiculosus

OSK1 Immunosuppressive agent [119]

Pandinus imperator Pi1 K+ channel blocker [125]

Spiders Loxosceles laeta SMase D Antiserum [155]
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Bees and Wasps Agelaia pallipes
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Protonectin 1-6 Chemotactic agent [211]
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Pimpla
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brevicaudus
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Metalloproteinase Anticancer agent [90]

Lectin Anticancer agent [91]

Bothrops neuwiedii sPLA2 Anticancer agent [85]

Calloselasma

rhodostoma

Rhodostomin Anticancer agent: disintegrin [78]

Crotalus atrox Crotatroxin Anticancer agent: disintegrin [77]

Naja naja Disintegrin Anticancer agent [79]

Naja naja naja sPLA2 Anticancer agent [87]

Ophiophagus hannah LAAO Anticancer agent [81]

Trimeresurus

flavoviridis

OHAP-1 Anticancer agent: L-amino acid oxidase [83]

Trimeresurus jerdonii Jerdonin Anticancer agent: disintegrin [76]

Scorpions Heterometrus

bengalensis

Bengalin Anticancer agent [116]

Leiurus

quinquestriatus

Chlorotoxin Anticancer agent [126]

rBmK CTa Anticancer agent [130]

Tityus discrepans Neopladine 1 and 2 Anticancer agent [131]

Spiders Acanthoscurria

gomesiana

Gomesin Cytotoxic and anticancer agent [157]

Psalmopoeus

cambridgei

Psalmotoxin 1 Anticancer agent [156]

Toads and Frogs Bombina variegata

pachypus

Cutaneous venom Anticancer agent [180]

Bufo bufo gargarizans Bufalin Anticancer agent [178]

Cinobufagin Anticancer agent [178]

Formosan Ch’an Su Bufotalin Anticancer agent [179]

Rana ridibunda Brevinin-2R Anticancer agent [181]

Venenum Bufonis CBG Anticancer and immunotherapeutic agent to

treat immune-mediated diseases

[177]

Bees and Wasps Lasioglossum laticeps Lasioglossins Anticancer agent [219]

Polybia paulista

Polybia-MPI Cytotoxic and antiproliferative agent [223]

Polybia-MP-II
Cytotoxic agent (hemolytic activity on

erythrocytes)
[222]

Polybia-MP-III
Cytotoxic agent (hemolytic activity on

erythrocytes)
[222]

Ants, Centipedes

and Caterpillars

Parafontaria laminata

armigera
Glycosphingolipid 7 Anticancer agent [246]

Solenopsis invicta Solenopsin A Anticancer agent [245]

Toxins with insulin releasing activity
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Toads and Frogs Agalychnis litodryas Peptides from skin

secretion

Insulin-releasing activity [182]

Bees and Wasps Wasp venom Mastoparan Stimulator of insulin secretion agent [226]

Toxins with insecticides applications

Scorpions Androctonus australis AaH IT1 Anti-insect agent [142]

Buthotus judaicu Bjα IT Anti-insect agent [137]

Buthus martensii BmKM1 Anti-insect agent [140]

Buthus martensii Bm 32/33 Anti-insect agent [144]

Buthus occitanus Bot IT1 Anti-insect agent [135]

Buthus occitanus

mardochei

Bom III/IV Anti-insect agent [139]

Leiurus

quinquestriatus

Lqhα IT Anti-insect agent [134]

Leiurus

quinquestriatus

hebraeus

Lqh III/ VI/ VII Anti-insect agent [141]

Odonthobuthus doriaeOD1 Anti-insect agent [137]

Spiders Loxosceles arizonica SMase D Anti-insect agent [161]

Loxosceles intermedia LiTxx1/ LiTxx2/ LiTxx3 Anti-insect agent [158]

Paracoelotes luctuosus δ-PaluIT1/ δ-PaluIT2 Anti-insect agent [162]

Phoneutria nigriventer Tx4(6-1) Anti-insect agent [160]

Ants, Centipedes

and Caterpillars Pachycondyla goeldii

Ponericins G1 Insecticide Agent [238]

Ponericins G2 Insecticide Agent [238]

Ponericins family W Insecticide Agent [238]

Table 1. Summary of the main biotechnological/pharmacological applications of toxins from venomous animals.

8. Conclusion

The biodiversity of venoms and toxins made it a unique source of leads and structural tem‐
plates from which new therapeutic agents may be developed. Such richness can be useful to
biotechnology and/or pharmacology in many ways, with the prospection of new toxins in
this field. Venoms of several animal species such as snakes, scorpions, toads, frogs and their
active components have shown potential biotechnological applications. Recently, using mo‐
lecular biology techniques and advanced methods of fractionation, researchers have ob‐
tained different native and/or recombinant toxins and enough material to afford deeper
insight into the molecular action of these toxins. The mechanistic elucidation of toxins as
well as their use as drugs will depend on insight into toxin biochemical classification, struc‐
ture/conformation determination and elucidation of toxin biological activities based on their
molecular organization, in addition to their mechanism of action upon different cell models
as well as their cellular receptors. Furthermore, expansions in the fields of chemistry and bi‐
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Metalloproteinase Anticancer agent [90]

Lectin Anticancer agent [91]
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Trimeresurus
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OHAP-1 Anticancer agent: L-amino acid oxidase [83]

Trimeresurus jerdonii Jerdonin Anticancer agent: disintegrin [76]

Scorpions Heterometrus

bengalensis

Bengalin Anticancer agent [116]

Leiurus

quinquestriatus

Chlorotoxin Anticancer agent [126]

rBmK CTa Anticancer agent [130]

Tityus discrepans Neopladine 1 and 2 Anticancer agent [131]

Spiders Acanthoscurria

gomesiana

Gomesin Cytotoxic and anticancer agent [157]

Psalmopoeus

cambridgei

Psalmotoxin 1 Anticancer agent [156]

Toads and Frogs Bombina variegata

pachypus

Cutaneous venom Anticancer agent [180]

Bufo bufo gargarizans Bufalin Anticancer agent [178]

Cinobufagin Anticancer agent [178]

Formosan Ch’an Su Bufotalin Anticancer agent [179]

Rana ridibunda Brevinin-2R Anticancer agent [181]

Venenum Bufonis CBG Anticancer and immunotherapeutic agent to

treat immune-mediated diseases

[177]

Bees and Wasps Lasioglossum laticeps Lasioglossins Anticancer agent [219]

Polybia paulista

Polybia-MPI Cytotoxic and antiproliferative agent [223]

Polybia-MP-II
Cytotoxic agent (hemolytic activity on

erythrocytes)
[222]

Polybia-MP-III
Cytotoxic agent (hemolytic activity on

erythrocytes)
[222]

Ants, Centipedes

and Caterpillars

Parafontaria laminata

armigera
Glycosphingolipid 7 Anticancer agent [246]

Solenopsis invicta Solenopsin A Anticancer agent [245]

Toxins with insulin releasing activity
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Toads and Frogs Agalychnis litodryas Peptides from skin

secretion

Insulin-releasing activity [182]

Bees and Wasps Wasp venom Mastoparan Stimulator of insulin secretion agent [226]

Toxins with insecticides applications

Scorpions Androctonus australis AaH IT1 Anti-insect agent [142]

Buthotus judaicu Bjα IT Anti-insect agent [137]

Buthus martensii BmKM1 Anti-insect agent [140]

Buthus martensii Bm 32/33 Anti-insect agent [144]

Buthus occitanus Bot IT1 Anti-insect agent [135]

Buthus occitanus

mardochei

Bom III/IV Anti-insect agent [139]

Leiurus

quinquestriatus

Lqhα IT Anti-insect agent [134]

Leiurus

quinquestriatus

hebraeus

Lqh III/ VI/ VII Anti-insect agent [141]

Odonthobuthus doriaeOD1 Anti-insect agent [137]

Spiders Loxosceles arizonica SMase D Anti-insect agent [161]

Loxosceles intermedia LiTxx1/ LiTxx2/ LiTxx3 Anti-insect agent [158]

Paracoelotes luctuosus δ-PaluIT1/ δ-PaluIT2 Anti-insect agent [162]

Phoneutria nigriventer Tx4(6-1) Anti-insect agent [160]

Ants, Centipedes

and Caterpillars Pachycondyla goeldii

Ponericins G1 Insecticide Agent [238]

Ponericins G2 Insecticide Agent [238]

Ponericins family W Insecticide Agent [238]

Table 1. Summary of the main biotechnological/pharmacological applications of toxins from venomous animals.

8. Conclusion

The biodiversity of venoms and toxins made it a unique source of leads and structural tem‐
plates from which new therapeutic agents may be developed. Such richness can be useful to
biotechnology and/or pharmacology in many ways, with the prospection of new toxins in
this field. Venoms of several animal species such as snakes, scorpions, toads, frogs and their
active components have shown potential biotechnological applications. Recently, using mo‐
lecular biology techniques and advanced methods of fractionation, researchers have ob‐
tained different native and/or recombinant toxins and enough material to afford deeper
insight into the molecular action of these toxins. The mechanistic elucidation of toxins as
well as their use as drugs will depend on insight into toxin biochemical classification, struc‐
ture/conformation determination and elucidation of toxin biological activities based on their
molecular organization, in addition to their mechanism of action upon different cell models
as well as their cellular receptors. Furthermore, expansions in the fields of chemistry and bi‐
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ology have guided new drug discovery strategies to maximize the identification of biotech‐
nological relevant toxins. In fact, with so much diversity in the terrestrial fauna to be
explored in the future, is extremely important providing a further stimulus to the preserva‐
tion of the precious ecosystem in order to develop the researches focusing on identify and
isolate new molecules with importance in biotechnology or pharmacology.
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1. Introduction

This chapter presents in silico approaches used in protein structure prediction and drug dis‐
covery research.

The structural and functional diversity of animal toxins are interesting tools for therapeutic
drug design. This diversity is also of great interest in the search for natural or synthetic in‐
hibitors against these animal toxins.

Computational techniques are highly important in drug design. They are used in the search
for candidate ligands binding to a receptor.

Drug design based on structure has become a highly developed technology and is used in
large pharmaceutical companies. Firstly, the structure of the protein of interest must be known.
Therefore, molecular modelling plays an important role in the discovery of new drugs.

If the structure of the receptor is known, then the application is essentially a problem of
structure-based drug design. These methods have specific goals, such as attempting to iden‐
tify the location of the active site of the ligand and the geometry of the ligand in the active
site. Another goal is to select a number of related binders in terms of affinity or evaluation of
the binding free energy.

The strategy of virtual screening has been used to contribute to the increase in hit rate in the
selection of new drug candidates.

Virtual screening (VS) is a modern methodology that has been used in the identification of
new bioactive substances. It is an in silico method that aims to identify small molecules con‐
tained in large databases of compounds with high potential for interaction with target pro‐
teins for subsequent biochemical analyses.
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The strategy of VS can be divided into ligand-based virtual screening (LBVS), where a large
number of molecules can be evaluated based on the similarity of known ligands, and struc‐
ture-based virtual screening (SBVS), where a number of molecules can be evaluated for specifi‐
cally binding to the active sites of target proteins (Figure 1).

Figure 1. Virtual screening can be divided into ligand-based virtual screening (LBVS) and structure-based virtual screen‐
ing (SBVS).

Molecular docking is used to determine the best orientation and conformation of a ligand in
its receptor site. The aim is to generate a range of conformations of the protein-ligand com‐
plex and sort them according to their scores, which are based on their stabilities. In order to
do this, the protein structure and a database of ligands (potential candidates) are used as in‐
puts to the docking software. Thus, large collections of virtual compounds are subjected to
docking into a protein-binding site and sorted according to their affinities for the macromo‐
lecular target, as suggested by the score function.

The focus of this chapter is to present the strategy of SBVS and the basic concepts of the
methodologies involved. Examples of these approaches that have been applied to the identi‐
fication of animal venom inhibitors have been presented at the end of the chapter.

2. Structure-Based Virtual Screening (SBVS)

SBVS involves the evaluation of databases based on the simulation of interactions between
the ligands (small molecules) and receptors (target protein). The various steps in the process
of SBVS are briefly shown in Figure 2. After obtaining the structure of the receptor and li‐
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gand, the next step in the process is molecular docking, which involves the coupling of the
ligands with the receptor. At this stage, various conformations and orientations are generat‐
ed and classified according to the score function. The target protein can be obtained from a
database or by modelling.

Figure 2. Stages of SBVS. The receptor (the target protein) can be obtained from a database or by modelling. Molecu‐
lar docking completes the structure-based virtual screening.

2.1. Obtaining the Structure of the Protein Target

Knowledge of the target protein structure is essential for structure-based drug design. The
determination of the 3-dimensional structure of the protein may be achieved experimentally
by diffraction of X-rays or by magnetic resonance. If the structure of the target protein has
already been solved, it can easily be found deposited in public databases such as PDB [37]
which contains more than 80,000 experimentally solved structures.

However, sometimes the structure of the target is not known, and this poses a problem in
the drug design process. This situation can be resolved by making use of computational
methods for predicting protein structure.

Such methods are divided into 2 groups: those based on templates and those that are tem‐
plate-free. The first group includes comparative or homology modelling and threading. The
second group includes methods that do not depend on templates to build the model, such as
ab initio modelling (Figure 3).
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Figure 3. Modelling methods can be classified into template-based methods (homology/comparative modelling) and
template-free methods (ab initio).

2.1.1. Template-Based Modelling

Homology modelling is based on the use of proteins that share an ancestral relationship
with the target protein, that is, that they are evolutionarily related and tend to have similar
structures. Thus, this method basically involves knowledge of the primary chain of the tar‐
get protein and a search among databases for homologous proteins that have solved struc‐
tures. These proteins are used as templates.

Threading modelling is based on the principle that proteins may have similar structures
without sharing the same ancestral relationship because the structure tends to be more con‐
served than the primary sequence. In this case, these methods evaluate the primary chain of
the target protein in relation to proteins that have solved structures.

2.1.1.1. Comparative/Homology Modelling

Comparative or homology modelling constructs a model structure of the target protein us‐
ing its primary chain and the information obtained from homologous proteins that have
solved structures. Therefore, this method depends on the availability of proteins that have
structures similar to those of the target and can be used as templates. The whole process re‐
quires not only the construction of the model, but also the refinement and evaluation of the
obtained model. The process can be divided into stages as follows: selection of the tem‐
plates, which involves the identification of homologous sequences in a database of proteins
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that will be used as templates in the modelling process; sequence alignment between the tar‐
get and the templates; refinement of the alignment; construction of the model, adding loops
and side chains; and evaluation of the model (Figure 4).

Figure 4. Steps in the comparative modelling process.

The construction of the model depends on the availability of templates. For this purpose,
alignment of target and template sequences is widely used and is very efficient. Sequence
alignments are typically generated by searching for the result that presents the largest re‐
gion of identity and similarity. Generally, an identity percentage of at least 25% is consid‐
ered significant.

There are several tools available for sequence alignment. They differ in the methods used,
which can be exhaustive or heuristic, as well as the number of sequences involved in the
alignment (multiple or pairwise comparisons). Among these tools, BLAST/PSIBLAST [1; 2]
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is a tool that performs local alignments based on the profiles between the target sequence
and each sequence belonging to a known database.

The results of the alignment can be evaluated using the E-value. The E-value shows an in‐
verse relationship with the identity/similarity between the sequences. Because it is a heuris‐
tic method, the results reported by BLAST are generally suboptimal.

If more than 1 template with similar scores is achieved, the best one can be selected as the
template with the higher resolution.

Other methods such as HHpred [34] and Pyre [18] use Markov profiles (Hidden Markov
models [HMMs]) combined with structural features.

When more than one template is selected, and taking into account that the results are usual‐
ly suboptimal, there is a need for an alignment between the target protein and the selected
templates. In this case, multiple alignments are indicated. There are several tools that per‐
form multiple alignments, such as ClustalW [21]

After obtaining the alignments between the target and templates, the process of obtaining
the model of the target protein begins. There are several software tools available, which dif‐
fer with respect to the method applied. Prominent among these are MODELLER [9, 33] and
SWISS-MODEL [3] The software that has shown the best performance is MODELLER. The
program models the backbone using a homology-derived restraint method, which is based
on the multiple alignment between the target and templates to differentiate between highly
conserved and less conserved residues. The model is optimised by energy minimisation and
molecular dynamics methods (Figure 5).

Figure 5. The template 3D structures are aligned with the target sequence to be modelled. Spatial features are trans‐
ferred from the templates to the target and a number of spatial restraints on its structure are obtained. The 3D model
is obtained by satisfying all the restraints as thoroughly as possible [33]

The regions of the target that are not aligned with the protein template generally represent
loop regions. There are usually some regions caused by insertions and deletions producing
gaps in the alignment. Closing these gaps requires modelling of the loops. The loops and the
side chains are shaped during the refinement of the model. For this, methods that do not
rely on templates can be applied. These include the use of physics parameters and knowl‐
edge-based data.
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The loops are usually modelled using a database of fragments or by ab initio modelling. The
use of a database involves finding parts of protein structures known to fit onto 2 regions
(stems) of the target protein, which are the regions that precede and follow the loop to be
modelled. The conformation of the best matching fragment is used to model the loop.

Ab initio methods generate many random loops and look for one that presents a low-energy
state and includes conformational angles contained within the allowed regions of the Rama‐
chandran plot [31] The software CODA [7] can be used for loop modelling.

The side chains can be modelled by programs that make use of libraries of rotamers, such as
the software SCRWL4 [20]. The use of rotamer libraries reduces computational time because
it reduces the number of favourable torsion angles being examined.

After obtaining the model, its quality must be evaluated. This should be done to make sure
that the model has structural features consistent with the physical and chemical rules. Sever‐
al errors in modelling can occur due to poor choice of template, bad alignment between the
target and template, and incorrect determination of loops and side chains.

In the evaluation stage of the model, the structural characteristics as well as the stereochem‐
istry accuracy of the model must be examined.

There are tools available for analysing stereochemical properties, such as PROCHECK [23].
PROCHECK checks the general physicochemical parameters such as phi-psi angles (Rama‐
chandran plot)  and chirality.  The parameters  of  the model  are  compared with those al‐
ready compiled.

To validate the model for chemical correctness, it is possible to use the software WHAT IF
[39]. WHAT IF is a server that checks planarity and bond angles, among other parameters. It
also displays the Ramachandran plot.

Verify3D [4, 26] can be used for the analysis of the pseudo-energy profile of the model. It
has a database containing environmental profiles based on secondary structures, and the
solvent exposure of solved structures at high resolution. It should be noted that the results
may be different when different programs are used for verification.

To distinguish correct from incorrect regions, the ERRAT program [6] can be used; this is based
on analysis of the characteristics of atomic interactions compared to the highly refined structures.

PROtein Volume Evaluation (PROVE; [30]) calculates the volume of the atoms in the macro‐
molecules using an algorithm that treats the atoms as spheres, analysing the model in rela‐
tion to the highly resolved and refined structures stored in the PDB.

These software tools are available on servers such as ModFold [27], ProQ (see Section 6 -
Table 2), and SAVes (see Section 6 - Table 2).

2.1.1.2. Threading

Threading modelling is generally used when the template and target sequences share less
than 30% identity. Thus, structures that do not share an evolutionary relationship with the
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target protein can be used as templates. However, the target protein has to adopt a fold sim‐
ilar to that of the protein that has had its structure solved. The method can be classified as a
pairwise energy-based method.

Using the sequence of the target protein as input, a search is conducted on a database of
structures in order to find the best structural match using the criterion of energy calculation.
The process is accomplished through a search for solved structures that are most appropri‐
ate for the target protein. The comparison highlights secondary structures because they are
evolutionarily conserved.

A model is constructed by placing aligned residues between the structure of the template
and the target residues. In the next step, the energy of this model is calculated. This is done
on various structures in the database. In the end, the models obtained are ranked based on
the energy. The model presenting the lowest energy constitutes the most compatible folding
model (Figure 6).

Figure 6. Steps in the threading modelling process.
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Many programs such as THREADER [15, 28] and RAPTOR ([41, 42]) can be used to carry
out this process.

2.1.2. Template-Free Modelling

One of the biggest problems in comparative modelling is the lack of templates. Template-
free methods generate models based on the physicochemical properties and thermodynamic
chain of the primary protein target. The processes are iterative. The conformation of the
structure is altered until a configuration of lower potential energy is found.

Some methods use force fields based on knowledge as a scoring function. These methods are
not strictly free of templates since they employ structures of small fragments of proteins such
as, for example, ASTRO-FOLD [19, 35]. Others use energy functions based on first principles
of energy and movement of atoms. Generally, these methods involve the calculation of ener‐
gies of the structures, which has a high computational cost. They are therefore limited to small
molecules (approximately 100 residues), as in the case of the software ROSETTA [32].

Firstly, ROSETTA breaks the sequence of the target protein into several short fragments and
predicts the secondary structures of the fragments using HMMs. These fragments are then
arranged (assembled) into a tertiary setting. Random combinations of these fragments gen‐
erate a large number of models, which have their energies calculated. The conformation that
presents the lowest global energy value is chosen as the best model (Figure 7).

Figure 7. Steps in the ROSETTA process.

3. Molecular Docking

One  application  of  molecular  docking  is  virtual  screening,  in  which  a  library  of  com‐
pounds is compared to one or more targets, thereby providing an analysis of compounds
ranked by potential.
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Some methods use force fields based on knowledge as a scoring function. These methods are
not strictly free of templates since they employ structures of small fragments of proteins such
as, for example, ASTRO-FOLD [19, 35]. Others use energy functions based on first principles
of energy and movement of atoms. Generally, these methods involve the calculation of ener‐
gies of the structures, which has a high computational cost. They are therefore limited to small
molecules (approximately 100 residues), as in the case of the software ROSETTA [32].

Firstly, ROSETTA breaks the sequence of the target protein into several short fragments and
predicts the secondary structures of the fragments using HMMs. These fragments are then
arranged (assembled) into a tertiary setting. Random combinations of these fragments gen‐
erate a large number of models, which have their energies calculated. The conformation that
presents the lowest global energy value is chosen as the best model (Figure 7).

Figure 7. Steps in the ROSETTA process.

3. Molecular Docking

One  application  of  molecular  docking  is  virtual  screening,  in  which  a  library  of  com‐
pounds is compared to one or more targets, thereby providing an analysis of compounds
ranked by potential.
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Virtual screening computational techniques are applied to the selection of compounds that
can be active in a target protein.

In molecular docking, a ligand is usually placed in the binding site of a predetermined struc‐
ture of a receptor (Figure 8). In other words, this is a method based on structure. The recep‐
tor is typically a protein and the ligand is a small molecule or a peptide. The optimal
position and orientation of the ligand are determined using a search algorithm and a scoring
function that ranks the solutions.

Figure 8. Diagram illustrating the docking of a ligand to a receptor to produce a complex.

The first step of the process of molecular docking is to determine the binding sites of the
protein. This can be done by software programs such as Q-Sitefinder [24].

The metaPocket method [13] predicts binding sites using 4 methods: LIGSITEcs [12], PASS
[5], Q-Sitefinder, and SURFnet [23] – which in combination increase the success rate of pre‐
diction. The methods LIGSITEcs, PASS, and SURFnet use only the geometrical characteris‐
tics of the protein structure, detecting regions that have the potential to be binding sites.
Such methods do not require prior knowledge of the ligands.

In Q-Sitefinder, the surface of the protein is covered with a layer of methyl probes for the
calculation of Van der Waals interactions between the protein and the probe. Probes with
favourable interaction energies are retained, and are classified into groups based on the
number of probes per group. The largest and most energetically favourable group is ranked
first and considered the best potential binding site.

Another step is to define the position of the ligand in the pocket. This can be predicted by
molecular docking algorithms.

Several methods have developed different scoring functions and different search methodol‐
ogies.

The search algorithms have to be able to present different configurations and orientations of
the ligand in a short time. Search algorithms, such as those used in molecular dynamics,
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Monte Carlo simulations, and genetic algorithms, among others, are all suitable for molecu‐
lar docking.

Scoring functions must be able to discriminate between different ligand-receptor interac‐
tions. These can be grouped into field-force, empirical, and knowledge-based methods.

The algorithms can be classified into rigid body docking and flexible docking algorithms. In
rigid-body docking, both the ligand and receptor are rigid. These methods are faster, but do
not allow ligand and receptor to adapt to the binding. In flexible methods, the computation‐
al cost is higher compared to rigid methods. However, in these cases, the flexibility of the
ligand and/or receptor is considered.

Another important factor to be considered in ligand-receptor interactions is the presence of
water. Some methods allow water molecules to be positioned. In cases where this is not possible,
the position of water molecules can be predicted using a software program such as GRID [17].

GRID calculates the interactions between chemical groups and small molecules with known
3-dimensional structures. The energies are calculated using Lennard-Jones interactions, elec‐
trostatic and hydrogen bonding between the compounds, and 3-dimensional structures, us‐
ing a position-dependent dielectric function.

Examples of tools available for docking proteins include AUTODOCK4.2 [29], GOLD [16],
and GLIDE [10].

GOLD uses a genetic algorithm that seeks solutions through docking that propagates multi‐
ple copies of flexible models of the ligand in the active site of the receptor and recombining
segments of copies at random until a converged set of structures is generated.

The process of searching the databases can be time consuming; a way to reduce the search
space is filtering databases by performing a search with the fastest algorithms, selecting the
best candidates ranked. Subsequently, within this selection, a search algorithm slowly gen‐
erates a new ranking of the ligands. Another way to reduce the number of ligands being
studied in the database is to perform a search for ligands that offer the greatest possibility of
being used in drug design. In this case, it is possible to filter the database by using the AD‐
MET (absorption, distribution, metabolism, excretion, and toxicity) filter.

Lipinski´s rule of 5 [25] can be used. The rule of 5 is a set of properties that characterise com‐
pounds that exhibit good oral bioavailability. It states that, in general, an orally active drug
has no more than 1 violation of the rules (Table 1):

Lipinski´s Rule

Not more than 5 hydrogen bond donors (nitrogen or oxygen atoms with one or more hydrogen atoms

Not more than 10 hydrogen bond acceptors (nitrogen or oxygen atoms)

A molecular mass less than 500 daltons

An octanol-water partition coefficient log P not greater than 5

Table 1. Lipinski’s Rule of Five
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Analysis of the metabolic fate and chemical toxicity of the compounds can be accomplished
using the software programs DEREK and METEOR [11]. DEREK predicts whether a given
chemical is toxic to humans, mammals, and bacteria. METEOR uses the knowledge of me‐
tabolism rules to predict the metabolic fate of chemicals, assisting in the choice of more effi‐
cient molecules.

4. Ligand-Based Virtual Screening (LBVS)

Other methods can also be used for screening databases of compounds, such as those based
on ligands (LBSV). In this case, a similarity search can be made between known bioactive
compounds and molecules contained in databases. LBVS techniques include methods based
on the pharmacophore and quantitative structure-activity relationship (QSAR) modelling.

In  pharmacophore-based  virtual  screening,  a  hypothetical  pharmacophore  is  taken  as  a
template. The goal of screening is to identify molecules that show chemical similarities to
the template [40].

QSAR is based on the similarity between structures. It is a quantitative relationship between
a biological activity and the molecular descriptors that are used to predict the activity. QSAR
searches for similarities between known ligands and each structure in a database, investigat‐
ing how the biological activity of the ligands can be correlated to their structural features [8].

5. Examples of Virtual Screening / Molecular Docking in Animal Venom

[38] performed a virtual screening against α-Cobratoxin. The neurotoxin α-Cobratoxin
(Cbtx), isolated from the venom of the Thai cobra Naja kaouthia, causes paralysis by prevent‐
ing acetylcholine (ACh) binding to nicotinic acetylcholine receptors (nAChRs). A search for
α- Cobratoxin structures was carried out in the PDB, and the virtual screening of 1990 com‐
pounds was performed using the program AutoDock. On [3H]epibatidine and on [125I] α-
bungarotoxin, NSC121865 (compound 23) was most potent in binding with Ac (Kd = 16.26
nM; Kd = 36.63 nM). The results showed that, in clinical applications, NSC121865 would be a
very useful potential lead in the development of a new treatment for snakebite victims. This
inhibitor can be used for the development of a more potent and specific anti-cobratoxin.

[14] investigated the effects of protease inhibitors, including phenylmethylsulfonyl fluoride
(PMSF), benzamidine (BMD), and their derivatives on the activity of recombinant gloshedo‐
bin, a snake venom thrombin-like enzyme (SVTLE), from the snake Gloydius shedaoensis. The
structural model of gloshedobin was built by homology modelling using modelling package
MODELLER. The stereochemical quality of the homology model was assessed using the
PROCHECK program and the software AutoDock was used to dock inhibitors onto the
structural model of gloshedobin. The docking results indicated that the strongest inhibitor,
PMSF, bound covalently to the catalytic Ser195.
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[36] evaluated the inhibitory effect of 1-(3-dimethylaminopropyl)-1-(4-fluorophenyl)-3-
oxo-1,3-dihydroisobenzofuran-5-carbonitrile (DFD) on viper venom-induced haemorrhagic
and PLA2 activities. Molecular docking studies of DFD and snake venom metalloproteases
(SVMPs) were performed to understand the mechanism of inhibition by DFD, since SVMPs
constitute one of the protein groups responsible for venom-induced haemorrhage. The
docking results showed that DFD binds to a hydrophobic pocket in SVMPs with the Ki of
19.26 x 10 -9 (kcal/mol) without chelating Zn2+ in the active site.

6. Conclusions

In silico approaches used in protein structure prediction and in drug discovery research have
been presented in this chapter.

Computational methods used in the search for inhibitors play an essential role in the process
of discovering new drugs.

The application of protein modelling methods has contributed significantly in cases where the
structure of the target protein has not been solved, allowing the SBVS process be completed.

Good results obtained by virtual screening depend on the quality of structures, databases to
be scanned, the search algorithms, and scoring functions. Therefore, there must be a good
interaction and exchange of information between in silico and experimental methods. Care‐
ful application of these strategies is necessary for successful drug design.

Table 2 presents a list of software tools and server web sites.

Summary Tools

PDB http://www.rcsb.org/pdb/home/home.do

BLAST http://blast.ncbi.nlm.nih.gov/

HHpred http://toolkit.tuebingen.mpg.de/hhpred

ClustalW http://www.ebi.ac.uk/Tools/msa/clustalw2/

SWISS-MODEL http://swissmodel.expasy.org/

MODELLER http://salilab.org/modeller/

SCRWL4 http://dunbrack.fccc.edu/scwrl4/

PROCHECK http://www.ebi.ac.uk/thornton-srv/software/PROCHECK/

WHAT IF http://swift.cmbi.ru.nl/whatif/

Verify3D http://nihserver.mbi.ucla.edu/Verify_3D/

ERRAT http://nihserver.mbi.ucla.edu/ERRATv2/

PROVE http://www.doe-mbi.ucla.edu/Software/PROVE.html

Computer-Based Methods of Inhibitor Prediction
http://dx.doi.org/10.5772/ 52334

85



Analysis of the metabolic fate and chemical toxicity of the compounds can be accomplished
using the software programs DEREK and METEOR [11]. DEREK predicts whether a given
chemical is toxic to humans, mammals, and bacteria. METEOR uses the knowledge of me‐
tabolism rules to predict the metabolic fate of chemicals, assisting in the choice of more effi‐
cient molecules.

4. Ligand-Based Virtual Screening (LBVS)

Other methods can also be used for screening databases of compounds, such as those based
on ligands (LBSV). In this case, a similarity search can be made between known bioactive
compounds and molecules contained in databases. LBVS techniques include methods based
on the pharmacophore and quantitative structure-activity relationship (QSAR) modelling.

In  pharmacophore-based  virtual  screening,  a  hypothetical  pharmacophore  is  taken  as  a
template. The goal of screening is to identify molecules that show chemical similarities to
the template [40].

QSAR is based on the similarity between structures. It is a quantitative relationship between
a biological activity and the molecular descriptors that are used to predict the activity. QSAR
searches for similarities between known ligands and each structure in a database, investigat‐
ing how the biological activity of the ligands can be correlated to their structural features [8].

5. Examples of Virtual Screening / Molecular Docking in Animal Venom

[38] performed a virtual screening against α-Cobratoxin. The neurotoxin α-Cobratoxin
(Cbtx), isolated from the venom of the Thai cobra Naja kaouthia, causes paralysis by prevent‐
ing acetylcholine (ACh) binding to nicotinic acetylcholine receptors (nAChRs). A search for
α- Cobratoxin structures was carried out in the PDB, and the virtual screening of 1990 com‐
pounds was performed using the program AutoDock. On [3H]epibatidine and on [125I] α-
bungarotoxin, NSC121865 (compound 23) was most potent in binding with Ac (Kd = 16.26
nM; Kd = 36.63 nM). The results showed that, in clinical applications, NSC121865 would be a
very useful potential lead in the development of a new treatment for snakebite victims. This
inhibitor can be used for the development of a more potent and specific anti-cobratoxin.

[14] investigated the effects of protease inhibitors, including phenylmethylsulfonyl fluoride
(PMSF), benzamidine (BMD), and their derivatives on the activity of recombinant gloshedo‐
bin, a snake venom thrombin-like enzyme (SVTLE), from the snake Gloydius shedaoensis. The
structural model of gloshedobin was built by homology modelling using modelling package
MODELLER. The stereochemical quality of the homology model was assessed using the
PROCHECK program and the software AutoDock was used to dock inhibitors onto the
structural model of gloshedobin. The docking results indicated that the strongest inhibitor,
PMSF, bound covalently to the catalytic Ser195.

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

84

[36] evaluated the inhibitory effect of 1-(3-dimethylaminopropyl)-1-(4-fluorophenyl)-3-
oxo-1,3-dihydroisobenzofuran-5-carbonitrile (DFD) on viper venom-induced haemorrhagic
and PLA2 activities. Molecular docking studies of DFD and snake venom metalloproteases
(SVMPs) were performed to understand the mechanism of inhibition by DFD, since SVMPs
constitute one of the protein groups responsible for venom-induced haemorrhage. The
docking results showed that DFD binds to a hydrophobic pocket in SVMPs with the Ki of
19.26 x 10 -9 (kcal/mol) without chelating Zn2+ in the active site.

6. Conclusions

In silico approaches used in protein structure prediction and in drug discovery research have
been presented in this chapter.

Computational methods used in the search for inhibitors play an essential role in the process
of discovering new drugs.

The application of protein modelling methods has contributed significantly in cases where the
structure of the target protein has not been solved, allowing the SBVS process be completed.

Good results obtained by virtual screening depend on the quality of structures, databases to
be scanned, the search algorithms, and scoring functions. Therefore, there must be a good
interaction and exchange of information between in silico and experimental methods. Care‐
ful application of these strategies is necessary for successful drug design.

Table 2 presents a list of software tools and server web sites.

Summary Tools

PDB http://www.rcsb.org/pdb/home/home.do

BLAST http://blast.ncbi.nlm.nih.gov/

HHpred http://toolkit.tuebingen.mpg.de/hhpred

ClustalW http://www.ebi.ac.uk/Tools/msa/clustalw2/

SWISS-MODEL http://swissmodel.expasy.org/

MODELLER http://salilab.org/modeller/

SCRWL4 http://dunbrack.fccc.edu/scwrl4/

PROCHECK http://www.ebi.ac.uk/thornton-srv/software/PROCHECK/

WHAT IF http://swift.cmbi.ru.nl/whatif/

Verify3D http://nihserver.mbi.ucla.edu/Verify_3D/

ERRAT http://nihserver.mbi.ucla.edu/ERRATv2/

PROVE http://www.doe-mbi.ucla.edu/Software/PROVE.html

Computer-Based Methods of Inhibitor Prediction
http://dx.doi.org/10.5772/ 52334

85



Summary Tools

modFold https://www.reading.ac.uk/bioinf/ModFOLD/

ProQ http://www.sbc.su.se/~bjornw/ProQ/ProQ.html

ROSETTA http://www.rosettacommons.org/home

Q-sitefinder http://www.modelling.leeds.ac.uk/qsitefinder/

SAVes http://nihserver.mbi.ucla.edu/SAVES/

THREADER http://bioinf.cs.ucl.ac.uk/software_downloads/threader/

metaPocket http://projects.biotec.tu-dresden.de/metapocket/

PASS http://www.ccl.net/cca/software/UNIX/pass/overview.shtml

SURFNET http://www.ebi.ac.uk/thornton-srv/software/SURFNET/

AUTODOCK http://autodock.scripps.edu/

GOLD http://www.ccdc.cam.ac.uk/products/life_sciences/gold/

GLIDE http://www.schrodinger.com/products/14/5/

Derek/Meteor https://www.lhasalimited.org/

Raptorx http://raptorx.uchicago.edu/

RAPTOR http://www.bioinformaticssolutions.com/raptor/downloadpricing/freetrial.html

Phyre http://www.sbg.bio.ic.ac.uk/~phyre/

MUSTER http://zhanglab.ccmb.med.umich.edu/MUSTER/

I-TASSER http://zhanglab.ccmb.med.umich.edu/I-TASSER/

Table 2. Software tools and server web sites.
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1. Introduction

Arthropods are one of the most ancient groups of animals in earth and their venoms have
been responsible for their chemical defense in a very efficient way. Resulting from an in‐
tense and elaborated evolutionary process, venoms produced by arthropods have a very
complex repertoire of biologically active molecules. When inoculated in mammals these
molecules induce a wide range of systemic effects, including actions in the CNS. In mamma‐
lian CNS, venom compounds may either inhibit or stimulate with affinity and specificity
structures such as: ion channels, neurotransmitter receptors and transporters [1-3]. Not sur‐
prisingly, these actions have attracted the attention of many investigators in search of tools
to help the understanding of neural mechanisms as well as those in search of novel probes
in CNS drug design for the last 20 years [3,4]. In addition to the growing interest in finding
new neuroactive compounds, the improvement of proteomic and transcriptome techniques
has stimulated great progress in the bioprospecting, enabling and accelerating the testing of
new toxins in several animal models. Animal research aiming at the efficacy of peptides and
acylpoliamines, isolated from arthropod venoms, have revealed the great potential of these
compounds to treat various diseases, such as epilepsy, Parkinson's, Alzheimer's, chronic
pain and anxiety disorders

According to World Health Organization (WHO), neurological and mental disorders are
one of the greatest threats to public health not only for its direct and immediate effects, but
also for the progressive nature of these diseases, often leading to disability and death [5].
The symptoms of most of these diseases are often well treated with a several pharmaceuti‐
cals, such as antidepressants, anxiolytics, anticonvulsants and analgesics. However, it is well
known that neuroactive drugs may induce a complex range of adverse effects that limit the
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usage in some patients or may even function as a factor of impairment in people’s quality of
life. According to [6], none of antiepileptic drugs discovered in the last 20 years, was effi‐
cient to cure or even suppress seizures in epileptic patients. Therefore, there is a continued
need for the discovery of novel drugs to treat most neurological and mental disorders [7].

This chapter will target the discussion of recent contributions of research on the compounds
of arthropod venom, for the discovery of novel tools to study the functioning of the struc‐
tures of mammalian CNS, as well as the supply of novel alternatives to the treatment of neu‐
rological disorders. Among the major compounds, it will be highlighted those with the
analgesic, anxiolytic, antiepileptic and neuroprotective effects, with emphasis on the most
promising on preclinical or clinic evaluation.

2. Main targets of the neuroactive compounds isolated from arthropod
venoms

Venom isolated from bee, scorpion and spider have been used to the treatment of various
diseases in Chinese and Korean traditional medicine, such as epilepsy, stroke, facial paraly‐
sis, arthritis, rheumatism, back pain, cancerous, tumors, and skin diseases [8-10]. Moreover,
venoms of arthropod animals have been used to study various physiopathological process‐
es, and also offer opportunity to design and develop new therapeutic drugs [3,11,12] .

Arthropod venoms are rich in biologically active substances with different physiological ac‐
tions, specially the neurotoxins. So far, identified neurotoxins generally comprise the classes
of peptides or acylpolyamines, acting with affinity and specificity over excitatory or inhibi‐
tory neurotransmissions (for revision see [12]. The actions of these compounds include the
interaction with Na+, K+ and Ca2+ ion channels, agonism or antagonism of metabotropic and
ionotropic receptors for neurotransmitters as the excitatory neurotransmitter glutamate. At
the presynaptic level, several studies have shown the interaction of arthropod neurotoxins
with protein transporters of neurotransmitters, resulting in the facilitation or inhibition of
their uptake.

3. Antinociceptive effects

Of extreme importance for the organism, pain is an indicator of corporal integrity and has
been considered since January 2000, by the Joint Commission on Accreditation on Health‐
care Organizations (JCAHO) as the fifth vital sign that should be assessed and recorded to‐
gether with other signals immediately after birth. According to the International Association
for the Study of Pain (IASP), pain is defined as an unpleasant sensation and emotional expe‐
rience associated with actual or potential tissue damage. However, approximately one third
of world population suffers from pathological persistent or recurrent pain, which is a com‐
mon complaint in patients with different diseases, and exerts great impact on their social life
[13]. In these cases, treatment is a challenge for researchers and health professionals who
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constantly seek new therapeutic strategies, since most of these are inadequate or cause seri‐
ous side effects [14].

Analgesics and systemic conservative therapies are widely used for pain control. However, in
many cases, especially in patients with neuropathic pain, more aggressive treatments are
needed, which promote a significant clinical improvement but only in 30-50% of patients [15,16].

Although an injection of arthropod venoms is commonly reported to cause tonic pain and
hyperalgesia, there is also evidence suggesting that these venoms might have antinocicep‐
tive effects on inflammation. Thus, nowadays, toxins isolated from arthropods are consid‐
ered powerful tools, since they have congruent targets of the impulse transmission of pain,
and may provide an attractive alternative to opioid treatments.

3.1. Polypeptide toxins from Scorpion

The most studied Arthropod venom is extracted from the Asian scorpion Mesobuthus mar‐
tensi Karsch (BmK). It is composed of several toxins, and so far, ten have been described,
which produce powerful antinociceptive effects. This is the case of the two β-excitatory anti-
insect toxins BmK IT-AP (or Bm33-I) and BmK AngP1, two β- depressant anti-insect toxins
BmK dITAP3 and BmK IT2, as well as six toxins yet without consensus classification, BmK
AS, BmK AS1, BmK AGAP, BmK Ang M1, BmK AGP-SYPU1 and BmK AGP-SYPU2. These
compounds probably belong to a family of peptides NaScTx that are composed of 60-76 ami‐
no acid residues with four disulfide bonds, the cysteine positions among these toxins are
highly conserved [17,18]. Considering their structures, they might be able to bind to sodium
channels impairing depolarization of the action potential in nerve and muscle, resulting in
neurotoxicity [18], although it remains to be fully investigated.

The NaScTx family can be classified in at least two major families, α and β, according to the
mode of action on Na+ channels [19]. The binding of α-toxins delays Nav channel inactiva‐
tion, while that of β-toxins shifts the membrane potential dependence of channel activation
to more negative potentials. α and β-toxins also exhibit pharmacological preferences for
mammals or insects sodium channels. Therefore, considering their pharmacological activi‐
ties, α and β NAScTx can be also divided into three groups:

i. “classic” highly specific for mammals;

ii. “α-like toxins” active both on mammals and insects, which are far less specific and
less active than the “classical” ones;

iii. α-toxins only specific for insects and without any toxicity on mammals, even at
high concentrations. Moreover, the insect selective β-toxins have been divided into
two groups: the excitatory insect toxins and the depressant insect toxins.

Regarding the β-excitatory anti-insect toxins, BmK IT-AP (Insect Toxin-Analgesic Peptide),
which was isolated in 1999, produces a potent antinociceptive effect in mouse-twisting mod‐
el, after i.v. injection [20]. The same toxin has also been sequenced by another group and
named Bm K 33-I [21]. Later, Guan and colleagues [22] identified a novel toxin with analge‐
sic effects, BmK AngP1, which shows an evident analgesic effect with simultaneous excitato‐
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tures of mammalian CNS, as well as the supply of novel alternatives to the treatment of neu‐
rological disorders. Among the major compounds, it will be highlighted those with the
analgesic, anxiolytic, antiepileptic and neuroprotective effects, with emphasis on the most
promising on preclinical or clinic evaluation.
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venoms
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of peptides or acylpolyamines, acting with affinity and specificity over excitatory or inhibi‐
tory neurotransmissions (for revision see [12]. The actions of these compounds include the
interaction with Na+, K+ and Ca2+ ion channels, agonism or antagonism of metabotropic and
ionotropic receptors for neurotransmitters as the excitatory neurotransmitter glutamate. At
the presynaptic level, several studies have shown the interaction of arthropod neurotoxins
with protein transporters of neurotransmitters, resulting in the facilitation or inhibition of
their uptake.

3. Antinociceptive effects

Of extreme importance for the organism, pain is an indicator of corporal integrity and has
been considered since January 2000, by the Joint Commission on Accreditation on Health‐
care Organizations (JCAHO) as the fifth vital sign that should be assessed and recorded to‐
gether with other signals immediately after birth. According to the International Association
for the Study of Pain (IASP), pain is defined as an unpleasant sensation and emotional expe‐
rience associated with actual or potential tissue damage. However, approximately one third
of world population suffers from pathological persistent or recurrent pain, which is a com‐
mon complaint in patients with different diseases, and exerts great impact on their social life
[13]. In these cases, treatment is a challenge for researchers and health professionals who
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constantly seek new therapeutic strategies, since most of these are inadequate or cause seri‐
ous side effects [14].

Analgesics and systemic conservative therapies are widely used for pain control. However, in
many cases, especially in patients with neuropathic pain, more aggressive treatments are
needed, which promote a significant clinical improvement but only in 30-50% of patients [15,16].

Although an injection of arthropod venoms is commonly reported to cause tonic pain and
hyperalgesia, there is also evidence suggesting that these venoms might have antinocicep‐
tive effects on inflammation. Thus, nowadays, toxins isolated from arthropods are consid‐
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3.1. Polypeptide toxins from Scorpion
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which produce powerful antinociceptive effects. This is the case of the two β-excitatory anti-
insect toxins BmK IT-AP (or Bm33-I) and BmK AngP1, two β- depressant anti-insect toxins
BmK dITAP3 and BmK IT2, as well as six toxins yet without consensus classification, BmK
AS, BmK AS1, BmK AGAP, BmK Ang M1, BmK AGP-SYPU1 and BmK AGP-SYPU2. These
compounds probably belong to a family of peptides NaScTx that are composed of 60-76 ami‐
no acid residues with four disulfide bonds, the cysteine positions among these toxins are
highly conserved [17,18]. Considering their structures, they might be able to bind to sodium
channels impairing depolarization of the action potential in nerve and muscle, resulting in
neurotoxicity [18], although it remains to be fully investigated.
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mode of action on Na+ channels [19]. The binding of α-toxins delays Nav channel inactiva‐
tion, while that of β-toxins shifts the membrane potential dependence of channel activation
to more negative potentials. α and β-toxins also exhibit pharmacological preferences for
mammals or insects sodium channels. Therefore, considering their pharmacological activi‐
ties, α and β NAScTx can be also divided into three groups:

i. “classic” highly specific for mammals;

ii. “α-like toxins” active both on mammals and insects, which are far less specific and
less active than the “classical” ones;

iii. α-toxins only specific for insects and without any toxicity on mammals, even at
high concentrations. Moreover, the insect selective β-toxins have been divided into
two groups: the excitatory insect toxins and the depressant insect toxins.

Regarding the β-excitatory anti-insect toxins, BmK IT-AP (Insect Toxin-Analgesic Peptide),
which was isolated in 1999, produces a potent antinociceptive effect in mouse-twisting mod‐
el, after i.v. injection [20]. The same toxin has also been sequenced by another group and
named Bm K 33-I [21]. Later, Guan and colleagues [22] identified a novel toxin with analge‐
sic effects, BmK AngP1, which shows an evident analgesic effect with simultaneous excitato‐
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ry insect toxicity, but is devoid of any toxicity on mice even at high dosages. The analgesic
effect was assessed with a mouse-twisting model. The analgesic effect on mice of the AngP1

is at least 4-5 times weaker than that of IT-AP, but the toxicity to insects is twice as strong as
that of IT-AP [20,22]

In relation of depressant toxins isolated from BmK venom, BmK IT2 has been more studied
from the venom of BmK (Fig 1). Intraplantar injection of BmK IT2 inhibited thermal hyperal‐
gesia in carrageenan-treated rats and significantly prolonged paw withdrawal latency in
normal rats [23]. This toxin also displays an inhibitory effect on the C component of the rat
nociceptive flexion reflex by subcutaneous injection in vivo [24]. Peripheral or spinal deliv‐
ery of BmK IT2 suppressed formalin-induced nociceptive behaviors and c-Fos expression in
spinal cord [25,26]. Both BmK IT2 and Bm K dIT-AP3 (depressant Insect Toxin-Analgesic
Peptide 3) are toxic for insects, but not for mammals [27], and shows 86.7% of sequence simi‐
larity [23]. BmK dIT-AP3 also induces analgesia in the mouse-twisting model [18]. Using
whole-cell patch clamp, it has been shown that BmK dIT-AP3 inhibits Nav currents of rat
dorsal root ganglion (DRG) neurons, blocking more selectively the tetrodotoxin-resistant
(TTX-R) component of the Na+ currents. These results suggest that the inhibition of the rat
nociceptive flexion reflex by BmK dITAP3 may be attributed to modulation of the DRG’s
voltage-gated Na+ channels [24].

Wang and colleagues [28] isolated a new antinociceptive peptide, named BmK AGP-SYPU1.
Recombinant BmK AGP-SYPU1 showed similar analgesic effects on mice compared to natu‐
ral when assayed using a mouse-twisting model [28]. More recently, BmK AGP-SYPU2 was
purified and tested, also in mouse-twisting model. Sequence determination showed that the
mature BmK AGP-SYPU2 peptide is composed of 66 amino acid residues, and BmK AGP-
SYPU2 is identical to BmK alpha2 and BmK alphaTX11.

BmK AS had a strong analgesic effect on both visceral and somatic pain [29,30]. It relieves
formalin-induced two-phase spontaneous flinching response and carrageenan-induced me‐
chanical hyperalgesia, probably by modulating the voltage-gated Na+ channels of sensory
neurons [31,32]. Moreover, BmK AS showed activity nearly equivalent to that of morphine.
Later, a new peptide that possesses 86.3% of similarity with BmK AS was identified. Both
polypeptides have 66 amino acids cross-linked by four disulfide bridges [29]. In addition,
these two peptides show a poor similarity with other known types of scorpion toxins. BmK
AS and AS1 are not toxic against mammals and only have a weak toxicity to insects. BmK
AS, then BmK AS1, have been found to significantly stimulate the binding of [3H]-ryano‐
dine to partially purified ryanodine receptors [33]. More recently, electrophysiological stud‐
ies have shown that they are able to inhibit Na+ currents in NG108-15 cells [34] and to
depress TTX-sensitive and TTX-resistant Na+ currents in rat small DRG neurons. Interesting‐
ly, in rat models, BmK AS1 also displays antinociceptive effects according to [33]. These au‐
thors concluded that the effects could be mediated by the modulation of voltage-gated Na+

channels and they also suggested that BmK AS and BmK AS1 could form a new family of
scorpion insect toxins.

BmK AGAP (antitumor-analgesic peptide), isolated in 2003, had strong inhibitory effect on
both viscera and soma pain [35]. To evaluate the extent to which residues of the toxin core
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contribute to its analgesic activity, nine mutants of BmK AGAP were produced and tested.
However, further studies are necessarily to elucidate the mechanism of action as well as to
exploit its analgesic activity [36]. In relation to BmK Ang M1 [37], it also was reported to exhibit
potential analgesic effect. Moreover, electrophysiological studies showed that BmK AngM1
at the concentration of 1 μM inhibited voltage-dependent Na+ current (INa) and voltage-de‐
pendent delayed rectifier K+ current (IK), but had no effects on transient K+ current [37].

It is important to note that the excitatory and depressant anti-insect toxins belong to differ‐
ent groups, which have distinct modes of interaction with receptors. Thus, one can infer that
the analgesic effect of these peptides may have a molecular mode and mechanism different
from that of insect toxicity. Still, the mechanisms by which these scorpion toxins can modu‐
late pain pathways remain to be clarified. According to [8], four different possibilities might
be described:

i. peptides act directly Na+ channels involved in the pathway of pain,

ii. peptides modulate indirectly the pain sensation,

iii. peptides also modulate other targets involved in pain pathway

iv. pain alleviation is only apparent and results from misinterpretations that might
have occurred from animal models used.

3.2. Polypeptide toxins from Spider

Another group of arthropods that have very promising antinociceptive compounds are spi‐
ders [41]. In 1996, Roerig & Howse reported the effect of ω-agatoxina IVA (Fig 1) isolated
from funnel spider Agelenopsis aperta venom, against thermal stimulation in the tail flick test,
when co-administrated with morphine intrathecal. Intrathecal injection of ω-agatoxin IVA
(0.2 nmol/kg) also decreased the licking time in both the early and late response phases in a
dose-dependent manner in the Formalin test [42]. The use of this peptide as an analgesic
could be of particular benefit in patients tolerant or opioid-dependent, since this compound
exhibits selectivity for the P/Q Ca2+ channels [43]. Other spider venom very promissory is
the venom of the Brazilian armed spider Phoneutria nigriventer, the purified fraction 3
(PhTx3) contains 6 toxin isoforms (Tx3-1 to -6) [44,45] that target Ca2+ channels with different
affinity patterns. Moreover, one toxin, Tx3-6 (Phα1β), demonstrated that it preferentially
blocks the N-type calcium current [46] and produce a potent antinociceptive effect with
higher therapeutic index [44]. Dalmolin and colleagues [45] showed that Tx3-3 (purified the
same fraction) caused a short-lasting antinociceptive effect in the nociceptive pain test and a
long-lasting antinociceptive effect in neuropathic pain models, without producing detecta‐
ble side effects. However, Tx3-3 did not change the inflammatory pain. Tx3-3 blockade of
P/Q- and R-type Ca2+ channels and inhibit the glutamate release in rat brain cortical synapto‐
somes [47]. Other neurotoxin isolated from spider Phoneutria nigriventer is Phα1β, which is a
potent toxin blocking neuronal voltage-sensitive Ca2+ channels. This peptide induced longer
antiallodynic effect than μ-conotoxin MVIIA and morphine in mice [48].
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formalin-induced two-phase spontaneous flinching response and carrageenan-induced me‐
chanical hyperalgesia, probably by modulating the voltage-gated Na+ channels of sensory
neurons [31,32]. Moreover, BmK AS showed activity nearly equivalent to that of morphine.
Later, a new peptide that possesses 86.3% of similarity with BmK AS was identified. Both
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ly, in rat models, BmK AS1 also displays antinociceptive effects according to [33]. These au‐
thors concluded that the effects could be mediated by the modulation of voltage-gated Na+

channels and they also suggested that BmK AS and BmK AS1 could form a new family of
scorpion insect toxins.

BmK AGAP (antitumor-analgesic peptide), isolated in 2003, had strong inhibitory effect on
both viscera and soma pain [35]. To evaluate the extent to which residues of the toxin core
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exploit its analgesic activity [36]. In relation to BmK Ang M1 [37], it also was reported to exhibit
potential analgesic effect. Moreover, electrophysiological studies showed that BmK AngM1
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ent groups, which have distinct modes of interaction with receptors. Thus, one can infer that
the analgesic effect of these peptides may have a molecular mode and mechanism different
from that of insect toxicity. Still, the mechanisms by which these scorpion toxins can modu‐
late pain pathways remain to be clarified. According to [8], four different possibilities might
be described:

i. peptides act directly Na+ channels involved in the pathway of pain,

ii. peptides modulate indirectly the pain sensation,
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have occurred from animal models used.
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Another group of arthropods that have very promising antinociceptive compounds are spi‐
ders [41]. In 1996, Roerig & Howse reported the effect of ω-agatoxina IVA (Fig 1) isolated
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(0.2 nmol/kg) also decreased the licking time in both the early and late response phases in a
dose-dependent manner in the Formalin test [42]. The use of this peptide as an analgesic
could be of particular benefit in patients tolerant or opioid-dependent, since this compound
exhibits selectivity for the P/Q Ca2+ channels [43]. Other spider venom very promissory is
the venom of the Brazilian armed spider Phoneutria nigriventer, the purified fraction 3
(PhTx3) contains 6 toxin isoforms (Tx3-1 to -6) [44,45] that target Ca2+ channels with different
affinity patterns. Moreover, one toxin, Tx3-6 (Phα1β), demonstrated that it preferentially
blocks the N-type calcium current [46] and produce a potent antinociceptive effect with
higher therapeutic index [44]. Dalmolin and colleagues [45] showed that Tx3-3 (purified the
same fraction) caused a short-lasting antinociceptive effect in the nociceptive pain test and a
long-lasting antinociceptive effect in neuropathic pain models, without producing detecta‐
ble side effects. However, Tx3-3 did not change the inflammatory pain. Tx3-3 blockade of
P/Q- and R-type Ca2+ channels and inhibit the glutamate release in rat brain cortical synapto‐
somes [47]. Other neurotoxin isolated from spider Phoneutria nigriventer is Phα1β, which is a
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In addition to toxins calcium modulators, compounds isolated from spider that interact with
other ionic channels have shown great potential. A new class of peptide toxins named is the
Huwentoxin I (HWTX-I, Fig 1) that is the most abundant toxic component in the crude ven‐
om of the Chinese bird spider Ornithoctonus huwena. Whole-cell patch clamp records re‐
vealed that HWTX-I selectively inhibits N-type Ca2+ channels in NG108-15 cells, and it also
can block transmitter release from nerve endings by preventing depolarization induced by
calcium influx [38] Antinociception effect of the HWTX-I in formalin test was greater and
lasted two-fold longer time compared to morphine [39]. Furthermore, Tao and collaborators
[40] demonstrated that intrathecal administration of HWTX-I is effective in antinociception
in the rat model of rheumatoid arthritis more effective than ibuprofen.

Several studies have reported that intrathecal administration of non-selective blockers of
Ca2+ channels shows antinociceptive effects in animals tested with thermal stimuli: hot plate
and tail flick. According to [49], N and P/Q Ca2+ channels are probably involved in nocicep‐
tive behavior induced by formalin injection in rats, while the L-type channels has no effect.
N- and P/Q-type Ca2+ channels are expressed specifically in the nervous system, and they
have a major importance in controlling the excitation of spinal neurons from sensory affer‐
ents of inflamed tissues, relieving inflammatory pain.

A new class of peptide toxins named π-theraphotoxin-Pc1a (π-TRTX-Pc1a; also known as
psalmotoxin-1 (PcTx1) was isolated from the venom of the spider neotropical Psalmopoeus
cambridgei (Fig.1). π-TRTX-Pc1a is the most potent and selective blocker of ion channels sen‐
sitive to acid – ASICa [50]. These channels play important roles in pathological conditions
such as cerebral ischemia or epilepsy, as well as being responsible for the sensation of pain
that accompanies tissue acidosis and inflammation [51]. Since external acidification is a ma‐
jor factor in pain associated with inflammation (hematosis muscle and cardiac ischemia, or
cancer), these neurotoxins can be used to control the pain sensation triggered by these chan‐
nels [52]. π-TRTX-Pc1a was shown to be an effective analgesic, comparable to morphine, in
rat models of acute and neuropathic pain when injected directly in Central Nervous System
[53] and intranasal administration of this peptide resulted in neuroprotection of neurons in a
mouse model of ischemic stroke even when administered hours after injury [54].

Other important target in the search for new analgesics isolated from spider venoms are NaV

channels, since modulatory compounds of these channels are the dominant pharmacological
species in spider venoms, although still poorly characterized. In this context, Intrathecal ad‐
ministration of β-TRTX-Gr1b (formerly GsAFI), a peptide obtained from venom of Grammos‐
tola spatulata, the Chilean pink tarantula spider, induced analgesia in a variety of rat pain
models such as the tail flick latency test, hot plate threshold test, von Frey threshold test,
and formalin pain test, without any confounding side-effects. Moreover, the β-TRTX-Gr1b
peptide did not exhibit cross tolerance with morphine [55].

Further on spider venoms, Purotoxin-1 (PT1) was recently isolated the, from the venom of the
Central Asian spider Geolycosa sp [56]. PT1 is a 35-residue peptide with four disulfide bonds,
and it exerts a potent analgesic effect in rat models of acute and chronic inflammatory pain by
injection of either carrageenan or Freund’s complete adjuvant, respectively. PT1 was also
effective in reducing the number of nocifensive events triggered by the injection of capsaicin
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or formalin (only second phase) [56]. This molecule also inhibits P2X3 receptors in a power‐
ful and selective manner. These ATP-activated receptors are largely expressed in mammali‐
an sensory neurons play a key role in the pain perception. Thus, PT1 appears to be a promising
lead compound for the development of analgesics that target these receptors [56].

3.3. Polypeptide toxins from Bees and Wasps

Bee venom has been traditionally used to relieve pain and treat chronic pain diseases (for
revision see [57]). Moreover, acupoint stimulation into the subcutaneous region (acupunc‐
ture) rather than other injection sites may be important for the antinociceptive effects of this
venom. There is increasing evidence suggesting that bee venom has antinociceptive effects
on visceral nociceptive effects, mechanical and thermal hyperplasia, formalin-induced pain
behavior and collagen-induced arthritic pain, as well as knee osteoarthritis (OA)-related
pain [58-63]. BV contains at least 18 active components, including enzymes, peptides, and
biogenic amines, which have a wide variety of pharmaceutical properties, and so multiple
mechanisms associated to antinociceptive effects have been suggested, such as activation of
the central and spinal opioid receptor and α2-adrenergic receptor, as well as activation of the
descending serotonergic pathways (for revision see [64]).

Melittin is a small protein containing 26 amino acid residues and is the major bioactive com‐
ponent in BV (Fig.1). This polypeptide readily integrates into and disrupts both natural and
synthetic phospholipid bilayers [65,66]. Melittin also enhances the activity of PLA2 [67] and
has a variety of effects on living cells possibly through the disruption of the membrane [68].
The decrease in cyclooxygenase (COX)-2 and phospholipase PLA2 expression and the de‐
crease in the levels of tumor necrosis factor alpha (TNF-α), interleukin (IL)-1, IL-6, nitric ox‐
ide (NO) and oxygen reactive species (ROS) are suggested to be associated with the anti-
arthritis effect of melittin [69]. This peptide has also been thought to play a role in
production of anti-nociceptive and anti-inflammatory effects [64]. In addition, Merlo and
colleagues [70] demonstrated the antinociceptive activity of the melittin in experimental
models of nociceptive and inflammatory pain. Interestingly, melittin failed to increase the
latency for the nociceptive response in the hot-plate model and in the first phase of the for‐
malin test, revealing that melittin presents an activity that resembles more that of anti-in‐
flammatory drugs and less that of centrally acting drugs [70]. Nevertheless, the molecular
and cellular mechanisms underlying the anti-nociceptive effects of melittin are not entirely
clear and remain to be further clarified by further experimental studies [57].

Addition of melittin, adolapin has been isolated from BV and it demonstrated a potent anal‐
gesic effect in mouse-twisting model and the Randall-Sellito's test [71]. The anti-inflammato‐
ry activity of adolapin was evaluated and it had a pronounced activity in the following tests:
carrageenan, PG, adjuvant rat hind paw edema and adjuvant polyarthritis. The effects of
adolapin are presumably due to its ability to inhibit the prostaglandin synthesis via inhibi‐
tion of cyclooxygenase activity [71,72].

Venoms of wasps also have analgesic peptides. Mortari and colleagues [73] isolated a com‐
pound with antinociceptive activity from the venom of the Brazilian social wasp Polybia occi‐
dentalis. The isolated peptide is a neurokinin named Thr6-Bradykinin. This neurokinin is a
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or formalin (only second phase) [56]. This molecule also inhibits P2X3 receptors in a power‐
ful and selective manner. These ATP-activated receptors are largely expressed in mammali‐
an sensory neurons play a key role in the pain perception. Thus, PT1 appears to be a promising
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ry activity of adolapin was evaluated and it had a pronounced activity in the following tests:
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pound with antinociceptive activity from the venom of the Brazilian social wasp Polybia occi‐
dentalis. The isolated peptide is a neurokinin named Thr6-Bradykinin. This neurokinin is a
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small peptide consisting of nine amino acid residues, Arg-Pro-Pro-Gly-Phe-Thr-Pro-Phe-
Arg-OH, which exhibits a high degree of homology with bradykinin (BK), except for the
substitution of Thr for Ser in position 6 at BK. As a result, small changes in their secondary
structures are observed [74]. This modification has been regarded as responsible for increas‐
ing B2 receptor affinity and potency of Thr6-BK in relation to BK in vitro and in vivo [74,75].
Thr6-BK antinociceptive effect was dose- and time- dependent, when injected directly into
the CNS of rats in hot-plate and tail-flick tests, and it was three times more potent than mor‐
phine and 4 times more potent than BK in tail-flick test. Thr6-BK induced antinociception by
activating presynaptic B2 receptors, which activate descending adrenergic pathways. Studies
investigating the role of kinins in the CNS provide new information on the supraspinal sys‐
tem of the pain control, whose modulation may represent a new strategy to control pain-
related pathologies [76].

Figure 1. Tridimensional structure of antinociceptive peptides isolated from arthropod venoms. (A) BMK IT2; (B)
HWTX 1; (C) ω-Agatoxin IVA; (D) π-Theraphotoxin-Pc1a; (E) Mellitin. Uniprot entry code: P68727, P56676, P30288,
P60514 and P01501, respectively.

Besides peptides, some studies have evaluated the analgesic activity of acylpolyamines that
can be used as new alternative drugs for the treatment of chronic pain, as well as tools for
the study of the functional role of the AMPA/kainate receptors in the processing of nocicep‐
tive pain [77]. In this regard, intrathecal administration of different doses of these toxins
blocked thermally induced allodynia [78] and hyperalgesia [79]. The effect of these neuro‐
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toxins may suggest a possible involvement of AMPA receptors in the spinal cord during the
nociceptive excitatory stimulation [80,81].

4. Antiepileptic and neuroprotective effects

Neurodegenerative disorders comprise a wide range of conditions mostly characterized by a
progressive loss of neuronal function and neuronal cell death. The incidence of these diseas‐
es in population differs greatly. In conditions such as Parkinson disease and Alzheimer, the
number of cases significantly increases in elderly, whereas epileptic patients are mostly chil‐
dren and adolescents. Many processes may trigger neuronal cell death, such as trauma,
stroke, tumors, infections, genetic factors and biochemical alterations. Among the latest, the
alterations in Ca2+-mediated signaling is thought to play a key role in many neurodegenera‐
tive disorders and the increase in intracellular Ca2+ concentration might alter neuronal mem‐
brane potential [82]. Moreover, the hyperactivation of excitatory transmission mediated
mostly by L-glutamate and its ionotropic receptors; kainate, AMPA and NMDA, is responsi‐
ble for the excessive cationic influx that depolarizes neuronal cells and lead to sustained hy‐
perexcitation observed in brain pathologies such as epilepsy [83]. This increase in
glutamatergic activity often referred to as glutamate excitotoxicity [84], might also involve
non-receptor neurochemical events such as failure in glutamate uptake system, which ends
with an increase in the availability of this neurotransmitter in the synaptic cleft [85,86]. The
importance of L-glutamate in neurological disorders relies on the fact that this neurotrans‐
mitter is release in the great majority of fast synapses in CNS [84,83]. In this context, many
molecules mostly peptides and acylpolyamines, acting on ion channels, receptors and trans‐
porters were isolated from arthropod venoms, remarkably spiders, scorpions and wasps [3].
According to [82], polyamines are non-specific antagonist of ligand-gated ion channels, act‐
ing at glutamatergic and Ach receptors in an uncompetitive way, that is, the receptor must
be activated in order to occur the blockade. This mode of action might diminish the side ef‐
fects of newly designed medicines, since it blocks only the activated receptors, but does not
prevent their opening.

The venom of the orb-web spider Nephilia clavata was one of the first venoms studied during
the 80s, which resulted in the identification of small compounds named acylpolyamines,
among whose we may find jorotoxin (JSTX), one of the first glutamate receptor uncompeti‐
tive antagonists [83,84]. Together with JSTX, another polyamines such as argiopin from the
venom of the spider Argiope lobata [85] and philantotoxin (PhTx) from the venom of the soli‐
tary wasp Philanthus triangulum [86]. Following the structural characterization and studies in
insect or crustaceans, the reports on the action of these polyamines in mammalian CNS
started to take place, mostly during the 90s [87]. JSTX-1 and JSTX-3 are synthetic analogues
of JSTX. The first inhibits kainate-induced seizures, whereas the latter block glutamate re‐
lease and hippocampal epileptic discharges [88,89]. Later, JSTX-3 was shown to inhibit the
formation of superoxide dismutase-1 (SOD-1) aggregates that lead mutant motor neurons
(mSOD-1) to death during the familiar form of the neurodegenerative disease, amyotrophic
lateral sclerosis [90]. The authors concluded that increased Ca2+ influx mainly through AM‐
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PA/kainate glutamate receptors make mutant neurons more vulnerable to damage and
therefore, JSTX-3 is an interesting neuroprotective agent in this model.

The fraction of the venom of the spider Agelenopsis aperta containing argiotoxin, was first
demonstrated to have anticonvulsant in NMDA-induced and audiogenic seizures [91]. The
synthetic analogue of argiotoxin, Arg-636, is a selective antagonist of NMDA receptors bind‐
ing to the Mg2+ binding site at the receptor with anticonvulsant and neuroprotective actions.
In addition, from the venom of A. aperta, another NMDA receptor blocker, Agatoxin 489 was
reported as anticonvulsant against kainate-induced seizures and its synthetic analogue
Agel-505, was able to block cationic currents in oocytes transfected with NMDA receptor
cDNA [92].

Aside from antagonizing glutamate receptors, arthropod neurotoxins may exert anticonvul‐
sant and neuroprotective effects targeting other neurotransmitter systems. The venom of the
Brazilian spider Phoneutria nigriventer has been extensively studied over the past 20 years.
Neurotoxins isolated from the venom of P. nigriventer, such as PhTx-3 (Tx-3) were reported
to inhibit Ca2+ dependent-glutamate release [47]. Tx3-3 and Tx3-4 also inhibit voltage-acti‐
vated Ca2+ channels of P/Q type [93] and recently their neuroprotective activity was tested.
According to [94], Tx3-3 and Tx3-4 protected hippocampal slices against damage and cell
death induced by ischemic insult resulted from low oxygen and low glucose. Moreover,
PhTx3, Tx3-3, and Tx3-4, inhibited cell loss in retinal slices submitted to the same ischemic
protocol [95]. Another Brazilian species lives in Cerrado, the colonial spider Parawixia bistria‐
ta and has many neuroactive molecules with different modes of action [96]. Parawixin-1 was
the first isolated neurotoxin from P. bistriata venom. In experiments using rat retinas, sub‐
mitted to ischemic insult, the intravitreal injection of Parawixin inhibited cell loss [97], prob‐
ably through a potent and specific enhancing action on glutamate transporters type EAAT2
[98]. Another neurotoxin isolated from the venom of P. bistriata, Parawixin II, formerly,
FrPbAII, inhibited GABA and glycine uptakes in synaptosomes from rat cerebral cortices. In
addition, the administration of Parawixin II into the vitreous humor of Wistar rats protected
retinal neurons against ischemic insult resulted from an increase in the intra ocular pressure
[96]. Data also show that Parawixin II blocked seizures induced by the injection of GABAer‐
gic antagonists, bicuculline [99], pentylenetetrazole (PTZ) and picrotoxin, as well as pilocar‐
pine and kainic acid [100]. It is worth noting that the acute injection of Parawixin II does not
alter rat behavior in the open field and repeated central injection does not impair acquisition
and learning in the Morris water maze. Finally, Parawixin II induces ataxia in the rotarod in
doses far higher than effective doses, indicating good therapeutic indexes [100].

Also from South America, the Chilean giant pink tarantula Grammostola spatulata paralyzes
its preys by injecting a mixture of toxins that blocks ion channels [101]. w-Grammotoxin SIA
was isolated from the venom of G. spatulata and the potent blocking effect over N-, P-, and
Q-type but not L-type of voltage gated calcium channels was reported [102]. The antagonis‐
tic activity of w-grammotoxin over voltage dependent calcium channels is considered a
therapeutic option to be used in neurodegenerative disorders such as ischemia.
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The African tarantula Hysterocrates gigas known as the giant baboon spider, inhabits the rain
forests of West Africa. The isolation of the venom of H. gigas, resulted in the identification of
the peptide SNX-482 that blocks R-type voltage dependent calcium channels [103].

The arboreal tarantula Psalmopoeus cambridgei is an aggressive spider that lives in the tropi‐
cal forests of Trindad. As mentioned before, PcTx-1 (π-theraphotoxin-Pc1a) present in P.
cambridgei venom is the only gating modifier of ASICs [50]. In addition to pain inhibitor, it
exerts an interesting neuroprotective and a possible antidepressant activity due to the in‐
volvement of ASICs in cell excitability. A drop in pH from neutral 7.4 to more acid extracel‐
lular environments, lead to opening of ASICs Na+ or Ca2+ permeable pore, membrane
depolarization and increase in Ca2+ intracellular concentration [104].

In the light of these facts, Yang and coworkers [105] investigated the neuroprotective activi‐
ty of PcTx in neurons from newborn piglets submitted to a model of asphyxia-induced car‐
diac arrest. Data show that the administration of PcTx before the hypoxia-ischemia insult
partially prevents the death of neurons in putamen, the most vulnerable encephalic area in
this model. The addition of MK-801, a NMDA antagonist, in combination with PcTx exerted
better results in cell survival, but in low doses of MK-801. In addition to protection of neuro‐
nal cells, treatment with PcTx accelerated neurologic recovery. These results point PcTx as a
very unique neurotoxin that should be used as tool in the investigation of processes under‐
lying neuroprotection as well as the design of novel neuroprotective agents.

Bees and wasps are part of the group of the insects, whose stings release a cocktail of toxins,
including enzymes, peptides and biogenic amines [106]. Toxins in bee venom have received
attention for their properties as anti-inflammatory agents, and in many countries, physicians
even prescribe bee stings as treatment of rheumatologic diseases. Recently, Doo and collea‐
gues [107] showed that the bee venom when injected in rats with induced Parkinson disease
prevent dopamine neurons cell death, possibly by the inhibition of Jun activation.

Regarding solitary wasps, the most studied wasp species is the European beewolf, Philan‐
thus triangulum, the natural predators of honeybees. The adult individuals of this species are
herbivores, whereas the larvae eat the paralyzed bees brought to the colony by foraging
wasps. The isolation of venom contents begun in the early 80s and revealed that among oth‐
er classes of molecules, P. triangulum venom contains potent acylpolyamines [86]. Philantho‐
toxins, like other acylpolyamines are mostly potent and selective antagonists of vertebrate
and invertebrate glutamate receptors, particularly AMPA receptors [108]. The first isolated
and most studied philathotoxin is PhTX-433 and its synthetic analogue, PhTx-343, which an‐
tagonize Ach and glutamate ionotropic receptors. The neuroprotective activity of PhTx-343
was tested in cerebellar granule cells culture challenged with NMDA and kainate toxicity
and compared to that of Arg-636 [109]. Data showed that both polyamines protected cul‐
tures against damage, but Arg-636 was found to be less potent than PhTx-343 against kai‐
nate-induced damage. The structural change in PhTx-343 increased its potency, but in
higher doses, toxic side effects, were observed.

Due to their lack of selectivity, the use of philanthotoxins as pharmaceuticals may have been
limited, and so many modified synthetic analogues were designed for medical treatment
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purposes, so far [82]. However, the use of philanthotoxins and other polyamines as tools in
research investigation has aided the understanding of several synaptic mechanisms. As it
has been recently shown using Ca2+-permeable AMPA receptors expressed in HEK cells. Ac‐
cording to [110] the block of these AMPA receptors by PhTx-74, a synthetic analogue of
PhTX-433 will reflect structural and biophysical parameters of the channel, such as its subu‐
nit composition and mean conductance, respectively. In addition, the investigation of the
antagonistic activity of PhTx-343 over ACh receptors showed that the interaction of the tox‐
in with nicotinic receptors is largely voltage dependent, slow and uncompetitive, a similar
mode by which they block glutamate ionotropic channels [111].

Going further on wasp venoms, the anticonvulsant and/or neuroprotective effects of mole‐
cules in the venom of two Brazilian social species of the genus Polybia, were investigated.
According to Cunha and co-workers [112] and Mortari and co-workers [113], the non-enzy‐
matic fraction of the venoms of Polybia ignobilis and Polybia occidentalis inhibit seizures
evoked by the injection of several chemoconvulsants in Wistar rats. The neuroactive mole‐
cules present in the venom of P. ignobilis and P. occidentalis are now in phase of structure-
function investigation.

Finally, neurotoxins from scorpion venoms have been subject of a wide range of works,
mostly approaching the identification of voltage-dependent ion channel activators/blockers.
The neuroprotective and/or anticonvulsant activity of these peptides, in turn have received a
few lines of investigation [3] despite the ancient use of these animals whole or parts, in the
popular medicine in oriental countries, like China [20]. One of the most studied species is
the Asian scorpion Buthus martensi Karsch whose venom has several neuroactive peptides,
among whose, we may find BmK AEP, which was the first anticonvulsant peptide isolated
from scorpion venoms. According to [28], the injection of BmK AEP blocked seizures in‐
duced by the injection of coriaria lactone in doses causing no visible side effects [114]. Fur‐
ther isolation of venom of B. martensi led to the identification of other peptides, such as BmK
AS and BmK Ts and other mostly with analgesic activity. According to Zhao and co-workers
[115] BmK AS, a sodium channel modulator at site-4 receptor, inhibited PTZ induced behav‐
ioral and electroencephalographic seizures and decreased mean score of pilocarpine-in‐
duced seizures. Moreover, these authors showed that BmK AS does not impair locomotion
or motor behavior.

The venom of the Mexican scorpion Centruroides limpidus limpidus, was fractionated and
many activators of voltage-gated ion channel ligands were identified [116]. An exception is
Cll9, which stands for Centruroides limpidus limpidus toxin nr 9. Cll9 is a 63-residue peptide
that has a divergent mode of action; it inhibits sodium channels in superior cervical gan‐
glion neurons and [117]. When injected in Wistar rats via i.c.v., Cll9 inhibited behavioral and
electroencephalographic seizures evoked by the microinjection of penicillin into the basolat‐
eral amygdala. It is worth noticing that Cll9 has no effect on arthropods such as crickets or
crayfish like many sodium channels modulators found in scorpion venoms.
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5. Actions on mood disorders

According to the World Health Organization, depression, one of the most important mood
disorders, affects up to 5-10% of people worldwide at any time of their lives. Patients with a
diagnosed mood disorder are more likely to be women, in productive years, 20 to 40 year-
old, and will need in most cases, psychotherapy and/or pharmacological intervention. The
costs of these psychiatric and/or psychological disorders are immense, since they affect peo‐
ple regardless of education or socioeconomic status, accounting in the worse cases, for a
huge number of suicides. In the United States up to 95% of all suicides, involve mentally ill
people, accounting for 1.3% of all deaths [118]. A recent survey shows that generalized anxi‐
ety disorder, posttraumatic stress disorder, social anxiety disorder and panic disorder are
highly predictive of suicidal idealization [118]. Many aspects of the pathophysiology of
mood disorders, as well as the regulation of normal mood states remain unknown. Howev‐
er, with the improvement of techniques for research and diagnosis, such as positron emis‐
sion tomography, magnetic resonance and multiple channels recording
electroencephalogram, soon researchers will be capable to identify structures and neuro‐
chemical mechanism involved in the regulation of mental states, including mood. So far, we
know that limbic structures, such as the amygdala, hippocampus, hypothalamus and pre-
frontal cortex control the emotional aspects of brain function. There are plenty of connec‐
tions among these structures, which might be involved in the onset of mood disorders [119].

Pharmacological treatment of mood disorders consists in daily intake of anti-depressants,
anxiolytics or anti-psychotics, most of which cause a wide set of undesired side effects that
impose restrictions to patients quality of life. In this regard novel drugs prescribed for mood
disorder, such as serotonin uptake inhibitors might be better tolerated and safer than classi‐
cal drugs, such as monoamine oxidase inhibitors. Among the observed undesired effects we
can cite; dizziness, sedation, sexual dysfunction and suicidal though, a paradoxical effect of
serotonin uptake inhibitors [119]. Aside from tolerability, medicines used as treatment of de‐
pression for example, take too long to produce effect in only a minority of patients; 35-45%
of treated patients [120]. Therefore, there is a still great need for novel alternatives to be used
both, in basic and clinical science.

The neurochemistry of mood disorders is complex and there is a list of candidates for tar‐
gets of mood stabilizers, such as adrenaline, GABA, serotonin and glutamate receptors and
transporters. There is not many works relating neurotoxins from arthropods and mood dis‐
orders, but the few works available showed that in some cases, these molecules might con‐
tribute for the development of novel drugs.

The venom of the Brazilian colonial spider Parawixia bistriata was fractionated and tested in
many animal models of epilepsy, neurodegeneration and anxiety. According to [121], the
microinjection of Parawixin 2 (formerly FrPbAII) in the dorsal hippocampus of male Wistar
rats increased the time spent in the open arms of the elevated plus maze. Moreover, rats ex‐
posed to the light-dark choice apparatus spent more time in the light side of the box, similar‐
ly to what observed for diazepam or nipecotic acid, a GABA transporter-1 (GAT-1) inhibitor
[121]. In another investigation of P. bistriata venom contents, Saidemberg and co-workers
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purposes, so far [82]. However, the use of philanthotoxins and other polyamines as tools in
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glion neurons and [117]. When injected in Wistar rats via i.c.v., Cll9 inhibited behavioral and
electroencephalographic seizures evoked by the microinjection of penicillin into the basolat‐
eral amygdala. It is worth noticing that Cll9 has no effect on arthropods such as crickets or
crayfish like many sodium channels modulators found in scorpion venoms.
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[122] isolated PwTx-I and tested the inhibitory activity of this neurotoxin and its enantiom‐
ers on mammalian monoamine oxidases (MAO)-A and -B. According to these authors,
PwTx-I, acted as non-competitive inhibitors of MAO-A and MAO-B. MAO metabolizes
monoamines dopamine, serotonin and adrenaline, terminating monoaminergic transmis‐
sion. Inhibitors or MAO (MAOi) have been extensively used as mood stabilizers and cur‐
rently they have received attention due to their protective activity against age-induced
neurodegenerative disorders [123].

Considering alternative targets for mood stabilizers, interesting results were obtained with
PcTx, isolated from the venom of the spider P. cambridgei, a selective blocker of ASICs. Data
showed that both PcTx and amiloride attenuated the stress-induced hyperthermia, whereas
only the administration of PcTx increased number of punished crosses measured in the
four-plate test. These results indicate that both blockers could attenuate autonomic anxiety
parameters, but only PcTx exerted effects on the behavioral anxiety parameters [124].

The aggressive Brazilian social wasp Agelaia vicina, builds huge nests where with over a mil‐
lion of individuals. The neurobiological activity of the venom of A. vicina, was investigated.
Oliveira and colleagues [125] showed that the central injection of the non-enzymatic fraction
of the venom induced catalepsy in Wistar compared to the neuroleptic drug haloperidol, a
nonselective D2 dopamine antagonist. This effect was reversed by the injection of theophyl‐
line or ketamine. The fractionation of the venom led to the identification of two peptides,
AvTx-7, mastoparan, and AvTx-8. The investigation of AvTx-8 mode of action in vivo, was
performed in a model of panic induction through the activation of GABAergic pathways
connecting mesencephalic substantia nigra pars reticulate to superior colliculus [126]. These
experiments showed that intranigral microinjection of AvTx-8 inhibited the panic like re‐
sponse induced by the GABAergic blockade of superior colliculus. These effects were simi‐
lar to those of baclofen, a GABAB agonist, but differed from the effects of muscimol, a
GABAA agonist. Since post-synaptic GABAB is a metabotropic receptor complex with a po‐
tassium channel, AvTx-8 could act in many different sites that would end in channels open‐
ing and hyperpolarization of neuronal membrane.

6. Tools for the study of the functioning of the CNS: learning and
memory

Neurotoxins isolated from arthropod are important tools to study of the normal function of
the CNS, especially in the structure-function research of the ion channels and the interaction
the blockers and modulators in the regulation of the learning and memory (for revision see
[127]). In this context, the principal compound used in study of the mechanism of the learn‐
ing and memory in models of experimental animals is the apamin. Apamin is a short pep‐
tide (18 aa) isolated from the venom of honeybee, Apis mellifera. It is generally accepted that
apamin selectively blocks small conductance calcium-activated potassium channels (SK or
Kca), although evidences point to an allosteric modulation of opening rather than the block
of the pore [128]. Upon an increase in intracellular calcium, SK channels will open and allow
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an outward current of potassium ions that is responsible for the hyperpolarization phase of
the action potentials. Most studies on structure-function of SK channels were conducted us‐
ing apamin blockade. The homomeric or heteromeric expression of these channels occurs in
higher brain areas such as the neocortex, hippocampus and sub-cortical areas such as thala‐
mus and basal ganglia as well as in cerebellum and brainstem. Substantial data SK channels
show the involvement of SK channels in processes of learning and memory, and apamin
blockade of SK lead to an increase in cellular excitability, facilitates synaptic plasticity and
memory processes run by the hippocampus. In addition, apamin induces alterations in den‐
dritic morphology that might counteract aging and neurodegenerative processes that lead to
cognitive and memory impairment [129]. In fact, SK channels co-localize with Ca2+-permea‐
ble NMDA receptors in the CA1 region of the hippocampus and the entry of calcium in the
cell through these receptors might activate SK that will hyperpolarize membrane. The block‐
ade of SK channels will modulate hippocampal excitability that is essential in memory proc‐
esses such as long-term potentiation a commonly observed event of synaptic plasticity. Due
to its actions, the use of apamin as a tool in research has been consolidated. In addition, the
therapeutic use of apamin, in order to maintain hippocampal function and avoid the delete‐
rious effects of aging in memory and cognitive processes have also been proposed [129].

Besides apamin, modulators peptides of the potassium channel isolated from scorpion also
have been tested in models of the learning and memory. The good examples are: Charybdo‐
toxin isolated from scorpion Leiurus quinquestriatus, Kaliotoxin isolated from Androctonus
mauretanicus and Iberiotoxin from Buthus tasmulus. Charybdotoxin is a potent selective in‐
hibitor of high (large or big) conductance Ca2+-activated potassium channels (KCa1.1, BK, or
maxi-K), as well as a Kv1.3 channel [130]. Kaliotoxin is a specific inhibitor of Kv1.1 and
Kv1.3 [131] and Iberiotoxin is a selective inhibitor of KCa1.1 channels (formerly BK) [132].
These peptides induced an improvement effect in passive avoidance test and olfactory dis‐
crimination task [133,134].

7. Final remarks

The stories of voltage-gated, ligand-gated ion channels and venom toxins are very closely tied.
Indeed, the isolation and structural characterization of venom molecules provided a ple‐
thora of tools that have been used in the investigation of ion channels structure-function
relationships. With the aid of arthropod toxins, remarkably, scorpionic toxins, the character‐
ization of sodium channels was possible. Spider and wasps polyamines, in turn are consid‐
ered unique ligands of  glutamatergic  and cholinergic  ionotropic  receptors.  Regarding to
peptides and small proteins, arthropod venoms possess an arsenal of these molecules that
remain largely unknown and consequently, their pharmacological potential is left unexplored.

Due to the mode of action of neurotoxins, their affinity and selectivity for neuronal struc‐
tures, many researchers consider them as probes to novel drugs design and development.
However, despite of the thousands of patents made with neurotoxins in the past 30 years,
very few molecules came to commercialization.
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1. Introduction

The kallikrein-kinin system is an extensively studied biological pathway and involves a multi-
protein complex, which includes serine proteinases from tissue and plasma. These proteinases
act on substrates as kininogens (high and low molecular weight), releasing the active kinins.
The main kinin is the nonapeptide bradykinin (BK).

Several studies aiming to evaluate the biological activities of the kinins revealed that this
peptide is implicated in diverse physiological processes as regulation of blood pressure,
cardiac, and renal function. Due to its ability to increase the vascular permeability by acting
on endothelial cells, BK is correlated to several pathological processes including inflammation.
These actions have been observed and described in both mammals and rodents [1].

The knowledge on the role of BK in various biological pathways as coagulation cascade, blood
pression regulation, and central nervous system modulation and signaling has been signifi‐
cantly improved, leading to the identification of BK receptors and posterior development of
drugs targeting its pathways [2].

This research was mainly driven by scientific studies on animal venoms, which lead to the
identification of the BK-related peptides (BRPs). The best, and maybe also the first, example
of such contribution was the discovery of the bradykinin-potentiating peptides (BPPs), first
described in Bothrops jararaca venom [3, 4]. The BPPs are proline-rich oligopeptides that inhibit
the angiotensin-converting enzyme (ACE), and that are responsible for the hypotensive effect
of the Bothrops genus snake venoms. The pharmacological effects of these peptides have been
studied since 70’s [3, 4], and allowed not only to the discovery of the neuropeptide BK [5], but
also to the development of the first active site-directed inhibitor of ACE as drug for the
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treatment of human hypertension [6]. In fact, several other drugs derived from venom toxins,
with or without modifications, are also commercially available (e.g. Captopril, Ancrod, and
Prialt) [7]. Moreover, the study of toxins has widely contributed to the identification of new
targets with therapeutic potential in mammals, as well as it has allowed to the understanding
and discovery of the biochemical pathways involving these targets.

Since then, the BPPs/BRPs have been found in several snake venoms, and also in wasps and
frogs, by using either biochemical or/and recombinant DNA techniques [8-11]. For instance,
molecular cloning studies using cDNA libraries of four species of snakes from Crotalinae
family showed evidences that these bioactive peptides are expressed by orthologous genes
[12]. The cloning of orthologous precursors from different snakes from Bothrops and Crotalus
genus allowed the identification of several new BPPs sequences [13-15], and some of them was
shown to display different specificity toward each active sites of the somatic ACE ectoenzyme
[16]. This was believed to be a great opportunity for the development of a new generation of
antihypertensive drugs.

The employment of recombinant DNA techniques were also fundamental to first determine
the structure of the precursor protein of BPPs, which was found to contain several sequences
of BPPs distributed as tandem repeats, followed by a C-type natriuretic peptide (CNP) at the
C-terminus of this precursor molecule [15]. In contrast to other members of the natriuretic
peptide (NP) family, CNP is synthesized in the brain and has hypotensive effect with no
significant diuretic or natriuretic actions [17]. Moreover, Northern blot analysis of several
snake tissues demonstrated the presence of similar BPPs-CNP precursor mRNA in non-
venomous tissues, such as the central nervous system (CNS) [14]. In situ hybridization studies
also detected the presence of the BPP/CNP-precursor mRNA in regions of snake brain
correlated with neuroendocrine functions, such as the ventromedial hypothalamus, paraven‐
tricular nuclei, paraventricular organ, and subcommissural organ [14]. Analogous CNP
precursor mRNAs was also described in similar regions in rat and human brains [18].

These studies suggesting the potential expression of BPPs in snake CNS stimulated us to
investigate the putative target(s) of these peptides. Based on the in vivo biodistribution studies
showing the preferential accumulation of BPPs in the rat kidney, and also a significant presence
in the brain, the first studies were conducted in theses tissues leading to the description of
several completely new potential targets and pathways, as the nicotinic acetylcoline receptors
[19], L-argininosuccinate synthase [20], and an orphan G protein-coupled receptor (GPCR)
[20]. The importance of both NO release for the antihypertensive effects of BPPs [20-22], and
also the involvement of the GPCRs, namely B2 receptor and M1 muscarinic receptor (mACh-
M1), in vasodialtion were demonstrated [23].

Together all these data collected during the last decade showed the pharmacologial signifi‐
cance of the BPPs and, more importantly, that the biological effects of these peptides, although
first believed, are not limited to the inhibiton of the somatic ACE [2]. The high variability of
molecular structures of these peptides reflecting in different specifities is an indicative that
there are still more to be discovered regarding the biological effects of this peptides family.
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In this book chapter, we intend to gather the most important results obtained up to now, thanks
to the isolation and characterization of BPPs from diverse organisms and to the knowledge
accumulated, while searching for new targets for these molecules.

2. The discovery of the snake venom BK and BRPs

The main function of snake venoms is still believed to be the immobilization of preys to ensure
feeding. The snake venoms are composed of a complex mixture of proteins and biologically
active peptides [24, 25]. The study of the pathophysiological mechanisms of poisoning and
molecular characterization of toxins from the venom of Bothrops jararaca resulted in many
scientific contributions of great importance, and among them, stand out the discovery of BK
[5] and the discovery of the first BRPs, more specifically the BPPs produced by the snake venom
glands, [4, 26] whose synergistic action is capable of causing a sharp drop in blood pressure
of small animals, for instance mammalian preys.

The BPPs are molecules able to enhance some pharmacological activities of BK, as the action
of contractile smooth muscle of guinea pig ileum evaluated in ex vivo assays [26], and also in
vivo, acting in the CNS, cardiovascular, and antinociceptive systems [27, 28]. The isolation of
the first BPPs expressed by the Bothrops jararaca venom glands was described in the early 60’s,
and they were initially coined as Bradykinin Potentiating Factors (BPF) due to their ability to
potentiate the effects of BK ignoring at that time the fact that these molecules were composed
by amino acid residues [26]. Only in early 70’s, when their primary sequence were determined,
which allowed to characterize them as peptide molecules, they were re-named as BPPs [3].
Since then, several peptides presenting similar structural characteristics have been identified
from the venom of these snakes and also from other snakes belonging to several different genus
[12, 13, 29-31]. Interestingly, they had also been described in wasps and frogs [8-11]. Typically,
the BPPs are peptides of 5-14 amino acid residues [32]. In general, all known naturally occuring
BPPs could be classified into two groups: (i) peptides of small molecular size like BPP-5a from
the venom of Bothrops jararaca, whose structural characteristic is a pyroglutamic acid at the N-
terminal and a proline residues at the C-terminal of molecule, and (ii) peptides consisting of
about ten amino acid residues, with a pyroglutamic acid at the N-terminal and a notable high
content of proline residues [32], which gives to them some resistance to hydrolysis by amino‐
peptidases, carboxypeptidases, and also endopeptidases [33].

2.1. cDNA cloning, identification and characterization of BRPs

The BK and its related peptides, e.g. the BRPs, are widely found in venomous animals, for
instance in snakes, lizards, frogs, and insects [10, 13, 34]. In general, they include several
sequences, either showing only one single amino acid substitution compared to BK or, in some
cases, presenting just a frugal sequence similarity, but with unquestionable biological/
functional correlation, for instance, acting on the same pathway or even same target protein.
In fact, these sequence variations were verified either by de novo sequencing of several BRPs
found in snake venoms [32] or by analysis of the deduced amino acid sequences of cDNAs
cloned from venomous glands [12, 14, 15], and in some cases by using both strategies [30, 34].
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[12]. The cloning of orthologous precursors from different snakes from Bothrops and Crotalus
genus allowed the identification of several new BPPs sequences [13-15], and some of them was
shown to display different specificity toward each active sites of the somatic ACE ectoenzyme
[16]. This was believed to be a great opportunity for the development of a new generation of
antihypertensive drugs.

The employment of recombinant DNA techniques were also fundamental to first determine
the structure of the precursor protein of BPPs, which was found to contain several sequences
of BPPs distributed as tandem repeats, followed by a C-type natriuretic peptide (CNP) at the
C-terminus of this precursor molecule [15]. In contrast to other members of the natriuretic
peptide (NP) family, CNP is synthesized in the brain and has hypotensive effect with no
significant diuretic or natriuretic actions [17]. Moreover, Northern blot analysis of several
snake tissues demonstrated the presence of similar BPPs-CNP precursor mRNA in non-
venomous tissues, such as the central nervous system (CNS) [14]. In situ hybridization studies
also detected the presence of the BPP/CNP-precursor mRNA in regions of snake brain
correlated with neuroendocrine functions, such as the ventromedial hypothalamus, paraven‐
tricular nuclei, paraventricular organ, and subcommissural organ [14]. Analogous CNP
precursor mRNAs was also described in similar regions in rat and human brains [18].

These studies suggesting the potential expression of BPPs in snake CNS stimulated us to
investigate the putative target(s) of these peptides. Based on the in vivo biodistribution studies
showing the preferential accumulation of BPPs in the rat kidney, and also a significant presence
in the brain, the first studies were conducted in theses tissues leading to the description of
several completely new potential targets and pathways, as the nicotinic acetylcoline receptors
[19], L-argininosuccinate synthase [20], and an orphan G protein-coupled receptor (GPCR)
[20]. The importance of both NO release for the antihypertensive effects of BPPs [20-22], and
also the involvement of the GPCRs, namely B2 receptor and M1 muscarinic receptor (mACh-
M1), in vasodialtion were demonstrated [23].

Together all these data collected during the last decade showed the pharmacologial signifi‐
cance of the BPPs and, more importantly, that the biological effects of these peptides, although
first believed, are not limited to the inhibiton of the somatic ACE [2]. The high variability of
molecular structures of these peptides reflecting in different specifities is an indicative that
there are still more to be discovered regarding the biological effects of this peptides family.
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In this book chapter, we intend to gather the most important results obtained up to now, thanks
to the isolation and characterization of BPPs from diverse organisms and to the knowledge
accumulated, while searching for new targets for these molecules.

2. The discovery of the snake venom BK and BRPs

The main function of snake venoms is still believed to be the immobilization of preys to ensure
feeding. The snake venoms are composed of a complex mixture of proteins and biologically
active peptides [24, 25]. The study of the pathophysiological mechanisms of poisoning and
molecular characterization of toxins from the venom of Bothrops jararaca resulted in many
scientific contributions of great importance, and among them, stand out the discovery of BK
[5] and the discovery of the first BRPs, more specifically the BPPs produced by the snake venom
glands, [4, 26] whose synergistic action is capable of causing a sharp drop in blood pressure
of small animals, for instance mammalian preys.

The BPPs are molecules able to enhance some pharmacological activities of BK, as the action
of contractile smooth muscle of guinea pig ileum evaluated in ex vivo assays [26], and also in
vivo, acting in the CNS, cardiovascular, and antinociceptive systems [27, 28]. The isolation of
the first BPPs expressed by the Bothrops jararaca venom glands was described in the early 60’s,
and they were initially coined as Bradykinin Potentiating Factors (BPF) due to their ability to
potentiate the effects of BK ignoring at that time the fact that these molecules were composed
by amino acid residues [26]. Only in early 70’s, when their primary sequence were determined,
which allowed to characterize them as peptide molecules, they were re-named as BPPs [3].
Since then, several peptides presenting similar structural characteristics have been identified
from the venom of these snakes and also from other snakes belonging to several different genus
[12, 13, 29-31]. Interestingly, they had also been described in wasps and frogs [8-11]. Typically,
the BPPs are peptides of 5-14 amino acid residues [32]. In general, all known naturally occuring
BPPs could be classified into two groups: (i) peptides of small molecular size like BPP-5a from
the venom of Bothrops jararaca, whose structural characteristic is a pyroglutamic acid at the N-
terminal and a proline residues at the C-terminal of molecule, and (ii) peptides consisting of
about ten amino acid residues, with a pyroglutamic acid at the N-terminal and a notable high
content of proline residues [32], which gives to them some resistance to hydrolysis by amino‐
peptidases, carboxypeptidases, and also endopeptidases [33].

2.1. cDNA cloning, identification and characterization of BRPs

The BK and its related peptides, e.g. the BRPs, are widely found in venomous animals, for
instance in snakes, lizards, frogs, and insects [10, 13, 34]. In general, they include several
sequences, either showing only one single amino acid substitution compared to BK or, in some
cases, presenting just a frugal sequence similarity, but with unquestionable biological/
functional correlation, for instance, acting on the same pathway or even same target protein.
In fact, these sequence variations were verified either by de novo sequencing of several BRPs
found in snake venoms [32] or by analysis of the deduced amino acid sequences of cDNAs
cloned from venomous glands [12, 14, 15], and in some cases by using both strategies [30, 34].
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The pharmacological evaluations revealed that even acting in the same pathway, they can
show distinct biological activities compared to BK, including potentiating its effects by
inhibition of its degradation or by acting on receptors and/or molecules involved in the BK
signaling pathway, including activating or blocking the BK receptors [10, 35]. As such, the
BRPs also include BPPs and the Bradykinin Inhibitor Peptides (BIPs) [13, 29, 32, 36].

2.2. BPPs and BIPs

Helokinestatins are a family of proline-rich peptides (PRPs) found originally in the lizard
venom (Heloderma suspectum) that display the function of inhibiting the BK actions on the
vascular smooth muscle [35]. Synthetic replicates of all helokinestatins were found to antag‐
onize the relaxation effect observed following BK application to a rat arterial smooth muscle
preparation, and hence, represent a family of BRPs also known as BIPs [34].

In contrast, BPPs firstly described and isolated from the venom of the Brazilian snake Bothrops
jararaca are mainly known due to their ability to potentiate the biological effects of BK [3, 26].
These BRPs are one of the most outstanding group of PRPs, as they were used as structural
and functional template/model for the development of a drug employed up to now for the
treatment of human hypertension [6].

Although functionally related to the BK and also present with the NPs in the same precursor
protein, the helokinestatins are quite different from the snake venom BPPs [12, 30, 31, 37-39].
PRPs with the same BK inhibitory characteristics have also been described in the ‘venomous’
secretion of two species of anguid lizards, the Texas alligator (Gerrhonotus infernalis) and the
Giant Hispanolian galliwasp (Celestus warreni) [38]. Although the primary structural variation of
the peptides from these species, they share several common features [34]. For instance, they
are peptides rich in prolyl residues (30-50%), which confer rigidity and order to the spatial
structure features, and also a measure of resistance to generalized proteolysis. They all possess
a Pro-Arg dipeptide motif at the C-terminus, which is quite different from the C-terminal Ile/
Val-Pro-Pro motif present in most BPPs C-terminus extremity [12]. The high degree of
conservation of these structural core features across phylogeny suggest a fundamental
biological function for this group of peptides in the lizards venoms. Among the two closely-
related species of helodermatid lizards, several helokinestatins have fully-conserved primary
structure, while several others present different sequences. Similarly to the BRPs from
amphibian skin [40] and snakes venom [13, 14, 30], helokinestatins compose tandem repeat
domains in their respective precursor proteins, probably reflecting discrete exons within the
genomic DNA. As already mentioned, some tandem repeats are composed by identical
primary structure, while some others exhibit significant amino acid substitutions. prominent
And this process of exon multiplication might facilitate the molecular diversity, by permitting
the expression of site-mutated isoforms, which is a phenomenon often described for bioactive
peptide-encoding genes, as also observed for the glucagon gene in vertebrates [41].

Cloning and alignment of cDNAs encoding BRPs precursors from the venom gland and brain
of a pit viper have allowed observing a higher degree of sequence consevation for the regions
not including the bioative peptides, and a higher variation in the primary structure of these
biological active peptides [14]. These results were shown to be in good agreement with the
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accelerated evolution hypothesis suggested by Ohno and colleagues [42]. According to this
hypothesis, the more frequent occurrence of nucleotide nonsynonymous substitutions in the
coding regions compared to the untranslated regions (UTRs) of the genes allows specific genes
to evolve in an accelerated fashion to attain unique physiological activity. On the other hand,
despite the consequent changes in the BRPs sequences observed, both the high content of
proline residues and the biological activities correlated to BK effects are still maintained (Figure
1). Another highly conserved region involves the sequence of the NPs always present in C-
terminus extremity of all known BRPs precursor proteins [12-15, 30, 31, 34, 36].

2.3. BRPs and NPs

The NP system consists of three types of hormones [atrial NP (ANP), brain or B-type NP (BNP),
and C-type NP (CNP)], and three types of receptors [NP receptor (R)-A, NPR-B, and NPR-C].
Both ANP and BNP are circulating hormones secreted from the heart, whereas CNP is basically
a neuropeptide. The NP system plays pivotal roles in cardiovascular and body fluid homeo‐
stasis. The ANP is secreted in response to an increase in blood volume, and acts on various
organs to decrease both water and Na+, resulting in restoration of blood volume. The family
of NPs were originally Na+-extruding hormones in fishes; however, they evolved to be volume-
depleting hormones promoting the excretion of both Na+ and water in tetrapods, in which both
are always regulated in the same direction. Vertebrates expanded their habitats from fresh
water to the sea or to land during evolution. The structure and function of osmoregulatory
hormones have also undergone evolution during this ecological evolution [43].

Members of the NPs family have been detected in several snake venoms, and they have been
shown to be located in the same precursor protein containing multiple BRPs sequences. While
this organization was demonstrated for many species of viperid snakes, including members
of the genera Bothrops, Crotalus, Lachesis, Agkistrodon, and Trimeresurus [12, 13, 15, 30, 31], it
may extend to some other taxa such as Bitis gabonica, that was also shown to have BPPs in their
venom [12, 13, 15, 30, 31, 44]. The presence of NPs in some elapid snakes venom (Dendroaspis)
has also been described [45]. It has been shown that the venom-derived NP precursors from
helodermatid lizard have a structural organization similar to that found in many BRPs
precursors from viperid snake venoms. However, the additionally encoded tandem-repeat
peptides are non-canonical BPPs, based on their primary structural characteristics or in terms
of the amino acid cleavage site, presenting characteristics of a recognition site typical of
propeptide convertase enzymes, that eventually might be the potential responsible for the
release of the mature BIPs from the respective biosynthetic precursors [36]. However, the BPP/
CNP biosynthetic precursors of the bushmaster (Lachesis muta), the tropical rattlesnake
(Crotalus durissus terrificus), and the massasauga rattlesnake from desert (Sistrurus catenatus
ewardsi) showed that, in addition to the classical BPPs and a NP sequence, they all also encode
single copies of a BIP exhibiting a closer structural similarity, and a propeptide convertase
cleavage site that allows the release of the BIP helokinestatins, whose sequences are
[TPPAGPDVGPR] or [TPPAGPDGGPR] [36] (Figure 1). On the other hand, putative heloki‐
nestatins peptides could not be identified in the BPP/CNP precursor of snakes as Bothrops
jararaca, Bothrops jararacussu, and Agkistrodon blomhoffi (Figure 1). The phylogenetic analysis
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The pharmacological evaluations revealed that even acting in the same pathway, they can
show distinct biological activities compared to BK, including potentiating its effects by
inhibition of its degradation or by acting on receptors and/or molecules involved in the BK
signaling pathway, including activating or blocking the BK receptors [10, 35]. As such, the
BRPs also include BPPs and the Bradykinin Inhibitor Peptides (BIPs) [13, 29, 32, 36].

2.2. BPPs and BIPs

Helokinestatins are a family of proline-rich peptides (PRPs) found originally in the lizard
venom (Heloderma suspectum) that display the function of inhibiting the BK actions on the
vascular smooth muscle [35]. Synthetic replicates of all helokinestatins were found to antag‐
onize the relaxation effect observed following BK application to a rat arterial smooth muscle
preparation, and hence, represent a family of BRPs also known as BIPs [34].

In contrast, BPPs firstly described and isolated from the venom of the Brazilian snake Bothrops
jararaca are mainly known due to their ability to potentiate the biological effects of BK [3, 26].
These BRPs are one of the most outstanding group of PRPs, as they were used as structural
and functional template/model for the development of a drug employed up to now for the
treatment of human hypertension [6].

Although functionally related to the BK and also present with the NPs in the same precursor
protein, the helokinestatins are quite different from the snake venom BPPs [12, 30, 31, 37-39].
PRPs with the same BK inhibitory characteristics have also been described in the ‘venomous’
secretion of two species of anguid lizards, the Texas alligator (Gerrhonotus infernalis) and the
Giant Hispanolian galliwasp (Celestus warreni) [38]. Although the primary structural variation of
the peptides from these species, they share several common features [34]. For instance, they
are peptides rich in prolyl residues (30-50%), which confer rigidity and order to the spatial
structure features, and also a measure of resistance to generalized proteolysis. They all possess
a Pro-Arg dipeptide motif at the C-terminus, which is quite different from the C-terminal Ile/
Val-Pro-Pro motif present in most BPPs C-terminus extremity [12]. The high degree of
conservation of these structural core features across phylogeny suggest a fundamental
biological function for this group of peptides in the lizards venoms. Among the two closely-
related species of helodermatid lizards, several helokinestatins have fully-conserved primary
structure, while several others present different sequences. Similarly to the BRPs from
amphibian skin [40] and snakes venom [13, 14, 30], helokinestatins compose tandem repeat
domains in their respective precursor proteins, probably reflecting discrete exons within the
genomic DNA. As already mentioned, some tandem repeats are composed by identical
primary structure, while some others exhibit significant amino acid substitutions. prominent
And this process of exon multiplication might facilitate the molecular diversity, by permitting
the expression of site-mutated isoforms, which is a phenomenon often described for bioactive
peptide-encoding genes, as also observed for the glucagon gene in vertebrates [41].

Cloning and alignment of cDNAs encoding BRPs precursors from the venom gland and brain
of a pit viper have allowed observing a higher degree of sequence consevation for the regions
not including the bioative peptides, and a higher variation in the primary structure of these
biological active peptides [14]. These results were shown to be in good agreement with the
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accelerated evolution hypothesis suggested by Ohno and colleagues [42]. According to this
hypothesis, the more frequent occurrence of nucleotide nonsynonymous substitutions in the
coding regions compared to the untranslated regions (UTRs) of the genes allows specific genes
to evolve in an accelerated fashion to attain unique physiological activity. On the other hand,
despite the consequent changes in the BRPs sequences observed, both the high content of
proline residues and the biological activities correlated to BK effects are still maintained (Figure
1). Another highly conserved region involves the sequence of the NPs always present in C-
terminus extremity of all known BRPs precursor proteins [12-15, 30, 31, 34, 36].

2.3. BRPs and NPs

The NP system consists of three types of hormones [atrial NP (ANP), brain or B-type NP (BNP),
and C-type NP (CNP)], and three types of receptors [NP receptor (R)-A, NPR-B, and NPR-C].
Both ANP and BNP are circulating hormones secreted from the heart, whereas CNP is basically
a neuropeptide. The NP system plays pivotal roles in cardiovascular and body fluid homeo‐
stasis. The ANP is secreted in response to an increase in blood volume, and acts on various
organs to decrease both water and Na+, resulting in restoration of blood volume. The family
of NPs were originally Na+-extruding hormones in fishes; however, they evolved to be volume-
depleting hormones promoting the excretion of both Na+ and water in tetrapods, in which both
are always regulated in the same direction. Vertebrates expanded their habitats from fresh
water to the sea or to land during evolution. The structure and function of osmoregulatory
hormones have also undergone evolution during this ecological evolution [43].

Members of the NPs family have been detected in several snake venoms, and they have been
shown to be located in the same precursor protein containing multiple BRPs sequences. While
this organization was demonstrated for many species of viperid snakes, including members
of the genera Bothrops, Crotalus, Lachesis, Agkistrodon, and Trimeresurus [12, 13, 15, 30, 31], it
may extend to some other taxa such as Bitis gabonica, that was also shown to have BPPs in their
venom [12, 13, 15, 30, 31, 44]. The presence of NPs in some elapid snakes venom (Dendroaspis)
has also been described [45]. It has been shown that the venom-derived NP precursors from
helodermatid lizard have a structural organization similar to that found in many BRPs
precursors from viperid snake venoms. However, the additionally encoded tandem-repeat
peptides are non-canonical BPPs, based on their primary structural characteristics or in terms
of the amino acid cleavage site, presenting characteristics of a recognition site typical of
propeptide convertase enzymes, that eventually might be the potential responsible for the
release of the mature BIPs from the respective biosynthetic precursors [36]. However, the BPP/
CNP biosynthetic precursors of the bushmaster (Lachesis muta), the tropical rattlesnake
(Crotalus durissus terrificus), and the massasauga rattlesnake from desert (Sistrurus catenatus
ewardsi) showed that, in addition to the classical BPPs and a NP sequence, they all also encode
single copies of a BIP exhibiting a closer structural similarity, and a propeptide convertase
cleavage site that allows the release of the BIP helokinestatins, whose sequences are
[TPPAGPDVGPR] or [TPPAGPDGGPR] [36] (Figure 1). On the other hand, putative heloki‐
nestatins peptides could not be identified in the BPP/CNP precursor of snakes as Bothrops
jararaca, Bothrops jararacussu, and Agkistrodon blomhoffi (Figure 1). The phylogenetic analysis
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Figure 1. Alignment of the amino acid sequences of BRPs precursors. Organization of the BPP/CNP and helokines‐
tatin/CNP precursor from venoms, indicating the mature BPPs (grey), helokinestatins, BIPs (red), and CNP (underlined)
Note that precursors of C. durissus, L. muta, and S. catenatus present both mature BPPs and BIPs in their sequences.
The conserved amino acid seqeunces compared to fragments involving the CNP region are highlighted (pink) and the
proline residues are indicated by boxes.
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presented here separates NPs precursor of different species into three distinct groups, those
which contain in their precursor sequence (i) only BPPs, (ii) only BIPs, and/or (iii) both BRPs,
i.e. BPPs and BIPs (Figure 1 and 2), suggesting that mutations in the coding regions of BRPs
were important for the adaptative changes along evolution of the venom system [40].

Figure 2. Phylogenetic tree based on BRP/NPs precursors. The phylogenetic analysis was performed using T-Coffee
- Multiple Sequence Alignment avaiable at http://www.ebi.ac.uk/Tools/msa/tcoffee/. In this analysis, protein sequen‐
ces of BRP/CNP precursors from reptiles were used. The NPs precursor of A. blomhoffi. B. jararaca, and B. jararacussu
contain only BPP sequences; C. warreni, G. infernalis, H. suspectum, and H. horridum contain only BIP sequences and, C.
durrissus, L. mutta, and S. catenatus contain both BRPs sequences, i.e. BPP and BIP. Despite the aligned B. martensii
sequence was partial, and therefore does not contain the sequence coding for BRPs, this species was found to express
the closest related precursor sequence to those containing only BIPs and to the B. jararaca non-coding RNA homolo‐
gous to BPP/CNP precursor.

2.4. Molecular evolution of genes encoding BRPs

Here, we take BPP/CNP and helokinestatin/CNP precursors as examples to illustrate the
evolution of a gene, since BPP/CNP precursor is also expressed in other tissues of Bothrops jararaca
besides the venom gland, incluing brain and spleen [14, 15]. A high similarity was oberved for
the BPP/CNP cDNAs isolated from brain and venom gland, although they are not identical to
each other as it should be expected [14]. Three out of the five BPP isoforms present in the brain
precursor (BPPs of 5, 10 and 13 amino acid residues) were identical to those found in the venom
gland precursor [14]. Moreover, most of insertions/deletions and point mutations were observed
within the BPP/CNP coding region, suggesting an effect of a Darwinian-type accelerated
evolution frequently observed intra-specie [42, 46] This process has been widely observed, since
a number of neuropeptides and hormones, such as the NPs [15, 47] and the vascular endotheli‐
um growth factor [48] evolved into toxins in the venom gland of poisonous animals.

It is believed that BRPs from the venom may be considered the toxin counterparts of endoge‐
nous peptides. It has also been suggested that both CNP and BPPs could be physiologically
associated, to perform fluid homeostasis and regulation of the vascular tonus, since BPP/CNP
precursor are present in regions of the snake brain showed to be involved in the control of
these activities, as described for the mammalian CNS [14].
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Figure 1. Alignment of the amino acid sequences of BRPs precursors. Organization of the BPP/CNP and helokines‐
tatin/CNP precursor from venoms, indicating the mature BPPs (grey), helokinestatins, BIPs (red), and CNP (underlined)
Note that precursors of C. durissus, L. muta, and S. catenatus present both mature BPPs and BIPs in their sequences.
The conserved amino acid seqeunces compared to fragments involving the CNP region are highlighted (pink) and the
proline residues are indicated by boxes.
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presented here separates NPs precursor of different species into three distinct groups, those
which contain in their precursor sequence (i) only BPPs, (ii) only BIPs, and/or (iii) both BRPs,
i.e. BPPs and BIPs (Figure 1 and 2), suggesting that mutations in the coding regions of BRPs
were important for the adaptative changes along evolution of the venom system [40].

Figure 2. Phylogenetic tree based on BRP/NPs precursors. The phylogenetic analysis was performed using T-Coffee
- Multiple Sequence Alignment avaiable at http://www.ebi.ac.uk/Tools/msa/tcoffee/. In this analysis, protein sequen‐
ces of BRP/CNP precursors from reptiles were used. The NPs precursor of A. blomhoffi. B. jararaca, and B. jararacussu
contain only BPP sequences; C. warreni, G. infernalis, H. suspectum, and H. horridum contain only BIP sequences and, C.
durrissus, L. mutta, and S. catenatus contain both BRPs sequences, i.e. BPP and BIP. Despite the aligned B. martensii
sequence was partial, and therefore does not contain the sequence coding for BRPs, this species was found to express
the closest related precursor sequence to those containing only BIPs and to the B. jararaca non-coding RNA homolo‐
gous to BPP/CNP precursor.

2.4. Molecular evolution of genes encoding BRPs

Here, we take BPP/CNP and helokinestatin/CNP precursors as examples to illustrate the
evolution of a gene, since BPP/CNP precursor is also expressed in other tissues of Bothrops jararaca
besides the venom gland, incluing brain and spleen [14, 15]. A high similarity was oberved for
the BPP/CNP cDNAs isolated from brain and venom gland, although they are not identical to
each other as it should be expected [14]. Three out of the five BPP isoforms present in the brain
precursor (BPPs of 5, 10 and 13 amino acid residues) were identical to those found in the venom
gland precursor [14]. Moreover, most of insertions/deletions and point mutations were observed
within the BPP/CNP coding region, suggesting an effect of a Darwinian-type accelerated
evolution frequently observed intra-specie [42, 46] This process has been widely observed, since
a number of neuropeptides and hormones, such as the NPs [15, 47] and the vascular endotheli‐
um growth factor [48] evolved into toxins in the venom gland of poisonous animals.

It is believed that BRPs from the venom may be considered the toxin counterparts of endoge‐
nous peptides. It has also been suggested that both CNP and BPPs could be physiologically
associated, to perform fluid homeostasis and regulation of the vascular tonus, since BPP/CNP
precursor are present in regions of the snake brain showed to be involved in the control of
these activities, as described for the mammalian CNS [14].
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It is known that in the process of evolution, several mutations may occur in the genes, some of
which not affecting the mature protein sequence, while others might lead even to the genera‐
tion of messenger RNAs that are not translated into proteins. In 2000’s it was first shown that
non-coding RNAs can be involved in several roles including repression of genes, catalysis,
regulation of the development process, among others [49]. A non-coding mRNA showing a
sequence similarity to the BPPs precursor of the pit viper Bothrops jararaca was cloned by us from
the venom gland [Genbank Acc. No. AY310916.1]. This long RNA sequence does not encode a
protein, since several stop codons were observed for all possible reading frames (Figure 3).

Figure 3. Potential deduced amino acid sequences from the all possible frames of the non-coding RNA homologous
to the BPP/CNP precursor coding RNA both from Bothrops jararaca. Total mRNA obtained from Bothrops jararaca ven‐
om gland higher than 2 Kb length was used to construct the long cDNA library. The complete cDNA sequence of the
BPP/CNP precursor (clone NM 96) was used as template to screen about 2 x 106 clones, allowing the identification of
four independent positive clones containing identical inserts of approximately 3.5 Kb [15]. All potential frames of the
Bothrops jararaca BPP/CNP-related pseudogene mRNA presents a high content of stop codons (bold), as shown by the
representative amino acid deduced sequence from one of the possible reading frames. No signal peptide could ob‐
served, although several methionine (Met) residues (underlined) that does not seem to represent an initial of transla‐
tion were found.

These non-coding RNAs are usually transcribed by a gene known as a pseudogene, which are
often found in the genomes of several life forms, including bacteria, plants, insects, and
vertebrates [50]. The pseudogene is a sequence that is present in the genome, and it is typically
characterized by presenting high similarity with one or more functional gene paralogs. The
pseudogene can be derived from gene duplication occurred by two different pathways:
retrotransposition or duplication of genomic DNA [50].

The regulation of the expression of a functional gene showing sequence similarity to a
pseudogene has been reported [51]. Generally, the sequence similarity between functional
genes and pseudogenes is observed at the 5' UTR fragment. However, for the comparison of
the non-coding RNA and the RNA coding for BPP/CNP precursor, a high similarity was
observed only for the 3’ UTR sequence (Figure 4). Moreover, the non-coding RNA is of
approximately 3.5 Kb, while the RNA coding for the BPPs precursor is of about 1.8 Kb, and its
RNA expression was found to be about 6-fold higher than that of the 3.5 Kb non-coding RNA.
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Nevertheless, it is also possible that non-coding RNA of 3.5 Kb [GenBank Acc. No. AY310916.1]
may also ensures the stability of the functional coding messenger RNA, since the stability of
messenger RNAs is preferably controlled by factors present in the 3' UTR region [52].

Figure 4. Partial sequence alignment of theBothrops jararaca BPP/C NP-related pseudogene mRNA and mRNA
coding for BPP/CNP precursor. Alignment of the nucleotide sequences of a segment of the pseudogene mRNA
(non-coding: upper sequence) and the mRNA coding for BPP/CNP precursor (BPP-coding: lower sequence) was per‐
formed using the Clustaw W program, available at http://www2.ebi.ac.uk/clustalw/. Identical nucleotides are indicat‐
ed by “*” and insertions or deletions are represented by gaps (-).The boldface type letters indicate the region with
higher similarity between the RNA sequences, corresponding to about 97% identity in this region.
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It is known that in the process of evolution, several mutations may occur in the genes, some of
which not affecting the mature protein sequence, while others might lead even to the genera‐
tion of messenger RNAs that are not translated into proteins. In 2000’s it was first shown that
non-coding RNAs can be involved in several roles including repression of genes, catalysis,
regulation of the development process, among others [49]. A non-coding mRNA showing a
sequence similarity to the BPPs precursor of the pit viper Bothrops jararaca was cloned by us from
the venom gland [Genbank Acc. No. AY310916.1]. This long RNA sequence does not encode a
protein, since several stop codons were observed for all possible reading frames (Figure 3).

Figure 3. Potential deduced amino acid sequences from the all possible frames of the non-coding RNA homologous
to the BPP/CNP precursor coding RNA both from Bothrops jararaca. Total mRNA obtained from Bothrops jararaca ven‐
om gland higher than 2 Kb length was used to construct the long cDNA library. The complete cDNA sequence of the
BPP/CNP precursor (clone NM 96) was used as template to screen about 2 x 106 clones, allowing the identification of
four independent positive clones containing identical inserts of approximately 3.5 Kb [15]. All potential frames of the
Bothrops jararaca BPP/CNP-related pseudogene mRNA presents a high content of stop codons (bold), as shown by the
representative amino acid deduced sequence from one of the possible reading frames. No signal peptide could ob‐
served, although several methionine (Met) residues (underlined) that does not seem to represent an initial of transla‐
tion were found.

These non-coding RNAs are usually transcribed by a gene known as a pseudogene, which are
often found in the genomes of several life forms, including bacteria, plants, insects, and
vertebrates [50]. The pseudogene is a sequence that is present in the genome, and it is typically
characterized by presenting high similarity with one or more functional gene paralogs. The
pseudogene can be derived from gene duplication occurred by two different pathways:
retrotransposition or duplication of genomic DNA [50].

The regulation of the expression of a functional gene showing sequence similarity to a
pseudogene has been reported [51]. Generally, the sequence similarity between functional
genes and pseudogenes is observed at the 5' UTR fragment. However, for the comparison of
the non-coding RNA and the RNA coding for BPP/CNP precursor, a high similarity was
observed only for the 3’ UTR sequence (Figure 4). Moreover, the non-coding RNA is of
approximately 3.5 Kb, while the RNA coding for the BPPs precursor is of about 1.8 Kb, and its
RNA expression was found to be about 6-fold higher than that of the 3.5 Kb non-coding RNA.
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Nevertheless, it is also possible that non-coding RNA of 3.5 Kb [GenBank Acc. No. AY310916.1]
may also ensures the stability of the functional coding messenger RNA, since the stability of
messenger RNAs is preferably controlled by factors present in the 3' UTR region [52].

Figure 4. Partial sequence alignment of theBothrops jararaca BPP/C NP-related pseudogene mRNA and mRNA
coding for BPP/CNP precursor. Alignment of the nucleotide sequences of a segment of the pseudogene mRNA
(non-coding: upper sequence) and the mRNA coding for BPP/CNP precursor (BPP-coding: lower sequence) was per‐
formed using the Clustaw W program, available at http://www2.ebi.ac.uk/clustalw/. Identical nucleotides are indicat‐
ed by “*” and insertions or deletions are represented by gaps (-).The boldface type letters indicate the region with
higher similarity between the RNA sequences, corresponding to about 97% identity in this region.
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In the BPP/CNP precursor of Bothrops jararaca, the pentapeptide BPP-5a [QKWAP] that was
used as template for the development of the antihypertensive drug captopril, is found
duplicated, i.e., there are two copies of the same peptide in a single precursor protein. It is
believed that this peptide might have a special importance in the venom of snakes belonging
to the Bothrops genus, since it is also found repeated three times in isoform 1 [GenBank Acc.
No. AY310914.1], and four times in isoform 2 [Genbank Acc. No. AY310915.1] of the precursors
isolated from Bothrops jararacussu venom glands (Figure 5). In fact, BPP-5a is a potent poten‐
tiator of the BK effects in isolated guinea pig ileum, and also in vivo [29].

Figure 5. Partial nucleotide and amino acid sequences of the BPP/CNP of precursor fromBothrops jararacussu
(isoform 1 and 2). Shaded in grey, the amino acid sequences of the C-type natriuretic peptide (CNP). Sequences of
new putative BPPs are shown in green, and the underlined sequences correspond to other previously known BPPs. In
red, the pentapeptide BPP-5a that was found in duplicate in the pit viper precursor and, triplicate and quadruplicate in
the isoforms 1 and 2, respectively, of the precursor from Bothrops jararacussu. Symbol “M” represents the initial me‐
thionine and (-) the stop codon.

3. BRPs as structural model for drug development

The discovery of the potential inhibitory action of BPPs on ACE brought a great interest in
these natural peptides, since the importance of ACE in blood pressure control and the urge to
develop a therapy for cardiovascular disease, as hypertension, was iminent [2].

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

128

At that time, among the identified peptides were BPP-9a, under the generic name of teprotide,
and the BPP-5a, which was also one of first BPP to be characterized. Assays using these
peptides showed that BPP-9a was more effective and had a longer lasting effect in blood
pressure compared to BPP-5a [53]. Therefore, BPP-9a was used in the first clinical demonstra‐
tion of the potential use of BPPs for the hypertension control in humans, showing a significant
antihypertensive effect [54, 55].

However, on that time it was demonstrated that the therapeutic utility of BPP-9a was limited
by the lack of activity by oral administration and the high cost of its synthesis [54, 56, 57].
Therefore, the pharmaceutical development of a non-peptide inhibitor of ACE orally effective
was essential. Thus, molecular structure of the BRPs, namely BPP-5a and BPP-9a, were studied
by Cushman and Ondetti [3, 58], who suggested specific interaction of the proline, present at
the C-terminal of these peptides, with the ACE active site [59]. Thus, captopril was synthetized
by simple addition of a chelator radical to a dipeptide containing a proline residue (BPP
carboxy-terminal amino acid) [59]. Unodoubtely captopril was a blockbuster drug that
inspired the creation of generations of mimetic antihypertensive compounds [2].

4. Biological activities of BRPs

4.1. Interference of BRPs in the renin-angiotensin and kallikrein-kinin system

The ACE (EC 3.4.15.1) is mainly expressed in vascular endothelium in epithelial cells of the
proximal tubules of the kidney, brain, and intestinal cells [60]. This enzyme is responsible for
conversion of angiotensin I (Ang I) to angiotensin II (Ang II), and for the degradation of BK.
Therefore, this enzyme has roles in both renin-angiotensin and kallikrein-kinin system [61].

The renin-angiotensin system (RAS) is composed by a set of peptides, enzymes, and receptors,
that are involved in the control of the extracellular fluid and blood pressure [62]. The formation
of the effector peptide of this system occurs initially by the action of the renin released by the
kidneys [62] that acts on the angiotensinogen produced in the liver [63]. This leads to the
generation of the decapeptide Ang I, which then is cleaved by ACE to form the octapeptide
Ang II, a potent antihypertensive molecule [64]. Ang II actions is mediated by the angiotensin
receptors AT1 and AT2. The binding of Ang II to the AT1 receptor triggers several cellular
processes, among them vasoconstriction, protein synthesis, cell growth, regulation of renal
function, and electrolyte balance [65]. Ang II also acts as a neurotransmitter and as a neuro‐
regulador, modulating the central control of the blood pressure, influencing the sympathetic
activity, salt appetite, and thirst [65].

The kallikrein-kinin system (KKS) is a metabolic cascade in which the tissue and plasma
kallikrein release vasoactive kinins from both high and low molecular weight kininogens. The
nonapeptide BK, derived from the cleavage of the high molecular weight kininogen by
kallikrein, is the major plasma kinin playing a role in the KKS [66].

Kinins are involved in various physiological and pathological processes, including vasodila‐
tion, increased vascular permeability, release of plasminogen activator of tissue type (t-PA),
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3. BRPs as structural model for drug development

The discovery of the potential inhibitory action of BPPs on ACE brought a great interest in
these natural peptides, since the importance of ACE in blood pressure control and the urge to
develop a therapy for cardiovascular disease, as hypertension, was iminent [2].
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At that time, among the identified peptides were BPP-9a, under the generic name of teprotide,
and the BPP-5a, which was also one of first BPP to be characterized. Assays using these
peptides showed that BPP-9a was more effective and had a longer lasting effect in blood
pressure compared to BPP-5a [53]. Therefore, BPP-9a was used in the first clinical demonstra‐
tion of the potential use of BPPs for the hypertension control in humans, showing a significant
antihypertensive effect [54, 55].

However, on that time it was demonstrated that the therapeutic utility of BPP-9a was limited
by the lack of activity by oral administration and the high cost of its synthesis [54, 56, 57].
Therefore, the pharmaceutical development of a non-peptide inhibitor of ACE orally effective
was essential. Thus, molecular structure of the BRPs, namely BPP-5a and BPP-9a, were studied
by Cushman and Ondetti [3, 58], who suggested specific interaction of the proline, present at
the C-terminal of these peptides, with the ACE active site [59]. Thus, captopril was synthetized
by simple addition of a chelator radical to a dipeptide containing a proline residue (BPP
carboxy-terminal amino acid) [59]. Unodoubtely captopril was a blockbuster drug that
inspired the creation of generations of mimetic antihypertensive compounds [2].

4. Biological activities of BRPs

4.1. Interference of BRPs in the renin-angiotensin and kallikrein-kinin system

The ACE (EC 3.4.15.1) is mainly expressed in vascular endothelium in epithelial cells of the
proximal tubules of the kidney, brain, and intestinal cells [60]. This enzyme is responsible for
conversion of angiotensin I (Ang I) to angiotensin II (Ang II), and for the degradation of BK.
Therefore, this enzyme has roles in both renin-angiotensin and kallikrein-kinin system [61].

The renin-angiotensin system (RAS) is composed by a set of peptides, enzymes, and receptors,
that are involved in the control of the extracellular fluid and blood pressure [62]. The formation
of the effector peptide of this system occurs initially by the action of the renin released by the
kidneys [62] that acts on the angiotensinogen produced in the liver [63]. This leads to the
generation of the decapeptide Ang I, which then is cleaved by ACE to form the octapeptide
Ang II, a potent antihypertensive molecule [64]. Ang II actions is mediated by the angiotensin
receptors AT1 and AT2. The binding of Ang II to the AT1 receptor triggers several cellular
processes, among them vasoconstriction, protein synthesis, cell growth, regulation of renal
function, and electrolyte balance [65]. Ang II also acts as a neurotransmitter and as a neuro‐
regulador, modulating the central control of the blood pressure, influencing the sympathetic
activity, salt appetite, and thirst [65].

The kallikrein-kinin system (KKS) is a metabolic cascade in which the tissue and plasma
kallikrein release vasoactive kinins from both high and low molecular weight kininogens. The
nonapeptide BK, derived from the cleavage of the high molecular weight kininogen by
kallikrein, is the major plasma kinin playing a role in the KKS [66].

Kinins are involved in various physiological and pathological processes, including vasodila‐
tion, increased vascular permeability, release of plasminogen activator of tissue type (t-PA),
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and nitric oxide (NO) and arachidonic acid metabolism, mainly due to their ability to activate
endothelial cells [66]. Thus, the kinins participate in the physiologically regulation of blood
pressure, cardiac and renal functions, and also in pathological processes as inflammation [66].

The several pharmacological activities of kinins are mediated basically by the their binding to
two types of specific receptors (B1 and B2 receptors), prior to their fast metabolization by
various peptidases [67].

Actions such as vasodilation and hypotension are mediated by the B2 receptor by releasing of
NO, prostacyclin, and endothelium-derived hyperpolarizing factor (EDHF). On the other
hand, the actions mediated by the B1 receptors include important roles in angiogenesis,
inflammation, and septic shock [68]. Moreover, unlike B2 receptor, B1 receptor is not consti‐
tutively expressed, and its expression is induced by mediators of inflammation in conditions
of injury [68].

The primarily responsible for the degradation of BK are the peptidases (zinc metallopeptidas‐
es) including ACE [67]. Since the early 90’s, it is well known that somatic ACE has two active
sites, the N-terminus (N-site) and the C-terminus (C-site) active sites [69]. Although in vitro,
the two active sites are equally effective to convert Ang I to Ang II, as well as to degrade the
BK into BK1-7 and BK1-5 [70], the N-site is several times more effective to hydrolyze other
bioactive peptides, such as the AcSDKP, a negative regulatory factor for differentiation and
proliferation of hematopoietic stem cells [71].

Thus, ACE inhibitors as BPPs inhibit not only the generation of Ang II, but also potentiate the
effects of BK, by inhibiting its degradation. Therefore, the physiological effects of the angio‐
tensin system are decreased (since there is no formation of Ang II), and the physiological effects
of KKS are potentiated (due to inhibition of the BK degradation). In contrast, the BIPs, most
known as helokinestatins, inhibit KKS by blocking the B2 receptor (Figure 6).

4.2. Mechanisms of action underlying the antihypertensive effect of BRPs

Although ACE inhibition is a relevant mechanism to explain the activity of most BPPs, and
despite of their high primary sequence similarity [53, 72], as previously suggested, the BPPs
show remarkable wide variety of mechanistic pathways that could explain the antihyperten‐
sive activity of BPPs at molecular level [13, 14, 19, 20, 22, 23, 29, 73-76]. Definitely the biological
effects of BPPs and the consequent pharmacological importance of their activity are not limited
to and it cannot be explained solely based on their ability to inhibit ACE [2].

The differences were first observed when comparing the selectivity of the BPPs encoded by
the neuronal BPP/CNP precursor protein [e.g. BPP-5a, BPP-10c, BPP-11e, BPP-12b, and
BPP-13a] [14] by the different active sites of the somatic ACE and the corresponding biological
activity of these peptides evaluated by their ability to potentiate the contractile effect triggered
by BK in isolated guinea pig ileum. For instance, the BPP-5a was shown to be much less
effective ACE inhibitor compared to BPP-13a, although presenting one of the most potent
potentiator effects of BK in ex vivo experiments. In contrast, BPP-10c is an excellent selective
inhibitor of the C-terminal active site of somatic ACE, and its BK potentiating effect is very
similar to that observed for both BPP-5a and BPP-12b, which were shown to be selective for
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the ACE N-terminal active site. In the same way, besides the weak BK potentiation effects of
BPP-11e, it is also not among the best inhibitors of ACE, and no preference for any of the active
sites of ACE was observed for this peptide [29].

Later on, in 2007, molecular studies of the antihypertensive activity of the BPPs, namely BPP-7a
and BPP-10c, brought noteworthy information on the molecular mechanism underlying the
action of these peptides at cellular level. In fact, these BPPs have a strong and sustained
antihypertensive activity in awake spontaneously hypertensive rats (SHRs), but they do not
prevent the formation of Ang II from Ang I in vivo, showing that they do not need to affect the
physiological functions of ACE to promote the decrease of the blood pressure in these animals.
Furthermore, for BPP-10c, we have also shown that the dose necessary to produce the
antihypertensive effect is lower than that required to inhibit ACE in vivo [77], suggesting the
participation of other putative targets determining this particular pharmacological effect.

This finding was reinforced by the studies conducted to clarify the biological distribution of
BPP-10c using a I125 labeled analog, which showed that this peptide accumulated in various
rat organs such as brain, liver, testis, and kidney, even after pre-saturation of the potential
active sites of ACE with a specific inhibitor of this enzyme, namely captopril [78].

This stimulated us to conduct studies aiming to identify new potential molecular targets for
snake BPPs. So, it was shown that at least three BPPs, namely BPP-10c, BPP-12b, and BPP-13a,
are able to bind to the enzyme argininosuccinate synthase (AsS) modulating positively its
activity [20, 75].

Figure 6. Schematic representation of ACE roles on the renin-angiotensin and kallikrein-kinin systems, and the poten‐
tial sites for interference by BRPs (BPPs and BIPs). A) Conversion of angiotensin I into angiotensin II, 2) BK degradation
3) ACE inhibition by BPPs. 4) B2 receptor antagonism by BIPs. Physiological effects on the renin-angiotensin system
mediated by AT1 receptors include vasoconstriction, sodium and water retention, release of aldosterone, increased
sympathetic nerve activity, among others, while those mediated by AT2 receptors include cell differentiation, vasodila‐
tion, among others. The effects on the kallikrein-kinin system, mediated by kinins action on B2 receptor include vaso‐
dilation and hypotension via release of NO, prostacyclins and endothelium-derived hyperpolarizing factor (EDHF). Due
to the ACE inhibition by BPPs, the physiological effects of angiotensin system are decreased (with no formation of an‐
giotensin II) and the physiological effects of kallikrein-kinin are potentiated (by inhibition of BK degradation). In con‐
trast, BIPs action on B2 receptor blocked BK effects. Adapted from [132-134].
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tutively expressed, and its expression is induced by mediators of inflammation in conditions
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sites, the N-terminus (N-site) and the C-terminus (C-site) active sites [69]. Although in vitro,
the two active sites are equally effective to convert Ang I to Ang II, as well as to degrade the
BK into BK1-7 and BK1-5 [70], the N-site is several times more effective to hydrolyze other
bioactive peptides, such as the AcSDKP, a negative regulatory factor for differentiation and
proliferation of hematopoietic stem cells [71].

Thus, ACE inhibitors as BPPs inhibit not only the generation of Ang II, but also potentiate the
effects of BK, by inhibiting its degradation. Therefore, the physiological effects of the angio‐
tensin system are decreased (since there is no formation of Ang II), and the physiological effects
of KKS are potentiated (due to inhibition of the BK degradation). In contrast, the BIPs, most
known as helokinestatins, inhibit KKS by blocking the B2 receptor (Figure 6).

4.2. Mechanisms of action underlying the antihypertensive effect of BRPs

Although ACE inhibition is a relevant mechanism to explain the activity of most BPPs, and
despite of their high primary sequence similarity [53, 72], as previously suggested, the BPPs
show remarkable wide variety of mechanistic pathways that could explain the antihyperten‐
sive activity of BPPs at molecular level [13, 14, 19, 20, 22, 23, 29, 73-76]. Definitely the biological
effects of BPPs and the consequent pharmacological importance of their activity are not limited
to and it cannot be explained solely based on their ability to inhibit ACE [2].

The differences were first observed when comparing the selectivity of the BPPs encoded by
the neuronal BPP/CNP precursor protein [e.g. BPP-5a, BPP-10c, BPP-11e, BPP-12b, and
BPP-13a] [14] by the different active sites of the somatic ACE and the corresponding biological
activity of these peptides evaluated by their ability to potentiate the contractile effect triggered
by BK in isolated guinea pig ileum. For instance, the BPP-5a was shown to be much less
effective ACE inhibitor compared to BPP-13a, although presenting one of the most potent
potentiator effects of BK in ex vivo experiments. In contrast, BPP-10c is an excellent selective
inhibitor of the C-terminal active site of somatic ACE, and its BK potentiating effect is very
similar to that observed for both BPP-5a and BPP-12b, which were shown to be selective for
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the ACE N-terminal active site. In the same way, besides the weak BK potentiation effects of
BPP-11e, it is also not among the best inhibitors of ACE, and no preference for any of the active
sites of ACE was observed for this peptide [29].

Later on, in 2007, molecular studies of the antihypertensive activity of the BPPs, namely BPP-7a
and BPP-10c, brought noteworthy information on the molecular mechanism underlying the
action of these peptides at cellular level. In fact, these BPPs have a strong and sustained
antihypertensive activity in awake spontaneously hypertensive rats (SHRs), but they do not
prevent the formation of Ang II from Ang I in vivo, showing that they do not need to affect the
physiological functions of ACE to promote the decrease of the blood pressure in these animals.
Furthermore, for BPP-10c, we have also shown that the dose necessary to produce the
antihypertensive effect is lower than that required to inhibit ACE in vivo [77], suggesting the
participation of other putative targets determining this particular pharmacological effect.

This finding was reinforced by the studies conducted to clarify the biological distribution of
BPP-10c using a I125 labeled analog, which showed that this peptide accumulated in various
rat organs such as brain, liver, testis, and kidney, even after pre-saturation of the potential
active sites of ACE with a specific inhibitor of this enzyme, namely captopril [78].

This stimulated us to conduct studies aiming to identify new potential molecular targets for
snake BPPs. So, it was shown that at least three BPPs, namely BPP-10c, BPP-12b, and BPP-13a,
are able to bind to the enzyme argininosuccinate synthase (AsS) modulating positively its
activity [20, 75].

Figure 6. Schematic representation of ACE roles on the renin-angiotensin and kallikrein-kinin systems, and the poten‐
tial sites for interference by BRPs (BPPs and BIPs). A) Conversion of angiotensin I into angiotensin II, 2) BK degradation
3) ACE inhibition by BPPs. 4) B2 receptor antagonism by BIPs. Physiological effects on the renin-angiotensin system
mediated by AT1 receptors include vasoconstriction, sodium and water retention, release of aldosterone, increased
sympathetic nerve activity, among others, while those mediated by AT2 receptors include cell differentiation, vasodila‐
tion, among others. The effects on the kallikrein-kinin system, mediated by kinins action on B2 receptor include vaso‐
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giotensin II) and the physiological effects of kallikrein-kinin are potentiated (by inhibition of BK degradation). In con‐
trast, BIPs action on B2 receptor blocked BK effects. Adapted from [132-134].
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The AsS is the rate-limiting step enzyme responsible for providing the substrate for the nitric
oxide synthase (NOS) that produces NO [79, 80]. Guerreiro and colleagues also demonstrated
that blood pressure decrease promoted in SHRs by BPP-10c administration is due to the
increased bioavailability of L-arginine required for the production of NO [20], which is a potent
vasodilator agent [81]. Later it was demonstrated that other BPPs also induces NO production
to determine the antihypertensive effect [21, 75].

Moreover, at least for the BPP-5a-induced NO production, the involvement of both B2 receptor
and mACh-M1, without any involvement of AsS, was recently demonstrated [23]. BPP-13a
induces NO production through a mechanism that involves activation of subtype M3 mus‐
carinic receptor (mACh-M3), triggering the raise of the free intracellular calcium concentration
([Ca2+]i) that is able to activate NOS and to provide the substrate for NO production by
modulating the AsS activity [75].

Both BPP-11e and BPP-12b do not stimulate NO production, but the [Ca2+]i mobilization assays
suggest that these peptides are agonists of a membrane receptor involved in the release of
EDHF, and other functions involving the modulation of gene expression and activation of
different NOS enzymes is expected [82]. As BPP-12b modulates positively AsS activity only at
very high concentrations, this should not be its main mechanism of action [75].

Since the BPP-9a has ACE as main target for its biological actions, based on its potent inhibitory
activity against this enzyme also showing selectivity for the C-terminal active site [73], we
suggest that it is possible to suggest this pathway to explain the antihypertensive effect and
BK potentiation of BPP-9a (teprotide). Moreover, it has no effect on the AsS induced intracel‐
lular calcium and it also does not interfere with NO production.

Apparently all BPPs share the ability to decrease arterial pressure [21, 56, 75, 77, 83], through
the amplitude of the antihypertensive effect caused by BK, each related peptides is different.
But, unfortunately, the mechanisms of action of other BPPs are still less understood up to
now [75].

4.3. Peripheral and central biological activities of BPPs

Changes in mean arterial pressure (MAP) promoted by some BPPs are accompanied by a
significant reduction in heart rate (HR) [23, 75, 77] rather than by an HR increase, as it would
be expected by the response of the baroreceptors to the hypotension [84]. The fact is that in
bolus injections of BPPs decrease both MAP and HR of awake SHRs, and BPPs expression in
the same precursor protein of a brain expressed peptide as CNP suggests a CNS role for these
peptides. In fact, recently it was shown that the BPP-10c is able to promote the release of the
neurotransmitters GABA and glutamate, which are known to participate in the regulation of
cardiac and vascular autonomic systems, leading to decline MAP and HR of SHRs [22].
According to Lameu and collaborators, BPP-10c-induced decrease of MAP results from this
BRP-induced interference in the autonomic nervous system, provoking subsequent changes
in HR and baroreflex control [22, 74].
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Arterial baroreflex is one of the most important regulatory mechanisms in the cardiovascular
system, mainly by triggering a coordinated sympathetic and parasympathetic tone response
on the heart and vessels [85-90].

The CNS is connected to the heart through two different groups of nerves, the parasympathetic
and sympathetic systems. Stimulation of parasympathetic nerves determines the decrease of
HR, of contraction force of atrial muscle, and of conduction of impulses through the atrioven‐
tricular node, and at the same time, it also causes the increase of the time delay between the
atrial and ventricular contraction, and the reduction of blood flow through the coronary
arteries, which maintains the nutrition of the myocardium. All these effects can be summarized
by saying that the parasympathetic stimulation decreases all the activities of the heart. On the
other hand, the stimulation of sympathetic nerves has exactly the opposite effects on the heart,
leading to an increased HR, increased contraction force, and increased blood flow through the
blood vessels [87, 91].

It was observed that BPP-11e causes a slight reduction in MAP, but surprisingly with a strong
reduction in HR [75], suggesting a BPPs action in specialized muscle cells located in the sino-
atrial region (pacemaker) of the heart, which is a special region of the heart that controls the
cardiac frequency [92]. Although the heart has its own intrinsic control systems, it can operate
under neural influences, therefore effectiveness of the cardiac action can be significantly
modified by regulatory pulses from the CNS [92]. Thus there is also possible that the BPP-11e
has an effect on the stimulation of the parasympathetic system and/or in the decreasing of the
sympathetic system stimulation, leading to a reduction of the HR and a slight decrease in MAP,
observed after in vivo injection of this peptide [75].

A more detailed study of the BPPs effects on the CNS was performed for the BPP-10c, in which
intracerebroventricular administration was shown to produce similar effects to those observed
for higher doses injections of this peptide by intravenous route. In our interpretation, this data
suggested the involvement of the CNS in the pathway underlying these biological effects [74].

Aiming to explain tbe BPPs effects on CNS, Lameu et al. have also conducted studies to
demonstrate that the BPP-10c acts through activation of an unidentified Gi/o-coupled receptor
present in neuronal cells, and that this effect was independent of both ACE inhibition and B2
receptor activation. Peptide–receptor binding resulted in the activation of calcium influx and
release of intracellular calcium by calcium-induced calcium release (CICR) mechanism, which
was shown to involve the activation of the ryanodine- or IP3-sensitive calcium stores and also
the inhibition of adenylate cyclase [74]. However the specific target GPCR could not be
identified yet.

On the other hand, affinity chromatography, using immobilized BPP-10c, associated with mass
spectrometric and immunoblot analyses, allowed the identification of two important targets
of BPP-10c, namely the AsS in the kidney cytosol [20] and the synapsin in the brain (Figure
7) [93]. AsS, together with argininosuccinate lyase (AsL), is part of the urea cycle in the liver
and of the arginine-citrulline cycle, the major source of arginine in the renal cells and citrulline–
NO cycle, which is the main source of NO in other cells, including endothelial and neuronal
cells [94].
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The AsS is the rate-limiting step enzyme responsible for providing the substrate for the nitric
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Arterial baroreflex is one of the most important regulatory mechanisms in the cardiovascular
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was shown to involve the activation of the ryanodine- or IP3-sensitive calcium stores and also
the inhibition of adenylate cyclase [74]. However the specific target GPCR could not be
identified yet.

On the other hand, affinity chromatography, using immobilized BPP-10c, associated with mass
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of BPP-10c, namely the AsS in the kidney cytosol [20] and the synapsin in the brain (Figure
7) [93]. AsS, together with argininosuccinate lyase (AsL), is part of the urea cycle in the liver
and of the arginine-citrulline cycle, the major source of arginine in the renal cells and citrulline–
NO cycle, which is the main source of NO in other cells, including endothelial and neuronal
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Figure 7. Synapsin binds to BPP-10c. (A) SDS-PAGE analysis of brain rat cytosolic proteins submitted to HiTrap-
BPP-10c affinity chromatography. Rat brain cytosol preparation to affinity chromatography using the HiTrap NHS-acti‐
vated HP resin to which BPP-10c was immobilized by chemical conjugation M (KDa), molecular mass markers; lane 1,
protein eluted by competition using 5 mg of BPP-10c; lane 2, protein eluted with 100 mM glycine, 0.5 M NaCl pH 3.0
(elution buffer: by lowering the pH). (B) protein identification by mass spectrometric analysis of the bands enclosed in
the box in the panel A. The 74-kDa major protein that bounds to BPP-10c was identified as synapsin, by trypsin diges‐
tion and peptide mass fingerprint analysis.

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

134

AsS is a ubiquitously expressed enzyme, present in many tissues, including brain and kidney
[94]. In vivo BPP-10c administration in SHRs animal models results in increase of plasma
arginine level [20] and augmented NO production in brain tissues, as well as in neuronal and
endothelial cells [20, 22].

NO is generated in the citrulline-NO cycle by NO synthase (NOS) using L-arginine as a
substrate. Three isoforms of NOS have been described: Ca2+-dependent endothelial (eNOS)
and neuronal (nNOS) isoforms [95] and inducible NOS. The expression and activity of the
latter are induced by inflammatory stimuli,  independent of  the cytosolic Ca2+  concentra‐
tion [96].

NO is mainly involved in the regulation of local and systemic vascular resistance in sodium
balance, and hence in blood pressure control [97], since it is one of the smooth muscle relaxing
factors released by the endothelium, which diffuses to the adjacent smooth muscle cells
promoting vasodilatation [98, 99].

Nevertheless, NO has been attributed to other various functions, including non-cholinergic
and non-adrenergic smooth muscle relaxation, reduction of arterial pressure, and signal
transmission in the CNS [100]. NO-mediated actions in the CNS include central vascular
regulation [101] and baroreflex control of HR [102]. Antihypertensive activity, based on the
facilitated release of both GABA and glutamate in the CNS and NO production, is suggested
to result in the diminished transmission of sympathetic tone to the periphery [101, 103].

Treatments with BPP-10c also induced an increase in AsS gene expression [22]. In contrast,
nNOS was not found differentially expressed in the brains of SHRs treated with BPP-10c
compared to vehicle-treated animals. On the other hand, the gene expression levels of eNOS,
similarly to those of AsS, were found increased in the brains of SHRs animals treated with
BPP-10c [22]. This data is in line with the results obtained by Kishi and colleagues [104] who
were able to show that the overexpression of eNOS in the rostral ventrolateral medulla and
the nucleus of the solitary tract of hypertensive rats results in reduced systolic arterial pressure
and reduced HR.

However, the specificity of NO reactions with neuronal targets is determined in part by the
precise localization of NOS within the cell. The targeting of NOS to discrete nuclei of neurons,
mediated by adapter proteins, allowed to suggest that both synapsin and NOS participate of
a ternary complex, which changes in the subcellular localization of NOS [105].

Knowing that the BPP-10c binds to synapsin in the CNS, we hypothesized the formation of a
quaternary complex upon binding of BPP-10c with synapsin. The formation of this complex
would direct the reactions of NO in neural targets, which would be determined in part by the
location of this complex and by targeting NOS to specific sites of neurons [105].

We were able to show that BPP-10c is capable to induce intracellular Ca2+ signaling that
involves the activation of GPCRs, NO production, and release of neurotransmitters, such as
GABA and glutamate [22, 74]. The amino acid glutamate is the major excitatory neurotrans‐
mitter in the CNS of mammals, whereas GABA is the main mediator of sympathetic inhibitory
currents. Both glutamate and GABA play key roles in the control of cardiovascular function
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transmission in the CNS [100]. NO-mediated actions in the CNS include central vascular
regulation [101] and baroreflex control of HR [102]. Antihypertensive activity, based on the
facilitated release of both GABA and glutamate in the CNS and NO production, is suggested
to result in the diminished transmission of sympathetic tone to the periphery [101, 103].
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BPP-10c [22]. This data is in line with the results obtained by Kishi and colleagues [104] who
were able to show that the overexpression of eNOS in the rostral ventrolateral medulla and
the nucleus of the solitary tract of hypertensive rats results in reduced systolic arterial pressure
and reduced HR.

However, the specificity of NO reactions with neuronal targets is determined in part by the
precise localization of NOS within the cell. The targeting of NOS to discrete nuclei of neurons,
mediated by adapter proteins, allowed to suggest that both synapsin and NOS participate of
a ternary complex, which changes in the subcellular localization of NOS [105].

Knowing that the BPP-10c binds to synapsin in the CNS, we hypothesized the formation of a
quaternary complex upon binding of BPP-10c with synapsin. The formation of this complex
would direct the reactions of NO in neural targets, which would be determined in part by the
location of this complex and by targeting NOS to specific sites of neurons [105].

We were able to show that BPP-10c is capable to induce intracellular Ca2+ signaling that
involves the activation of GPCRs, NO production, and release of neurotransmitters, such as
GABA and glutamate [22, 74]. The amino acid glutamate is the major excitatory neurotrans‐
mitter in the CNS of mammals, whereas GABA is the main mediator of sympathetic inhibitory
currents. Both glutamate and GABA play key roles in the control of cardiovascular function

Venom Bradykinin-Related Peptides (BRPs) and Its Multiple Biological Roles
http://dx.doi.org/10.5772/52872

135



in the CNS [103]. Excitatory amino acid neurotransmitters, like glutamate and aspartate,
generally cause pressure responses and tachycardia, while inhibitory amino acid neurotrans‐
mitters, namely GABA and glycine, are responsible for depressing bradycardia [104]. It is well
established that the excitatory amino acid glutamate is considered the main neurotransmitter
of primary afferent fibers of baroreceptors to the nucleus tractus solitarii (NTS) [106]. Further‐
more, an excitatory projection from NTS to the caudal ventrolateral medulla (CVLM) is an
essential part of the circuit of baroreflex control. The CVLM communicates with the rostral
ventrolateral medulla (RVLM) by secretion of GABA. In addition to GABAergic inhibition of
RVLM, excitatory amino acids are also known to exert important roles in cardiovascular
regulation [107]. These neurotransmitters can regulate vasodilatation through reduction of
both sympathetic activity and baroreflex sensitivity control, by acting on regulation of both
sympathetic and parasympathetic systems. Therefore, the augmented baroreflex sensitivity
by i.v. injection of BPP-10c is attributted to the release of these neurotransmitters [22, 74]. These
data is summarized in Figure 8.

Figure 8. Schematic representation of BPP-10c mechanism of action in the CNS. According to [22, 74, 93], the pro‐
posed mechanism to explain the BPP-10c effects on the blood pressure (BP) and heart rate (HR) in spontaneously hy‐
pertensive rats (SHRs) was summarized in this figure. First, BPP-10c-induced [Ca2+]

i
 elevations activates signal

transduction pathways responsible for the increased nitric oxide synthase (NOS) activity and the expression of the en‐
zymes, namely endothelial NOS (eNOS) and argininosuccinate synthase (ASS). It also triggers the release of the neuro‐
transmitters GABA and glutamate. After the BPP-10c internalization by neuronal cells, this peptide binds to synapsin
to control the release of GABA and glutamate, and to direct the NOS to discrete cores of the neurons. Furthermore,
BPP-10c can positively activate the AsS functions to increase the levels of L-arginine. NO production due to increased
concentration of L-arginine, NOS activation, and increased expression of eNOS and AsS should contribute for the re‐
lease of neurotransmitters and also for the regulation of autonomous activity. Likewise GABA and glutamate deter‐
mine the reduction of both blood pressure and heart rate, and the increases of the baroreflex sensitivity in SHRs.
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The fact of BPPs decrease the HR does not mean that its action is limited to the CNS. Taking
the example of BPP-10c, in vivo biodistribution studies showed a significant presence of this
peptide in the brain, however accumulation was also observed in the rat kidney [78]. Consid‐
ering its high accumulation in kidneys with the fact that BPP-10c induces NO production in
endothelial cells [20, 108] and the increase of plasma L-arginine level in vivo [20], we conclude
that this peptide, and also potentially the other BPPs, may display both peripheral and central
actions.

Moreover, there might exhist BPPs with exclusive peripheral action. As suggested for BPP-9a
that promotes discret decrease of MAP and does not affect HR [75], whose effects were possible
to be explained solely based on the classical mechanism of action suggested for the BPPs, i.e.,
relying in the selective inhibition of the somatic ACE [73].

The pharmaceutical compositions for the applications in chornic-degenerative diseases and
hypertension of the BPPs and their structural and/or conformational analogs, as well as the
isolation and purification of BRPs secreted by snake venom glands are protected by the patents
US20050031604 and US20080199503. The inventions further refer to pharmaceutical composi‐
tions that increase the biodisponibility and efficacy of BRPs peripheral and central biological
activities. BRPs allowed the development a successful oral drug to treat human hypertension,
but they also have the potential to become a drug by itself or a drug model to develop
compouds devoted to treat central nervous system diseases, once pharmaceutical composi‐
tions that allow efficient delivery in vivo of these BRPs is achieved.

4.4. Mechanism of action that underlies the hyperalgesia and inflammatory responses

For many years it has been known that BK is an inflammatory mediator involved in the
nociceptive process [109]. BK and also the BRPs produce pain and hyperalgesia due to their
ability to excite and/or sensitize nociceptors [10].

In particular, two novel BRPs named fulvonin [SIVLRGKAPFR] and cyphokinin
[DTRPPGFTPFR] were recently described in wasp (Cyphononyx fulvognathus). They could be
structurally and functionally considered as BRPs, since they both are able to inhibit ACE as
well as to induce the hyperalgesic effect in living rats after intraplantar injection, mostly due
to the agonist action of these peptides on distinct B2 or B1 receptors, respectively [10].

5. Potential and effective pharmaceutical applications

5.1. Application of BPPs to treat CNS disorders and hypertension

In  the  last  few  years,  as  presented  here,  it  was  possible  to  describe  a  number  of  new
mechanisms of action for BRPs previously known only as potent ACE inhibitors. Taking
this into account, many pharmaceutical applications could be possible suggested for these
peptides solely based on the treatment of pathologies related with their targets, for instace
the somatic ACE, AsS and so on.
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Regarding AsS as a novel potential target for the development of new drugs based on BPPs
structural model, it is worth mentioning that its action on L-arginine metabolims contributes
to three main functions in the organism, depending on the cell or tissue type involved,
including effects on detoxification of ammonia in the liver, production of L-arginine in the
kidney to be distributed to the whole organism, and the synthesis of L-arginine for the
production of NO in several other cells [94]. In addition to these three major functions, it has
also been suggested that AsS plays an important role in neuromodulation by producing
argininosuccinate [110].

Due to its involvement in biochemical processes that generate physiological impacts on the
organism, AsS is of great clinical value since its deficiency or excessive expression has been
associated with some diseases, such as citrullinemia [111], hypertension [112, 113], and
Alzheimer's disease [114, 115].

Since, AsS also participates in the L-arginine recycling, which contributes to the maintenance
of NOS substrate,and AsS catalytic activity is considered the limiting step for NO production
[116], the upregulation of this enzyme restores the balance of that system with consequent
reduction in blood pressure [20].

Moreover, the identification of acetylcholine receptors as novel putative targets responsible
for the vasodilatation promoted by the BRPs [19, 23, 75] also opens new avenues to the
development of possible future therapeutic applications of BRPs related compounds for CNS
diseases treatment.

Different experimental approaches demonstrate that acetylcholine muscarinic receptors are
present in virtually all organs, tissues and cell types. The muscarinic receptors in the CNS are
involved in the regulation of an extraordinary number of cognitive, behavioral, sensory, motor,
and autonomous functions. Reduced or increased signalling of different subtypes of muscar‐
inic receptors are involved in the pathophysiology of several diseases of the CNS including
Alzheimer's and Parkinson's diseases, depression, schizophrenia, and epilepsy [117].

The contribution of the muscarinic acetylcholine receptor, mAchR-M1, in the NO production
stimulated by BPP-5a is therapeutically and scientifically interesting, since much effort has
been undertaken in the search for mAchR-M1 agonists to treat cognitive disorders including
the Alzheimer’s disease [118, 119].

On other hand, the mAchR-M3 is mainly involved in the control of vascular tone. The main
actions mediated by these peripheral  muscarinic  receptors  include the reduction of  HR,
stimulation of glandular secretion, and smooth muscle relaxation [117].  Compounds that
activate  this  receptor  to  promote  vasorelaxation,  such  as  pilocarpine,  are  used  for  the
treatment of glaucoma, ocular hypertension [120, 121]. However, the BRPs as BPP-13a is
not  only  able  to  activate  mAchR-M3,  but  in  the  same time  it  acts  modulating  the  AsS
activity. Since both pathways contribute to the antihypertensive effects by controlling the
NO production, BPP-13a represents a potent vasodilator compound with potential broad‐
er applications in the medicine [75].

Taking together, the comparison of the biological actions of BRPs found in the venom and
brain of the pit viper Bothrops jararaca with those from different species, allowed us to describe
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that, contrary to what was thought for several decades, these peptides have different biological
effects and therefore are an inexhaustible source of powerful biological tools not only for the
study and discovery of new physiological pathways, but also as potentially useful compounds
for new drug development.

Therefore, a patent protecting the use of these oligopeptides capable of binding to diverse
targets, determining the increase and the sustenance of nitric oxide (NO) production in
mammalian cells by potentiating the endogenous argininosuccinate synthase activity present
in animal cells and/or by increasing the intracellular bivalent free calcium ion in the cytosol of
cells was filed (US20100035822). Pharmaceutical compositions containing one or more of these
peptides is also described and also disclosed in this same patent.

5.2. Application of BIPs in the treatment of pain and inflammation

NO is involved in vasodilatation and in many other physiological processes. Several lines of
evidence have indicated that NO plays a complex and diverse role in the modulation of pain
[122]. It has been shown that NO mediates the analgesic effect of opioids and other analgesic
substances, opening opportunities of potential use of molecules able to regulate NO produc‐
tion in pain therapy. Modification of pre-existing analgesic and anti-inflammatory drugs by
addition of NO-releasing moieties has been shown to improve the analgesic efficacy of these
drugs, and also to reduce their side effects [123].

NO donors have also been used with opioids to reduce pain in patients with cancer [124]. This
strategy enhances the analgesic efficacy of morphine in patients with cancer pain, delaying the
morphine tolerance and decreasing the incidence of the adverse effects of opioids [88, 125].

Nevertheless, the use of NO donors should be carefully evaluated, since the excessive levels
of NO production can be deleterious to the organism [126]. Soon, keeping NO production at
a safe level, avoiding the deleterious threshold, is of particular interest.

Therefore, the BRPs that modulate AsS activity [20, 75] could be considered for pain treatment.
The fact that this AsS activity interferes with L-arginine metabolism, a source of NO synthesis
that has its own levels subjected to very precise mechanisms of physiological control, repre‐
sents the most likely target able to regulate NO production without generating undesired
reactive by-products (review by [127]).

Other family of BRPs, which should be considered in the treatment of pain and inflammation,
are the antagonists of BK receptors (BIPs), namely helokinestatins. Although these BRPs were
described as vasoactive peptides, due to their ability to antagonize the relaxation effect induced
by BK [35, 36], they could potencially be employed in the therapy of hyperalgesia.

Kinins formed following tissue trauma and in inflammatory processes, acting by means of
the activation of B2 receptors,  are among the most potent endogenous algogenic media‐
tors. Kinins through action on BK receptors can release a large number of inflammatory
mediators, such as prostaglandins and neuropeptides such as neurokinins [128], that in turn
amplify the nociceptive response. Therefore, these receptors play an important role in pain
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Regarding AsS as a novel potential target for the development of new drugs based on BPPs
structural model, it is worth mentioning that its action on L-arginine metabolims contributes
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inic receptors are involved in the pathophysiology of several diseases of the CNS including
Alzheimer's and Parkinson's diseases, depression, schizophrenia, and epilepsy [117].

The contribution of the muscarinic acetylcholine receptor, mAchR-M1, in the NO production
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that, contrary to what was thought for several decades, these peptides have different biological
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Nevertheless, the use of NO donors should be carefully evaluated, since the excessive levels
of NO production can be deleterious to the organism [126]. Soon, keeping NO production at
a safe level, avoiding the deleterious threshold, is of particular interest.

Therefore, the BRPs that modulate AsS activity [20, 75] could be considered for pain treatment.
The fact that this AsS activity interferes with L-arginine metabolism, a source of NO synthesis
that has its own levels subjected to very precise mechanisms of physiological control, repre‐
sents the most likely target able to regulate NO production without generating undesired
reactive by-products (review by [127]).

Other family of BRPs, which should be considered in the treatment of pain and inflammation,
are the antagonists of BK receptors (BIPs), namely helokinestatins. Although these BRPs were
described as vasoactive peptides, due to their ability to antagonize the relaxation effect induced
by BK [35, 36], they could potencially be employed in the therapy of hyperalgesia.

Kinins formed following tissue trauma and in inflammatory processes, acting by means of
the activation of B2 receptors,  are among the most potent endogenous algogenic media‐
tors. Kinins through action on BK receptors can release a large number of inflammatory
mediators, such as prostaglandins and neuropeptides such as neurokinins [128], that in turn
amplify the nociceptive response. Therefore, these receptors play an important role in pain
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transmission.  BK produces a short-lived hyperalgesia,  while des-Arg9-BK causes a long-
lasting hyperalgesia [1].

However, most of the B2 receptor antagonists present partial agonist activity and fail to
produce antinociception when given orally [1]. Non-peptide B2 receptor antagonists, although
they are generally less potent when compared with Hoe 140, for instance, produce long-lasting
oral antinociception with no evidence of partial agonistic activity [129-131]. In this way, further
studies of BRPs applied in the pain treatment could provide valuable information for the
development of novel peptidic or non-peptidic molecules to effectively relieve the pain of
human patients.

The BRPs isolated from toad (Bombina maxima) defensive skin secretion, and their analogs
thereof, prodrugs including the peptides, pharmaceutical compositions are protected by
patent WO2004/068928. These BRPs and analogs thereof are antagonists of B2 receptor and
they can be used to treat and/or prevent disorders associated with BK, including cardiovas‐
cular disorders, inflammation, asthma, allergic rhinitis, angiogenesis, pain and related
pathologies.
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1. Introduction

1.1. Snake venom serine proteases

Serine proteases have been isolated from the venoms of viperidae snakes [1, 2] and affect
several physiological processes such as the coagulation cascade. These enzymes are called
snake venom serine proteases (SVSPs), they are multi-functional proteins with a catalytic triad
formed by HDS amino acids [3].

The SVSPs resembles at least in part thrombin, a multifunctional protease that plays a key role
in coagulation. Therefore these enzymes are denominated snake venom thrombin-like en‐
zymes (SVTLEs), and are widely distributed in the venoms of several genera [4,5]. While
thrombin is able to cleave both fibrinopeptide A (FPA) and fibrinopeptide B (FPB) from fibrino‐
gen leading the formation of fibrin and activating factor XIII, some actions of SVTLEs usually
cleave FPA alone and only a few cleave FPB. Thus, without cleavage of both FPA and FPB they
are unable to activate factor XIII producing fibrin monomers that are not cross-linked, leading
to clots markedly susceptible to digestion by plasmin and are rapidly removed from circulation
by either reticuloendothelial phagocitosis and/or normal fibrinolysis. This process causes a
breakdown in the fibrinolytic system and effective removal of fibrinogen from the plasma [6].

2. Body

There are three groups of snake venom fibrinogen clotting enzymes based on the rates of
release of fibrinopeptides A and/or B from fibrinogen. In addition to SVLTEs, other SVSPs
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groups are active in other parts of the coagulation cascade, such as kallikrein-like enzymes
(KN); plasminogen activators (PA); protein C like enzyme and factor V activators. One group
releases fibrinopeptide A preferentially (the venombin A group including ancrod from venom
of the Malayan pit viper, Calloselasma rhodostoma); another group releases both fibrinopeptides
A and B (the venombin AB group including halystase and calobin from Agkistrodon halys
blomhoffii and Agkistrodon caliginosus, respectively) and the third group releases fibrinopeptide
B preferentially (the venombin B group including v enzyme from venom of the southern
copperhead, Agkistrodon contortrix contortrix) [5,7,8]. Figure 1 summarizes some snake toxins
that affect the blood coagulation cascade, based on [6].

Figure 1. Some SVSPs acting in blood system. FGDP: Fibrinogen degradation products; FNDP: Fibrin degradation
products; FPA: Fibrinopeptide A; FPB: Fibrinopeptide B. KN-BJ, Bothrops jararaca (O13069) [9]; Dav-KN, Agkistrodon
acutus (Q9I8X0) [10]; Elegaxobin-1, Trimeresurus elegans (P84788) [11]; ACC-C Protein C activator; Agkistrodon con‐
tortrix contortrix (P09872) [12]; RVV-Vα Russel's viper venom FV activator alpha, Daboia russelli siamensis (P18964)
[13]; FVA Factor V-activating enzyme, Vipera lebetina (Q9PT41) [14]; Halystase, Agkistrodon halys blomhoffii
(P81176) [15]; Calobin, Agkistrodon caliginosus (Q91053) [16], Gyroxin-like B2.1, Crotalus durissus terrificus
(Q58G94) [17]; Gyroxin analog, Lachesis muta muta (P33589) [18]; Crotalase, Crotalus adamanteus [19]; Ancrod, Ag‐
kistrodon rhodostoma (P26324) [20]; Batroxobin, Bothrops atrox (P04971) [21]; Bilineobin, Agkistrodon bilineatus
(Q9PSN3) [22];TSV-PA, Trimeresurus stejnegeri (Q91516) [23]; LV-PA, Lachesis muta muta (P84036) [24]; PA-BJ, Bo‐
throps jararaca (P81824) [25]. Toxin names were indicated in bold followed by snake species in italic and the Swissprot
accession numbers were represented in parenthesis.

The major symptoms from snakebite affecting the haemostatic system are: (a) reduced
coagulability of blood, resulting in an increased tendency to bleed, (b) bleeding due to the
damage to blood vessels, (c) secondary effects of increased bleeding, ranging from hypovo‐
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laemic shock to secondary-organ damage, such as intracerebral haemorrhage, anterior
pituitary haemorrhage or renal damage and (d) direct pathologic thrombosis and its sequelae,
particularly pulmonary embolism [26].

The venom fibrinogenolytic serine proteases as well as the venom plasminogen activator, share
extensive sequence homology with the thrombin-like venom serine proteases [27] such as
ancrod [20, 28], batroxobin [21, 29], crotalase [30,31], gyroxin-like serine proteases [17],
kallikrein-like enzyme from Crotalus atrox [32] and the protein C activator from A. c. contor‐
trix [33] venoms.

The SVSPs share the conserved catalytic triad formed by the amino acids His, Asp and Ser, six
disulfide bonds and global highly similarities, as seen in Figure 2. In this alignment, the
deduced amino amino acid sequences of gyroxin-like B2.1, B1.3, B1.4, and B1.7 are highly
similar to other SVSPs with several biological functions [17].

In order to predict the biological function of SVSPs, a functional dendrogram was generated
based on the amino acid sequence alignment from Figure 2. Clearly there are subtle differences
among these homologous enzymes that may explain different functions such as: fibrinogeno‐
lytic (group I), Aα fibrinogenases (subgroup I a), Protein C activator and CPI-enzyme (sub‐
group I b), kininogenases (subgroup I c), plasminogen activator (group II), factor V activators
(group III) thrombin-like, or other specific enzymatic activities (Figure 3) [17].

Despite significant sequence identity (50–70%), SVSPs display high specificity toward distinct
macromolecular substrates. Based on their biological roles, they have been classified as
activators of the fibrinolytic system, procoagulant, anticoagulant and platelet-aggregating
enzymes [34]. The procoagulant SVSPs activate FVII, FX and prothrombin [35] and shorten the
coagulation times, while the anticoagulants inactivates factors Va and VIIIa and plays a key
role in controlling haemostasis, Ancrod (from the Malayan pit viper, Calloselasma rhodostoma),
in particular, has been used as an anticoagulant to achieve "therapeutic defibrination" [34].

As it can be seen in Figure 4 (top), the 3D model of gyroxin-like B2.1 shows the catalytic site
(Ser184, His43 and Asp88) superimposed with the catalytic site of thrombin (Ser195, His57 and
Asp102) [36]. The overall structure (bottom) show the typical fold of a serine proteinase in which
the active-site cleft is located at the junction of the two six-stranded β-barrels. Among the
conserved 3D structural features between trypsin-like enzyme and SVSPs are the two β-barrel
subdomains, the orientation of catalytic site and the pattern of Cys residues. In contrast with
other serine proteases, a unique long C-terminal tail of gyroxin are highly conserved only on
SVSPs. In addition, SVSPs are active only as a single chain enzyme while prothrombin is
activated by Factor Xa generating the Light (L) and Heavy (H) chains of active thrombin.

2.1. The role of Protease Activated Receptor (PAR) on serine protease coagulation

Protease-activated receptors (PARs) are members of family of seven-transmembrane G-
protein-coupled receptors (GPCRs). The activation is triggered by the cleavage of the N-
terminus of the receptor by a serine protease, resulting in the generation of a new tethered
ligand that interacts with the receptor within its extracellular loop-2. This ligand binding to
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groups are active in other parts of the coagulation cascade, such as kallikrein-like enzymes
(KN); plasminogen activators (PA); protein C like enzyme and factor V activators. One group
releases fibrinopeptide A preferentially (the venombin A group including ancrod from venom
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A and B (the venombin AB group including halystase and calobin from Agkistrodon halys
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copperhead, Agkistrodon contortrix contortrix) [5,7,8]. Figure 1 summarizes some snake toxins
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Figure 1. Some SVSPs acting in blood system. FGDP: Fibrinogen degradation products; FNDP: Fibrin degradation
products; FPA: Fibrinopeptide A; FPB: Fibrinopeptide B. KN-BJ, Bothrops jararaca (O13069) [9]; Dav-KN, Agkistrodon
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(Q9PSN3) [22];TSV-PA, Trimeresurus stejnegeri (Q91516) [23]; LV-PA, Lachesis muta muta (P84036) [24]; PA-BJ, Bo‐
throps jararaca (P81824) [25]. Toxin names were indicated in bold followed by snake species in italic and the Swissprot
accession numbers were represented in parenthesis.

The major symptoms from snakebite affecting the haemostatic system are: (a) reduced
coagulability of blood, resulting in an increased tendency to bleed, (b) bleeding due to the
damage to blood vessels, (c) secondary effects of increased bleeding, ranging from hypovo‐
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laemic shock to secondary-organ damage, such as intracerebral haemorrhage, anterior
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other serine proteases, a unique long C-terminal tail of gyroxin are highly conserved only on
SVSPs. In addition, SVSPs are active only as a single chain enzyme while prothrombin is
activated by Factor Xa generating the Light (L) and Heavy (H) chains of active thrombin.
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Protease-activated receptors (PARs) are members of family of seven-transmembrane G-
protein-coupled receptors (GPCRs). The activation is triggered by the cleavage of the N-
terminus of the receptor by a serine protease, resulting in the generation of a new tethered
ligand that interacts with the receptor within its extracellular loop-2. This ligand binding to
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the core of PARs initiates an intracellular signal transduction pathway, which stimulates
phosphoinositide breakdown and cytosolic calcium mobilization [37].

There are four PARs (PAR-1, PAR-2, PAR-3 and PAR-4), PAR-1, PAR-3 and PAR-4 can be
activated by thrombin while PAR-2 is activated by trypsin and trypsin-like proteases, but not
by thrombin [38]. PAR-1 is important for activation of human platelets by thrombin, but plays
no apparent role in mouse platelet activation [39]. The consensus sequence among all the

Figure 2. Alignment of snake venom serine proteases 1-5) Gyroxin-like B2.1, B1.3, B1.4, B1.5, B1.7 from Crotalus
durissus terrificus (Q58G94, B0FXM1, B0FXM2, EU360953, B0FXM3, respectively). 6) Bilineobin from Agkistrodon bili‐
neatus (Q9PSN3). 7) Crotalase from Crotalus adamanteus. 8) Ancrod from Agkistrodon rhodostoma (P26324). 9) Gyro‐
xin analog from Lachesis muta muta (P33589). 10) Acutobin from Agkistrodon acutus (Q9I8X2). 11) Calobin from
Agkistrodon caliginosus (Q91053). 12) KN-BJ from Bothrops jararaca (O13069). 13) SVSP-1 Venom serine proteinase
from Crotalus adamanteus (Q8UUK2). 14) Catroxase-1 from Crotalus atrox (Q8QHK3). 15) ACC-C Protein C activator
from Agkistrodon contortrix contortrix (P09872). 16) CPI enzyme from Agkistrodon caliginosus (O42207). 17) Dav-PA
from Agkistrodon acutus (Q9I8X1). 18) Catroxase-2 from Crotalus atrox (Q8QHK2). 19) PA-BJ from Bothrops jararaca
(P81824). 20) TSV-PA from Trimeresurus stejnegeri (Q91516). 21) LV-PA from Lachesis muta muta (P84036). 22) Ba‐
troxobin from Bothrops atrox (P04971). Indicated accession numbers are from Swissprot. The lines indicate the disul‐
fide bonds and the catalytic triad (His, Asp and Ser) are represented by *. Toxin names were indicated in bold followed
by snake species in italic and the Swissprot accession numbers were represented in parenthesis.

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

156

human PAR-1 activating peptides is XFXXR, indicating that the second residue (Phe) and fifth

residue (Arg) are critical for the agonist binding and activation [40].

Figure 3. Dendrogram of 34 mature snake venom serine proteases. Toxin names were indicated in bold followed
by snake species in italic and the Swissprot accession numbers were represented in parenthesis. (*) Crotalase toxin se‐
quence was based on [19]. All positions containing gaps and missing data were eliminated from the dataset. There
were a total of 188 positions in the final dataset. The distance was calculated by number of amino-acid differences.
The optimal tree with the sum of branch length = 796.39 and the percentage of replicate trees in which the associated
taxa clustered together in the bootstrap test (500 replicates) are shown next to the branches. Fibrinogenolytic (group
I), Aα fibrinogenases (subgroup I a), Protein C activator and CPI-enzyme (subgroup I b), kininogenases (subgroup I c),
plasminogen activator (group II), factor V activators (group III).
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Figure 4. Gyroxin and bovine a-Thrombin (1mkx). The gyroxin homology model was based on crystallographic
structures of Trimeresurus stejnejeri TSV-PA (1bqy), Agkistrodon acutus AaV-SP I (1op0) and Agkistrodon acutus AaV-SP
II- DAV-PA (1op2). Top: Catalytic tryad superimposition of gyroxin residues (pink) and α-thrombin (blue). Bottom: Two
β-barrel domains formed by β-sheets are depicted in yellow and α-helixes in red. Disulfid bridges are depicted in
green. The residues from active site are showed in pink to gyroxin molecule and blue to activated thrombin.The C-
teminus and N-terminus are indicated to both thrombin heavy (H) and ligth (L) chains and to gyroxin model.

It is known that the inhibitory effects of PAR1 antagonists on platelet aggregation caused by
high concentrations of thrombin are limited but can be enhanced by combination with PAR4-
blocking antibody, suggesting that simultaneous blockade of PAR1 and PAR4 may provide
more effective antithrombotic therapy [41].

An example of snake venom serine protease that acts on coagulation through PAR is gy‐
roxin  (serine  protease  from C.d.terrificus)  that  promotes  platelet  aggregation  through its
involvement with PAR 1 and 4 [42]. In fact, a significant inhibition of the maximum pla‐
telet aggregation effect induced by gyroxin was observed in the presence of inhibitors of
both PAR-1 [SCH79797] and PAR-4 [tcY-NH2]. PAR-1 inhibitor was effective at concentra‐
tion of about two orders of magnitude below than that required for PAR-4 inhibitor, and
the combination of these two inhibitors were not capable to completely inhibit the plate‐
let aggregation induced by gyroxin [42].

2.2. Molecular biology of SVSPs

Batroxobin  (Bothrops  atrox  serine  protease,  E  3C.4.21.29)  is  a  thrombin-like  enzyme  de‐
rived from Bothrops atrox, moojeni venom. In contrast to thrombin which converts fibrino‐
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gen  into  fibrin  by  splitting  off  fibrinopeptides  A  and  B,  batroxobin  only  splits  off
fibrinopeptide A [43].

Batroxobin gene spans 8 kilobase pairs and contains five exons and its mature form is encoded
by exons 2 to 5. The catalytic residues of batroxobin, His-41, Asp-86, and Ser-178, are encoded
by separate exons, exons 2, 3, and 5, respectively [44].

The exon/intron organization of the batroxobin gene is different from that of the prothrombin
gene but very similar to those of the trypsin and kallikrein genes. These results indicate that
batroxobin is not a member of the prothrombin family but one of the trypsin kallikrein family.
The snake venom gland is assumed to originate from the submaxillary gland. Therefore,
batroxobin is expected to be a member of the glandular kallikrein family [44].

cDNA libraries of snake venom glands have been constructed from various species and several
clones encoding SVSPs have been isolated and sequenced. SVSPs are one chain proteins
encoded by cDNAs containing an open reading frame (ORF) around 800 bp. The 5’UTRs (5
´untranslated region) are usually short while the 3’UTRs (3´untranslated region) vary in length
and may contain more than 1200 nucleotides [3].

Snake venom serine protease are synthesized as zymogens of ~256–257 amino acids with a
putative signal peptide of 18 amino acids and a proposed activation peptide of six amino acid
residues [3]. In the process of protein export, a central role is played by the signal sequence:
an N-terminal segment that somehow initiates export whereupon it is cleaved from the
zymogen. Three structurally dissimilar regions have been recognized so far: a positively
charged N-terminal region, a central hydrophobic region and a more polar C-terminal region
that seems to define the cleavage site [45].

The organization of batroxobin gene, batroxobin cDNA and gyroxin-like B2.1, B1.3, B1.5 and
B1.7 [17, 36, 44] are shown in Figure 5.

Figure 5. Organization of the batroxobin genomic gene, cDNA of Batroxobin and gyroxin-like B2.1, B.1.3, B1.4, B1.5
and B1.7 from C.d.terrificus.Blue boxes denote the location of exons of batroxobin genomic gene (X12747), the blue
bars denote noncoding regions of introns. Orange boxes denote the location of exons of cDNA of Batroxobin (J02684)
and gyroxin-like B1.3, B1.4, B1.5, B1.7 from C.d.terrificus (EU360951; EU360952; EU360953 and EU360954, respective‐
ly). In case of clone B2.1, only a partial sequence was obtained (GenBank accession number AY954040). The lack of
exon 4 in B1.5 clone is because this clone is truncated by the insertion of a stop codon in translated sequence at the
position 472 pb due to the joining of the exon 3 and exon 5.
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Gyroxin-like B2.1 has a shorter 3´UTR compared with other clones. The lack of exon 4 in
gyroxin-like B1.5 is because this clone is truncated by the insertion of a stop codon in translated
sequence at the position 472 pb due to the joining of the exon 3 and exon 5 [17].

In Figure 6, the alignment of nucleotide sequences from gyroxin-like B1.3 and B2.1 revealed
that clone B1.3 contains two consensus motifs for hypothetical poly(A+) signals (5’- AATAAA
-3’) at positions 929 and 1380 bp, whereas the B2.1 sequence contains only the first poly(A+)
signal at the position 857 bp and has a shorter 3’UTR and poly(A+) tail [17].

The transcription of mRNA can be related with polyadenilation sites on 3´UTR (3´untranslated
region). The presence of short and long 3’UTRs was also described for myogenin, Xmyog U1

and Xmyog U2 from Xenopus laevis (Xmyog U2) [46] that contains one and two consensus motifs
for a poly(A+) signal, respectively. These results suggest the presence of at least, two different
poly(A+) signals in Xmyog U2, generating two transcripts with different 3’ ends.

Figure 6. Alignment of nucleotide sequences from gyroxin-like B1.3 (EU360951) and B2.1 (AY954040). Coding
region for signal peptide and propeptide is indicated in dark grey. Start codon and stop codons are in bold. The ma‐
ture coding region is indicated in white. The mutations between B1.3 and B2.1 sequences are indicated by a box line
and differences in nucleotides are in bold. Light grey encompasses the 3’ UTR. B1.3 hypothetical poly A+ signal (929–
934 bp), B1.3 poly A+ signal (1380–1385 bp) and B2.1 poly A+ signal (857–862 bp) are in bold. Dashes represent gaps
introduced for optimal sequence alignment.

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

160

Similarly, the presence of two signals of polyadenylation in gyroxin-like B1.3, suggests that
two mRNAs could be transcripted with longer or smaller 3’ UTR. Gyroxin-like B2.1 has only
one signal of polyadenilation, showing a shorter 3´UTR than gyroxin-like B1.3 (Figure 5) [17].

2.3. Recombinant serine protease expression

Due to the great biotechnological potential of toxins present in the snakes venoms, many
efforts have been made in order to clone and express those toxins in order to study its bi‐
ological  activity.  However,  the  study  of  their  properties  is  often  hampered  due  to  the
small amount obtained and the difficulty of getting the animals to extract the poison, and
when these are not the case, many toxins require several purification steps that result in a
lower final yield. For these reasons, many toxin genes have been isolated, cloned and ex‐
pressed in  heterologous systems.  This  methodology not  only  make possible  to  obtain  a
large amount of toxins, but also enable amino acids modification by specific mutations in
their DNA sequence. Thus, whole molecules may be broken down in order to study the
function of its domains [47, 48], as well as amino acid residues may be exchanged for to
study its role in substrate binding [49, 50].

2.3.1. Expression of serine protease on prokaryotic cells

Currently, the most used system to express snake toxins has been bacteria. However, the
expression of recombinant SVSPs using E. coli as a host may result in expression of insoluble
proteins that must be refolded in vitro in order to be activated. Batroxobin, for example, was
the first SVSP to be expressed in insoluble form in E. coli and subsequently refolded to yield
an active enzyme [51]. The plasminogen activator from T. stejnegeri was expressed in E. coli,
but had to undergo a a denaturation-renaturation process in appropriate redox conditions to
allow for the correct formation of disulfide bridges. Using an innovative method, a kallikrein-
like protease (Tm-5) from the snake venom Taiwan habu (Trimeresurus mucrosquamatus), was
expressed in E.coli by placing a polyhistidine-tag linked to an autocatalyzed site based on the
cleavage specificity of the serine protease. The autocatalytic cleavage of Tm-5 from the
polyhistidine-tagged fusion protein resulted in an active recombinant enzyme [53].

Acutin and mucrosobin, enzymes with fibrinogen-clotting and β-fibrinogenase activities
respectively, were successfully expressed in E. coli [54,55]. The expression of a SVSP in E.coli,
rCC-PPP, an isoform of cerastocytin from Cerastes cerastes with platelet-aggregating activity
was reported [56]. After refolding, the recombinant enzyme showed to be a potent platelet
proactivator and to clot fibrinogen.

2.3.2. Expression of serine protease on eukaryotic cells

In general SVSPs are glycosylated and this post-translational modification is important to the
toxin activity, besides that, when expressed in E. coli those toxins frequently results in insoluble
or inactive forms. Therefore the eukaryotic system such as yeast, mammalian cells and
baculovirus expression system in insect cells have been explored, and although the number of
works using this systems are small, they are growing substantially, mainly because of its
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Similarly, the presence of two signals of polyadenylation in gyroxin-like B1.3, suggests that
two mRNAs could be transcripted with longer or smaller 3’ UTR. Gyroxin-like B2.1 has only
one signal of polyadenilation, showing a shorter 3´UTR than gyroxin-like B1.3 (Figure 5) [17].
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the first SVSP to be expressed in insoluble form in E. coli and subsequently refolded to yield
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but had to undergo a a denaturation-renaturation process in appropriate redox conditions to
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expressed in E.coli by placing a polyhistidine-tag linked to an autocatalyzed site based on the
cleavage specificity of the serine protease. The autocatalytic cleavage of Tm-5 from the
polyhistidine-tagged fusion protein resulted in an active recombinant enzyme [53].

Acutin and mucrosobin, enzymes with fibrinogen-clotting and β-fibrinogenase activities
respectively, were successfully expressed in E. coli [54,55]. The expression of a SVSP in E.coli,
rCC-PPP, an isoform of cerastocytin from Cerastes cerastes with platelet-aggregating activity
was reported [56]. After refolding, the recombinant enzyme showed to be a potent platelet
proactivator and to clot fibrinogen.

2.3.2. Expression of serine protease on eukaryotic cells

In general SVSPs are glycosylated and this post-translational modification is important to the
toxin activity, besides that, when expressed in E. coli those toxins frequently results in insoluble
or inactive forms. Therefore the eukaryotic system such as yeast, mammalian cells and
baculovirus expression system in insect cells have been explored, and although the number of
works using this systems are small, they are growing substantially, mainly because of its
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superior refolding machinery and post-translational modifications (e.g. phosphorylation and
glycosylation) [57].

The recombinant Haly-PA was successfully expressed using the baculovírus expression
system, displayed an indirect fibrinogenolytic activity depending on the presence of plasmi‐
nogen and cleaved the plasminogen to generate the active plasmin. These results indicate that
Haly-PA is a plasminogen activator and displays fibrinogenolytic activity through conversion
of plasminogen to plasmin [58].

The recombinant Batroxobin from Bothrops atrox moojeni venom –expressed in Pichia pastoris,
was able to coagulate plasma in a dose dependent manner. However, its molecular weight was
higher than the native protein, indicating yeast-type carbohydrate in its structure [59].

The expression of a glycoprotein Gyroxin-like B2.1 from Crotalus durissus terrificus venom was
reported in COS-7. In order to promote the secretion of this toxin to the culture medium it was
fused to the IgK-chain secretion signal peptide at the N terminus [17]. The recombinant
Gyroxin expressed in COS-7 cell (Figure 7-Western blot, lane 1) showed the same electropho‐
retic pattern of the native Gyroxin purified from the venom (Figure 7-Western blot, lane 2).
Recombinant Gyroxin-like B2.1 was successfully achieved with esterase activity in the
conditioned culture medium, as revealed by immunoblot of secreted protein and standard
anti-crotalic serum from Butantan Institute (Figure 7).

Figure 7. Esterase activity assay of recombinant Gyroxin purified by Benzamidine Sepharose from the supernatant of
lysate and conditioned culture medium over 24 h of transfected COS-7 cells with pED-Gyro. Supernatant lysate and
conditioned culture medium of untransfected COS-7 cells were used as negative controls. Porcine pancreas Trypsin
and purified Gyroxin from C.d.terrificus venom were used as positive controls. 1- Western blot of COS-7 cells extract
transfected with pED-Gyro., 2- 0.05 mg of Gyroxin purified from C.d.terrificus (positive control). The primary antibody
was anti-crotalic serum from Butantan Institute and the reaction was detected with secondary antibody conjugated to
horseradish peroxidase.
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2.4. Therapeutic and diagnostic use

Due to the properties of SVTLEs, they have been extensively investigated over the last decade
for potential therapeutic and diagnostic use and some of them are summarized in Table 1,
based on [6, 60-62].

In  this  regard,  ancrod  [63]  from  Calloselasma  rhodostoma  venom,  whose  current  brand
name  is  ViprinexTM,  was  approved  in  2005  in  the  fast  track  program  of  United  States
Food and Drug Administration (FDA) for investigating its use in patients suffering from
acute ischemic stroke [64].

This program is currently undergoing phase III, where the patients received a one-time, 2-3
hour infusion of ancrod or placebo within six hours of the initial symptom onset of their
ischemic stroke, and are then followed for three months to collect information on their
functional status. Since then, many research articles about the use of ancrod in ischaemic stroke
has been published [63,65-68].

Another thrombin-like enzyme that has been used clinically is Batroxobin (Defibrase®) from
Bothrops atrox venom. In a randomized clinical trial using this toxin in association with aspirin
indicated a reduced rate of restenosis in patients with diabetes undergoing angioplasty for
lower-limb ischemia [69]. In another experiment, the combination of batroxobin and tranexa‐
mic acid in 80 adolescent patients undergoing scheduled idiopathic scoliosis surgery was able
to markedly reduce blood loss and allogeneic blood transfusion [70]. Others trials involving
batroxobin include deep vein thrombosis [71] treatment of hyperfibrinogenemia for secondary
stroke prevention [72] and acute ischemic stroke [73].

Drug/trade name® Target and function/treatment Source

Ancrod (Viprinex) Fibrinogen inhibitor/stroke Agkistrodon rhodostoma

(Malayan pit viper)

Batroxobin (Defibrase) thrombin and protrhombin inhibitor/acute cerebral

infarction, unspecific angina pectoris

Bothrops moojeni

Hemocoagulase thrombin-like effect and thromboplastin activity/

prevention and treatment of haemorrhage

Bothrops atrox

Protac/protein C

activator

protein C activator/clinical diagnosis of

haemostatic disorder

Agkistrodon contortix contortix

(American copperhead)

Reptilase diagnosis of blood coagulation disorder Bothrops jararaca (South American

lance adder)

RVV-V Proteolytic activation of factor V Daboia ruselli

Table 1. Clinical applications and diagnostic kits from snake venom serine proteases.
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Since SVSPs shortens the bleeding time and clotting time, by promoting coagulation locally at
the site of bleeding, combination of enzymes is also employed for the prevention or treatment
of hemorrhage such as might be encountered in surgeries. In this regard, hemocoagulase, a
mixture of purified enzymes isolated from the venom of Bothrops atrox is another example in
clinical trials [74,75]. It has two different enzymatic activities, one which promotes blood
coagulation by converting prothrombin to thrombin (thromboplastin like enzymes) and the
other that causes a direct transformation of fibrinogen to fibrin monomer.

Despite its use in clinical application, some SVSPs have also been explored as a diagnostic tool,
mainly because they are not inhibited by heparin and therefore they can be used to test plasma
samples containing this anticoagulant or to remove fibrinogen from samples containing
heparin. In this context, Reptilase®, a thrombin-like serine protease isolated from the venom
of Bothrops atrox is used to assess blood fibrinogen and fibrinogen degradation products
[76,77]. It is useful to check whether a prolonged thrombin time is caused by the presence of
heparin in the sample. However, the reptilase time is rarely performed in isolation and
therefore, the results of this test should be considered together with other tests and in particular
the thrombin time.

It is important to point out that the name “reptilase” was first described in 1958 [78] for an
extract with the fibrinogen clotting activity from the venom of Bothrops jararaca and sometimes
t his term has also been described as a synonymous of “batroxobin” from the venom of Bothrops
moojeni and Bothrops atrox.

Protac®, a serine protease from Agkistrodon contortrix venom is another example that has found
a broad application in diagnostic practice for the determination of disorders in the protein C
(PC) pathway. Unlike thrombin-catalyzed PC activation reaction which requires thrombomo‐
dulin as a cofactor, Protac® directly converts the zymogen PC into the catalytically active form
which can easily be determined by means of coagulation or chromogenic substrate techniques
[79-81].

Due to the capability of a serine protease extracted from Russels´s viper (Daboia ruselli) venom
(RVV-Vα) to activate Factor V, and since activated factor V is not stable and loses its activity
within 20 hours at 37° C, RVV-V has been used to destabilize and selectively inactivate factor
V in plasma. Therefore, it has been used to prepare a routine reagent for factor V determination.
Studies have demonstrated the ability of the Prothrombinase-induced clotting time (PiCT)
assay, which uses RVV-V among its components, to determine activities of both direct and
indirect thrombin inhibitors in a linear manner over a wide concentration range [60-62].

While the original native snake venom compounds are usually unsuitable as therapeutics,
interventions by medicinal chemists as well as scientists and clinicians in pharmaceutical
R&D  have  made  it  possible  to  use  snake  toxins  as  therapeutics  for  multiple  disorders
based  on  the  available  structural  and  functional  information.  Therefore,  snake  venoms,
with their  cocktail  of  individual  components,  have great  potential  as  therapeutic  agents
for human diseases [6].
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2.4.1. Serine protease inhibitors

Most animal species synthesize a variety of protease inhibitors with different specificities,
whose function is to prevent unwanted proteolysis. They generally act by unabling access of
substrates to the proteases’active site through steric hindrance. Proteases are also involved in
various disease states such as the destruction of the extracellular matrix of articular cartilage
and bone in arthritic joints is thought to be mediated by excessive proteolitic activity [82].
Among the enzymes involved in extracellular matrix degradation, a few serine proteases
(elastase, collagenase, cathepsin G) are able to solubilize fibrous proteins such as elastin and
collagen [83,84].

Given the specific recognition by proteases of defined amino acid sequences, it may be possible
to inhibit these enzymes when they are involved in pathological processes. Potent inhibitors
have the potential to be developed as new therapeutic agents. In vertebrates for example serine
protease inhibitors, have been studied for many years and they are known to be involved in
phagocytosis, coagulation, complement activation, fibrinolysis, blood pressure regulation.
Moreover, some of the protease inhibitors isolated from invertebrate sources are quite specific
towards individual mammalian serine proteases. This also offers huge opportunities for
medicine. Thus, the development of non-toxic protease inhibitors extracted from invertebrates
for in vivo application may be quite important [82].

The last decade, drug discovery in leeches has opened the gate for new molecules to treat
emphysema, coagulation, inflammation, dermatitis and cancer. Also other invertebrates, such
as insects, harvest potential interesting molecules, such as serine protease inhibitors that can
be exploited by the medical industry [85].

3. Conclusions

Snake venom serine proteases have several different functions and have found most use in
medicine in blood coagulation system. These enzymes are used in several ways as tools in
basic research helping to elucidate the relation of structure- function of coagulant proteins and
their interactions with platelets or in experimental models of haemostatic alterations.

Some SVSPs have already been found to be a commercial use in coagulation diagnostic and
some of them are used either to influence physiological homeostasis or as a form of supportive
treatment in haemostatic disorders and micro vascular surgery promoting cicatrization.

Despite the high homology of serine proteases and even sharing the same target, small
differences in their amino acids composition may lead significant binding intensity causing
differences in their biological effects. Therefore, even isoforms of those molecules in the same
organism must be explored. Many animals besides snakes also possess serine proteases that
are used for attack or defense purposes, such as scorpions, bees, spiders and even the exotic
platypuses which make 26 different kinds of serine proteases [86].

Therefore, the diversity of those toxins is extensive and demand many research to elucidate
their function and potential clinical applications

Serine proteases — Cloning, Expression and Potential Applications
http://dx.doi.org/10.5772/53063

165



Since SVSPs shortens the bleeding time and clotting time, by promoting coagulation locally at
the site of bleeding, combination of enzymes is also employed for the prevention or treatment
of hemorrhage such as might be encountered in surgeries. In this regard, hemocoagulase, a
mixture of purified enzymes isolated from the venom of Bothrops atrox is another example in
clinical trials [74,75]. It has two different enzymatic activities, one which promotes blood
coagulation by converting prothrombin to thrombin (thromboplastin like enzymes) and the
other that causes a direct transformation of fibrinogen to fibrin monomer.

Despite its use in clinical application, some SVSPs have also been explored as a diagnostic tool,
mainly because they are not inhibited by heparin and therefore they can be used to test plasma
samples containing this anticoagulant or to remove fibrinogen from samples containing
heparin. In this context, Reptilase®, a thrombin-like serine protease isolated from the venom
of Bothrops atrox is used to assess blood fibrinogen and fibrinogen degradation products
[76,77]. It is useful to check whether a prolonged thrombin time is caused by the presence of
heparin in the sample. However, the reptilase time is rarely performed in isolation and
therefore, the results of this test should be considered together with other tests and in particular
the thrombin time.

It is important to point out that the name “reptilase” was first described in 1958 [78] for an
extract with the fibrinogen clotting activity from the venom of Bothrops jararaca and sometimes
t his term has also been described as a synonymous of “batroxobin” from the venom of Bothrops
moojeni and Bothrops atrox.

Protac®, a serine protease from Agkistrodon contortrix venom is another example that has found
a broad application in diagnostic practice for the determination of disorders in the protein C
(PC) pathway. Unlike thrombin-catalyzed PC activation reaction which requires thrombomo‐
dulin as a cofactor, Protac® directly converts the zymogen PC into the catalytically active form
which can easily be determined by means of coagulation or chromogenic substrate techniques
[79-81].

Due to the capability of a serine protease extracted from Russels´s viper (Daboia ruselli) venom
(RVV-Vα) to activate Factor V, and since activated factor V is not stable and loses its activity
within 20 hours at 37° C, RVV-V has been used to destabilize and selectively inactivate factor
V in plasma. Therefore, it has been used to prepare a routine reagent for factor V determination.
Studies have demonstrated the ability of the Prothrombinase-induced clotting time (PiCT)
assay, which uses RVV-V among its components, to determine activities of both direct and
indirect thrombin inhibitors in a linear manner over a wide concentration range [60-62].

While the original native snake venom compounds are usually unsuitable as therapeutics,
interventions by medicinal chemists as well as scientists and clinicians in pharmaceutical
R&D  have  made  it  possible  to  use  snake  toxins  as  therapeutics  for  multiple  disorders
based  on  the  available  structural  and  functional  information.  Therefore,  snake  venoms,
with their  cocktail  of  individual  components,  have great  potential  as  therapeutic  agents
for human diseases [6].

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

164

2.4.1. Serine protease inhibitors

Most animal species synthesize a variety of protease inhibitors with different specificities,
whose function is to prevent unwanted proteolysis. They generally act by unabling access of
substrates to the proteases’active site through steric hindrance. Proteases are also involved in
various disease states such as the destruction of the extracellular matrix of articular cartilage
and bone in arthritic joints is thought to be mediated by excessive proteolitic activity [82].
Among the enzymes involved in extracellular matrix degradation, a few serine proteases
(elastase, collagenase, cathepsin G) are able to solubilize fibrous proteins such as elastin and
collagen [83,84].

Given the specific recognition by proteases of defined amino acid sequences, it may be possible
to inhibit these enzymes when they are involved in pathological processes. Potent inhibitors
have the potential to be developed as new therapeutic agents. In vertebrates for example serine
protease inhibitors, have been studied for many years and they are known to be involved in
phagocytosis, coagulation, complement activation, fibrinolysis, blood pressure regulation.
Moreover, some of the protease inhibitors isolated from invertebrate sources are quite specific
towards individual mammalian serine proteases. This also offers huge opportunities for
medicine. Thus, the development of non-toxic protease inhibitors extracted from invertebrates
for in vivo application may be quite important [82].

The last decade, drug discovery in leeches has opened the gate for new molecules to treat
emphysema, coagulation, inflammation, dermatitis and cancer. Also other invertebrates, such
as insects, harvest potential interesting molecules, such as serine protease inhibitors that can
be exploited by the medical industry [85].

3. Conclusions

Snake venom serine proteases have several different functions and have found most use in
medicine in blood coagulation system. These enzymes are used in several ways as tools in
basic research helping to elucidate the relation of structure- function of coagulant proteins and
their interactions with platelets or in experimental models of haemostatic alterations.

Some SVSPs have already been found to be a commercial use in coagulation diagnostic and
some of them are used either to influence physiological homeostasis or as a form of supportive
treatment in haemostatic disorders and micro vascular surgery promoting cicatrization.

Despite the high homology of serine proteases and even sharing the same target, small
differences in their amino acids composition may lead significant binding intensity causing
differences in their biological effects. Therefore, even isoforms of those molecules in the same
organism must be explored. Many animals besides snakes also possess serine proteases that
are used for attack or defense purposes, such as scorpions, bees, spiders and even the exotic
platypuses which make 26 different kinds of serine proteases [86].

Therefore, the diversity of those toxins is extensive and demand many research to elucidate
their function and potential clinical applications

Serine proteases — Cloning, Expression and Potential Applications
http://dx.doi.org/10.5772/53063

165



Acknowledgements

Financial support by FAPESP and CNPq.

Author details

Camila Miyagui Yonamine1, Álvaro Rossan de Brandão Prieto da Silva2 and
Geraldo Santana Magalhães3

1 Department of Pharmacology, Federal University of São Paulo, Brazil

2 Department of Genetic, Butantan Institute, Brazil

3 Department of Immunology, Butantan Institute, Brazil

References

[1] Kornalik F. Toxins affecting blood coagulation and fibrinolysis. In: Shier W. T. and
Meb D. (eds.) Handbook of Toxicology. New York: Marcel Dekker; 1990. p.697-709.

[2] Matsui T, Fujimura Y, Titani K. Snake venom proteases affecting hemostasis and
thrombosis. Biochim. Biophys.Acta 2000;1477(1-2) 146–156.

[3] Serrano S, Mauron RC. Snake venom serine proteinases: sequence homology vs. Sub‐
strate specificity, a paradox to be solved. Toxicon 2005;45(8) 1115-1132.

[4] Bell WRJr. Defibrinogenating enzymes. Drugs 1997;54(3) 18–30,discussion 30-1.

[5] Pirkle H. Thrombin-like enzymes from snake venoms: an update inventory. Thromb.
Haemost. 1998;79(3) 675–683.

[6] Koh DCI, Armugan A, Jeyaseelan K. Snake venom components and their applica‐
tions in biomedicine. Cell. Mol. Life Sci. 2006;63(24) 3030-3041.

[7] Stocker K, Fischer H, Meier J. Thrombin-like snake venom proteinases. Toxicon
1982;20(1) 265-273.

[8] Pirkle H, Theodor I. Thrombin-like venom enzymes: Structure and function. Adv.
Exp. Med.Biol. 1990;281: 165-175.

[9] Serrano SMT, Hagiwara Y, Murayama N, Higuchi S, Mentele R, Sampaio CA, Ca‐
margo AC, Fink E. Purification and characterization of a kinin-releasing and fibrino‐
gen-clotting serine proteinase (KN-BJ) from the venom of Bothrops jararaca and

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

166

molecular cloning and sequence analysis of its cDNA. Eur.J.Biochem. 1998;251(3)
845-853.

[10] Wang YM, Wang SR, Tsai IH. Serine protease isoforms of Deinagkistrodon acutus ven‐
om: cloning, sequencing and phylogenetic analysis. Biochem.J. 2001;354(Pt 1)
161-168.

[11] Oyama E, Takahashi H. Amino acid sequence of a thrombin like enzyme, elegaxobin,
from the venom of Trimeresurus elegans (Sakishima-habu). Toxicon 2002;40(7)
959-970.

[12] Mcmullen BA, Fujikawa K, Kisiel W. Primary structure of a protein C activator from
Agkistrodon contortrix contortrix venom. Biochemistry 1989;28(2) 674-679.

[13] Tokunaga F, Nagasawa K, Tamura S, Miyata T, Iwanaga S, Kisiel W. The factor V-
activating enzyme (RVV-V) from Russell's viper venom. Identification of isoproteins
RVV-V alpha, -V beta, and -V gamma and their complete amino acid sequences. J.
Biol. Chem. 1988;263(33) 17471-17481.

[14] Siigur E, Aaspõllu A, Siigur J. Molecular cloning and sequence analysis of a cDNA
for factor V activating enzyme. Biochem. Biophys. Res. Commun. 1999;262(2)
328-332.

[15] Matsui T, Sakurai Y, Fujimura Y, Hayashi I, Oh-Ishi S, Suzuki M, Hamako J, Yama‐
moto Y, Yamazaki J, Kinoshita M, Titani K. Purification and amino acid sequence of
halystase from snake venom of Agkistrodon halys blomhoffii, a serine protease that
cleaves specifically fibrinogen and kininogen. Eur.J.Biochem. 1998;252(3) 569-575.

[16] Hahn BS, Yang KY, Park EM, Chang IM, Kim YS. Purification and molecular cloning
of calobin, a thrombin-like enzyme from Agkistrodon caliginosus (Korean viper). J. Bio‐
chem. 1996;119(5) 835-843.

[17] Yonamine CM, Prieto-da-Silva ARB, Magalhães GS, Rádis-Baptista G, Morganti L,
Ambiel FC, Chura-Chambi RM, Yamane T, Camillo MAP. Cloning of serine protease
cDNAs from Crotalus durissus terrificus venom gland and expression of a functional
Gyroxin homologue in COS-7 cells. Toxicon 2009;54(2) 110-120.

[18] Magalhaes A, Da Fonseca BC, Diniz CR, Richardson M. The complete amino acid se‐
quence of a thrombin-like enzyme/gyroxin analogue from venom of the bushmaster
snake (Lachesis muta muta).FEBS Lett. 1993;329(1-2) 116-120.

[19] Henschen-Edman AH, Theodor I, Edwards BF, Pirkle H. Crotalase, a fibrinogen-clot‐
ting snake venom enzyme: primary structure and evidence for a fibrinogen recogni‐
tion exosite different from thrombin. Thromb. Haemost. 1999;81(1) 81-86.

[20] Burkhart W, Smith GFH, SU JL, Parikh I, Levine HIII. Amino acid sequence determi‐
nation of ancrod, the thrombin-like alpha-fibrinogenase from the venom of Akistro‐
don rhodostoma. FEBS Lett. 1992;297(3) 297-301.

Serine proteases — Cloning, Expression and Potential Applications
http://dx.doi.org/10.5772/53063

167



Acknowledgements

Financial support by FAPESP and CNPq.

Author details

Camila Miyagui Yonamine1, Álvaro Rossan de Brandão Prieto da Silva2 and
Geraldo Santana Magalhães3

1 Department of Pharmacology, Federal University of São Paulo, Brazil

2 Department of Genetic, Butantan Institute, Brazil

3 Department of Immunology, Butantan Institute, Brazil

References

[1] Kornalik F. Toxins affecting blood coagulation and fibrinolysis. In: Shier W. T. and
Meb D. (eds.) Handbook of Toxicology. New York: Marcel Dekker; 1990. p.697-709.

[2] Matsui T, Fujimura Y, Titani K. Snake venom proteases affecting hemostasis and
thrombosis. Biochim. Biophys.Acta 2000;1477(1-2) 146–156.

[3] Serrano S, Mauron RC. Snake venom serine proteinases: sequence homology vs. Sub‐
strate specificity, a paradox to be solved. Toxicon 2005;45(8) 1115-1132.

[4] Bell WRJr. Defibrinogenating enzymes. Drugs 1997;54(3) 18–30,discussion 30-1.

[5] Pirkle H. Thrombin-like enzymes from snake venoms: an update inventory. Thromb.
Haemost. 1998;79(3) 675–683.

[6] Koh DCI, Armugan A, Jeyaseelan K. Snake venom components and their applica‐
tions in biomedicine. Cell. Mol. Life Sci. 2006;63(24) 3030-3041.

[7] Stocker K, Fischer H, Meier J. Thrombin-like snake venom proteinases. Toxicon
1982;20(1) 265-273.

[8] Pirkle H, Theodor I. Thrombin-like venom enzymes: Structure and function. Adv.
Exp. Med.Biol. 1990;281: 165-175.

[9] Serrano SMT, Hagiwara Y, Murayama N, Higuchi S, Mentele R, Sampaio CA, Ca‐
margo AC, Fink E. Purification and characterization of a kinin-releasing and fibrino‐
gen-clotting serine proteinase (KN-BJ) from the venom of Bothrops jararaca and

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

166

molecular cloning and sequence analysis of its cDNA. Eur.J.Biochem. 1998;251(3)
845-853.

[10] Wang YM, Wang SR, Tsai IH. Serine protease isoforms of Deinagkistrodon acutus ven‐
om: cloning, sequencing and phylogenetic analysis. Biochem.J. 2001;354(Pt 1)
161-168.

[11] Oyama E, Takahashi H. Amino acid sequence of a thrombin like enzyme, elegaxobin,
from the venom of Trimeresurus elegans (Sakishima-habu). Toxicon 2002;40(7)
959-970.

[12] Mcmullen BA, Fujikawa K, Kisiel W. Primary structure of a protein C activator from
Agkistrodon contortrix contortrix venom. Biochemistry 1989;28(2) 674-679.

[13] Tokunaga F, Nagasawa K, Tamura S, Miyata T, Iwanaga S, Kisiel W. The factor V-
activating enzyme (RVV-V) from Russell's viper venom. Identification of isoproteins
RVV-V alpha, -V beta, and -V gamma and their complete amino acid sequences. J.
Biol. Chem. 1988;263(33) 17471-17481.

[14] Siigur E, Aaspõllu A, Siigur J. Molecular cloning and sequence analysis of a cDNA
for factor V activating enzyme. Biochem. Biophys. Res. Commun. 1999;262(2)
328-332.

[15] Matsui T, Sakurai Y, Fujimura Y, Hayashi I, Oh-Ishi S, Suzuki M, Hamako J, Yama‐
moto Y, Yamazaki J, Kinoshita M, Titani K. Purification and amino acid sequence of
halystase from snake venom of Agkistrodon halys blomhoffii, a serine protease that
cleaves specifically fibrinogen and kininogen. Eur.J.Biochem. 1998;252(3) 569-575.

[16] Hahn BS, Yang KY, Park EM, Chang IM, Kim YS. Purification and molecular cloning
of calobin, a thrombin-like enzyme from Agkistrodon caliginosus (Korean viper). J. Bio‐
chem. 1996;119(5) 835-843.

[17] Yonamine CM, Prieto-da-Silva ARB, Magalhães GS, Rádis-Baptista G, Morganti L,
Ambiel FC, Chura-Chambi RM, Yamane T, Camillo MAP. Cloning of serine protease
cDNAs from Crotalus durissus terrificus venom gland and expression of a functional
Gyroxin homologue in COS-7 cells. Toxicon 2009;54(2) 110-120.

[18] Magalhaes A, Da Fonseca BC, Diniz CR, Richardson M. The complete amino acid se‐
quence of a thrombin-like enzyme/gyroxin analogue from venom of the bushmaster
snake (Lachesis muta muta).FEBS Lett. 1993;329(1-2) 116-120.

[19] Henschen-Edman AH, Theodor I, Edwards BF, Pirkle H. Crotalase, a fibrinogen-clot‐
ting snake venom enzyme: primary structure and evidence for a fibrinogen recogni‐
tion exosite different from thrombin. Thromb. Haemost. 1999;81(1) 81-86.

[20] Burkhart W, Smith GFH, SU JL, Parikh I, Levine HIII. Amino acid sequence determi‐
nation of ancrod, the thrombin-like alpha-fibrinogenase from the venom of Akistro‐
don rhodostoma. FEBS Lett. 1992;297(3) 297-301.

Serine proteases — Cloning, Expression and Potential Applications
http://dx.doi.org/10.5772/53063

167



[21] Itoh N, Tanaka N, Mihashi S, Yamashina I. Molecular cloning and sequence analysis
of cDNA for batroxobin, a thrombin-like snake venom enzyme J. Biol. Chem.
1987;262(7) 3132-3135.

[22] Nikai T, Ohara A, Komori Y, Fox JW, Sugihara, H. Primary structure of a coagulant
enzyme, bilineobin, from Agkistrodon bilineatus venom. Arch. Biochem. Biophys.
1995;318(1) 89-96.

[23] Zhang Y, Wisner A, Xiong YL, Bon C. A novel plasminogen activator from snake
venom. Purification, characterization, and molecular cloning. J. Biol. Chem.
1995;270(17) 10246-10255.

[24] Sanchez EF, Santos CI, Magalhaes A, Diniz CR, Figueiredo S, Gilroy J, Richardson M.
Isolation of a proteinase with plasminogen-activating activity from Lachesis muta mu‐
ta (bushmaster) snake venom. Arch. Biochem. Biophys. 2000;378(1) 131-141.

[25] Serrano SMT, Mentele R, Sampaio CAM, Fink E. Purification, characterization, and
amino acid sequence of a serine proteinase, PA-BJ, with platelet-aggregating activity
from the venom of Bothrops jararaca. Biochemistry 1995;34 (21) 7186-7193.

[26] Numeric P, Moravie V, Didier M, Chatot-Henry D, Cirille S, Bucher B, Thomas L.
Multiple cerebral infarctions following snakebite by Bothrops carribbaeus. Am. J. Trop.
Med. Hyg.2002;67(3) 287–288.

[27] Markland FS. Snake venom and the hemostatic system. Toxicon 1998;36(12)
1749-1800.

[28] Nolan C, Hall LS, Barlow GH. Ancrod, the coagulating enzyme from Malayan pit vi‐
per (Agkistrodon rhodostoma) venom. Methods Enzymol. 1976;45: 205-213.

[29] Stocker K, Barlow GH. The coagulant enzyme from Bothrops atrox venom (Batroxo‐
bin). Methods Enzymol.1976;45: 214-223.

[30] Markland FS, Damus PS. Purification and properties of a thrombin-like enzyme from
the venom of Crotalus adamanteus (Eastern diamondback rattlesnake). J. Biol. Chem.
1971;246(21) 6460-6473.

[31] Markland, FS. Crotalase. Methods Enzymol.1976;45: 223-236.

[32] Bjarnason JB, Barish A, Direnzo GS, Campbell R, Fox JW. Kallikrein-like enzymes
from Crotalus atrox venom. J. Biol. Chem.1983;258(20) 12566-12573.

[33] Stocker K, Fischer H, Meier J, Brogli M, Svendsen L. Characterization of protein C ac‐
tivator Protac from venom of the southern copperhead (Agkistrodon contortrix) snake.
Toxicon 1987;25(3) 239-252.

[34] Marsh N, Williams V. Practical applications of snake venom toxins in haemostasis.
Toxicon 2005;45(8) 1171–1181.

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

168

[35] Kini RM.The intriguing world of prothrombin activators from snake venom. Toxicon
2005;45(8) 1133-1145.

[36] Yonamine, CM. Cloning of serine proteases from the venom of rattlesnake Crotalus
durissus terrificus and expression of a Gyroxin in mammalian cells. Master of science
disertation. IPEN (Nuclear and Energy Research Institute); 2007.

[37] Gratio V, Walker F, Lehy T, Laburthe M, Darmoul D. Aberrant expression of protei‐
nase-activated receptor 4 promotes colon cancer cell proliferation through a persis‐
tent signaling that involves Src and ErbB-2 kinase. Int. J. Cancer 2009;124(7) 1517–
1525.

[38] Coughlin, SR. How the protease thrombin talks to cells. Proc Natl Acad Sci USA
1999;96(20) 11023–11027.

[39] Kahn ML, Zheng YW, Huang W, Bigornia V, Zeng D, Moff S, Farese RVJr, Tam C,
Coughlin SR. A dual thrombin receptor system for platelet activation. Nature
1998;394(6694) 690–694.

[40] Mao Y, Jin J, Kunapuli SP. Characterization of a new peptide agonist of the protease-
activated receptor-1. Biochem. Pharmacol. 2008;75(2) 438-447.

[41] Kahn ML, Nakanishi-Matsui M, Shapiro MJ, Ishihara H, Coughlin SR. Protease-acti‐
vated receptors 1 and 4 mediate activation of human platelets by thrombin. J. Clin.
Invest. 1999;103(6) 879–887.

[42] Da Silva JAA, Spencer P, Camillo MAP, de Lima VMF. Gyroxin and its biological ac‐
tivity: effects on CNS basement membranes and endothelium and protease-activated
receptors. Curr. Med. Chem.2012;19(2) 281-291.

[43] Stocker K. Defibrinogenation with thrombin-like snake venom enzymes. In Markwardt F.
(ed) Handbook of Experimental Pharmacology. Berlin: Springer-Verlag; 1978. p.
451-484.

[44] Itoh N, Tanaka N, Funakoshi I, Kawasaki T, Mihashi S, Yamashina I. The complete
nucleotide sequence of the gene for batroxobin, a thrombin-like snake venom en‐
zyme. Nucleic Acids Res.1988;16(21) 10377-10378.

[45] Von Heijne G. Signal sequences.The limits of variation. J. Mol. Biol.1985;184(1)
99-105.

[46] Charbonnier F, Gaspera BD, Armand AS, Van der Laarse WJ, Launay T, Becker C,
Gallien CL, Chanoine C. Two myogeninrelated genes are differentially expressed in
Xenopus laevis myogenesis and differ in their ability to transactivate muscle structural
genes. J. Biol. Chem.2002;277(2) 1139–1147.

[47] Assakura MT, Silva CA, Mentele R, Camargo AC, Serrano SM. Molecular cloning
and expression of structural domains of bothropasin, a P-III metalloproteinase from
the venom of Bothrops jararaca. Toxicon 2003;41(2) 217-227.

Serine proteases — Cloning, Expression and Potential Applications
http://dx.doi.org/10.5772/53063

169



[21] Itoh N, Tanaka N, Mihashi S, Yamashina I. Molecular cloning and sequence analysis
of cDNA for batroxobin, a thrombin-like snake venom enzyme J. Biol. Chem.
1987;262(7) 3132-3135.

[22] Nikai T, Ohara A, Komori Y, Fox JW, Sugihara, H. Primary structure of a coagulant
enzyme, bilineobin, from Agkistrodon bilineatus venom. Arch. Biochem. Biophys.
1995;318(1) 89-96.

[23] Zhang Y, Wisner A, Xiong YL, Bon C. A novel plasminogen activator from snake
venom. Purification, characterization, and molecular cloning. J. Biol. Chem.
1995;270(17) 10246-10255.

[24] Sanchez EF, Santos CI, Magalhaes A, Diniz CR, Figueiredo S, Gilroy J, Richardson M.
Isolation of a proteinase with plasminogen-activating activity from Lachesis muta mu‐
ta (bushmaster) snake venom. Arch. Biochem. Biophys. 2000;378(1) 131-141.

[25] Serrano SMT, Mentele R, Sampaio CAM, Fink E. Purification, characterization, and
amino acid sequence of a serine proteinase, PA-BJ, with platelet-aggregating activity
from the venom of Bothrops jararaca. Biochemistry 1995;34 (21) 7186-7193.

[26] Numeric P, Moravie V, Didier M, Chatot-Henry D, Cirille S, Bucher B, Thomas L.
Multiple cerebral infarctions following snakebite by Bothrops carribbaeus. Am. J. Trop.
Med. Hyg.2002;67(3) 287–288.

[27] Markland FS. Snake venom and the hemostatic system. Toxicon 1998;36(12)
1749-1800.

[28] Nolan C, Hall LS, Barlow GH. Ancrod, the coagulating enzyme from Malayan pit vi‐
per (Agkistrodon rhodostoma) venom. Methods Enzymol. 1976;45: 205-213.

[29] Stocker K, Barlow GH. The coagulant enzyme from Bothrops atrox venom (Batroxo‐
bin). Methods Enzymol.1976;45: 214-223.

[30] Markland FS, Damus PS. Purification and properties of a thrombin-like enzyme from
the venom of Crotalus adamanteus (Eastern diamondback rattlesnake). J. Biol. Chem.
1971;246(21) 6460-6473.

[31] Markland, FS. Crotalase. Methods Enzymol.1976;45: 223-236.

[32] Bjarnason JB, Barish A, Direnzo GS, Campbell R, Fox JW. Kallikrein-like enzymes
from Crotalus atrox venom. J. Biol. Chem.1983;258(20) 12566-12573.

[33] Stocker K, Fischer H, Meier J, Brogli M, Svendsen L. Characterization of protein C ac‐
tivator Protac from venom of the southern copperhead (Agkistrodon contortrix) snake.
Toxicon 1987;25(3) 239-252.

[34] Marsh N, Williams V. Practical applications of snake venom toxins in haemostasis.
Toxicon 2005;45(8) 1171–1181.

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

168

[35] Kini RM.The intriguing world of prothrombin activators from snake venom. Toxicon
2005;45(8) 1133-1145.

[36] Yonamine, CM. Cloning of serine proteases from the venom of rattlesnake Crotalus
durissus terrificus and expression of a Gyroxin in mammalian cells. Master of science
disertation. IPEN (Nuclear and Energy Research Institute); 2007.

[37] Gratio V, Walker F, Lehy T, Laburthe M, Darmoul D. Aberrant expression of protei‐
nase-activated receptor 4 promotes colon cancer cell proliferation through a persis‐
tent signaling that involves Src and ErbB-2 kinase. Int. J. Cancer 2009;124(7) 1517–
1525.

[38] Coughlin, SR. How the protease thrombin talks to cells. Proc Natl Acad Sci USA
1999;96(20) 11023–11027.

[39] Kahn ML, Zheng YW, Huang W, Bigornia V, Zeng D, Moff S, Farese RVJr, Tam C,
Coughlin SR. A dual thrombin receptor system for platelet activation. Nature
1998;394(6694) 690–694.

[40] Mao Y, Jin J, Kunapuli SP. Characterization of a new peptide agonist of the protease-
activated receptor-1. Biochem. Pharmacol. 2008;75(2) 438-447.

[41] Kahn ML, Nakanishi-Matsui M, Shapiro MJ, Ishihara H, Coughlin SR. Protease-acti‐
vated receptors 1 and 4 mediate activation of human platelets by thrombin. J. Clin.
Invest. 1999;103(6) 879–887.

[42] Da Silva JAA, Spencer P, Camillo MAP, de Lima VMF. Gyroxin and its biological ac‐
tivity: effects on CNS basement membranes and endothelium and protease-activated
receptors. Curr. Med. Chem.2012;19(2) 281-291.

[43] Stocker K. Defibrinogenation with thrombin-like snake venom enzymes. In Markwardt F.
(ed) Handbook of Experimental Pharmacology. Berlin: Springer-Verlag; 1978. p.
451-484.

[44] Itoh N, Tanaka N, Funakoshi I, Kawasaki T, Mihashi S, Yamashina I. The complete
nucleotide sequence of the gene for batroxobin, a thrombin-like snake venom en‐
zyme. Nucleic Acids Res.1988;16(21) 10377-10378.

[45] Von Heijne G. Signal sequences.The limits of variation. J. Mol. Biol.1985;184(1)
99-105.

[46] Charbonnier F, Gaspera BD, Armand AS, Van der Laarse WJ, Launay T, Becker C,
Gallien CL, Chanoine C. Two myogeninrelated genes are differentially expressed in
Xenopus laevis myogenesis and differ in their ability to transactivate muscle structural
genes. J. Biol. Chem.2002;277(2) 1139–1147.

[47] Assakura MT, Silva CA, Mentele R, Camargo AC, Serrano SM. Molecular cloning
and expression of structural domains of bothropasin, a P-III metalloproteinase from
the venom of Bothrops jararaca. Toxicon 2003;41(2) 217-227.

Serine proteases — Cloning, Expression and Potential Applications
http://dx.doi.org/10.5772/53063

169



[48] Moura-da-Silva AM, Línica A, Della-Casa MS, Kamiguti AS, Ho PL, Crampton JM,
Theakston RD. Jararhagin ECD-containing disintegrin domain: expression in Escheri‐
chia coli and inhibition of the platelet-collagen interaction. Arch Biochem Biophys.
1999;369(2) 295-301.

[49] Tian J, Paquette-Straub C, Sage EH, Funk SE, Patel V, Galileo D, McLane MA. Inhibi‐
tion of melanoma cell motility by the snake venom disintegrin eristostatin. Toxicon.
2007;49(7) 899-908.

[50] Sanz L, Chen RQ, Pérez A, Hilario R, Juárez P, Marcinkiewicz C, Monleón D, Celda
B, Xiong YL, Pérez-Payá E, Calvete JJ. cDNA cloning and functional expression of jer‐
dostatin, a novel RTS-disintegrin from Trimeresurus jerdonii and a specific antagonist
of the alpha1beta1 integrin. J Biol Chem. 2005;280(49) 40714-40722.

[51] Maeda M, Satoh S, Suzuki S, Niwa M, Itoh N, Yamashina I. Expression of cDNA for
batroxobin, a thrombin-like snake venom enzyme. J. Biochem. 1991;109(4) 632-637.

[52] Zhang Y, Wisner, A, Maroun, R.C, Choumet V, Xiong Y, Bon C. Trimeresurus stejne‐
geri Snake Venom Plasminogen Activator SITE-DIRECTED MUTAGENESIS AND
MOLECULAR MODELING. J. Biol. Chem 1997; 272(33) 20531-20537.

[53] Hung CC, Chiou SH. Expression of a kallikrein-like protease from the snake venom:
engineering of autocatalytic site in the fusion protein to facilitate protein refolding.
Biochem. Biophys. Res. Commun.2000;275(3) 924–930.

[54] Pan H, Du X, Yang G, Zhou Y, Wu X. cDNA cloning and expression of acutin. Bio‐
chem. Biophys. Res. Commun.1999;255(2) 412–415.

[55] Guo YW, Chang TY, Lin KT, Liu HW, Shih KC, Cheng SH. Cloning and functional
expression of the mucrosobin protein, a beta-fibrinogenase of Trimeresurus mucros‐
quamatus (Taiwan Habu). Protein Exp. Purif.2001;23(3) 483–490.

[56] Dekhil H, Wisner A, Marrakchi N, El Ayeb M, Bon C, Karoui H. Molecular cloning
and expression of a functional snake venom serine proteinase, with platelet aggregat‐
ing activity, from the Cerastes cerastes viper. Biochemistry 2003;42(36) 10609–10618.

[57] Butler M. Animal cell cultures: recent achievements and perspectives in the produc‐
tion of biopharmaceuticals. Appl. Microbiol. Bioftechnol. 2005,68(3) 283-291.

[58] Park D, Kim H, Chung K, Kim DS, Yun Y. Expression and characterization of a novel
plasminogen activator from Agkistrodon Halys venom. Toxicon 1998;36(12) 1807-1819.

[59] You WK, Choi WS, Koh YS, Shin HC, Jang Y, Chung KH. Functional characterization
of recombinant batroxobin, a snake venom thrombin-like enzyme, expressed from
Pichia pastoris. FEBS letters 2004;571(1-3) 63-73.

[60] Korte W, Jovic R, Hollenstein M, Degiacomi P, Gautschi M, Ferrández A. The uncali‐
brated prothrombinase-induced clotting time test. Equally convenient but more pre‐

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

170

cise than the aPTT for monitoring of unfractionated heparin. Hamostaseologie.
2010;30(4) 212-6.

[61] Calatzis A, Peetz D, Haas S, Spannagl M, Rudin K, Wilmer M. Prothrombinase-in‐
duced clotting time assay for determination of the anticoagulant effects of unfractio‐
nated and low-molecular-weight heparins, fondaparinux, and thrombin inhibitors.
Am. J. Clin. Pathol. 2008;130(3) 446-54.

[62] Fenyvesi T, Jorg I, Harenberg J. Effect of phenprocoumon on monitoring of lepiru‐
din, argatroban, melagatran and unfractionated heparin with the PiCT method. Path‐
ophysiol. Haemost. Thromb. 2002;32(4) 174-179.

[63] Nolan C, Hall LS, Barlow GH. Ancrod, the coagulating enzyme from Malayan pit vi‐
per (Agkistrodon rhodostoma) venom. Methods Enzymol. 1976;45: 205–213.

[64] The Internet Strocke Center. http://www.strokecenter.org/trials/clinicalstudies/asp-ii-
ancrod-stroke-program-ancrod-viprinex%E2%84%A2-for-the-treatment-of-acute-is‐
chemic-stroke (accessed 2 July 2012).

[65] Liu S, Marder VJ, Levy DE, Wang SJ, Yang F, Paganini-Hill A, Fisher MJ. Ancrod and
fibrin formation: perspectives on mechanisms of action. Stroke 2011;42(11) 3277-3280.

[66] Levy DE, del Zoppo GJ, Demaerschalk BM, Demchuk AM, Diener HC, Howard G,
Kaste M, Pancioli AM, Ringelstein EB, Spatareanu C, Wasiewski WW. Ancrod in
acute ischemic stroke: results of 500 subjects beginning treatment within 6 hours of
stroke onset in the ancrod stroke program. Stroke. 2009;40(12) 3796-3803.

[67] Hyperfibrinogenemia and functional outcome from acute ischemic stroke. del Zoppo
GJ, Levy DE, Wasiewski WW, Pancioli AM, Demchuk AM, Trammel J, Demaerschalk
BM, Kaste M, Albers GW, Ringelstein EB. Stroke. 2009;40(5) 1687-1691.

[68] Hennerici MG, Kay R, Bogousslavsky J, Lenzi GL, Verstraete M, Orgogozo JM, ES‐
TAT investigators. Intravenous ancrod for acute ischaemic stroke in the European
Stroke Treatment with Ancrod Trial: a randomised controlled trial. Lancet.
2006;368(9550) 1871-1878.

[69] Wang J, Zhu YQ, Li MH, Zhao JG, Tan HQ, Wang JB, Liu F, Cheng YS.Batroxobin
plus aspirin reduces restenosis after angioplasty for arterial occlusive disease in dia‐
betic patients with lower-limb ischemia. J Vasc Interv Radiol. 2011;22(7) 987-994.

[70] Xu C, Wu A, Yue Y. Which is more effective in adolescent idiopathic scoliosis sur‐
gery: batroxobin, tranexamic acid or a combination? Arch. Orthop. Trauma Surg.
2012;132(1) 25-31.

[71] Lei Z, Shi Hong L, Li L, Tao YG, Yong LW, Senga H, Renchi Y, Zhong CH. Batroxo‐
bin mobilizes circulating endothelial progenitor cells in patients with deep vein
thrombosis. Clin Appl Thromb Hemost. 2011;17(1) 75-79.

[72] Xu G, Liu X, Zhu W, Yin Q, Zhang R, Fan X. Feasibility of treating hyperfibrinogene‐
mia with intermittently administered batroxobin in patients with ischemic stroke/

Serine proteases — Cloning, Expression and Potential Applications
http://dx.doi.org/10.5772/53063

171



[48] Moura-da-Silva AM, Línica A, Della-Casa MS, Kamiguti AS, Ho PL, Crampton JM,
Theakston RD. Jararhagin ECD-containing disintegrin domain: expression in Escheri‐
chia coli and inhibition of the platelet-collagen interaction. Arch Biochem Biophys.
1999;369(2) 295-301.

[49] Tian J, Paquette-Straub C, Sage EH, Funk SE, Patel V, Galileo D, McLane MA. Inhibi‐
tion of melanoma cell motility by the snake venom disintegrin eristostatin. Toxicon.
2007;49(7) 899-908.

[50] Sanz L, Chen RQ, Pérez A, Hilario R, Juárez P, Marcinkiewicz C, Monleón D, Celda
B, Xiong YL, Pérez-Payá E, Calvete JJ. cDNA cloning and functional expression of jer‐
dostatin, a novel RTS-disintegrin from Trimeresurus jerdonii and a specific antagonist
of the alpha1beta1 integrin. J Biol Chem. 2005;280(49) 40714-40722.

[51] Maeda M, Satoh S, Suzuki S, Niwa M, Itoh N, Yamashina I. Expression of cDNA for
batroxobin, a thrombin-like snake venom enzyme. J. Biochem. 1991;109(4) 632-637.

[52] Zhang Y, Wisner, A, Maroun, R.C, Choumet V, Xiong Y, Bon C. Trimeresurus stejne‐
geri Snake Venom Plasminogen Activator SITE-DIRECTED MUTAGENESIS AND
MOLECULAR MODELING. J. Biol. Chem 1997; 272(33) 20531-20537.

[53] Hung CC, Chiou SH. Expression of a kallikrein-like protease from the snake venom:
engineering of autocatalytic site in the fusion protein to facilitate protein refolding.
Biochem. Biophys. Res. Commun.2000;275(3) 924–930.

[54] Pan H, Du X, Yang G, Zhou Y, Wu X. cDNA cloning and expression of acutin. Bio‐
chem. Biophys. Res. Commun.1999;255(2) 412–415.

[55] Guo YW, Chang TY, Lin KT, Liu HW, Shih KC, Cheng SH. Cloning and functional
expression of the mucrosobin protein, a beta-fibrinogenase of Trimeresurus mucros‐
quamatus (Taiwan Habu). Protein Exp. Purif.2001;23(3) 483–490.

[56] Dekhil H, Wisner A, Marrakchi N, El Ayeb M, Bon C, Karoui H. Molecular cloning
and expression of a functional snake venom serine proteinase, with platelet aggregat‐
ing activity, from the Cerastes cerastes viper. Biochemistry 2003;42(36) 10609–10618.

[57] Butler M. Animal cell cultures: recent achievements and perspectives in the produc‐
tion of biopharmaceuticals. Appl. Microbiol. Bioftechnol. 2005,68(3) 283-291.

[58] Park D, Kim H, Chung K, Kim DS, Yun Y. Expression and characterization of a novel
plasminogen activator from Agkistrodon Halys venom. Toxicon 1998;36(12) 1807-1819.

[59] You WK, Choi WS, Koh YS, Shin HC, Jang Y, Chung KH. Functional characterization
of recombinant batroxobin, a snake venom thrombin-like enzyme, expressed from
Pichia pastoris. FEBS letters 2004;571(1-3) 63-73.

[60] Korte W, Jovic R, Hollenstein M, Degiacomi P, Gautschi M, Ferrández A. The uncali‐
brated prothrombinase-induced clotting time test. Equally convenient but more pre‐

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

170

cise than the aPTT for monitoring of unfractionated heparin. Hamostaseologie.
2010;30(4) 212-6.

[61] Calatzis A, Peetz D, Haas S, Spannagl M, Rudin K, Wilmer M. Prothrombinase-in‐
duced clotting time assay for determination of the anticoagulant effects of unfractio‐
nated and low-molecular-weight heparins, fondaparinux, and thrombin inhibitors.
Am. J. Clin. Pathol. 2008;130(3) 446-54.

[62] Fenyvesi T, Jorg I, Harenberg J. Effect of phenprocoumon on monitoring of lepiru‐
din, argatroban, melagatran and unfractionated heparin with the PiCT method. Path‐
ophysiol. Haemost. Thromb. 2002;32(4) 174-179.

[63] Nolan C, Hall LS, Barlow GH. Ancrod, the coagulating enzyme from Malayan pit vi‐
per (Agkistrodon rhodostoma) venom. Methods Enzymol. 1976;45: 205–213.

[64] The Internet Strocke Center. http://www.strokecenter.org/trials/clinicalstudies/asp-ii-
ancrod-stroke-program-ancrod-viprinex%E2%84%A2-for-the-treatment-of-acute-is‐
chemic-stroke (accessed 2 July 2012).

[65] Liu S, Marder VJ, Levy DE, Wang SJ, Yang F, Paganini-Hill A, Fisher MJ. Ancrod and
fibrin formation: perspectives on mechanisms of action. Stroke 2011;42(11) 3277-3280.

[66] Levy DE, del Zoppo GJ, Demaerschalk BM, Demchuk AM, Diener HC, Howard G,
Kaste M, Pancioli AM, Ringelstein EB, Spatareanu C, Wasiewski WW. Ancrod in
acute ischemic stroke: results of 500 subjects beginning treatment within 6 hours of
stroke onset in the ancrod stroke program. Stroke. 2009;40(12) 3796-3803.

[67] Hyperfibrinogenemia and functional outcome from acute ischemic stroke. del Zoppo
GJ, Levy DE, Wasiewski WW, Pancioli AM, Demchuk AM, Trammel J, Demaerschalk
BM, Kaste M, Albers GW, Ringelstein EB. Stroke. 2009;40(5) 1687-1691.

[68] Hennerici MG, Kay R, Bogousslavsky J, Lenzi GL, Verstraete M, Orgogozo JM, ES‐
TAT investigators. Intravenous ancrod for acute ischaemic stroke in the European
Stroke Treatment with Ancrod Trial: a randomised controlled trial. Lancet.
2006;368(9550) 1871-1878.

[69] Wang J, Zhu YQ, Li MH, Zhao JG, Tan HQ, Wang JB, Liu F, Cheng YS.Batroxobin
plus aspirin reduces restenosis after angioplasty for arterial occlusive disease in dia‐
betic patients with lower-limb ischemia. J Vasc Interv Radiol. 2011;22(7) 987-994.

[70] Xu C, Wu A, Yue Y. Which is more effective in adolescent idiopathic scoliosis sur‐
gery: batroxobin, tranexamic acid or a combination? Arch. Orthop. Trauma Surg.
2012;132(1) 25-31.

[71] Lei Z, Shi Hong L, Li L, Tao YG, Yong LW, Senga H, Renchi Y, Zhong CH. Batroxo‐
bin mobilizes circulating endothelial progenitor cells in patients with deep vein
thrombosis. Clin Appl Thromb Hemost. 2011;17(1) 75-79.

[72] Xu G, Liu X, Zhu W, Yin Q, Zhang R, Fan X. Feasibility of treating hyperfibrinogene‐
mia with intermittently administered batroxobin in patients with ischemic stroke/

Serine proteases — Cloning, Expression and Potential Applications
http://dx.doi.org/10.5772/53063

171



transient ischemic attack for secondary prevention. Blood Coagul Fibrinolysis.
2007;18(2) 193-197.

[73] Gusev EI, Skvortsova VI, Suslina ZA, Avakian GN, Martynov MIu, Temirbaeva SL,
Tanashian MA, Kamchtnov PR, Stakhovskaia LV, Efremova NM. Batroxobin in pa‐
tients with ischemic stroke in the carotid system (the multicenter study). Zh. Nevrol.
Psikhiatr. Im. S. S. Korsakova. 2006;106(8) 31-34.

[74] Lodha A, Kamaluddeen M, Akierman A, Amin H. Role of hemocoagulase in pulmo‐
nary hemorrhage in preterm infants: a systematic review. Indian J. Pediatr. 2011;78(7)
838-844.

[75] Kim SH, Cho YS, Choi YJ. Intraocular hemocoagulase in human vitrectomy. Jpn. J.
Ophthalmol. 1994;38(1) 49–55.

[76] Funk C, Gmür J, Herold R, Straub PW. Reptilase-R--a new reagent in blood coagula‐
tion. Br. J. Haematol. 1971;21(1) 43-52

[77] Van Cott EM, Smith EY, Galanakis DK. Elevated fibrinogen in an acute phase reac‐
tion prolongs the reptilase time but typically not the thrombin time. Am. J. Clin.
Pathol. 2002;118(2) 263-268.

[78] Blomback B, Blomback M, Nilsson IM. Coagulation studies on reptilase, an extract of
the venom from Bothrops jararaca. Thromb. Diath. Haemorrh. 1958;1(1) 76-86.

[79] Green L, Safa O, Machin SJ, Mackie IJ, Ryland K, Cohen H, Lawrie AS. Development
and application of an automated chromogenic thrombin generation assay that is sen‐
sitive to defects in the protein C pathway. Thromb. Res. 2012 Jan 18. [Epub ahead of
print].

[80] Tripodi A, Legnani C, Lemma L, Cosmi B, Palareti G, Chantarangkul V, Mannucci
PM. Abnormal Protac-induced coagulation inhibition chromogenic assay results are
associated with an increased risk of recurrent venous thromboembolism. J. Thromb.
Thrombolysis. 2010;30(2) 215-219.

[81] Stocker K, Fischer H, Meier J. Practical application of the protein C activator Protac
from Agkistrodon contortrix venom. Folia Haematol. Int. Mag. Klin. Morphol. Blut‐
forsch. 1988;115(3) 260-264.

[82] Royston D. Preventing the inflammatory response to open heart surgery; the role of
aprotinin and other protease inhibitors. Int J Cardiol 1996;53: S11-S37.

[83] Sloane BF, Rozhin J, Johnson K, Taylor H, Crissman JD, Honn KV. Cathepsin B: As‐
sociation with plasma membrane in metastatic tumor. Proc. Natl. Acad. Sci. USA
1986;83(8) 2483-2487.

[84] Berquin IM; Sloane BF. Cathepsin B expression in human tumors. Adv.Exp Med Biol
1996,389: 281-94.

[85] Clynen E., Schoofs L and Salzet M. A. Review of the Most Important Classes of Ser‐
ine Protease Inhibitors in Insects and Leeches. Med. Chem. Rev. online 2005,2(3)

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

172

197-206. http://www.ingentaconnect.com/content/ben/mcro/2005/00000002/00000003/
art00003 (acessed 2 July 2012).

[86] Whittington CM, Papenfuss AT, Locke DP, Mardis ER, Wilson RK, Abubucker S, Mi‐
treva M, Wong ES, Hsu AL, Kuchel PW, Belov K, Warren WC. Novel venom gene
discovery in the platypus.Genome Biol. 2010;11(9) R95.

Serine proteases — Cloning, Expression and Potential Applications
http://dx.doi.org/10.5772/53063

173



transient ischemic attack for secondary prevention. Blood Coagul Fibrinolysis.
2007;18(2) 193-197.

[73] Gusev EI, Skvortsova VI, Suslina ZA, Avakian GN, Martynov MIu, Temirbaeva SL,
Tanashian MA, Kamchtnov PR, Stakhovskaia LV, Efremova NM. Batroxobin in pa‐
tients with ischemic stroke in the carotid system (the multicenter study). Zh. Nevrol.
Psikhiatr. Im. S. S. Korsakova. 2006;106(8) 31-34.

[74] Lodha A, Kamaluddeen M, Akierman A, Amin H. Role of hemocoagulase in pulmo‐
nary hemorrhage in preterm infants: a systematic review. Indian J. Pediatr. 2011;78(7)
838-844.

[75] Kim SH, Cho YS, Choi YJ. Intraocular hemocoagulase in human vitrectomy. Jpn. J.
Ophthalmol. 1994;38(1) 49–55.

[76] Funk C, Gmür J, Herold R, Straub PW. Reptilase-R--a new reagent in blood coagula‐
tion. Br. J. Haematol. 1971;21(1) 43-52

[77] Van Cott EM, Smith EY, Galanakis DK. Elevated fibrinogen in an acute phase reac‐
tion prolongs the reptilase time but typically not the thrombin time. Am. J. Clin.
Pathol. 2002;118(2) 263-268.

[78] Blomback B, Blomback M, Nilsson IM. Coagulation studies on reptilase, an extract of
the venom from Bothrops jararaca. Thromb. Diath. Haemorrh. 1958;1(1) 76-86.

[79] Green L, Safa O, Machin SJ, Mackie IJ, Ryland K, Cohen H, Lawrie AS. Development
and application of an automated chromogenic thrombin generation assay that is sen‐
sitive to defects in the protein C pathway. Thromb. Res. 2012 Jan 18. [Epub ahead of
print].

[80] Tripodi A, Legnani C, Lemma L, Cosmi B, Palareti G, Chantarangkul V, Mannucci
PM. Abnormal Protac-induced coagulation inhibition chromogenic assay results are
associated with an increased risk of recurrent venous thromboembolism. J. Thromb.
Thrombolysis. 2010;30(2) 215-219.

[81] Stocker K, Fischer H, Meier J. Practical application of the protein C activator Protac
from Agkistrodon contortrix venom. Folia Haematol. Int. Mag. Klin. Morphol. Blut‐
forsch. 1988;115(3) 260-264.

[82] Royston D. Preventing the inflammatory response to open heart surgery; the role of
aprotinin and other protease inhibitors. Int J Cardiol 1996;53: S11-S37.

[83] Sloane BF, Rozhin J, Johnson K, Taylor H, Crissman JD, Honn KV. Cathepsin B: As‐
sociation with plasma membrane in metastatic tumor. Proc. Natl. Acad. Sci. USA
1986;83(8) 2483-2487.

[84] Berquin IM; Sloane BF. Cathepsin B expression in human tumors. Adv.Exp Med Biol
1996,389: 281-94.

[85] Clynen E., Schoofs L and Salzet M. A. Review of the Most Important Classes of Ser‐
ine Protease Inhibitors in Insects and Leeches. Med. Chem. Rev. online 2005,2(3)

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

172

197-206. http://www.ingentaconnect.com/content/ben/mcro/2005/00000002/00000003/
art00003 (acessed 2 July 2012).

[86] Whittington CM, Papenfuss AT, Locke DP, Mardis ER, Wilson RK, Abubucker S, Mi‐
treva M, Wong ES, Hsu AL, Kuchel PW, Belov K, Warren WC. Novel venom gene
discovery in the platypus.Genome Biol. 2010;11(9) R95.

Serine proteases — Cloning, Expression and Potential Applications
http://dx.doi.org/10.5772/53063

173



Chapter 7

Toxins from Lonomia obliqua — Recombinant
Production and Molecular Approach

Ana Marisa Chudzinski-Tavassi,
Miryam Paola Alvarez-Flores,
Linda Christian Carrijo-Carvalho and
Maria Esther Ricci-Silva

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/53697

1. Introduction

Few species of butterflies and moths (order Lepidoptera) are involved in human envenoming
[1]. Caterpillars are the larval forms of moths and butterflies. Toxins are usually found in the
caterpillar’s hairs and spines with defense purposes. The majority of medically important
encounters with lepidopterans occur with exposure to the caterpillar’s urticating hairs or
spines, but hemolymph can also have toxic properties [1, 2]. A variety of clinical effects have
been described, which depend on the family and species involved, ranging from local to
systemic reactions [3, 4].

In most occasions, the adverse effects caused by caterpillars are self-limited and can be treated
with topical antipruritics [4]. However, for the envenoming by the South American Lonomia
obliqua caterpillars (Figure 1), named lonomism, the antilonomic serum produced at the
Butantan Institute in Brazil is the only effective treatment to reestablish the coagulation
parameters in poisoned patients and to avoid the complications seen in severe cases such as
intracerebral hemorrhage and acute renal failure [5-10].

In 1989, an outbreak of accidents with this species became a serious public health threat in
southern Brazil, with high fatality rates [5, 11-15]. Since then, many studies have been carried
out to understand the pathophysiological mechanisms of envenoming [14] and to identify the
toxins responsible for adverse reactions.

© 2013 Chudzinski-Tavassi et al.; licensee InTech. This is an open access article distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Figure 1. A) Lonomia obliqua caterpillar (5th instar) and B) pupa.

L. obliqua is the caterpillar that has the most studied venom, which main components have
been isolated and characterized [14, 16, 17]. Table 1 lists the biological activities and toxins
isolated and characterized from the bristle extract or hemolymph of L. obliqua. In vivo studies
reported an antithrombotic effect caused by the bristle extract, while most in vitro studies
reported procoagulant activities [14, 16-23]. It is well known, for a wide range of animal
venoms, that procoagulant toxins can cause in vivo activation of the coagulation system. The
hemostatic disturbances observed in the envenoming by L. obliqua caterpillars, result in a
consumption coagulopathy (resembling a disseminated intravascular coagulation) and
secondary fibrinolysis, which can lead to the hemorrhagic syndrome [6].

The principal components in the caterpillar’s venom have been initially identified by isolating
toxins through classical purification methods and following the main activities observed in
the whole bristle extract (Figure 2). However, this approach provides knowledge restricted
only to the most abundant toxins, and usually reveals that activities which are directly
associated to the main symptoms and effects observed in the envenoming outcomes. Experi‐
mental assays were specifically developed to test the hemostatic and enzymatic activities of
Lonomia toxins and their actions on the coagulation cascade. This knowledge has been valuable
for description and management of the envenoming syndrome, but with the classical ap‐
proach, low abundant components and unexpected effects are usually overlooked. Possible
interaction of venom components, cross-reactions and secondary effects, useful to provide a
systemic view of the pathways involved in the toxin’s effects are often unnoticed.

In the last years, methods applied in genomic, transcriptomic and proteomic analyses have
been applied with the aims of cataloging and classifying the toxins based on their structure
and activity (Figure 3). Thus, it was possible to analyze the envenoming processes at the
molecular level. For example, significant advance was achieved through two independent
transcriptome studies, which generated a list of putative toxic proteins from L. obliqua bristles
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and hemolymph [20, 43]. In addition, significant advance was achieved as a result of micro‐
array study [44]. Moreover, by coupling proteomics and immunochemical approaches, some
immunogenic components were identifying in the bristle extract, especially those related to
hemostasis [9]. These components were detected by the antilonomic hyperimmune serum
produced at the Butantan Institute, and abundant proteins were identified.

Activity

(toxin)

Source MW (kDa) Characteristics and observed effects Reference

Prothrombin

activation (Lopap)

Bristle extract 21 Serine protease, activity increased by Ca2+;

consumption coagulopathy in vivo; cell survival

in endothelial cell culture. Recombinant form

produced in bacteria and yeast.

[18, 19, 21,

24-26]

FXa-like Bristle extract 21 Hydrolytic activity on S-2222 chromogenic

substrate, Ca2+-independent; N-terminal

sequence similar to Lopap.

[27]

Factor X activation

(Losac)

Bristle extract 45 Serine protease, Ca2+-independent;

Cell survival in HUVEC. Recombinant form

produced in bacteria.

[20-22, 28]

Phospholipase A2-like Bristle extract 15 Indirect hemolytic activity in human and rat red

blood cells in vitro, Ca2+-independent;

intravascular hemolysis in vivo.

[29-31]

Fibrinogenolytic

(Lonofibrase)

Hemolymph 35 αβ fibrinogenase activity; enable to affect fibrin

cross-linked.

[32-34]

Hyaluronidase

(Lonoglyases)

Bristle extract 49

53

β-endohexosaminidase activity; degradation of

extracellular matrix.

[35]

Antiapoptotic Hemolymph 51 Activity on Spodoptera frugiperda (Sf-9) cell

culture.

[36]

Antiviral Hemolymph 20 Antiviral activity against measles, influenza and

polio viruses. Recombinant form produced in

baculovirus/insect.

[37, 38]

Nociceptive and

Edematogenic

Bristle extract NI Nociception facilitated by prostaglandin

production; edematogenic response facilitated

by prostanoids and histamine.

[39]

Kallikrein-kinin

system activation

Bristle extract NI Kinin release from low molecular weight

kininogen; edema formation and fall in arterial

pressure.

[40]

Platelet adhesion and

aggregation

Bristle extract NI Direct platelet aggregation and ATP secretion;

activity inhibited by p-bromophenacyl

bromide, a specific PLA2 inhibitor.

[41, 42]

NI: None isolated, studies carried out using the whole venom

Table 1. Toxins and activities described in L. obliqua venom.
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Figure 2. Schematic representation of the classical strategy employed in initial studies of the Lonomia obliqua venom.
The bristle extract was analyzed through denaturing electrophoresis (SDS-PAGE) which showed the venom is a com‐
plex mixture of proteins. Screening assays were carried out to investigate possible effects on blood coagulation and
fibrinolysis. The venom showed procoagulant activity by decreasing blood clotting time. Two procoagulant compo‐
nents (Lopap, a prothrombin activator and Losac, a factor X activator) were identified and isolated from the bristle
extract for further characterization. The specific activity of Lopap and Losac were observed on purified coagulation
factor zymogens (FII or FX) using chromogenic substrates to detect generation of active forms of clotting factors (FIIa
and FXa) by these toxins. This assay was used in the purification process to identify the active fractions containing each
toxin. SDS-PAGE profile shows Lopap (1- multimer, 3- monomer) and Losac (2) are abundant components in the ven‐
om. MM: molecular markers.

Production of recombinant forms of Lonomia toxins and discovery of new molecules are
opening perspectives in the scientific area for basic and applied researches. These molecules
can point out novel mechanisms of action, undiscovered molecular interactions and new
classes of enzymes and inhibitors. Interesting, some venom toxins have shown multifunctional
properties [19, 22, 28]. The best examples are Lopap (a prothrombin activator with high
similarity with lipocalins) and Losac (a factor X activator highly similar to hemolins). Besides
activation of blood coagulation, Lopap and Losac can modulate cellular functions and promote
cell survival [22, 45]. Both molecules were cloned and produced in its recombinant form in
yeast and/or bacteria [19, 25, 28].

Additional studies will be conducted to determine the involvement of the venom components
in the envenoming syndrome and their biological significance for physiological processes of
the animal, such as insect metamorphosis, which is a combination of growth/activation/
differentiation/programmed cell death signals. Thus, this chapter reviews the currently
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available information about L. obliqua venom, and focus on strategies to unveil molecular
aspects of toxins and the perspectives for therapeutic and biotechnological applications.

Figure 3. Schematic representation of the strategies to explore the Lonomia obliqua venom and toxins based on cel‐
lular and molecular approaches. Results obtained indicate promising applications for these proteins and derived pep‐
tides.

2. Molecular approach

For many years, direct purification of toxins from venoms was the best procedure to charac‐
terize them with regard to their primary structure. Then, the development of molecular
approaches to characterize toxin genes represented an expansion in the understanding of the
structure and function of toxin, critical for the development of new treatments directed against
the venom toxins (antivenoms). Cloning of cDNAs coding for biochemically isolated toxins
has improved their characterization. Transcriptomic allows the identification of cellular
transcripts in a given cell population, while proteomic studies protein’s properties and
functions (expression level, structure, post-translational modification, etc.) of proteins
expressed by the genome of an organism at a certain point of time. The availability of tech‐
nologies for high throughput analysis has led to integrate toxin expression at mRNA and
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factor zymogens (FII or FX) using chromogenic substrates to detect generation of active forms of clotting factors (FIIa
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the animal, such as insect metamorphosis, which is a combination of growth/activation/
differentiation/programmed cell death signals. Thus, this chapter reviews the currently
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available information about L. obliqua venom, and focus on strategies to unveil molecular
aspects of toxins and the perspectives for therapeutic and biotechnological applications.

Figure 3. Schematic representation of the strategies to explore the Lonomia obliqua venom and toxins based on cel‐
lular and molecular approaches. Results obtained indicate promising applications for these proteins and derived pep‐
tides.

2. Molecular approach

For many years, direct purification of toxins from venoms was the best procedure to charac‐
terize them with regard to their primary structure. Then, the development of molecular
approaches to characterize toxin genes represented an expansion in the understanding of the
structure and function of toxin, critical for the development of new treatments directed against
the venom toxins (antivenoms). Cloning of cDNAs coding for biochemically isolated toxins
has improved their characterization. Transcriptomic allows the identification of cellular
transcripts in a given cell population, while proteomic studies protein’s properties and
functions (expression level, structure, post-translational modification, etc.) of proteins
expressed by the genome of an organism at a certain point of time. The availability of tech‐
nologies for high throughput analysis has led to integrate toxin expression at mRNA and

Toxins from Lonomia obliqua — Recombinant Production and Molecular Approach
http://dx.doi.org/10.5772/53697

179



protein level. This flow of genetic information from DNA to proteins is the base of the central
dogma of molecular biology [46].

2.1. Transcriptomics of Lonomia obliqua bristle extract

Expressed Sequence Tags strategy is an approach to characterize the transcriptome of a cell,
gland or organism and is based in all the transcript (the most abundant are the mRNAs)
produced at a specific time and fully sequenced to create a representative catalogue of
expressed genes [47]. Hundreds to a thousand of sequences are grouped into contigs or clusters
based on DNA sequence information and bioinformatics analysis (Figure 4). Nowadays, the
EST-based strategy is commonly employed for identifying expressed genes in species of
interest [48, 49]. This approach has been successfully used to compile a lists of genes expressed
in venom’s glands of a wide range of animals [50-53].

EST-strategy was used to identify the major transcripts present in L. obliqua bristle extract [19,
20, 43]. About 702 clusters (representing 1,278 independent clones) were assembled and
characterized as lipocalins, hemolins, serine proteases, serine protease inhibitors, serpins,
tumor suppressors, ribosomal, structural and cell cycle proteins as shown in Table 2 [20]. Most
of the transcripts represent proteins involved in the animal physiology. Those sequences were
deposited in data bank (NCBI GenBank accession numbers: CX815710–CX817210, CX820335–
CX820336, AY908986) [20]. A pool of DNA sequences showed no similarities with well-known
sequences in data bank. The most abundant toxin was a lipocalin of 21 kDa, and analysis of its
N-terminal sequence shows 100% homology with Lopap (GenPept accession number:
AAW88441). The Lopap whole sequence (accounting for 1.6% of the total clones) was identified
in this cDNA library (accession number: AY908986).

Functional categories
No. of

clusters
No. of clones

Clones/

clusters
% of Total % of Hits

General Metabolism 72 94 1.30 6.1 7.0

Transcriptional and translational 165 462 2.80 30.7 37.0

Processing and sorting 10 13 1.30 0.8 1.0

Degradation 9 20 2.22 1.3 2.0

Structural functions 47 243 5.17 16.2 19.0

Cell regulation 26 82 3.15 5.4 6.0

Other functions 138 244 1.77 16.2 19.0

Conserved unknown proteins 42 120 2.86 8.0 9.0

TOTAL 509 1278 2.51 85.0 100.0

Table 2. Major transcripts present in the Lonomia obliqua bristle extract identified by EST-based strategy. Adapted
from EST data-bank of NCBI deposited by Reis and colleagues in 2004 [19, 20].
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Other cDNA libraries were constructed from bristles and integument [43]. The transcripts of
those libraries revealed the presence of sequences related to trypsin-like enzymes, blood
coagulation factors, prophenoloxidase cascade activators, cysteine proteases, phospholipase
A2, serpins, cystatins, antibacterial proteins, lipocalins, and others (GenBank accession
number: AY829732–AY829859) [43]. Sequences deposited independently in gene banks from
both cDNA libraries are complementary. Apart from new venom component precursors, both

Figure 4. Schematic view of a transcriptomic approach based on EST-strategy. The strategy of construction of the
cDNA library starts by the extraction of total RNA from a sample (ex. L. obliqua bristle extract). After purification of the
mRNAs with an oligo (dT)-cellulose column, the cDNAs are synthesized (reverse transcription) by using synthetic oligo‐
nucleotides containing a restriction sites (in figure: NcoI and EcoRI for sense and antisense primers, respectively). The
cDNA obtained can be inserted into a vector (plasmids or phages), generating a cDNA library. The library can be per‐
petuated by transforming the clones (plasmids) or infecting themselves (in the cases of phages) in E. coli. Based on
DNA sequence information, bioinformatics tools predict the amino acid sequence of the corresponding gene products
and their similarity to known genes. The redundant EST data sets are organized and integrated into cluster [54, 55].
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libraries describe gene products related to cellular processes important for venom production,
including high protein synthesis, tuned post-translational processing and trafficking. Those
important projects contributed significantly to the characterization of this venom, which
showed to be a rich source of proteins and active principles. Further studies about the biological
and pharmacological properties of these molecules are necessary to understand its involve‐
ment in the envenoming process. Recently, the next-generation of sequencing methods - for
example, pyrosequencing - have improved and increased the sequencing reducing time and
cost compared to the traditional Sanger method [47, 56].

2.2. Microarray analysis

The identification of genes expressed in cells of a tissue is a basic step to provide essential
information about gene function and tissue physiology. The gene expression analysis through
the microarray technology (cDNA arrays) has become a powerful tool for rapid analysis of the
functional effects of toxins on cells and tissues [57]. The main application of cDNA arrays is to
compare the expression of known genes in different physiological situations, for example,
tissues in normal and pathological conditions [58]. Thus, analyses of array data contribute to
a better understanding of complex gene expression patterns related to physiology and
metabolism, unveiling networks or pathways previously unknown.

A study of the effects of L. obliqua bristle extract on the gene expression profile of cultured
human fibroblasts showed that many genes are up- and down-regulated, especially those
related to the inflammatory processes such as IL-8, IL-6, CXCL1 and CCL2 [44]. Other changes
in the expression pattern of some genes, such as prostaglandin-endoperoxide synthase 2,
urokinase-type plasminogen activator receptor and tissue factor, were also observed, which
could contribute to the pathological effects of lonomism. The authors suggest that the clinical
manifestations may be a result of the direct action of L. obliqua venom on the host cells allied
to an indirect effect caused by alteration in the gene expression pattern in host tissues.

2.3. Immunoproteome of Lonomia obliqua bristle extract

The identification of antigens eliciting an immune response by applying proteomic technolo‐
gies can be defined as Immunoproteomics. Some usual immunoproteomics approaches are
shown in Figure 5. Here, the perspective for its application regards the improvement of serum
therapy by the selection of antigens for toxin-specific immunization of horses. Furthermore,
some applications correlate the identification of antigens with certain diseases, such as
infectious, autoimmune or cancer, providing diagnostic and monitoring informations. In this
way, these methodologies are good choices in developing clinical applications and also to
discover biomarkers. [59].

In classical gel-based strategy, the isolation and identification of proteins/antigens comprises
a combination of bidimensional electrophoresis, immunoblotting and mass spectrometry. The
aim of bidimensional electrophoresis is to isolate proteins based on their charge and mass [60,
61]. The first step is isoelectric focusing (IEF), where proteins migrate to reach their isoelectric
point in an immobilized pH gradient gel under high voltage. All proteins are given negative
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charge by addition of SDS detergent. This step also includes denaturation of proteins by
reduction and alkylation. The second step is SDS-polyacrylamide gel electrophoresis (SDS-
PAGE), where smaller proteins migrate faster through the gel to the anode than larger ones.
Detection of proteins can be performed by gel staining or immunoblotting.

Immunoblotting involves the transfer of proteins from gel to a nitrocellulose or PVDF
membrane in an electric field [62]. The immobilized proteins in the membrane are subsequently
incubated with antibodies that have affinity for the proteins of interest. Detection is carried
out by enzyme-labelled secondary antibodies against the constant region of the primary IgG
antibody, followed by the addition of a chemilluminescent substrate. The substrate reaction
can be visualized by fluorescence.

Figure 5. General approaches in Immunoproteomics. Gel-based approach: Bidimensional electrophoresis is based on
protein separation on their pI and molecular mass. Then, the proteins are transferred from gel and immobilized on
membrane (Western blotting). Antigens will be detected after serum incubation, followed by addition of secondary
labelled antibodies and their substrates. Gel-free approaches: Antigen array: Proteins are fractionated (pI, hydropho‐
bicity,etc) and spotted in a solid support. After that, antigenic fractions can be detected using patient serum and sec‐
ondary labelled antibodies. Antigen profiling: Immunocapture is based on immobilization of patient
immunoglobulins G, which are directly used to capture and isolate antigenic proteins from a complex mixture of pro‐
teins. Captured antigens are profiled by mass spectrometry (modified from 66).

Following this, the immunogenic proteins are removed from the gel and enzymatically
digested for further mass spectrometry analyses [63]. Trypsin is generally used, cleaving an
amide bond on the C-terminal side of lysine and arginine residues, which will be protonated
and analyzed in positive-ion mode. Addition of diluted acid (0.1% formic acid or 1% trifluor‐
acetic acid) to the sample contributes to the ionization process.

The ionization methods that are most often used for peptides and proteins are Matrix Assisted
Laser Desorption Ionization (MALDI) and Electrospray Ionization (ESI). Peptides and proteins
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can be identified by Peptide mass fingerprinting (PMF) or de novo sequencing [63]. PMF is
based on their fragmentation pattern, considering that identical peptide maps have identical
amino acid sequences. For de novo sequencing analyses, the precursor ion is selected for
fragmentation and the product ions are evaluated by mass differences between successive
peaks in the spectrum, which are related to the individual mass of their residues.

The identification of immunogenic compounds from L. obliqua’s bristle extract was performed
on gel-based approach using the polyclonal horse anti-Lonomic hyperimmune serum and anti-
Lopap specific rabbit serum produced by the Butantan Institute [9]. Bidimensional electro‐
phoresis of bristle extract revealed 157 silver stained spots, under non-reducing conditions
(without DTT and iodoacetamide addition), providing an overview protein mapping (Figure
6A). However, 153 spots were immunodetected using anti-Lonomic serum (Figure 6B) and 30
spots detected using anti-Lopap serum (Figure 6C). Abundant proteins from 24 selected
colloidal Coomassie Blue gel spots, corresponding to immunogenic proteins, were digested
with trypsin and analysed by tandem mass spectrometry. The identification searches were
carried out using the L. obliqua bristle EST databank. Lipocalins (spots 05, 09, 10, 14, 15, 16, 18,
24), cuticle protein (spots 05, 06, 07, 08, 11, 12, 13) and serpins (spot 21) were amongst the
proteins identified (Figure 6A) [9]. Lipocalins can play a role in homeostasis and inflammation,
as a defense mechanism in haematophagous arthropods. Lopap, characterized as a lipocalin
protein member, and its all isoforms were highly represented as immunogenic proteins,
revealed by the specific anti-Lopap serum (Figure 6C). The bristle’ cDNA libraries also confirm
the high abundance of lipocalins. As previously described [9, 19], these proteins have impor‐
tant role in envenoming. The cuticle proteins identified can be related to the inflammatory
response caused by macerated spicule proteins. The serpin protein may also be involved in
the defense mechanism.

Besides the biochemical and pharmacological tests, the quality control of serum and vaccine
production can be monitored by proteomic technologies [64], such as chromatographic
analyses, bidimensional electrophoresis and immunoblotting, once they are able to detect
protein degradation and also confirm the presence of specific antibodies. However, immuno‐
therapy can be more effective if a better characterization of venom composition is performed,
improving immunization procedures, increasing its specificity and reducing side effects. The
new generation of high affinity antibodies against low abundant immunogenic toxins can be
evaluated by an antivenomic approach [64, 65].

A novel approach is the investigation of post-translational modifications (PTM) that affect
antigen recognition, given that many peptides presented to T cells by the major histocompa‐
bility complex are post-translationally modified [66]. Glycosylation and phosphorylation are
important PTMs of proteins, playing crucial roles in several biological processes, including
cell recognition and signalling pathway [67, 68]. Some potential targets for cancer therapy are
based on glycosylated and phosphorylated epitopes discoveries [59].

Otherwise, phosphorylated proteins are usually enriched by immunoprecipitation (mainly for
phosphotyrosine peptides) or by chromatographic procedures, such as Strong Cation eX‐
change (SCX), Hydrophilic Interaction Liquid Chromatography (HILIC), Immobilized Metal
Affinity Chromatography (IMAC) or Metal Oxide Affinity Chromatography (MOAC).
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Figure  6.  Bidimensional  electrophoresis  and  immunoblotting  from  Lonomia  obliqua’s  bristle  extract.  (A):  silver
stained bidimensional gel (100 μg of protein applied) under non-reducing condition. Panels (B) and (C): PVDF im‐
munoblotted 2D gels incubated with anti-Lonomic horse serum diluted 1:500 (B) or with anti-Lopap rabbit serum
diluted 1:250 (C) [9].
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Different metals may be used (iron, zirconium, gallium, etc) and peptides eluted by acidic or
basic conditions, releasing mono-phosphorylated and multi-phosphorylated peptides,
respectively [67].

The simultaneous screening of thousands of proteins from complex samples in a fast and
sensitive manner can be performed using protein arrays. Amongst the different protein
microarray applications are biomarker discovery, protein interaction studies, enzyme-
substrate profiling, immunological profiling and vaccine development. As our interest is in
the immune response, an antibody microarray can be used for identification of antigens that
react specifically with the antibodies spotted on a solid support, with the complex formed then
detected by fluorescence [59].

A large number of not yet identified proteins are considered as unknowns, but higher
probabilities of identifications are reached when different methodologies are applied for
analysis of complex samples. The combination of several proteomic techniques described here
could improve the detection of immunogenic compounds and create new perspectives for
effective immunotherapies.

3. Lonomia obliqua toxins

The L. obliqua caterpillar venom contain non-protein and protein components [21]. The
procoagulant proteins present in the venom cause hemostatic disturbances mainly mediated
by thrombin formation, the key enzyme of blood coagulation. Physiologically, thrombin
generation from prothrombin occurs by assembling of the prothrombinase complex, which
consists of factor Xa (catalytic factor), factor Va (non-enzymatic cofactor), calcium and a
phospholipid membrane surface. Despite figured as a cascade of subsequent activation of
coagulation factors, blood coagulation is currently conceived in a cell based-model [69]. In
Figure 7 a simplified cascade model of hemostasis is illustrated, showing the known interac‐
tions of the L. obliqua venom and toxins.

Several molecules and activities were reported in bristles or hemolymph (Table 1). Some of
them are related to the pathophysiology of the envenoming others to the development process
of the animal such as regulation of the cell cycle [16]. Donato and colleagues [70] identified in
the bristle extract a direct factor X activator which is calcium-independent, and a prothrombin
activator. The prothrombin and factor X activators were later isolated and named Lopap and
Losac, respectively [22, 24]. Interestingly, both molecules are no longer similar with any well-
known procoagulant molecule from human or any other species.

3.1. Lopap: Functional characterization, recombinant production and bioinformatics
analysis

Lopap (Lonomia obliqua Prothrombin Activator Protease) was purified from the bristle extract
as a 69-kDa protein through gel filtration followed by reverse-phase chromatography. The
purified protein was subjected to trypsin hydrolysis and partial amino acid sequences of N-
terminal and internal fragments were obtained through Edman degradation [24].

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

186

The recombinant protein (rLopap) was obtained in enzymatically active form as monomer of
21 kDa with a polyhistidine tag after purification by immobilized metal-chelate affinity
chromatography. Partial amino acid sequences of native Lopap lead to identification of its
respective clone from the cDNA library of L. obliqua bristles [20], encoding for a signal peptide
(16 aa residues) and the mature protein (185 aa residues). cDNA of mature protein, consisting
in a transcript with 603 bp open reading frame, was subcloned into the pAE vector and
expressed in the bacteria E. coli BL21(DE3) with a fusion tag (His6). Protein was recovered in
inclusion bodies after cell lysis and subjected to refolding and purification after solubilization
in urea [71].

Interestingly, the deduced amino acid sequence of Lopap showed no similarity with other
prothrombin activators or serine proteases, but was similar to lipocalin family members, either
from insects or mammals [71]. Lopap sequence alignment with other lipocalins is shown in
Figure 8. Members of lipocalin family usually share only about 30% of similarity in amino acid

Figure 7. Schematic overview of hemostasis. Dark double-bars indicate where inhibitors act. HMWK = high molecular-
weight-kininogen. PK = Prekallikrein. KK = Kallikrein. CI-INH = CI-inhibitor. TFPI = tissue factor pathway inhibitor. PL =
phospholipids. Ca = calcium ions. AT = antithrombin. FDA = Fibrinopeptide A. FDB = Fibrinopeptide B. TAFI = Throm‐
bin-activatable fibrinolysis inhibitor. FnDP = Fibrin degradation products. FgDP = Fibrinogen degradation products. α2-
AP = α2-antiplasmin. Known interactions of the L. obliqua venom are indicated in the black boxes. Losac = L. obliqua
Stuart factor activator. Lopap = L. obliqua prothrombin activator protease.
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sequence, despite showing conserved secondary and tertiary structures. Furthermore, these
proteins have in primary structure three characteristic conserved motifs [72].

Figure 8. Amino acid sequence alignment of Lopap and other lipocalins. Sequences were accessed from protein data
bank at NCBI and aligned using BioEdit [80].

Lopap’s tridimensional structure obtained by molecular modeling has the characteristic fold
of lipocalins, consisting in an eight stranded antiparallel β-barrel (Figure 9) with a hydrophobic
pocket for binding of hydrophobic ligands. A serine protease catalytic triad was also predicted
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[19]. Lopap is the first lipocalin described that displays proteolytic activity. On the other hand,
through a peptide mapping approach based on lipocalin conserved motifs found in the
Lopap’s primary structure, a synthetic peptide was obtained (Figure 10), which has been
proposed as a sequence signature among lipocalins, sharing a common role in cell protection
and development process [73]. Other lipocalins that have been described with antiapoptotic
activity share similar sequences, which have similar conformations in their tridimensional
structures [73].

Figure 9. Model of the tridimensional structure of Lopap [81].

Figure 10. Lipocalin sequence signature highlighted among lipocalin conserved motifs identified in Lopap sequence
[19] and in the model of tridimensional structure. Residues predicted in the catalytic triad are shown in green [25].
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Lopap shows specific proteolytic activity towards prothrombin. It displays serine protease-
like activity and activates human prothrombin through hydrolysis of Arg284-Thr285 and Arg320-
Ile321 peptide bounds, generating active thrombin, without formation of the intermediate
meizothrombin [24]. This mechanism is similar to prothrombin activation by FXa in absence
of the prothrombinase complex (Figure 11), previously described [74]. This is the unique
prothrombin activation mechanism described for an exogenous serine protease, which is
independent of prothrombinase complex components. All other exogenous prothrombin
activators (metalloproteases and serine proteases) currently described from snake venoms fit
into four groups, sharing similar mechanisms of action [75].

Figure 11. Prothrombin activation mechanisms indicating the Lopap hydrolysis sites and its generated products.

When administered in vivo, Lopap induces blood clotting into microvessels, resulting in
fibrinogen consumption and blood incoagulability [76]. These effects resemble the consump‐
tion coagulopathy triggered by the whole venom, indicating the involvement of this pro‐
thrombin activator as a key toxin in envenoming [26]. In addition, Lopap is able to modulate
endothelial cell responses promoting cell survival, IL-8, nitric oxide (NO) and PGI2 release,
expression of the cell adhesion molecules ICAM-1 and E-selectin, but not VCAM-1 and
PCAM-1 [45, 77, 78]. Lopap also displays cytoprotective activity in neuthrophils and do not
modify expressions of L-selectin and β2 integrin. Secretion of the proinflammatory cytokines
IL-6 and TNF-α is not changed by Lopap treatment in both cell cultures [78]. Lopap seems to
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have no effect on modulation of coagulation and fibrinolysis through endothelial cell response,
since it does not modify von Willebrand factor (vWF) and tissue plasminogen activator (t-PA)
release or tissue factor procoagulant activity on endothelial cell surface [45, 77].

The Lopap-derived peptide obtained through chemical synthesis (Survicalin) reproduces the
Lopap’s modulation on endothelial cells and neutrophils cell, triggering antiapoptotic activity
[73]. Survicalin also induces fibroblast responses, decreasing caspase-3 and increasing Bcl-2,
Ki-67, IL-1β and the receptors for IL-8 and IL-6. Enhanced production of extracellular matrix
proteins, such as collagen, fibronectin, tenascin and laminin is also induced by Survicalin in
fibroblast culture [79].

3.2. Losac: Functional characterization

Losac is the first factor X activator purified from a lepidopter secretion. It was obtained from
caterpillar’s bristle extract as a single polypeptide chain protein of about 45 kDa [22]. Some
years later, from a cDNA library of L. obliqua bristle transcripts [19], the specific clone encoding
for Losac was identified and the recombinant protein produced in bacteria system (for details,
see section 3.3). Studies using the native or recombinant form of Losac (rLosac) revealed
specificity toward factor X [20, 22, 28]. Moreover, Losac had no effect on fibrin or fibrinogen,
indicating its specificity for blood coagulation activation, and it was recognized by the
antilonomic serum produced in Butantan Institute. Thus, it is plausible that this protein
participates in the consumption coagulopathy observed in patients.

Biochemical characterization of Losac has shown that, although its sequence did not show an
equivalent among other factor X activators, Losac possess a similar mechanism of action than
RVV-X, a factor X activator purified from Russell’s viper venom Daboia russelli [28, 82, 83]. Like
RVV-X, factor X activation by Losac can be accelerated in the presence of calcium and phos‐
pholipids, two important cofactor in the assembling of blood coagulation complexes [69]. In
spite of this, Losac can activate factor X independently of these cofactors. Moreover, both
activators require a stable conformation of factor X and the presence of the Gla-domain of
factor X for an appropriated activity. Interestingly, the cleavage fragments of factor X gener‐
ated by both activators were quite similar. Although there are strong functional similarities,
the major difference is in the structure of both activators. Apparently, Losac activates factor X
through a serine protease-like activity, while RVV-X has a typical metalloproteinase structure
[20, 28, 84].

A model proposed by Morita [83] and crystallographic studies of RVV-X [85] support the
hypothesis that it primarily recognizes the calcium-bound conformation of Gla-domain in
factor X through an exosite formed by the light chains, followed by the catalytic conversion of
factor X to factor Xa. Despite the structural differences between Losac and RVV-X, it remains
possible that they share a similar mechanisms for recognition of factor X involving calcium
ions, phospholipids and the Gla-domain of factor X followed by its proteolytic conversion to
active factor X.

Besides its role in coagulation [22, 28], Losac is also capable of inducing proliferation and
inhibiting endothelial cell death while stimulating the release of NO, a known molecule with
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antiapoptotic activity [86, 87], and t-PA, a component of fibrinolytic-pathway involved in
matrix remodeling [88]. The authors suggest that the cell proliferation and cell viability
activities elicited by Losac are probably related to the NO liberation [22], since NO was also
described as an endothelial survival factor, inhibiting apoptosis [86, 87]. Moreover, it was also
observed that the production/expression of some important molecules involved in inflamma‐
tion and coagulation systems such as ICAM-1, PGI2, DAF, IL-8, vWF and tissue factor were
not affected by Losac.

It has been show that hemolymph from some insects can increase cell longevity by inhibiting
apoptosis [89, 90]. The increase of Spodoptera frugiperda Sf-9 cell growth in almost 3-fold was
reported after supplementation with L. obliqua hemolymph [91]. This effect was attributed to
the presence of three factors with different activities: a potential antiapoptotic factor, a growth-
promoting factor, and an enzyme that hydrolyzes sucrose. Furthermore, an antiapoptotic
protein of 51 kDa was purified from L. obliqua hemolymph [36]. This protein was able to prevent
apoptosis in Sf-9 cell culture induced by nutrient deprivation and by Actinomycin D. Later
reports [37, 38] described in the hemolymph a potent antiviral activity against human virus.

3.3. Molecular cloning and heterologous expression of Losac

The production of Losac in a recombinant form was important due to the disadvantages of
purifying Losac from bristle extract: the use of many caterpillars to prepare the bristle extract
and the low yield of native Losac (0.3%) [22]. Cloning and production scheme to obtain rLosac
is shown in Figure 12 [28].

Nucleotide and deduced amino acid sequences were compared with data banks in order to
identify similar genes and their products. The analysis revealed a high similarity with members
of the immunoglobulin-like superfamily of cell adhesion molecules (IgCAMs), especially with
neural CAMs (NCAMs) [28]. Members of this group have diverse functions but none was
associated with proteolytic activities [94]. Multiple comparison of the deduced amino acid
sequence revealed different degrees of identity with IgCAMs: 26% of identity with L1-NCAM
from humans, 34% with the protein neuroglian from Drosofila melanogaster; and 47-76% with
hemolins from lepidopters [95-98]. Although no structural data was reported for Losac, a
tertiary structure model was built through homology modeling based on crystal structure of
Hyalophora cecropia hemolin (HcHemolin, Protein Data Bank code 1BIH). Both proteins share
76% of sequence identity [28] and the same multi-domain structure (four Ig-like domains: D1
to D4) and conserved motifs as shown in Figures 13 and 14. Both structures are composed of
β-strands, arranged in a globular shape resembling a horseshoe (Figure 14A), akin to hemolin
[97], axonin [99], and the four N-terminal Ig domains of neurofascin [100]. Because Losac shares
its main sequence features with hemolins, it can be perfectly classified as one of them. It was
demonstrated that Losac activate factor X in a similar way than RVV-X [28]. Nevertheless,
unlike Losac, no hemolins or cell adhesion molecules were associated with proteolytic
activities.
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Figure 12. 1)After purification from bristle extract [22], Losac was submitted to a tryptic digestion to obtain partial
amino acid sequences of internal fragments. Those sequences were obtained by mass spectrometry and used to
screen the cDNA library to identify the transcript encoding the protein. The cDNA library was previously constructed
with L. obliqua bristle mRNAs that were converted to cDNA and cloned into pGEM-11Zf+ plasmid [19, 20]. 2) From this
cDNA library, a transcript corresponding to the clone LOAH12B08 (GenBankTM accession number CX816408.1),
matching the tryptic peptide sequences, was identified. However, this transcript was partially sequenced and the com‐
plete sequence was achieved through the primer walking strategy using a specific primer designed from an internal
sequence of the transcript allowing uncover the complete sequence of Losac gene [92]. The nucleotide sequence has
been deposited in GenBankTM (DQ479435), and the deduced protein has been deposited in the NCBI protein se‐
quence database (ABF21073). 3) The cDNA that encodes mature Losac was amplified by PCR using a sense and an
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antisense primer designed according to the deduced N- and C-terminal sequences of the mature protein carrying NcoI
or EcoRI restriction sites, respectively. 4) The cDNA corresponding to mature Losac was sub-cloned into the pAE vector
[93]. The PCR product and the pAE vector were restricted with NcoI and EcoRI, purified, and ligated with T4 DNA ligase
and used to transform E. coli DH5α cells. 5) The resulting pAE-Losac plasmid was used to transform E. coli BL21(DE3)
cells. The recombinant protein was expressed in fusion to a minimal N-terminal His6-tag as a 48.6 kDa protein: Protein
was recovered in inclusion bodies after cell lysis and subjected to refolding and purification after solubilization in urea.

Figure 13. Multiple amino acid sequence alignment of Losac with other hemolin proteins. Sequence identity is shown
for all proteins related to Losac. The structures encompass four constant-type immunoglobulin domains (cIg) (D1-D4).
The bars above the sequences correspond to domains 1 (D1, blue), 2 (D2, green), 3 (D3, orange) and 4 (D4, red). Se‐
quence identity is shown for all hemolins related to Losac (%ID). The α-helices and β-sheets observed in Hyalophora
cecropia hemolin (Protein Data Bank code 1BIH) and Losac are shaded in light and dark gray, respectively. Previously it
was predicted that hemolin contain conserved regions and motifs (28, 36). Conserved motifs are shown inside boxes
according to the domain they belong. The eight cysteines (in yellow) form four intra-chain disulfide bridges. Losac
conserves the well-known motifs involved in cell-adhesion mechanism (KDG motif in D1 and D3), as well as the highly
conserved N-glycosylation site in D3 (Asn265, in black). An additional N-glycosylation site (Asn22) is found in H. cecropia
and S. c. ricini hemolins (D1). The LPS-binding site (NRTS motif: Asn265, Arg266, Thr267 and Ser268) in D3 (orange). In D2
are located the KRLS cAMP/cGMP-dependent protein kinase phosphorylation site and the RRIT motif (green boxes).
Positions of the residues forming the putative catalytic site are evidenced with an asterisk. Hemolin sequences (with
abbreviation and GenBank™ accession numbers in brackets) are from: Samia cynthia ricini (Sc, BAE07175), Antheraea
pernyi (Ap, AAS99343), Manduca sexta (Ms, AAC46915), Losac (Lo, ABF21073) and H. cecropia (Hc, AAB34817).

At this stage we can only speculate about the mechanism of action of Losac. One possibility is
to evaluate structural features that might contribute to the Losac-induced factor X activation.
Thus, a search for serine protease active-site was undertaken based on the Catalytic Site Atlas
(CSA) program analysis. Three possible catalytic residues, Asp(D)40, His(H)72 and Ser(S)90, were
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located on D1 (Figure 13 and 14A) and could fit to such activity. Theoretical analysis (Figure
13 and 14) and observed results - total inhibition by PMSF as described in [28] - seem to suggest
the presence of a serine protease-like active-site in Losac which would be responsible for the
proteolytic activation of factor X [20, 28, 84]. Some molecular techniques, such as Site-directed
mutagenesis [101], could be applied in an effort to understand the structural requirements for
ligand binding and selectivity and identification of active site residues.

Functionally, hemolins were first associated with the insect immune system because of their
over-expression after bacterial infection [103]. Due to their adhesion properties, some hemolins
have been involved in the cell adhesion mechanisms. In the last two decades independent
studies demonstrated that hemolins are multifunctional molecules involved in a diverse range

Figure 14. Three-dimensional structure model of Losac. (A) Cartoon view of the predicted model of Losac protein
built from the structural coordinates of H. cecropia hemolin (PDB code 1BIH) using Modeller 9v1 [102]. Each domain
(D1-D4) comprises α-helices and 7 strands arranged in 2 antiparallel β-sheets that are linked together by a disulfide
bridge (shown in yellow stick). The residues of the putative catalytic triad predicted in D1 by the program Catalytic Site
Atlas (http://www.ebi.ac.uk/thornton-srv/databases/CSA/) program, are indicated as stick cyan color by the one let‐
ter code followed by the residue number, D40, H72, S90. (B) Electrostatic potential surface of Losac showing inside the
box the conserved phosphate-binding site at the D2-D3 interface domains, exactly as was demonstrated for HcHemo‐
lin [97]. (C) Surface view of Losac model evidencing the conserved adhesive motif KDG (deep blue) and the LPS-bind‐
ing motif RRVT (green) and NRTS (chocolate), which contains the glycosylation site in N265. All the figures were
produced in Pymol v1.5 (http://www.pymol.org/).
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of cell interaction [104-110]. The high identity among Losac and hemolins suggests that Losac
could also assume some of these functions in L. obliqua. The adhesive properties of Losac
probably are relevant to understanding the human umbilical vein endothelial cell responses
observed in previous studies.

4. Biomedical applications

Studies on L. obliqua toxins with a molecular approach have applications beyond the patho‐
physiology and therapeutic perspectives of envenoming. As procoagulant proteins, Lopap and
Losac can be useful as tools for developing clotting assays and diagnostic kits. Exogenous
factor X activators, such as recombinant Losac, has also the potential to be used for detection
of factor X deficiency and lupus anticoagulant [111]. In the case of Lopap, an exogenous
prothrombin activator, two patents were applied to use this compound in diagnostic kits for
detection of dysprothrombinemias using the native form purified from the venom as well as
the recombinant form produced in bacteria. This prothrombin activator has also the potential
to be used in clotting time assays, prothrombin assays, and to monitor patients anticoagulated
with hirudin. A recent study suggests that exogenous procoagulant proteins could also be
considered for therapeutic use to manage bleeding complications caused by anticoagulation
therapy. Treatment with Lopap was able to reduce the bleeding time of rabbits anticoagulated
with low molecular weight heparin, through direct prothrombin activation, bypassing factor
Xa inhibition [112]. Patent information about those applications can be consulted in Table 3.

Modulation of cell responses triggered by Lonomia toxins can have valuable therapeutic and
biotechnological applications. Promoting cell survival can be useful to improve cell culture
technologies and vaccine productions, and for treatment of degenerative diseases. In addition,
the effects of Lopap on extracellular matrix remodeling can be valuable to develop wound
healing formulations and to regeneration issues (Table 3). For this approaches, design and
synthesis of short peptides derived from Lopap amino acid sequence is an interesting task to
minimize toxic and side effects and for production of this molecules for proofs of concepts,
pre-clinical and clinical tests (Table 3). Isolating specific domains and sequences can also help
to understand the multifunctional properties of the studied proteins and direct structure-
function insights.

Unveiling the mechanisms of action and structure-function relationship of these multifunc‐
tional molecules may pointing out these molecules as promising candidates to development
of new therapeutic drugs, reagents in diagnostic kits for coagulation dysfunctions, and
biotechnological applications.

5. Concluding remarks

Nature has been finding ways to gift living beings with functions that are advantageous,
regarding natural selection, mainly by evolutionary process. Among all the lepidopterans of
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medical interest in the world, Lonomia sp. caterpillars (family: Saturniidae) is the only genus
that causes dramatic damages in human blood coagulation [16, 113]. This feature is reflected
in the diversity of toxins produced by the caterpillar and their unusual enzymatic properties.

Application of molecular approaches in the study of L. obliqua toxins has been a valuable
strategy in understanding the biological means of these molecules for the source organism
itself and the dynamic pathways in envenoming syndrome. On the other hand, this approach
reveals these toxins as interesting tools for therapeutic and biotechnological applications. The
best examples are Lopap (a prothromin activator lipocalin) and Losac (the only hemolin with
proteolytic activity). If, in one hand, the molecular basis of target recognition and proteolysis
of factor X and prothrombin by Losac and Lopap, respectively, needs to be further investigated,
on the other hand, efforts need to be focused on understanding the pro-survival activity of
both molecules.

WIPO patent

application

Publication date Patent Institutions involved

WO/2003/070746 08.28.2003 Purification and characterization of a

prothrombin activator from the bristle of

Lonomia obliqua: to be used in diagnosis kits

for detecting plasma prothrombin in

hemorrhagic state patients

Instituto Butantan

(Brazil); Fapesp (Brazil)

and Biolab Sanus

Farmacêutica Ltda

(Brazil)

WO/2006/021062 02.03.2006 Process for obtaining the recombinant

prothrombin activating protease (rLopap) in

monomeric form; the recombinant

prothrombin activating protease (rLopap) as

well as its amino acid sequence; the use of this

protease as a defibrinogenase agent and the

diagnosis kit for dysprothrombinemias

Instituto Butantan

(Brazil); Fapesp (Brazil)

and Biolab Sanus

Farmacêutica Ltda

(Brazil)

WO/2007/028223 03.15.2007 Lopap-based pharmaceutical compositions and

uses thereof: it refers to the use of Lopap as

modulators of cell death and degeneration

caused by wounds, aging and external agents

Instituto Butantan

(Brazil); Fapesp (Brazil)

and Biolab Sanus

Farmacêutica Ltda

(Brazil)

WO/2009093189 07.30.2009 Peptides, compositions, and uses thereof: it

refers to the uses of Lopap-derived peptides for

regenerating tissues and wound repair

Instituto Butantan

(Brazil); Fapesp (Brazil)

and Biolab Sanus

Farmacêutica Ltda

(Brazil)

Table 3. International patents associated to Lopap and peptides derived from its amino acid sequence. Information
was obtained from World Intellectual Property Organization (WIPO).
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Integrating transcriptomic, proteomic and microarray analysis will provide a wealth of
valuable information about venom composition. Molecular cloning and expression of re‐
combinant toxins from L. obliqua opens new perspectives in the identification and characteri‐
zation of macromolecular fine structure of toxins and its implications for toxic activity as well
as new action mechanisms and target cell binding that should be an area of rapid development.
The next several years will likely see some very significant advances in this field and, in the
future, those approaches will permit the identification of molecular mechanisms at a new level.
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1. Introduction

In the last decades, poisonous animals have gained notoriety since their venoms (secreted or
injected) contain several of potentially useful bioactive substances (polypeptide toxins), which
are mostly codified by a single gene or, in the case of venom organic compounds, by a given
enzymatic route presented in a specialized tissue where the biosynthesis occur – the venom
gland.

In this context, in the age of genomic sciences, sequencing the entire genome or portion of it,
can be thought as the straightforward step to understand a given venom composition.
Particularly because, in many cases, the venom is produced in so small quantities, requiring
great challenge (natural and bureaucratic) to obtain biological material for its investigation or
the necessity of sacrifice the animal to get samples for analysis by conventional biochemical
methods. Genome sequencing allows us the identification of mRNAs, as well as prediction of
protein structure and function. In addition, the construction of cDNA libraries is useful to
clone, catalog and identify genes, and subsequently express the proteins of interest from these
libraries. By this approach, we can have adequate amounts of polypeptide toxins for functional
analysis and application, by which otherwise would be difficult to isolate.

According to [1], venoms’ complexity in terms of peptide and protein contents, together with
the number of venomous species indicate that only a small proportion (less than 1%) of the all
bioactive molecules has been identified and characterized to date, and little is known about
the genomic background of the venomous organisms. Consequently, if we take into account
that nature, operated by evolutionary processes, is the most efficient source of new functional
molecules and drug candidates, the study of all species of venomous animals, including small
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insects, such as those belonging to the order Hymenoptera [2] will be crucial and timely for
basic and applied research.

2. Ants biology: Subfamily Ponerinae

Ants (Vespoidea: Formicidae) belong to the insect order Hymenoptera, which includes other
important families like Apidae (bees) and Vespidae (wasps) [3]. The family Formicidae consists
of approximately 13.000 species of ants, most of them exibiting an advanced and sophisticated
social life. With colonies ranging from tens to millions of individuals, a high diversity as well
as numerical and biomass dominance in almost every habitat throughout the world, ants form
an important component of terrestrial biodiversity, especially in the Neotropical Region, where
about 30% of all known ant species are found [4,5]. All ant species possess eusocial habits, the
most conspicuous one being the reproductive division of labor, with one to many queens
specialized in reproduction, while the more and less sterile, and nonreproductive workers,
help the queen(s) reproduction, tending the brood and dealing with all other tasks of the colony
like food collection, nest repair, nest and/territory defense [6].

With more than 1000 species distributed in 28 genera, like Dinoponera and Paraponera, the
Ponerinae subfamily is a primitive group of ants mainly found in tropical habitats [4]. It is also
one the four major ant groups (Myrmicinae, Formicinae, Ponerinae and Dolichoderinae), all
characterized by high species diversity and widespread geographic distribution [4]. Dinopo‐
nera Roger, 1861 [7] is a strictly Neotropical genus with six known species [5] that are consid‐
ered the largest ants of the world (3-4 cm in length): D. australisEmery, 1910; D. gigantea(Perty,
1833); D. longipes Emery, 1901; D. lucidaEmery, 1901; D. muticaEmery, 1901; and D. quadriceps
Santschi, 1921 (Figure 1). Like in other ponerine ants, Dinoponera colonies have a poor social
organization, with small colonies that are queenless [9, 10]. Contrary to most ant species, all
workers of the Dinoponera colony are potential reproductives with functional spermatheca.
However, only one (sometimes more) worker mate and become the dominant worker with
reproductive function that is regularly disputed by subdominant workers [9, 10]. Like most
Ponerinae, Dinoponera are mostly predatory ants: their common prey are medium size to large
arthropods (mainly insects) that they subdue with their sting [11, 12]

Like all Aculeata hymenopterans (Chrysidoidea, Apoidea, Vespoidea), Dinoponera ants have
a sting apparatus that is located in the last portion of the gaster, and is formed by the sting
itself (derived from the ovipositor of more basal hymenopteran groups) along with two as‐
sociated glands: the Dufour’s gland and the venom gland [4,13]. In all ants, the venom gland
apparatus typically consists of paired venom secreting tubules that converge into a single
convoluted gland (an elongated continuation of the secretory tubule into the venom gland
reservoir), which in turn empties into a sac-like reservoir that leads into the sting (in ants
with sting) [4](Figure 2). In D. australis, it was shown that the convoluted gland has, like the
free tubules, a secretory function [14]. The free tubules and convoluted gland are responsible
for toxin production [14], which seems to be composed mainly of proteins [4,15]. Further‐
more, it was also shown that its morphology and ultrastructural organization presents simi‐
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larity with the convoluted gland of vespine waps (Vespinae), a fact that supports the
hypothesis of a phylogenetic origin of ants from wasp-like ancestors [14].

Figure 1. Dinoponera quadriceps (Quinet, Y.P. 2011)

Figure 2. Secretory apparatus from D. quadriceps (Quinet, Y.P. 2010)

In solitary Aculeata hymenopterans, and in social bees and wasps, the venom has two main
functions: prey capture and defense, respectively [13,16]. In ants, the products from the venom
exhibit much higher diversity of biological roles. Particularly In stinging ants, particularly in
primitive groups like Ponerinae, the primary function of venom gland products is to serve as
injectable offensive or/and defensive agents (to capture prey, fight with competitors or against
predators, for example) [13,16]. In more derived functions, the venom gland products are used
as defensive (toxic and/or repellent) agents by non-stinging ants that topically apply them on
the cuticle of enemies, as in Crematogaster or Monomorium ants for example. Venom gland
products can also serve as chemical communication agents (alarm and recruitment phero‐
mones, for example) [16,17].
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3. Clinical aspects of ants’ stings

Many insect stings are associated with local pathophysiological events, characterized by pain,
swelling and redness at the sting site for about 1-2 days [18]. The most severe reactions are
associated with allergic disorders, presenting neutrophilic and eosinophilic infiltration and
specific IgE production [19]. These manifestations are common in accidents with Hymenoptera
insects. Most studies that describe the clinical aspects of ant stings reported accidents with ants
of the genus Solenopsis (Myrmicinae), known as fire ants [20,21,22]. In most serious cases, these
accidental encounter with fire ants can promote multiple body rash, seizures, heart failure,
and serum sickness nephritis and, more rarely, acute renal failure [23,24].

Accidents with ants of the Ponerinae subfamily are rare or rarely reported. In fact, several
concomitant or sequential stings are necessary in order to produce significant clinical symp‐
toms of envenomation, in giant ants, multiple attacks are less probable, since workers have a
solitary foraging behavior. However, some of the accidents with giants ants may have medical
importance, such as the ones produced by the genus Paraponera and Dinoponera, popularly
known as “true tocandira” and “false tocandira”, respectively. Their stings are extremely
painful and can cause potentially systemic manifestations such as fever, cold sweats, nausea,
vomiting, lymphadenopathy and cardiac arrhythmias [8,25,26]. According to [27,28] the
venom of these ants may be neurotoxic for other insects.

4. Venom composition and pharmacological properties

The ant’s venoms have been investigated in a relatively small number of species. In the group
of stinging ants, the most investigated species belong to the Myrmeciinae, Ponerinae, Pseu‐
domyrmecinae and Myrmicinae subfamilies. They produce aqueous solutions of proteina‐
ceous venoms containing enzymatic and non-enzymatic proteins, free amino-acids and small
biologically active compounds like histamine, 5-hydroxytryptamine, acetylcholine, norepi‐
nephrine, and dopamine [16,17]. Venoms with proteinaceous components are considered as
most primitive and are consequently found in other aculeate hymenopterans like wasps and
bees [4,16]. A notable exception to this proteinaceous nature of the venom in ants with sting
is found in ants of the genera Solenopsis (fire ants) and Monomorium (Myrmicinae) that produce
alkaloid-rich venoms with few proteins. In the Formicinae ants (ex: Camponotus, Formica), the
sting is no more presented, but the poison gland produces a mixtures of simple organic acids
an aqueous solution. Formic acid is presented in concentrations up to 65% along with some
peptides and free amino-acids [16,17].

As a member of a group of predatory ants (Ponerinae), it is expected that Dinoponera would
produces such a kind of proteinaceous venom. However, until now few studies have been
done with Dinoponera venoms. In two of these studies, which compared venoms of a variety
of hymenopterans, the presence of proteins, some with enzyme activities (phospholipase A,
hyaluronidase, and lipase), was shown for D. grandis (in fact, D. gigantea) venom [16,29]. In a
more recent study, in which the peptide components from the venom of D. australis was
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investigated, over 75 unique protein components were found with a large diversity of
properties ranging in size, hydrophobicity, and overall abundance [30]. The biological effects
of several ants’ venoms have been attributed to their protein repertoire. As showed by [31]
high molecular weight proteins are present in the venom of Dinoponera australis. In a compa‐
rative evaluation of protein composition of hymenopteran venom reservoirs, proteins with
molecular weight ranging from 24 to 75kDa were evidenced [29]. Additionaly, two peptides
with less than 10 kDa, as well as proteins with molecular weight ranging from 26-90 kDa were
also found in the venom of Myrmecia pilosula [32]. The electrophoretic profile of wasps also
shows variation in the protein molecular weight, ranging from 5 to 200kDa [33,34], whereas
the venoms of bees was shown to range from 2 to108 kDa [35].

5. Pharmacology and therapeutic uses of venom form ants

The first reported case about the therapeutic use of venoms from ants were to treat rheumatoid
arthritis. In fact, insects might have components that justify its use in traditional medicine in
countries of East Asia, Africa and South America [36]. Lately, several studies of ant venom
aimed to demonstrate their beneficial intrinsic properties such as reduction of inflammation,
pain relief, improved function of the immune system and liver [37,38].

As the venom from Ponerinae subfamily is composed of a complex mixtures of proteins and
neurotoxins [39] we would expected to have several pharmacological properties. Small
peptides isolated from Paraponera clavata venom, called poneratoxin (PoTx) interfere with
sodium channels function and have potential use as a biological insecticide [40,41].

Several distinctive pharmacological activities were demonstrated with peptides isolated from
Pachycondyla goeldii and Myrmecia sp. In one of these works, antimicrobial activity against both
Gram positive and Gram negative bacteria was observed [42, 43]. In a recent study [44], it was
reported that the venom from Pachycondila sennaarensis has a significant antitumor effect on
breast cancer cells in a dose and time dependent manner without affecting the viability of non
tumor cells. In addition, some studies have also shown the renal effects of Hymenoptera
venoms. In fact, in more serious accidents with venoms from wasps and bees acute renal failure
generally occurs [45,46, 47, 48].

6. Genomic study of ant venom composition

Since the description of DNA double helix by Francis Crick and James Watson (1953), re‐
combinant DNA technology and genomics revolutionized numerous areas of life science. The
comprehension of the biochemical and molecular basis of inheritance had been improved our
knowledge about the complexity of all forms of life and the manner how genes and proteins
interact to create diversity. The genomic revolution was additionally expanded with the advent
of bioinformatic, the ‘omic’ science (transcriptomic, proteomic, peptidome, metabolomic,
glycome) and, presently, system biology.
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As a member of a group of predatory ants (Ponerinae), it is expected that Dinoponera would
produces such a kind of proteinaceous venom. However, until now few studies have been
done with Dinoponera venoms. In two of these studies, which compared venoms of a variety
of hymenopterans, the presence of proteins, some with enzyme activities (phospholipase A,
hyaluronidase, and lipase), was shown for D. grandis (in fact, D. gigantea) venom [16,29]. In a
more recent study, in which the peptide components from the venom of D. australis was
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Collective efforts have been joined to annotate the gene composition of insects. The first
complete sequenced genome of insect was from the fruit fly Drosophila melanogaster, in 2000,
followed by a flurry of activities aimed at sequencing the genomes of several additional insect
species. In the field of toxinology, the hymenopterans are receiving special attention due to
their behavior and the ability to produce venom.

Up to now, at least 10 ant species had their genomes analyzed and published. The ants whose
genomes were sequenced include: the fire ant Solenopsis invicta found in South America, United
States, China, Taiwan, Australia [49]; the Argentine ant Linepithema humile [50], the leaf-cutting
ant Acromyrmex echinator [51] and Atta cephalote [52] found in South America; the red harvester
Pogonomyrmex barbatus found in North and South America [53], the florida carpenter ant
Camponotus floriandus from United States; and, the jumper ant Harpegnatos saltator from India,
Sri Lanka and Southeast Asia [54]. Those ant genomes have provided hundreds of new
available nucleotide data.

Apart of a detailed genome analysis, the construction of cDNA libraries from ants’ venom
glands is an important tool in order to analyze venom composition and discover new molecules
that could have biological and pharmacological properties. But an important question arises:
why hymenopteran venoms? As we pointed at the beginning of this chapter, there are several
reports that hymenopteran venom could have biological properties useful for medical purpos‐
es. In this scope, from traditional and modern medicine reports, description can be found not
only about clinical manifestation caused by hymenopterans venom, as allergic response, but al‐
so the benefits of ant venom to treat disease like rheumatoid arthritis and pain [36].

Genomic and transcriptomic studies of hymenopteran cDNA libraries would provide useful
information about their protein constituents. Some of these informations would include signal
peptide sequences and the presence of post-translational modifications, which cannot be
predicted by the studies of mature proteins. Ants genomic studies have shown a number of
substances involved in the biology of these insects, such as: vittelogenins, gustatory and
odorant receptors, molecules involved in immune response, as well as metabolic and structural
proteins like cytochrome P450.

7. Molecular pharmacology and toxinology of D. quadriceps venom

Recently, we have initiated a research project dedicated to investigate the composition, the
pharmacological properties, and the transcripts from the venom gland components of
Dinoponera quadriceps.

Using one-dimensional (SDS-PAGE) electrophoresis (1-DE) to resolve Dinoponera quadriceps
venom proteins, only eight major large polypeptides (ranging from 15 to 100 kDa) were
visualized by Comassie Brilliant Blue (CBB) Staining. The 1-DE and the insensitive method of
staining with CBB was not adequate to separate small proteins below 15 kDa and peptides
(Figure 3)
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Figure 3. Electrophoretic profile of Dinoponera quadriceps total venom (DQv) in one-dimensional SDS-PAGE gel elec‐
trophoresis visualized with Comassie Brilliant Blue.

The peptide mass fingerprint (PMF), as well as other proteomic analysis is being conducted
and a report will be published elsewhere.

Pharmacological studies have been realized with Dinoponera quadriceps venom, particularly,
in a system of isolated perfused rat kidney. We now know that at concentrations of approxi‐
mately 10μg/mL increased urinary flow, glomerular filtration rate and decreased vascular
resistance and sodium tubular transport, suggesting a natriuretic and diuretic effect. Further‐
more, in studies with renal tubule cells (MDCK - Madin-Darbin Canine Kidney) the same
venom induced cell cytotoxicity, on MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte‐
trazolium bromide) at a dose and time dependent manner. Interestingly, greater cytotoxicity
was observed in the shorter incubation periods, suggesting that the cell culture could recover
after a given exposure time. Additional assays have been designed to evaluate the biological
and pharmacological activity of purified component of this venom, as well as highlighting the
mechanisms related to the observed effects.
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Figure 4. Effect of D. quadriceps total venom (DQv) on Urinary flow (UF; A), sodium tubular transport percent(%pTNa;
B) and renal vascular resistence (RVR; C). Ctrl=control. Results are expressed as means ± S.E.M., *p<0.05 (ANOVA).
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Collective efforts have been joined to annotate the gene composition of insects. The first
complete sequenced genome of insect was from the fruit fly Drosophila melanogaster, in 2000,
followed by a flurry of activities aimed at sequencing the genomes of several additional insect
species. In the field of toxinology, the hymenopterans are receiving special attention due to
their behavior and the ability to produce venom.
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ant Acromyrmex echinator [51] and Atta cephalote [52] found in South America; the red harvester
Pogonomyrmex barbatus found in North and South America [53], the florida carpenter ant
Camponotus floriandus from United States; and, the jumper ant Harpegnatos saltator from India,
Sri Lanka and Southeast Asia [54]. Those ant genomes have provided hundreds of new
available nucleotide data.

Apart of a detailed genome analysis, the construction of cDNA libraries from ants’ venom
glands is an important tool in order to analyze venom composition and discover new molecules
that could have biological and pharmacological properties. But an important question arises:
why hymenopteran venoms? As we pointed at the beginning of this chapter, there are several
reports that hymenopteran venom could have biological properties useful for medical purpos‐
es. In this scope, from traditional and modern medicine reports, description can be found not
only about clinical manifestation caused by hymenopterans venom, as allergic response, but al‐
so the benefits of ant venom to treat disease like rheumatoid arthritis and pain [36].

Genomic and transcriptomic studies of hymenopteran cDNA libraries would provide useful
information about their protein constituents. Some of these informations would include signal
peptide sequences and the presence of post-translational modifications, which cannot be
predicted by the studies of mature proteins. Ants genomic studies have shown a number of
substances involved in the biology of these insects, such as: vittelogenins, gustatory and
odorant receptors, molecules involved in immune response, as well as metabolic and structural
proteins like cytochrome P450.

7. Molecular pharmacology and toxinology of D. quadriceps venom

Recently, we have initiated a research project dedicated to investigate the composition, the
pharmacological properties, and the transcripts from the venom gland components of
Dinoponera quadriceps.

Using one-dimensional (SDS-PAGE) electrophoresis (1-DE) to resolve Dinoponera quadriceps
venom proteins, only eight major large polypeptides (ranging from 15 to 100 kDa) were
visualized by Comassie Brilliant Blue (CBB) Staining. The 1-DE and the insensitive method of
staining with CBB was not adequate to separate small proteins below 15 kDa and peptides
(Figure 3)
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Figure 3. Electrophoretic profile of Dinoponera quadriceps total venom (DQv) in one-dimensional SDS-PAGE gel elec‐
trophoresis visualized with Comassie Brilliant Blue.

The peptide mass fingerprint (PMF), as well as other proteomic analysis is being conducted
and a report will be published elsewhere.

Pharmacological studies have been realized with Dinoponera quadriceps venom, particularly,
in a system of isolated perfused rat kidney. We now know that at concentrations of approxi‐
mately 10μg/mL increased urinary flow, glomerular filtration rate and decreased vascular
resistance and sodium tubular transport, suggesting a natriuretic and diuretic effect. Further‐
more, in studies with renal tubule cells (MDCK - Madin-Darbin Canine Kidney) the same
venom induced cell cytotoxicity, on MTT assay (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte‐
trazolium bromide) at a dose and time dependent manner. Interestingly, greater cytotoxicity
was observed in the shorter incubation periods, suggesting that the cell culture could recover
after a given exposure time. Additional assays have been designed to evaluate the biological
and pharmacological activity of purified component of this venom, as well as highlighting the
mechanisms related to the observed effects.
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Figure 5. Citotoxicity of D. quadriceps total venom on MDCK (Madin-Darbin Canine Kidney) cells culture on MTT assay.
Results are expressed as means ± S.E.M., *p<0,05 (ANOVA).

Recently we also demonstrated the neuroprotective activity of D. quadriceps venom in models
of seizures induced by pentylenetetrazol (PTZ), when administered intraperitoneally. The
effect was an increase in latency to first seizure and a tendency to increased latency of death,
as well as reduction of lipid peroxidation in the prefrontal cortex of mice [55].

Figure 6. Effects of D. quadriceps venom (DQv) on latency of the first seizure in the models of seizure of pentylenete‐
trazol (PTZ) (A), pilocarpine (PILO) (B) and strychnine (STRC) (C). Results are expressed as means ± S.E.M., *p<0.05 (AN‐
OVA).

Figure 7. Effects of D. Quadriceps total venom (DQv) on latency of death in models of seizure of pentylenetetrazol
(PTZ) (A), pilocarpine (PILO) (B) and strychnine (STRC) (C). Results are expressed as means ± S.E.M (n=8), *p<0.05.
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A part of proteomic and pharmacological studies, we prepared a D. quadriceps venom gland
cDNA library to use an EST-strategy to identify the major transcripts expressed in the giant
ant venom.we successfully constructed a full-length cDNA library of approximately 20 venom
glands from D. quadriceps, using In-Fusion SMARTer kit (Clontech, USA). We obtained an
efficiency of 1x105 cfu/μg of DNA, our medium insert was 700bp and the library was amplified
and stored at -80°C. A total of 432 individual ESTs were sequenced by the dideoxy chain
termination (Sanger) method. Of these, 125 were undergone to a preliminary analysis through
BLASTx. The Tabel 1 and Figure 8(A) shows an overview of the relative abundance of the
protein groups.Most of the transcripts represent proteins involved in the whole metabolism
as transferases, ATP synthase, dehydrogenases, ribosomal proteins, cytocrome c. Those
sequences are being annotated for deposit in DNA and protein data bank. A note of caution
is that, as in most trancriptome project, a significant number of transcripts showed no simi‐
larities with well-known sequences in data bank. These ESTs presents a typical structure of
true ORFs (Open Reading Frame), that is start and stop codons, in addition a poly A tail. They
were classified as (1) hypothetical proteins with unknown function and (2) cDNA precursors
with no hits found. However, by comparing against DNA and protein data the hypothetical
proteins showed high similarities with proteins from scorpions (Opisthacanthus cayaporum) and
others ants, as Harpegnatos saltator, Solenopsis invicta and Camponotus floriandus. The Figure
8(B) represents the percentage of three classification of hits over the total clones analyzed, were
probable toxins comprises a significant percentage of ESTs, representing about 34% of
messages. Other 37% represents no-significant hits, which give us a number of perspectives
to analyze several novel proteins.

Class Function % Clones

No hit Typical ORF with no hits 40.8

DnTx Mast cell degranulation 28.8

Hypothetical protein Unknown function 12.0

Antigen like Allergenic 9.6

Cytocrome c oxidase Metabolism 1.6

Cytocrome b Metabolism 1.6

Transferase Metabolism 2.4

Ionic channel blocker Toxin 1.6

Ribossomal protein Structural protein 1.6

Chymotripsin inhibitor Metabolism 0.8

Dehydrogenase Metabolism 0.8

ATP synthase Metabolism 0.8

Phospholipase A1 Enzyme/Toxin 0.8

Bacterial ESTs Symbionts (?) 4.0

Mitocondrial protein Metabiolism 0.8

Table 1. Classification of ESTs from D. quadriceps venom gland cDNA library on their putative functions.
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Results are expressed as means ± S.E.M., *p<0,05 (ANOVA).

Recently we also demonstrated the neuroprotective activity of D. quadriceps venom in models
of seizures induced by pentylenetetrazol (PTZ), when administered intraperitoneally. The
effect was an increase in latency to first seizure and a tendency to increased latency of death,
as well as reduction of lipid peroxidation in the prefrontal cortex of mice [55].
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trazol (PTZ) (A), pilocarpine (PILO) (B) and strychnine (STRC) (C). Results are expressed as means ± S.E.M., *p<0.05 (AN‐
OVA).

Figure 7. Effects of D. Quadriceps total venom (DQv) on latency of death in models of seizure of pentylenetetrazol
(PTZ) (A), pilocarpine (PILO) (B) and strychnine (STRC) (C). Results are expressed as means ± S.E.M (n=8), *p<0.05.
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cDNA library to use an EST-strategy to identify the major transcripts expressed in the giant
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and stored at -80°C. A total of 432 individual ESTs were sequenced by the dideoxy chain
termination (Sanger) method. Of these, 125 were undergone to a preliminary analysis through
BLASTx. The Tabel 1 and Figure 8(A) shows an overview of the relative abundance of the
protein groups.Most of the transcripts represent proteins involved in the whole metabolism
as transferases, ATP synthase, dehydrogenases, ribosomal proteins, cytocrome c. Those
sequences are being annotated for deposit in DNA and protein data bank. A note of caution
is that, as in most trancriptome project, a significant number of transcripts showed no simi‐
larities with well-known sequences in data bank. These ESTs presents a typical structure of
true ORFs (Open Reading Frame), that is start and stop codons, in addition a poly A tail. They
were classified as (1) hypothetical proteins with unknown function and (2) cDNA precursors
with no hits found. However, by comparing against DNA and protein data the hypothetical
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8(B) represents the percentage of three classification of hits over the total clones analyzed, were
probable toxins comprises a significant percentage of ESTs, representing about 34% of
messages. Other 37% represents no-significant hits, which give us a number of perspectives
to analyze several novel proteins.
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Figure 8. Classification of ESTs from D. quadriceps venom gland cDNA library on their putative functions (A). Relative
proportion of toxin-encoding, non-toxing encoding and no significant hit ESTs (B).

As a matter of example, the most abundant toxin was dinoponera toxin (DnTx). The dinopo‐
neratoxin whole sequence (accounting for 27% of the total clones analysed) was identified in
this cDNA library. Deduced aminoacid sequences (DnTx01 and DnTx02), corresponding to
two cDNA isoform precursos, from D. quadricipes transcriptome (this work) and three mature
venom peptides (DnTx_Da-3105, DnTx_Da-3177 and TX01_DINAS - GenBank accession
numbers GI:294863162, GI:294863159 and GI:294863158, respectively) from D. australis [30]
were aligned with ClustalW software using default parameters (http://www.ebi.ac.uk).
DnTx01 and DnTx02 are represented with their respective signal peptides and pro-peptides,
in which putative cleavage sites are shown in green and blue, respectively, according to SignalP
software (http://www.cbs.dtu.dk/services/SignalP) and proteomic data. In the alignment A is
clearly observed that DnTX01 shares high similarity with DnTx_Da-3105 and DnTx_Da-3177,
whereas the mature DnTx02 and TX01_DINAS are highly similar to each other (part B).

Figure 9. Alignment of dinoponeratoxin precursors and mature peptides from D. quadricipes and D. australis using
ClustalW software (http://www.ebi.ac.uk).
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8. Conclusion

Taking into account the information presented in this chapter, a second question arises and
should be answered in the near future: “Is there any hymenopteran venom component that
could be used as a biotechnological tool?” The majority of works done to discovery new bio‐
technological tools from hymenopteran venoms were performed using proteomic science
analysis, probably because ants apparatus venom is so hard to identify and dissect. Never‐
theless, the size of some poneromorph primitive ants may permit subdue these difficulties
allowing us to construct a cDNA library and thus opening new perspectives to better under‐
stand the biology of ants as well as to analyze the properties of the venom in the search for
new molecules with pharmacological and / or biotechnological potential.

Thus, its clear that further work is necessary to understand ant venom, as well venoms from hy‐
menopteran, since several precursors comprises hypothetical and predicted toxins/polypepti‐
des with unknown function. Moreover, a deep functional analysis in the coming period will be
made to comprehend the effects presented by total venom and peptides isolated from it.
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clearly observed that DnTX01 shares high similarity with DnTx_Da-3105 and DnTx_Da-3177,
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Figure 9. Alignment of dinoponeratoxin precursors and mature peptides from D. quadricipes and D. australis using
ClustalW software (http://www.ebi.ac.uk).
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8. Conclusion

Taking into account the information presented in this chapter, a second question arises and
should be answered in the near future: “Is there any hymenopteran venom component that
could be used as a biotechnological tool?” The majority of works done to discovery new bio‐
technological tools from hymenopteran venoms were performed using proteomic science
analysis, probably because ants apparatus venom is so hard to identify and dissect. Never‐
theless, the size of some poneromorph primitive ants may permit subdue these difficulties
allowing us to construct a cDNA library and thus opening new perspectives to better under‐
stand the biology of ants as well as to analyze the properties of the venom in the search for
new molecules with pharmacological and / or biotechnological potential.

Thus, its clear that further work is necessary to understand ant venom, as well venoms from hy‐
menopteran, since several precursors comprises hypothetical and predicted toxins/polypepti‐
des with unknown function. Moreover, a deep functional analysis in the coming period will be
made to comprehend the effects presented by total venom and peptides isolated from it.
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1. Introduction

MicroRNAs (miRNAs) form a class of endogenously expressed small, non-coding RNAs,
that play key roles in the regulation of gene expression of a broad spectrum of biological
processes. However, in the field of toxinology, a science of naturally occurring toxins, the
relationship between toxicity and microRNA expression is poorly understood. Microcystins
(MCs) are potent cyclic peptide hepatotoxins produced by cyanobacteria, which pose a seri‐
ous threat to aquatic organisms and may also affect human health through the consumption
of contaminated waters or food. Although a number of cell physiologic pathways, potential
targets for miRNA regulation, are implicated in the response to MCs in animals, no research
so far investigated the role for miRNA genes in the mechanism of microcystin (MC)-induced
toxicity in fish. The chapter aims to summarize recent achievements of our team in the field,
focusing on expression profiling in vivo of liver microRNA levels of whitefish (Coregonus lav‐
aretus) following MC-LR exposure.

2. Body

2.1. MicroRNAs in fish cells

MicroRNAs (miRNAs) form a class of endogenously expressed small, non-coding RNAs,
that play key roles in the regulation of gene expression of a broad spectrum of biological
processes. Figure 1 summarizes crucial steps in microRNA processing. MiRNAs are tran‐
scribed by RNA polymerases II or III as primary transcripts (pri-miRNAs), which are fur‐
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ther processed by the nuclear RNase III enzyme Drosha to stem-loop-structured miRNA
precursor molecules (pre-miRNAs). The pre-miRNAs are subsequently transported to the
cytoplasm where the RNase III enzyme Dicer cleaves off the double stranded (ds) portion
of the hairpin and generates a short-lived dsRNA of about 19–23 nucleotides (nt) in size.
The duplex is subsequently unwound and only one strand gives rise to the mature miR‐
NA,  which  is  incorporated  into  miRNA-protein  complexes  (miRNPs)  [1-2].  The  mature
miRNAs  binds  to  partially  complementary  recognition  sequences  located  in  the  3'-un‐
translated regions (3'-UTRs) of  mRNAs and target them for degradation or translational
repression (reviewed in [3]).

Figure 1. miRNA processing and target recognition. The pri-miRNA is processed by the Drosha enzyme to a stem-loop-
structured miRNA precursor molecule (pre-miRNA). The pre-miRNAs is transported to the cytoplasm where the Dicer
enzyme cleaves off the double stranded (ds) portion of the hairpin and generates the mature miRNA, which is incor‐
porated into miRNA-protein complexes (miRNPs). The mature miRNA binds to partially complementary recognition se‐
quences on 3'-UTRs of mRNAs and targets them for decay or translational repression.
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In metazoans miRNA complementarity to their targets is far from perfect, so one miRNA
can bind up to 200 targets,  and each mRNA could have recognition sites for more than
one miRNA. It is estimated that about 30% of the human protein-coding genes are nega‐
tively regulated by miRNA, which suggests that  miRNAs are very important regulators
of gene expression process [3]. Although specific functions and target mRNAs have been
assigned to only a few dozen of miRNAs, much experimental evidence suggests that miR‐
NAs participate in the regulation of a vast spectrum of biological processes. miRNAs con‐
trol  diverse  cellular  processes  including  animal  development  and  growth,  cell
differentiation,  signal  transduction,  cancer,  neuronal  disease,  virus-induced immune de‐
fense,  programmed cell  death,  insulin secretion,  and metabolism (see [4]  and references
therein).  Understanding of  RNA interference (RNAi)  has  been made possible  through a
variety of  experimental  and bioinformatics approaches using different model organisms,
including fish [5-6].

To discover aberrantly expressed miRNAs in fish and to determine how altered miRNA
function contributes to a  disease,  new RNAi  technologies may be applied (Figure 2).  In
toxicological studies attention is focused on the relationship between exposure to a chem‐
ical  and adverse effects  it  produces in cells,  tissues or  organisms.  So,  when a treatment
study is carried out small RNA may be collected from a tissue to generate miRNA libra‐
ries,  from either control or exposed fish. That is the first important step to establish the
full repertoire of miRNAs that are differentially regulated in treated fish. Then the miR‐
NA libraries are subjected to massively parallel sequencing, a next generation sequencing
technique, which is a combination of emulsion PCR and pyrosequencing [7]. In compari‐
son to microarray analyses, this approach is not limited to previously identified miRNAs
and is  expected to have superior sensitivity at  high sequencing depth.  Such approaches
have expanded the catalogue of differentially expressed miRNA genes in various fish tis‐
sues [6]. The genome-wide screen for regulated miRNAs should yield candidate miRNAs
for further profiling (Real Time qPCR) and functional analyses (e.g. Renilla luciferase re‐
porter assay).

As miRNAs regulate many different pathways and orchestrate integrated responses in cells
and tissues, it is reasonable to think that they also play key roles in coordinating networks in
the poisoned organs. Indeed, there are reports concluding that miRNAs may be key mole‐
cules involved in aberrant gene expression in liver cells exposed to hepatotoxic agents, other
than MC-LR. For example, Fukushima and co-workers [8] have shown that two well known
hepatotoxicants which induce hepatocellular injuries and necrosis, acetaminophen or carbon
tetrachloride, were capable of modulating expression of two miRNAs (miR-298 and
miR-370) in rats, and that those effects were accompanied by impaired liver metabolism.
The observation that miRNAs levels in rat livers were changed by hepatotoxic compounds
prompted our team to investigate the role of fish microRNAs in the context of liver-specific
MC-LR toxicity.
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Figure 2. Studying fish miRNAs. MicroRNA discovery has been recently revolutionized by next-generation sequencing.
Following ligation of specific linkers to small RNAs (which comprise miRNAs), cDNAs can be produced, which are ideal‐
ly suited to sequencing using short-read platforms. Databases now offer online catalogues of known microRNAs,
which may further be examined for their pathways and functions through a variety of approaches, such as target
functional analysis of candidate miRNAs using luciferase reporter assays and miRNA profiling with Real Time PCR.

2.2. Microcystins as potent cyanobacterial toxins

Microcystins (MCs) are potent hepatotoxins produced by cyanobacteria of the genera Plank‐
tothrix, Microcystis, Aphanizomenon, Nostoc, or Anabaena, which have received worldwide
concern in recent decades. Mass growths of cyanobacteria, leading to production of blooms,
scums and mats, can occur in nutrient-enriched waterbodies (particularly with phosphorus
and nitrogen), enhanced by higher temperature and pH values. MCs can be found in lakes,
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ponds and rivers used for recreational activities as well as in sources for drinking water
preparation [9]. In surface waters, concentrations of total MCs (cell-bound and dissolved)
measured with ELISA may reach high levels, of up to 1300 μg/l [9], and thus the toxins may
pose a threat to aquatic organisms and humans [10]; the World Health Organization recom‐
mends 1 μg/l as the maximum acceptable level for microcystin-LR (MC-LR) in drinking wa‐
ter [11]. So far, more than 100 different structural analogues of MCs have been identified,
among which MC-LR is one of the most common and abundant [12].

MCs have strong affinity to serine/threonine specific protein phosphatases (PP1 and PP2A),
thereby acting as inhibitors of the enzymes [13]. The acute toxicity of MC can be explained
by the PP inhibition, which leads to an excessive phosphorylation of cell proteins, to altera‐
tions in the cytoskeleton, and a loss of cell shape [14]. Another biochemical feature of MC
toxicity is the production of reactive oxygen species (ROS). MC-related ROS generation has
been reported using both in vitro approaches with different cell lines of fish and mammals
[15-16], as well as in a number of in vivo studies in rodent liver, heart and reproductive sys‐
tem [17-19]. This process is related to mitochondrial metabolism and it may lead to cell
death and to genotoxicity [20]. Oxidative stress caused by MC exposure is believed to be in‐
volved in a series of heart, liver and kidney pathologies [19, 21], neurodegenerative effects
[22] and embryotoxicity [23].

In recent years, new insights on the key molecules involved in the signal-transduction and
toxicity have been reported [24], which highlighted the complexity of the interaction of these
toxins with animal cells (Figure 3). Key proteins involved in MC up-take, biotransformation
and excretion have been identified, demonstrating the ability of aquatic animals to metabo‐
lize and excrete the toxin. After having caused damage to intestinal (or gill) cells these toxins
penetrate liver cell membranes through a bile acid carrier. In liver cells MCs inhibit serine/
threonine-specific protein phosphatases, PP1 and PP2A, through the binding to them, thus
perturbing signaling pathway controlled by the enzymes. The consequences are induction of
mitochondrial permeability and loss of mitochondrial membrane potential leading to dys‐
function of the mitochondria, induction of reactive oxygen species (ROS), DNA damage
(through lowered expression of DNA-PK), and cell apoptosis (through increase Ca2+ levels,
CaMKII). MC activity leads to the differential expression/activity of transcriptional factors
(e.g. c-myc, p53) and protein kinases (NeK2) involved in the pathways of cellular differen‐
tiation, proliferation, tumor promotion activity, and metastasis [25].

2.3. Likely silencing targets in MC-exposed fish cells

In the field of toxinology, a science of naturally occurring toxins, the relationship between
toxicity and microRNA expression is poorly understood. However, based on current knowl‐
edge about genes involved in the animal cell response on the exposure to environmental
stressors, putative targets for miRNA regulation emerge. Genes of transcription factors, p53
and mapk (mitogen activated protein kinases) regulated proto-oncogenes e.g. c-myc, that are
involved in MC-LR toxicity (Figure 3), are good candidates for tight and robust regulation
by microRNAs. The nuclear phosphoprotein p53 is induced in response to cellular stress. It
plays a role as a transcriptional trans-activator in DNA repair, apoptosis and tumor suppres‐
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sion pathways. Interestingly, the protein is a substrate of PP2A [26] and therefore its activity
is likely to be regulated, in part, by MC-LR. Furthermore, p53 is a regulator of the expression
of the anti- and pro-apoptotic genes including members of the BCL-2 family such as BCL-2
and BAX, as well as CDKN1A, encoding p21Cip1, which is a cyclin dependent kinase inhibitor
(CDKI), an important effector that acts by inhibiting CDK activity in p53-mediated cell cycle
arrest in response to various agents. Indeed, we have shown previously that intraperitoneal
injection of whitefish, Coregonus lavaretus, with MC-LR at subacute dose of 100 μg/kg body
weight induced mRNA expression of tumor suppressor p53 and cyclin dependent kinase in‐
hibitor 1 (cdkn1a) in the liver of exposed fish [27]. Interestingly, it was proven in human cell
lines that p53 is a transcription factor for some miRNAs, such as miR-34a [7]. miR-34a medi‐
ates some of the well-known effects of p53, i.e. cell cycle arrest or apoptosis, and reduced
miR-34a levels can serve as a biomarker for any dysfunction along the p53 axis [28]. Yet, its
role in controlling miRNA network in fish awaits investigation (Figure 3).

Figure 3. Suggested pathways of MC up-take, toxicity, biotransformation and excretion in vertebrates. Based on the
current knowledge, microRNAs (e.g. let-7 or miR-34a) may play roles in MC-LR dependent cell proliferation, cell-cycle
arrest or apoptosis.

In the other pathway (Figure 3), mitogen-activated protein kinases (MAPKs) regulate the ex‐
pression of proto-oncogenes which on the other hand regulate the transcription of genes in‐
volved in the growth and differentiation [29]. Expression of MAPKs is mediated by PP2A
and are likely to be regulated by MC. The expression of three proto-oncogenes c-fos, c-jun
and c-myc were reported to increase in liver, kidney and testis of Wistar rats injected intra‐
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venously with MC-LR, with higher levels registered in liver [30]. Expression of these genes
suggest that a possible mechanism for the tumor-promoting activity of the toxin could be
controlled by MAPKs. Importantly, c-MYC controls expression of let-7 miRNA members by
binding to their promoters. The levels of let-7 have been reported to decrease in models of
MYC-mediated tumorigenesis, and to increase when MYC is inhibited by chemicals [31]. It
is also found that MYC can repress p21Cip1 transcription (Figure 1), thereby overriding a p21-
mediated cell cycle checkpoint [32].

2.4. miRNA expression in whitefish exposed to MC-LR

In 2008, we began a study of MC-LR induced transcriptional changes in European whitefish,
Coregonus lavaretus L., a sentinel organism frequently used for pollution monitoring in
aquatic systems [27]. To obtain necessary information for the study, full-length cDNA of p53
or cdkn1a of whitefish were determined, using molecular cloning and rapid amplification of
cDNA ends (RACE). The short term treatment study showed that MC-LR at a dose of 100
μg/kg body weight induced hepatocyte cell DNA fragmentation and up-regulated mRNA
expression of p53 and cdkn1a genes in whitefish liver. Interestingly, the elevated transcript
levels of both genes were observed only from 48 through the 72 h of exposure, and were ac‐
companied by pathological signs of severe injury of the liver and loss of normal organ func‐
tions (elevated levels of blood AspAT AlaAT, and hepatosomatic index; [27]).

Whereas, the above study confirms that MC-LR exposure underlies various acute and
chronic effects in fish, it is still little known about aberrant gene expression profiles and mo‐
lecular pathways involved in the liver of MC-LR challenged organisms. Therefore, to im‐
prove our knowledge about adverse effects of MC-LR on hepatocyte cell responses in fish,
we performed an initial microRNA study to examine the abundance of 9 selected miRNAs
(omy-miR-21, omy-miR-21t, omy-miR-122, omy-miR-125a, omy-miR-125b, omy-miR-125t,
omy-miR-199-5a, omy-miR-295, omy-let-7a), in liver samples of whitefish exposed for 24 or
48h to MC-LR at a dose of 100μg/kg body weight [4]. Interestingly, the study showed that
MC-LR treatment affected expression levels of two miRNAs, omy-miR-125a (up-regulation)
and omy-let-7a (down-regulation) [4].

Following the early demonstration that MC-LR modulates expression of let-7a and
miR-125a, in our most recent work [33] we aimed at profiling expression of other 6 miRNAs
and 8 mRNAs (Table 1) in the liver of challenged whitefish during the first 48 h after single
intraperitoneal injection. From studies on mammals we chose miRNAs which play regulato‐
ry roles in pathways of signal transduction (let-7c, [34]; miR-9b, [35]), apoptosis and cell cy‐
cle (miR-16a, [36]; miR-21a, [37]; miR-34a, [7]) and fatty-acid metabolism (miR-122, which is
a liver specific miRNA, [38]). The selection of mRNA targets (Table 1) was based on their
reported aberrant tissue expression on exposure to environmental stressors, and included
mRNAs involved in apoptosis and cell cycle (bax, [20]; cas6, cdkn1a, p53, [27]), signal trans‐
duction (p-ras, [39]), cellular iron homeostasis (frih, [40]), gene silencing by miRNAs (dcr,
[41]), and nucleosome assembly (h2a, [4]). Together with the RNA expression, we analyzed
levels of tumor suppressor protein p53 to assess its potential contribution in molecular
mechanisms of liver toxicity induced by MCs in fish.
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miRNA Putative biological process*

omy-let-7c signal transduction

omy-miR-9b signal transduction

omy-miR-16a apoptosis, cell cycle

omy-miR-21a apoptosis, cell cycle

dre-miR-34** cell cycle, signal transduction

omy-miR-122 fatty-acid metabolism, maintenance of adult liver phenotype

mRNA [gene abbreviation] Biological process***

bcl2-associated X protein

(bax)

apoptosis

caspase 6

(cas6)

apoptosis

cyclin-dependent kinase inhibitor 1a

(cdkn1a)

cell cycle

dicer

(dcr)

gene silencing by miRNA

ferritin heavy chain

(frih)

cellular iron ion homeostasis

histone 2A

(h2a)

nucleosome assembly

tumor protein 53

(p53)

apoptosis, cell cycle, signal transduction

HNK Ras –like protein

(p-ras)

signal transduction

* based on literature review; see text for details.

** putative miR-34 gene is present in Salmo salar genome; Contig_142190, whole genome shotgun se‐
quence, GenBank ACC. No. AGKD01142167.1, nucleotides from 5978 through 6053.

*** in terms of Gene Ontology Annotation (http://www.ebi.ac.uk/QuickGO).

Table 1. miRNA and mRNA targets selected under study.

Quantifying miRNAs in different tissues is an important initial step in investigating their biolog‐
ical functions. To this end, we determined the expression levels of 6 selected miRNAs in adult
whitefish liver using Real-Time qPCR. Prominent expression of miR-122 in the liver of white‐
fish was observed which is consistent with other data from fish [4,6] and mammals [42]. Varia‐
ble expression levels of other miRNAs studied in the liver of whitefish corroborated results of
previous work on normal human tissues [43], and they are also in agreement with available da‐
ta on the fish miRNome isolated from rainbow trout [6] and zebrafish [44] miRNA libraries. While
the actual expression values of miRNAs can vary by orders of magnitude between whitefish and
humans [43], their relative abundance in a particular tissue should tend to be more conserved in
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evolution. Indeed, the order of individual miRNA abundances in human liver (miR-122 > let-7c
≈ miR-21 ≈ miR16 > miR-34a > miR-9; [43]) held in whitefish as well [33].

Our treatment study [33] identified miRNAs whose expression levels rose (from 2.7-fold for
miR-122 to 6.8-fold for let-7c) in MC-LR treated fish, compared to the respective levels in
control fish (Figure 4). The increase, which was most apparent at 24 h of the experiment, was
correlated with a reduction in the expression of mRNAs: ferritin H (frih) and HNK Ras –like
protein (p-ras) and an overexpression of bcl2-associated X protein (bax), cyclin dependent
kinase inhibitor 1a (cdkn1a), dicer (dcr), histone 2A (h2a) and p53. Expression of the remain‐
ing caspase 6 (cas6) mRNA did not change over 48 h of the treatment. Moreover, exposure
to MC-LR did not alter whitefish p53 protein levels [33].

Figure 4. Heat map and hierarchical clustering of differentially expressed genes and miRNAs in MC-LR treated white‐
fish. Each row represents one gene/miRNA and each column represents a mean of 5 replicates/duration of exposure.
Colors represent expression levels of each individual gene/miRNA: red, up-regulation; green, down-regulation. Four
distinct clusters (A through D) based on the observed expression profiles could be identified by the analysis. The analy‐
sis and visualization were performed using GenEx 5 software (MultiD Analyses AB; Sweden), based on raw expression
data from our recent study [33].
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The experiment allows one to determine which miRNAs change expression as a group or as
a cluster. Genes that function together may define regulatory networks and regulate a com‐
mon set of regulated genes. Using clustering software, we divided the significantly regulat‐
ed miRNAs into different groups. In Figure 4 there were four different types of expression
profiles among the miRNAs and genes. Some groups showed transient changes in the ex‐
pression profile (clusters B and C) while others stably increase (cluster A) or decrease (clus‐
ter D) during the treatment with MC-LR. Bearing in mind a variety of likely silencing targets
for, and the onset of, the aberrant miRNAs expression (Table 2; [33]) it may be concluded
that they are involved in diverse molecular pathways, such as liver cell metabolism, cell cy‐
cle regulation and apoptosis, and may contribute to the early phase of MC-LR induced hep‐
atotoxicity. Whereas, this argues that at least some of miRNAs listed in Table 2 are good
candidates to pursue in future studies, a key to further elucidation of the miRNA role in the
toxicity mechanism is the generation of more complete lists of their numbers and expression
changes in healthy and challenged fish.

MicroRNA* Fold change Reported silencing targets Reference

let-7c 6.8 Rat sarcoma viral oncogene, RAS [34]

Myelocytomatosis viral related oncogene, c-MYC [45]

miR-9b 4.4 Caudal related homebox protein, CDX2 [35]

miR-34a 4.0 B-cell lymphoma 2, BCL2 [46]

Myelocytomatosis viral related oncogene, neuroblastoma derived

(avian), MYCN

[47]

miR-16a 3.6 B-cell lymphoma 2, BCL2 [36]

miR-122 2.7 Cationic amino acid transporter, CAT-1 [48]

*Only miRNAs which were significantly up-regulated (p<0.05) are included in the column.

Table 2. Reported mammalian silencing targets for differentially expressed miRNAs in MC-LR treated whitefish
(100μg/kg body weight) after 24 h of the challenge [33].

On the other hand, the lack of p53 stabilization observed in our study infers the presence of
alternate checkpoint mechanisms for deregulated growth signals and/or DNA damage in
whitefish cells and may suggest post-transcriptional regulation of p53. Indeed, recent work
by Liu and coworkers [49] suggest that two checkpoint kinases, ATM and ATR, which act
upstream of p53, are promising candidates for the role. Further studies should also reveal if
the lack of p53 induction in fish liver following exposure to many compounds known to
cause DNA damage and DNA replication defects [49-50], is controlled by the miRNA net‐
work, a role it is known to fulfill in other organisms. For example, miR-125b has been previ‐
ously confirmed to be a negative regulator of p53 in both zebrafish and humans [51].
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3. Conclusions

We are only beginning to understand the complexities of miRNA-mediated gene regulatory
networks in fish cells. It should be expected that environmental contaminants that have the
potential to induce oxidative stress and hypoxia in animal cells, like MCs, will also be agents
deregulating miRNA expression. In our initial studies [4, 33] we observed rapid changes in
liver microRNA levels of whitefish following MC-LR exposure. Bearing in mind a variety of
likely silencing targets for and the onset of the aberrant miRNAs expression observed in the
study, one may conclude that they are involved in various molecular pathways and may
contribute to the early phase of MC-hepatotoxicity. This argues that studied miRNAs are
good candidates to pursue in future studies, however, a key to further elucidation of the
miRNA role in the toxicity mechanism will be the generation of more complete lists of their
numbers and expression changes in healthy and challenged fish, using next generation se‐
quencing methods (Figure 2). As miRNA field continues to evolve, the new markers should
help elucidating a variety of issues intrinsic to MC toxicity. As more profiling studies are
performed after MC-LR treatment, and on different model organisms, it might be possible to
obtain a miRNA snapshot map, the “core of the MC-LR toxicity connectivity grid”. Finally,
the revealed miRNA pathways underlying hepatotoxic effects of MC-LR may provide thera‐
peutic targets for a variety of liver diseases.

Acknowledgments

This work was supported by the Polish Ministry of Science and Higher Education (MNiSW),
project UWM No. 0809-0801.

Author details

Paweł Brzuzan1*, Maciej Woźny1, Lidia Wolińska1 and Michał K. Łuczyński2

1 Department of Environmental Biotechnology, Faculty of Environmental Sciences, Univer‐
sity of Warmia and Mazury in Olsztyn, Olsztyn, Poland

2 Department of Chemistry, Faculty of Environmental Management and Agriculture, Uni‐
versity of Warmia and Mazury in Olsztyn, Olsztyn, Poland

References

[1] Meister G, Tuschl T. Mechanisms of gene silencing by double-stranded RNA. Nature
2004;431(7006): 343-349.

Discovering the Role of MicroRNAs in Microcystin-Induced Toxicity in Fish
http://dx.doi.org/10.5772/52204

233



The experiment allows one to determine which miRNAs change expression as a group or as
a cluster. Genes that function together may define regulatory networks and regulate a com‐
mon set of regulated genes. Using clustering software, we divided the significantly regulat‐
ed miRNAs into different groups. In Figure 4 there were four different types of expression
profiles among the miRNAs and genes. Some groups showed transient changes in the ex‐
pression profile (clusters B and C) while others stably increase (cluster A) or decrease (clus‐
ter D) during the treatment with MC-LR. Bearing in mind a variety of likely silencing targets
for, and the onset of, the aberrant miRNAs expression (Table 2; [33]) it may be concluded
that they are involved in diverse molecular pathways, such as liver cell metabolism, cell cy‐
cle regulation and apoptosis, and may contribute to the early phase of MC-LR induced hep‐
atotoxicity. Whereas, this argues that at least some of miRNAs listed in Table 2 are good
candidates to pursue in future studies, a key to further elucidation of the miRNA role in the
toxicity mechanism is the generation of more complete lists of their numbers and expression
changes in healthy and challenged fish.

MicroRNA* Fold change Reported silencing targets Reference

let-7c 6.8 Rat sarcoma viral oncogene, RAS [34]

Myelocytomatosis viral related oncogene, c-MYC [45]

miR-9b 4.4 Caudal related homebox protein, CDX2 [35]

miR-34a 4.0 B-cell lymphoma 2, BCL2 [46]

Myelocytomatosis viral related oncogene, neuroblastoma derived

(avian), MYCN

[47]

miR-16a 3.6 B-cell lymphoma 2, BCL2 [36]

miR-122 2.7 Cationic amino acid transporter, CAT-1 [48]

*Only miRNAs which were significantly up-regulated (p<0.05) are included in the column.

Table 2. Reported mammalian silencing targets for differentially expressed miRNAs in MC-LR treated whitefish
(100μg/kg body weight) after 24 h of the challenge [33].

On the other hand, the lack of p53 stabilization observed in our study infers the presence of
alternate checkpoint mechanisms for deregulated growth signals and/or DNA damage in
whitefish cells and may suggest post-transcriptional regulation of p53. Indeed, recent work
by Liu and coworkers [49] suggest that two checkpoint kinases, ATM and ATR, which act
upstream of p53, are promising candidates for the role. Further studies should also reveal if
the lack of p53 induction in fish liver following exposure to many compounds known to
cause DNA damage and DNA replication defects [49-50], is controlled by the miRNA net‐
work, a role it is known to fulfill in other organisms. For example, miR-125b has been previ‐
ously confirmed to be a negative regulator of p53 in both zebrafish and humans [51].

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

232

3. Conclusions

We are only beginning to understand the complexities of miRNA-mediated gene regulatory
networks in fish cells. It should be expected that environmental contaminants that have the
potential to induce oxidative stress and hypoxia in animal cells, like MCs, will also be agents
deregulating miRNA expression. In our initial studies [4, 33] we observed rapid changes in
liver microRNA levels of whitefish following MC-LR exposure. Bearing in mind a variety of
likely silencing targets for and the onset of the aberrant miRNAs expression observed in the
study, one may conclude that they are involved in various molecular pathways and may
contribute to the early phase of MC-hepatotoxicity. This argues that studied miRNAs are
good candidates to pursue in future studies, however, a key to further elucidation of the
miRNA role in the toxicity mechanism will be the generation of more complete lists of their
numbers and expression changes in healthy and challenged fish, using next generation se‐
quencing methods (Figure 2). As miRNA field continues to evolve, the new markers should
help elucidating a variety of issues intrinsic to MC toxicity. As more profiling studies are
performed after MC-LR treatment, and on different model organisms, it might be possible to
obtain a miRNA snapshot map, the “core of the MC-LR toxicity connectivity grid”. Finally,
the revealed miRNA pathways underlying hepatotoxic effects of MC-LR may provide thera‐
peutic targets for a variety of liver diseases.

Acknowledgments

This work was supported by the Polish Ministry of Science and Higher Education (MNiSW),
project UWM No. 0809-0801.

Author details

Paweł Brzuzan1*, Maciej Woźny1, Lidia Wolińska1 and Michał K. Łuczyński2

1 Department of Environmental Biotechnology, Faculty of Environmental Sciences, Univer‐
sity of Warmia and Mazury in Olsztyn, Olsztyn, Poland

2 Department of Chemistry, Faculty of Environmental Management and Agriculture, Uni‐
versity of Warmia and Mazury in Olsztyn, Olsztyn, Poland

References

[1] Meister G, Tuschl T. Mechanisms of gene silencing by double-stranded RNA. Nature
2004;431(7006): 343-349.

Discovering the Role of MicroRNAs in Microcystin-Induced Toxicity in Fish
http://dx.doi.org/10.5772/52204

233



[2] Ambros V. The functions of animal microRNAs. Nature 2004;431(7006): 350-355.

[3] Zhang B, Wang Q, Pan X. MicroRNAs and their regulatory roles in animals and
plants. Journal of Cellular Physiology 2007;210(2): 279-289.

[4] Brzuzan P, Woźny M, Wolińska L, Piasecka A, Łuczyński MK. MicroRNA expression
in liver of whitefish (Coregonus lavaretus) exposed to microcystin-LR. Environmen‐
tal Biotechnology 2010;6(2): 53-60.

[5] Flynt AS, Thatcher EJ, Patton JG. RNA interferences and miRNAs in zebrafish. In:
Gaur RK, Rossi JJ. (ed.) Regulation of gene expression by small RNAs. CRC Press;
2009. p149-172.

[6] Salem M, Xiao C, Womack J, Rexroad III CE, Yao J. MicroRNA repertoire for func‐
tional genome research in rainbow trout (Oncorhynchus mykiss). Marine Biotechnol‐
ogy 2010;12(4): 410-429.

[7] Tarasov V, Jung P, Verdoodt B, Lodygin D, Epanchintsev A, Menssen A, Meister G,
Hermeking H. Differential regulation of microRNAs by p53 revealed by massively
parallel sequencing: miR-34a is a p53 target that induces apoptosis and G1-arrest.
Cell Cycle 2007;6(13): 1586-1593.

[8] Fukushima T, Hamada Y, Yamada H, Horii I. Changes of micro-RNA expression in
rat liver treated by acetaminophen or carbon tetrachloride – regulating role of micro-
RNA for RNA expression. Journal of Toxicological Sciences 2007;32(4): 401-409.

[9] Fromme H, Köhler A, Krause R, Führling D. Occurrence of cyanobacterial toxins-mi‐
crocystins and anatoxin-a–in Berlin water bodies with implications to human health
and regulations. Environmental Toxicology 2000;15(2): 120-130.

[10] Carmichael WW. Cyanobacteria secondary metabolites – the cyanotoxins. Journal of
Applied Bacteriology 1992;72(6): 445-459.

[11] WHO. Guidelines for Drinking-water Quality, Volume 1. Recommendations, 3rd edi‐
tion. World Health Organization Publishing 2004; Geneva, Switzerland.

[12] Dietrich D, Hoeger S. Guidance values for microcystins in water and cyanobacterial
supplement products (blue-green algal supplements): a reasonable or misguided ap‐
proach? Toxicology and Applied Pharmacology 2005;203(3): 273-289.

[13] Honkanen RE, Zwiller J, Moore RE, Daily SL, Khatra BS, Dukelow M, Boynton AL.
Characterization of microcystin-LR, a potent inhibitor of type 1 and type 2A protein
phosphatases. Journal of Biological Chemistry 1990;265(32): 19401-19404.

[14] van Apeldoorn ME, van Egmond HP, Speijers GJA, Bakker GJI. Toxins of cyanobac‐
teria. Molecular Nutrition and Food Research 2007;51(1): 7-60.

[15] Nong Q, Komatsu M, Izumo K, Indo HP, Xu B, Aoyama K, Majima HJ, Horiuchi M,
Morimoto K, Takeuchi T. Involvement of reactive oxygen species in Microcystin-LR-
induced cytogenotoxicity. Free Radical Research 2007;41(12): 1326-1337.

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

234

[16] Pichardo S, Jos A, Zurita JL, Salguero M, Cameán AM, Repetto G. Acute and suba‐
cute toxic effects produced by microcystin-YR on the fish cell lines RTG-2 and
PLHC-1. Toxicology In Vitro 2007;21(8): 1460-1467.

[17] Ding WX, Shen HM, Ong CN. Pivotal role of mitochondrial Ca(2+) in microcystin-
induced mitochondrial permeability transition in rat hepatocytes. Biochemical and
Biophysical Research Communications 2001;285(5): 1155-1161.

[18] Li Y, Sheng J, Sha J, Han X. The toxic effects of microcystin-LR on the reproductive
system of male rats in vivo and in vitro. Reproductive Toxicology 2008;26(3-4):
239-245.

[19] Qiu T, Xie P, Liu Y, Li G, Xiong Q, Hao L, Li H. The profound effects of microcystin
on cardiac antioxidant enzymes, mitochondrial function and cardiac toxicity in rat.
Toxicology 2009;257(1-2): 86-94.

[20] Žegura B, Filipič M, Šuput D, Lah T, Sedmak B. In vitro genotoxicity of microcystin-
RR on primary cultured rat hepatocites and Hep G2 cell line detected by Comet as‐
say. Radiology and Oncology 2002;36(2): 159-161.

[21] Wei Y, Weng D, Li F, Zou X, Young DO, Ji J, Shen P. Involvement of JNK regulation
in oxidative stress-mediated murine liver injury by microcystin-LR. Apoptosis
2008;13(8): 1031-1042.

[22] Feurstein D, Stemmer K, Kleinteich J, Speicher T, Dietrich DR. Microcystin congener-
and concentration-dependent induction of murine neuron apoptosis and neurite de‐
generation. Toxicological Sciences 2011;124(2): 424-431.

[23] Zhao Y, Xiong Q, Xie P. Analysis of microRNA expression in embryonic develop‐
mental toxicity induced by MC-RR. PLoS ONE 2011;6(7): e22676.

[24] Campos A, Vasconcelos V. Molecular mechanism of microcystin toxicity in animal
cells. International Journal of Molecular Sciences 2010;11(1): 268–287.

[25] Zhang XX, Zhang Z, Fu Z, Wang T, Qin W, Xu L, Cheng S, Yang L. Stimulation effect
of microcystin-LR on matrix metalloproteinase-2/-9 expression in mouse liver. Toxi‐
cology Letters 2010;199(3): 377-382.

[26] Li HH, Cai X, Shouse GP, Piluso LG, Liu X. A specific PP2A regulatory subunit,
B56γ, mediates DNA damage-induced dephosphorylation of p53 at Thr55. EMBO
Journal 2007;26(2): 402-411.

[27] Brzuzan P, Woźny M, Ciesielski S, Łuczyński MK, Góra M, Kuźmiński H, Dobosz S.
Microcystin-LR induced apoptosis and mRNA expression of p53 and cdkn1a in liver
of whitefish (Coregonus lavaretus L.). Toxicon 2009;54(2): 170-183.

[28] Asslaber D, Piñón JD, Seyfried I, Desch P, Stöcher M, Tinhofer I, Egle A, Merkel O,
Greil R. microRNA-34a expression correlates with MDM2 SNP309 polymorphism
and treatment-free survival in chronic lymphocytic leukemia. Blood 2010;115(21):
4191-4197.

Discovering the Role of MicroRNAs in Microcystin-Induced Toxicity in Fish
http://dx.doi.org/10.5772/52204

235



[2] Ambros V. The functions of animal microRNAs. Nature 2004;431(7006): 350-355.

[3] Zhang B, Wang Q, Pan X. MicroRNAs and their regulatory roles in animals and
plants. Journal of Cellular Physiology 2007;210(2): 279-289.

[4] Brzuzan P, Woźny M, Wolińska L, Piasecka A, Łuczyński MK. MicroRNA expression
in liver of whitefish (Coregonus lavaretus) exposed to microcystin-LR. Environmen‐
tal Biotechnology 2010;6(2): 53-60.

[5] Flynt AS, Thatcher EJ, Patton JG. RNA interferences and miRNAs in zebrafish. In:
Gaur RK, Rossi JJ. (ed.) Regulation of gene expression by small RNAs. CRC Press;
2009. p149-172.

[6] Salem M, Xiao C, Womack J, Rexroad III CE, Yao J. MicroRNA repertoire for func‐
tional genome research in rainbow trout (Oncorhynchus mykiss). Marine Biotechnol‐
ogy 2010;12(4): 410-429.

[7] Tarasov V, Jung P, Verdoodt B, Lodygin D, Epanchintsev A, Menssen A, Meister G,
Hermeking H. Differential regulation of microRNAs by p53 revealed by massively
parallel sequencing: miR-34a is a p53 target that induces apoptosis and G1-arrest.
Cell Cycle 2007;6(13): 1586-1593.

[8] Fukushima T, Hamada Y, Yamada H, Horii I. Changes of micro-RNA expression in
rat liver treated by acetaminophen or carbon tetrachloride – regulating role of micro-
RNA for RNA expression. Journal of Toxicological Sciences 2007;32(4): 401-409.

[9] Fromme H, Köhler A, Krause R, Führling D. Occurrence of cyanobacterial toxins-mi‐
crocystins and anatoxin-a–in Berlin water bodies with implications to human health
and regulations. Environmental Toxicology 2000;15(2): 120-130.

[10] Carmichael WW. Cyanobacteria secondary metabolites – the cyanotoxins. Journal of
Applied Bacteriology 1992;72(6): 445-459.

[11] WHO. Guidelines for Drinking-water Quality, Volume 1. Recommendations, 3rd edi‐
tion. World Health Organization Publishing 2004; Geneva, Switzerland.

[12] Dietrich D, Hoeger S. Guidance values for microcystins in water and cyanobacterial
supplement products (blue-green algal supplements): a reasonable or misguided ap‐
proach? Toxicology and Applied Pharmacology 2005;203(3): 273-289.

[13] Honkanen RE, Zwiller J, Moore RE, Daily SL, Khatra BS, Dukelow M, Boynton AL.
Characterization of microcystin-LR, a potent inhibitor of type 1 and type 2A protein
phosphatases. Journal of Biological Chemistry 1990;265(32): 19401-19404.

[14] van Apeldoorn ME, van Egmond HP, Speijers GJA, Bakker GJI. Toxins of cyanobac‐
teria. Molecular Nutrition and Food Research 2007;51(1): 7-60.

[15] Nong Q, Komatsu M, Izumo K, Indo HP, Xu B, Aoyama K, Majima HJ, Horiuchi M,
Morimoto K, Takeuchi T. Involvement of reactive oxygen species in Microcystin-LR-
induced cytogenotoxicity. Free Radical Research 2007;41(12): 1326-1337.

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

234

[16] Pichardo S, Jos A, Zurita JL, Salguero M, Cameán AM, Repetto G. Acute and suba‐
cute toxic effects produced by microcystin-YR on the fish cell lines RTG-2 and
PLHC-1. Toxicology In Vitro 2007;21(8): 1460-1467.

[17] Ding WX, Shen HM, Ong CN. Pivotal role of mitochondrial Ca(2+) in microcystin-
induced mitochondrial permeability transition in rat hepatocytes. Biochemical and
Biophysical Research Communications 2001;285(5): 1155-1161.

[18] Li Y, Sheng J, Sha J, Han X. The toxic effects of microcystin-LR on the reproductive
system of male rats in vivo and in vitro. Reproductive Toxicology 2008;26(3-4):
239-245.

[19] Qiu T, Xie P, Liu Y, Li G, Xiong Q, Hao L, Li H. The profound effects of microcystin
on cardiac antioxidant enzymes, mitochondrial function and cardiac toxicity in rat.
Toxicology 2009;257(1-2): 86-94.

[20] Žegura B, Filipič M, Šuput D, Lah T, Sedmak B. In vitro genotoxicity of microcystin-
RR on primary cultured rat hepatocites and Hep G2 cell line detected by Comet as‐
say. Radiology and Oncology 2002;36(2): 159-161.

[21] Wei Y, Weng D, Li F, Zou X, Young DO, Ji J, Shen P. Involvement of JNK regulation
in oxidative stress-mediated murine liver injury by microcystin-LR. Apoptosis
2008;13(8): 1031-1042.

[22] Feurstein D, Stemmer K, Kleinteich J, Speicher T, Dietrich DR. Microcystin congener-
and concentration-dependent induction of murine neuron apoptosis and neurite de‐
generation. Toxicological Sciences 2011;124(2): 424-431.

[23] Zhao Y, Xiong Q, Xie P. Analysis of microRNA expression in embryonic develop‐
mental toxicity induced by MC-RR. PLoS ONE 2011;6(7): e22676.

[24] Campos A, Vasconcelos V. Molecular mechanism of microcystin toxicity in animal
cells. International Journal of Molecular Sciences 2010;11(1): 268–287.

[25] Zhang XX, Zhang Z, Fu Z, Wang T, Qin W, Xu L, Cheng S, Yang L. Stimulation effect
of microcystin-LR on matrix metalloproteinase-2/-9 expression in mouse liver. Toxi‐
cology Letters 2010;199(3): 377-382.

[26] Li HH, Cai X, Shouse GP, Piluso LG, Liu X. A specific PP2A regulatory subunit,
B56γ, mediates DNA damage-induced dephosphorylation of p53 at Thr55. EMBO
Journal 2007;26(2): 402-411.

[27] Brzuzan P, Woźny M, Ciesielski S, Łuczyński MK, Góra M, Kuźmiński H, Dobosz S.
Microcystin-LR induced apoptosis and mRNA expression of p53 and cdkn1a in liver
of whitefish (Coregonus lavaretus L.). Toxicon 2009;54(2): 170-183.

[28] Asslaber D, Piñón JD, Seyfried I, Desch P, Stöcher M, Tinhofer I, Egle A, Merkel O,
Greil R. microRNA-34a expression correlates with MDM2 SNP309 polymorphism
and treatment-free survival in chronic lymphocytic leukemia. Blood 2010;115(21):
4191-4197.

Discovering the Role of MicroRNAs in Microcystin-Induced Toxicity in Fish
http://dx.doi.org/10.5772/52204

235



[29] Gehringer MM. Microcystin-LR and okadaic acid-induced cellular effects: a dualistic
response. FEBS Letters 2004;557(1-3): 1-8.

[30] Li H, Xie P, Li G, Hao L, Xiong Q. In vivo study on the effects of microcystin extracts
on the expression profiles of proto-oncogenes (c-fos, c-jun and c-myc) in liver, kidney
and testis of male Wistar rats injected i.v. with toxins. Toxicon 2009;53(1): 169-175.

[31] Chang TC, Yu D, Lee YS, Wentzel EA, Arking DE, West KM, Dang CV, Thomas-Ti‐
khonenko A, Mendell JT. Widespread microRNA repression by Myc contributes to
tumorigenesis. Nature genetics. 2008;40(1): 43-50.

[32] Gartel AL, Ye X, Goufman E, Shianov P, Hay N, Najmabadi F, Tyner AL. Myc re‐
presses the p21(WAF1/CIP1) promoter and interacts with Sp1/Sp3. Proceedings of
the National Academy of Sciences U.S.A. 2001;98(8): 4510-4515.

[33] Brzuzan P, Woźny M, Wolińska L, Piasecka A. Expression profiling in vivo demon‐
strates rapid changes in liver microRNA levels of whitefish (Coregonus lavaretus)
following microcystin-LR exposure. Aquatic Toxicology 2012;122-123: 188-196.

[34] Johnson SM, Grosshans H, Shingara J, Byrom M, Jarvis R, Cheng A, Labourier E,
Reinert KL, Brown D, Slack FJ. RAS is regulated by the let-7 microRNA family. Cell
2005;120(5): 635-647.

[35] Rotkrua P, Akiyama Y, Hashimoto Y, Otsubo T, Yuasa Y. MiR-9 downregulates
CDX2 expression in gastric cancer cells. International Journal of Cancer 2011;129(11):
2611-2620.

[36] Cimmino A, Calin GA, Fabbri M, Iorio MV, Ferracin M, Shimizu M, Wojcik SE, Aqei‐
lan RI, Zupo S, Dono M, Rassenti L, Alder H, Volinia S, Liu CG, Kipps TJ, Negrini M,
Croce CM. miR-15 and miR-16 induce apoptosis by targeting BCL2. Proceedings of
the National Academy of Sciences U.S.A. 2005;102(39): 13944-13949.

[37] Chan JA, Krichevsky AM, Kosik KS. MicroRNA-21 is an antiapoptotic factor in hu‐
man glioblastoma cells. Cancer Research 2005;65(14): 6029-6033.

[38] Girard M, Jacquemin E, Munnich A, Lyonnet S, Henrion-Caude A. miR-122, a para‐
digm for the role of microRNAs in the liver. Journal of Hepatology 2008;48(4):
648-656.

[39] Žegura B, Zajc I, Lah TT, Filipič M. Patterns of microcystin-LR induced alteration of
the expression of genes involved in response to DNA damage and apoptosis. Toxi‐
con 2008;51(4): 615-623.

[40] Woźny M, Brzuzan P, Wolińska L, Góra M, Łuczyński MK. Differential gene expres‐
sion in rainbow trout (Oncorhynchus mykiss) liver and ovary after exposure to zear‐
alenone. Comparative Biochemistry and Physiology, Part C: Toxicology and
Pharmacology 2012; doi:10.1016/j.cbpc.2012.05.005.

[41] Mishra PK, Tyagi N, Kundu S, Tyagi SC. MicroRNAs are involved in homocysteine-
induced cardiac remodeling. Cell Biochemistry and Biophysics 2009;55(3): 153-162.

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

236

[42] Ason B, Darnell DK, Wittbrodt B, Berezikov E, Kloosterman WP, Wittbrodt J, Antin
PB, Plasterk RH. Differences in vertebrate microRNA expression. Proceedings of the
National Academy of Sciences U.S.A. 2006;103(39): 14385-14389.

[43] Liang Y, Ridzon D, Wong L, Chen C. Characterization of microRNA expression pro‐
files in normal human tissues. BMC Genomics 2007;8: 166.

[44] Chen PY, Manninga H, Slanchev K, Chien M, Russo JJ, Ju J, Sheridan R, John B,
Marks DS, Gaidatzis D, Sander C, Zavolan M, Tuschl T. The developmental miRNA
profiles of zebrafish as determined by small RNA cloning. Genes and Development
2005;19(11): 1288-1293.

[45] Koscianska E, Baev V, Skreka K, Oikonomaki K, Rusinov V, Tabler M, Kalantidis K.
Prediction and preliminary validation of oncogene regulation by miRNAs. BMC Mo‐
lecular Biology 2007;8: 79.

[46] Ji Q, Hao X, Meng Y, Zhang M, DeSano J, Fan D, Xu L. Restoration of tumor suppres‐
sor miR-34 inhibits human p53-mutant gastric cancer tumorspheres. BMC Cancer
2008;8: 266.

[47] Wei JS, Song YK, Durinck S, Chen QR, Cheuk AT, Tsang P, Zhang Q, Thiele CJ, Slack
A, Shohet J, Khan J. The MYCN oncogene is a direct target of miR-34a. Oncogene
2008;27(39): 5204-5213.

[48] Chang J, Nicolas E, Marks D, Sander C, Lerro A, Buendia MA, Xu C, Mason WS, Mo‐
loshok T, Bort R, Zaret KS, Taylor JM. miR-122, a mammalian liver-specific micro‐
RNA, is processed from hcr mRNA and may downregulate the high affinity cationic
amino acid transporter CAT-1. RNA Biology 2004;1(2): 106-113.

[49] Liu M, Tee C, Zeng F, Sherry JP, Dixon B, Bols NC, Duncker BP. Characterization of
p53 expression in rainbow trout. Comparative Biochemistry and Physiology, Part C:
Toxicology and Pharmacology 2011;154(4): 326-332.

[50] Rau EM, Billiard SM, Di Giulio RT. Lack of p53 induction in fish cells by model che‐
motherapeutics. Oncogene 2006;25(14): 2004-2010.

[51] Le MTN, Teh C, Shyh-Chang N, Xie H, Zhou B, Korzh V, Lodish HF, Lim B. Micro‐
RNA-125b is a novel negative regulator of p53. Genes and Development 2009;23(7):
862-876.

Discovering the Role of MicroRNAs in Microcystin-Induced Toxicity in Fish
http://dx.doi.org/10.5772/52204

237



[29] Gehringer MM. Microcystin-LR and okadaic acid-induced cellular effects: a dualistic
response. FEBS Letters 2004;557(1-3): 1-8.

[30] Li H, Xie P, Li G, Hao L, Xiong Q. In vivo study on the effects of microcystin extracts
on the expression profiles of proto-oncogenes (c-fos, c-jun and c-myc) in liver, kidney
and testis of male Wistar rats injected i.v. with toxins. Toxicon 2009;53(1): 169-175.

[31] Chang TC, Yu D, Lee YS, Wentzel EA, Arking DE, West KM, Dang CV, Thomas-Ti‐
khonenko A, Mendell JT. Widespread microRNA repression by Myc contributes to
tumorigenesis. Nature genetics. 2008;40(1): 43-50.

[32] Gartel AL, Ye X, Goufman E, Shianov P, Hay N, Najmabadi F, Tyner AL. Myc re‐
presses the p21(WAF1/CIP1) promoter and interacts with Sp1/Sp3. Proceedings of
the National Academy of Sciences U.S.A. 2001;98(8): 4510-4515.

[33] Brzuzan P, Woźny M, Wolińska L, Piasecka A. Expression profiling in vivo demon‐
strates rapid changes in liver microRNA levels of whitefish (Coregonus lavaretus)
following microcystin-LR exposure. Aquatic Toxicology 2012;122-123: 188-196.

[34] Johnson SM, Grosshans H, Shingara J, Byrom M, Jarvis R, Cheng A, Labourier E,
Reinert KL, Brown D, Slack FJ. RAS is regulated by the let-7 microRNA family. Cell
2005;120(5): 635-647.

[35] Rotkrua P, Akiyama Y, Hashimoto Y, Otsubo T, Yuasa Y. MiR-9 downregulates
CDX2 expression in gastric cancer cells. International Journal of Cancer 2011;129(11):
2611-2620.

[36] Cimmino A, Calin GA, Fabbri M, Iorio MV, Ferracin M, Shimizu M, Wojcik SE, Aqei‐
lan RI, Zupo S, Dono M, Rassenti L, Alder H, Volinia S, Liu CG, Kipps TJ, Negrini M,
Croce CM. miR-15 and miR-16 induce apoptosis by targeting BCL2. Proceedings of
the National Academy of Sciences U.S.A. 2005;102(39): 13944-13949.

[37] Chan JA, Krichevsky AM, Kosik KS. MicroRNA-21 is an antiapoptotic factor in hu‐
man glioblastoma cells. Cancer Research 2005;65(14): 6029-6033.

[38] Girard M, Jacquemin E, Munnich A, Lyonnet S, Henrion-Caude A. miR-122, a para‐
digm for the role of microRNAs in the liver. Journal of Hepatology 2008;48(4):
648-656.

[39] Žegura B, Zajc I, Lah TT, Filipič M. Patterns of microcystin-LR induced alteration of
the expression of genes involved in response to DNA damage and apoptosis. Toxi‐
con 2008;51(4): 615-623.

[40] Woźny M, Brzuzan P, Wolińska L, Góra M, Łuczyński MK. Differential gene expres‐
sion in rainbow trout (Oncorhynchus mykiss) liver and ovary after exposure to zear‐
alenone. Comparative Biochemistry and Physiology, Part C: Toxicology and
Pharmacology 2012; doi:10.1016/j.cbpc.2012.05.005.

[41] Mishra PK, Tyagi N, Kundu S, Tyagi SC. MicroRNAs are involved in homocysteine-
induced cardiac remodeling. Cell Biochemistry and Biophysics 2009;55(3): 153-162.

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

236

[42] Ason B, Darnell DK, Wittbrodt B, Berezikov E, Kloosterman WP, Wittbrodt J, Antin
PB, Plasterk RH. Differences in vertebrate microRNA expression. Proceedings of the
National Academy of Sciences U.S.A. 2006;103(39): 14385-14389.

[43] Liang Y, Ridzon D, Wong L, Chen C. Characterization of microRNA expression pro‐
files in normal human tissues. BMC Genomics 2007;8: 166.

[44] Chen PY, Manninga H, Slanchev K, Chien M, Russo JJ, Ju J, Sheridan R, John B,
Marks DS, Gaidatzis D, Sander C, Zavolan M, Tuschl T. The developmental miRNA
profiles of zebrafish as determined by small RNA cloning. Genes and Development
2005;19(11): 1288-1293.

[45] Koscianska E, Baev V, Skreka K, Oikonomaki K, Rusinov V, Tabler M, Kalantidis K.
Prediction and preliminary validation of oncogene regulation by miRNAs. BMC Mo‐
lecular Biology 2007;8: 79.

[46] Ji Q, Hao X, Meng Y, Zhang M, DeSano J, Fan D, Xu L. Restoration of tumor suppres‐
sor miR-34 inhibits human p53-mutant gastric cancer tumorspheres. BMC Cancer
2008;8: 266.

[47] Wei JS, Song YK, Durinck S, Chen QR, Cheuk AT, Tsang P, Zhang Q, Thiele CJ, Slack
A, Shohet J, Khan J. The MYCN oncogene is a direct target of miR-34a. Oncogene
2008;27(39): 5204-5213.

[48] Chang J, Nicolas E, Marks D, Sander C, Lerro A, Buendia MA, Xu C, Mason WS, Mo‐
loshok T, Bort R, Zaret KS, Taylor JM. miR-122, a mammalian liver-specific micro‐
RNA, is processed from hcr mRNA and may downregulate the high affinity cationic
amino acid transporter CAT-1. RNA Biology 2004;1(2): 106-113.

[49] Liu M, Tee C, Zeng F, Sherry JP, Dixon B, Bols NC, Duncker BP. Characterization of
p53 expression in rainbow trout. Comparative Biochemistry and Physiology, Part C:
Toxicology and Pharmacology 2011;154(4): 326-332.

[50] Rau EM, Billiard SM, Di Giulio RT. Lack of p53 induction in fish cells by model che‐
motherapeutics. Oncogene 2006;25(14): 2004-2010.

[51] Le MTN, Teh C, Shyh-Chang N, Xie H, Zhou B, Korzh V, Lodish HF, Lim B. Micro‐
RNA-125b is a novel negative regulator of p53. Genes and Development 2009;23(7):
862-876.

Discovering the Role of MicroRNAs in Microcystin-Induced Toxicity in Fish
http://dx.doi.org/10.5772/52204

237



Section 2

Molecular Cloning and Genetics



Section 2

Molecular Cloning and Genetics



Chapter 10

Identification of Key Molecules Involved in the
Protection of Vultures Against Pathogens and Toxins

Lourdes Mateos-Hernández, Elena Crespo,
José de la Fuente and José M. Pérez de la Lastra

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54191

1. Introduction

Vultures may have one of the strongest immune systems of all vertebrates (Apanius et al.,
1983; Ohishi et al., 1979). Vultures are unique vertebrates able to efficiently utilize carcass
from other animals as a food resource. These carrion birds are in permanent contact with
numerous pathogens and toxins found in its food. In addition, vultures tend to feed in large
groups, because carcasses are patchy in space and time, and feeding often incurs fighting
and wounding, exposing vultures to the penetration of microorganisms present in the carri‐
on (Houston & Cooper, 1975). When an animal dies, the carcass provides the growth condi‐
tions necessary for many pathogens to thrive and produce high levels of toxins. Vultures are
able to feed upon such a carcasses with no apparent ill effects. Therefore, vultures were pre‐
dicted to have evolved immune mechanisms to cope with a high risk of infection with viru‐
lent parasites.

Despite the potential interest in carrion bird immune system, little is known about the mo‐
lecular mechanisms involved in the regulation of this process in vultures. The aim of this
chapter was to explore the genes from the griffon vulture (Gyps fulvus) leukocytes, particu‐
larly to search novel receptors, such as the toll-like receptor (TLRs) and other components
involved in the immune sensing of pathogens and in the mechanism by which vulture are
protected against toxins. This study is, to the best of our knowledge, the first report of ex‐
ploring the transcriptome in this interesting specie.

The toll-like receptor (TLR) family is an ancient pattern recognition receptor family, con‐
served from insects to mammals. Members of the TLR family are vital to immune func‐
tion through the sensing of  pathogenic  agents  and initiation of  an appropriate  immune

© 2013 Mateos-Hernández et al.; licensee InTech. This is an open access article distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Mateos-Hernández et al.; licensee InTech. This is a paper distributed under the terms of the Creative 
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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response. The rapid identification of Toll orthologues in invertebrates and mammals sug‐
gests that these genes must be present in other vertebrates (Takeda, 2005). During the re‐
cent  years,  members  of  the  multigene  family  of  TLRs  have  been  recognised  as  key
players  in  the  recognition  of  microbes  during  host  defence  (Hopkinsn  &  Sriskandan,
2005).  Recognition of pathogens by immune receptors leads to activation of macrophag‐
es,  dendritic  cells,  and lymphocytes.  Signals  are  then communicated to  enhance expres‐
sion  of  target  molecules  such  as  cytokines  and  adhesion  molecules,  depending  on
activation of various inducible transcription factors, among which the family NF-kappaB
transcription factors plays a critical role. The involvement of nuclear factor-kappa B (NF-
κB)  in  the expression of  numerous cytokines  and adhesion molecules  has  supported its
role as an evolutionarily conserved coordinating element in organism's response to situa‐
tions  of  infection,  stress,  and  injury.  In  many  species,  pathogen  recognition,  whether
mediated via the Toll-like receptors or via the antigen-specific T- and B-cell receptors, in‐
itiates the activation of distinct signal transduction pathways that activate NF-κB (Ghosh
et  al.,  1998).  TLR-mediated  NF-κB  activation  is  also  an  evolutionarily  conserved  event
that occurs in phylogenetically distinct species ranging from insects to mammals.

Botulinun toxins are the most deadly neurotoxins known to man and animals. When an
animal  dies  from botulism or  other  causes,  the  carcass  provides  the  growth  conditions
necessary for C. botulinun  to thrive and produce high levels of toxins. Certain species of
carrion-eater birds and mammals are able to feed upon such carcasses with no apparent
ill effects. Turkey vultures (Cathartes aura), have been shown to be highly resistant to bot‐
ulinun toxins  (Kalmbach,  1993;  Pates,  1967,  cited by Oishi  et  al.,  1979).  The mechanism
by which these species are protected against botulinun toxin was investigated by explor‐
ing  the  genes  from  the  griffon  vulture  (Gyps  fulvus)  leukocytes,  particularly  with  the
identification  of  ORFs  with  homology  to  the  Ras-related  botulinun  toxin  substrate  2
(RAC2),  ADP-ribosylation factor 1 (a GTP-binding protein that functions as an allosteric
activator of the cholera toxin catalytic subunit);  a ras-related protein Rabb-11-B-like,  and
other  ORFs with homology to  some chemical  mediators,  such as  IL-8,  Chemokine (C-C
motif) ligand 1.

2. Exploring the genes from the griffon vulture (Gyps fulvus) leukocytes

Given that the vulture is protected in Spain, we have used an ex-vivo approach. We have
generated  a  cDNA library  from from vulture  peripheral  blood monuclear  cells  (PBMC)
and  screened  it,  either  with  specific  probes  or  randomly,  to  search  for  molecules  in‐
volved in  the  immune recognition  of  pathogens  and in  the  mechanism of  resistance  to
toxins.  In  order  to  search  for  molecules  involved  in  the  immune  recognition  of  patho‐
gens  and in  the  mechanism of  resistance  to  toxins,  we screened the  cDNA library  ran‐
domly.  Several  clones  were  identified  and  sequenced  from  the  screening  of  the  cDNA
library from vulture´s leukocytes. A total of 49 open reading frames (ORFs) were identi‐
fied by BLAST analysis from 100 plaques approximately. The identification and function
of each ORF are summarized in the Table 1.
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ORF /Acs number Function Assignment1 
Phosphogycerato 
kinase  1 PGK1 
JX889400 

Glycolytic enzyme, also PGK-1 may acts as a polymerase alpha cofactor protein (primer 
recognition protein). 

CA 

Activity-dependent 
neuroprotector 
homeobox (ADNP) 
JX889402 

Potential transcription factor. May mediate some of the neuroprotective peptide VIP-
associated effects involving normal growth and cancer proliferation. 
 

RP 

Serpin B5-like 
JX889399 

Tumor suppressor. It blocks the growth, invasion, and metastatic properties of mammary 
tumors. 

RP 

40S ribosomal 
protein S3a 
JX889382 

May play a role during erythropoiesis through regulation of transcription factor DDIT3. OT 

Mps one binder 
kinase activator-
like 1B, JX889412 

Activator of LATS1/2 in the Hippo signaling pathway which plays a pivotal role in organ 
size control and tumor suppression by restricting proliferation and promoting apoptosis.  

OT 

Lymphocyte 
antigen 86 [LY86] 
JX889396 

May cooperate with CD180 and TLR4 to mediate the innate immune response to bacterial 
lipopolysaccharide (LPS) and cytokine production. Important for efficient CD180 cell surface 
expression. 

IS 

IL-8 
JX889394 

Chemotactic factor that attracts neutrophils, basophils, and T-cells, but not monocytes. It is 
also involved in neutrophil activation. It is released from several cell types in response to an 
inflammatory stimulus. 

IS 

Constitutive 
coactivator of 
PPAR-gamma-like 
protein 1, JX889388 

May participate in mRNA transport in the cytoplasm. Critical component of the oxidative 
stress-induced survival signaling. 

OT 

Interferon 
regulatory factor 1 
(IRF-1), JX889416 

Specifically binds to the upstream regulatory region of type I IFN and IFN-inducible MHC 
class I genes and activates those genes. Acts as a tumor suppressor. 

IS 

Annexin A1 
[ANXA1], JX889410 

Calcium/phospholipid-binding protein which promotes membrane fusion and is involved in 
exocytosis. This protein regulates phospholipase A2 activity. 

RP 

Chemokine (C-C 
motif) ligand 1, 
JX889398 

Cytokine that is chemotactic for monocytes but not for neutrophils. Binds to CCR8 IS 

Ras-related C3 
botulinum toxin 
substrate 2 (RAC2) 
JX889392 

Enzyme regulation: Plasma membrane-associated small GTPase which cycles between an 
active GTP-bound and inactive GDP-bound state. In active state binds to a variety of effector 
proteins to regulate cellular responses, such as secretory processes, phagocytose of apoptotic 
cells and epithelial cell polarization. Augments the production of reactive oxygen species 
(ROS) by NADPH oxidase  

IS 

Activating 
transcription factor 
4 (ATF4), JX889393 

Transcriptional activator. Binds the cAMP response element (CRE), a sequence present in 
many viral and cellular promoters.  

RP 

Elongation factor 1-
alpha 1 (EF-1-
alpha-1), JX889383 

This protein promotes the GTP-dependent binding of aminoacyl-tRNA to the A-site of 
ribosomes during protein biosynthesis 
 

OT 

Polynucleotide 5'-
hydroxyl-kinase 
NOL9, JX889408 

Polynucleotide 5'-kinase involved in rRNA processing. RP 

Sodium/potassium
-transporting 
ATPase subunit 
alpha-1, JX889386 

Catalytic activity: Catalytic component of the active enzyme, which catalyzes the hydrolysis 
of ATP coupled with the exchange of sodium and potassium ions across the plasma 
membrane. This action creates the electrochemical gradient of sodium and potassium ions, 
providing the energy for active transport of various nutrients.  

CA 

Tyrosyl-DNA 
phosphodiesterase 
2 (TDP2), JX889415 

DNA repair enzyme that can remove a variety of covalent adducts from DNA through 
hydrolysis of a 5'-phosphodiester bond, giving rise to DNA with a free 5' phosphate.  

OT 

Transaldolase (EC 
2.2.1.2) [TALDO1] 
JX889384 

Important for the balance of metabolites in the pentose-phosphate pathway. CA 

60S ribosomal Binds to a specific region on the 26S rRNA  RP 
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2. Exploring the genes from the griffon vulture (Gyps fulvus) leukocytes
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protein L23a 
variant 1, JX889411 
2',3'-cyclic-
nucleotide 3'-
phosphodiesterase 
(EC 3.1.4.37) (CNP), 
JX889397 

Catalytic activity: Nucleoside 2',3'-cyclic phosphate + H(2)O = nucleoside 2'-phosphate CA 

Ribosomal protein 
S6 (RPS6), JX889418 

May play an important role in controlling cell growth and proliferation through the selective 
translation of particular classes of mRNA. 

RP 

Hippocalcin-like 
protein 1 (Protein 
Rem-1), JX889389 

May be involved in the calcium-dependent regulation of rhodopsin phosphorylation OT 

Sel-1 suppressor of 
lin-12-like 

May play a role in Notch signaling. May be involved in the endoplasmic reticulum quality 
control (ERQC) system also called ER-associated degradation (ERAD) involved in ubiquitin-
dependent degradation of misfolded endoplasmic reticulum proteins. 

IS 

Arf-GAP domain 
and FG repeats-
containing protein 
1-like, JX889409 

Required for vesicle docking or fusion during acrosome biogenesis. May play a role in RNA 
trafficking or localization. In case of infection by HIV-1, acts as a cofactor for viral ISRev and 
promotes movement of Rev-responsive element-containing RNAs from the nuclear 
periphery to the cytoplasm. 

OT 

TNF receptor-
associated factor 6 
(TRAF-6) 
JX889385 

E3 ubiquitin ligase that, together with UBE2N and UBE2V1, mediates the synthesis of 'Lys-
63'-linked-polyubiquitin chains conjugated to proteins, such as IKBKG, AKT1 and AKT2. 
Seems to also play a role in dendritic cells (DCs) maturation and/or activation. Represses c-
Myb-mediated transactivation, in B lymphocytes. Adapter protein that seems to play a role 
in signal transduction initiated via TNF receptor, IL-1 receptor and IL-17 receptor. 

IS 

Sorting nexin-5, 
JX889390 

May be involved in several stages of intracellular trafficking. OT 

F-box protein 34 
(FBXO34), JX889403 

Substrate-recognition component of the SCF (SKP1-CUL1-F-box protein)-type E3 ubiquitin 
ligase complex 

OT 

Low density 
lipoprotein 
receptor-related 
protein 5 (LRP5) 
JX889414 

Component of the Wnt-Fzd-LRP5-LRP6 complex that triggers beta-catenin signaling through 
inducing aggregation of receptor-ligand complexes into ribosome-sized signalsomes. 

IS 

Coronin, actin 
binding protein 1C 
JX889404 

May be involved in cytokinesis, motility, and signal transduction. CM 

tumor protein, 
translationally-
controlled 1 (TPT1) 
JX889417 

Involved in calcium binding and microtubule stabilization. CM 
 

SH3 domain 
binding glutamic 
acid-rich protein 
like (SH3BGRL) 
JX889401 

Acts as a transcriptional regulator of PAX6. Acts as a transcriptional activator of PF4 in 
complex with PBX1 or PBX2. Required for hematopoiesis, megakaryocyte lineage 
development and vascular patterning.  

RP 

GATA-binding 
factor 2 (GATA-2) 
(Transcription 
factor NF-E1b) 
JX889387  

Transcriptional activator, which regulates endothelin-1 gene expression in endothelial cells. 
Binds to the consensus sequence 5'-AGATAG-3' 
 

RP 

Cytochrome b5 
JX889381 

Membrane bound hemoprotein which function as an electron carrier for several membrane 
bound oxygenases, including fatty acid desaturases 

OT 

iron sulfur cluster 
assembly 1 
homolog 
mitochondria 
JX889395 

Acts as a co-chaperone in iron-sulfur cluster assembly in mitochondria OT 

            

Table 1. ORFs found from the random screening of the vulture leukocyte cDNA library. Assignment of the function of
each ORF was performed based on the information shown at the Universal Protein Resource (UniProt) web page
(http://www.uniprot.org/) and it was assigned as immune system (IS), Catalytic activity (CA), Cell motility (CM),
Regulatory protein (RP) and Other (OT).

Interestingly, we found ORFs with homology to the Ras-related botulinun toxin substrate 2

(RAC2); the interferon regulatory factor I (IRF1), ADP-ribosylation factor 1 (a GTP-binding
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protein that functions as an allosteric activator of the cholera toxin catalytic subunit); a ras-
related protein Rabb-11-B-like; some chemical mediators, such as IL-8, Chemokine (C-C mo‐
tif) ligand 1, etc. These sequences were deposited in the Genbank under accession numbers
indicated in Table 1.

The ras and ras-related genes represent a superfamily coding for low molecular weight
GTPases (Bourne et al., 1991). These proteins, which share significant homology in the four
regions shown for the H-ras protein to be involved in the binding and hydrolysis of GTP,
regulate a diverse number of cellular processes including growth and differentiation, vesicu‐
lar trafficking, and cytoskeleton organization. GTPases are in an active state when GTP is
bound and are inactive when GDP is bound, and a variety of additional proteins have been
identified that regulate the switch between active and inactive states. ADP-ribosylation of
cellular proteins by a number of bacterial toxins (i.e. cholera, pertussis, pseudomonas exo‐
toxins A., and diphtheria) is the primary mechanism for their toxicity (Eidels et al., 1983).
Botulinun toxins C1 and D contain an ADP-ribosyltransferase activity that is able to ADP-
ribosylate 21-26 kDa eukaryotic proteins. The ORF found with high homology to the Ras-
related botulinun toxin substrate 2 (RAC2) led us to hypothesize that this ORF is candidate
for such a regulatory function in the vulture and it may be involved in the protection of vul‐
tures against toxins.

Figure 1. Pie-chart showing number of ORFs with different functions.

3. Strategy for cloning of vulture TLR1 and IκBα

In order to identify key components of the vulture system for sensing of pathogens, we
screened a cDNA library from vulture peripheral blood monuclear cells (PBMC) using spe‐
cific probes for TLR1 and IκBα.

Since the majority of toll-like receptors are expressed in leukocytes and lymphoid tissues in
human and other vertebrates, we decided to use vulture PBMC as the source of RNA to ob‐
tain a specific probes for TLR1 and IκBα and to construct a cDNA library. Using this strat‐
egy we cloned cDNAs encoding for griffon vulture (Gyps fulvus) orthologues of mammalian
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In order to identify key components of the vulture system for sensing of pathogens, we
screened a cDNA library from vulture peripheral blood monuclear cells (PBMC) using spe‐
cific probes for TLR1 and IκBα.

Since the majority of toll-like receptors are expressed in leukocytes and lymphoid tissues in
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TLR1 (CD281) and for the alpha inhibitor of NF-κB (IκBα). The tissue and cell expression
pattern of vulture TLR1 and IκBα were analyzed by real-time RT-PCR and correlated with
the ability to respond to various pathogenic challenges.

3.1. Design of specific probes for vulture TLR1 and IκBα

To obtain specific probes for vulture TLR1 and IκBα, total RNA was isolated from vulture
PBMC and from cells and tissues using the Ultraspec isolation reagent (Biotecx Laboratories,
Houston TX, USA). Ten micrograms of total RNA was heated at 65 °C for 5 min, quenched
on ice for 5 min and subjected to first strand cDNA synthesis. The RNA was reverse tran‐
scribed using an oligo dT12 primer by incubation with 200 U RNase H- reverse transcriptase
(Invitrogen, Barcelona, Spain) at 25°C for 10 min, then at 42°C for 90 min in the presence of
50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl2, 10 mM DTT, 30 U RNase-inhibitor and 1mM
dNTPs, in a total volume of 20 μl.

For the vulture TLR probe, a partial fragment of 567 bp showing sequence similarity to hu‐
man TLR-1 was amplified by PCR from vulture PBMC cDNA using two oligonucleotide pri‐
mers TLR1/2Fw (5’-GAT TTC TTC CAG AGC TG–3’) and TLR1/3Rv (5’-CAA AGA TGG
ACT TGT AAC TCT TCT CAA TG -3’), which were designed based on regions of high ho‐
mology among the sequences of human and mouse TLR1 (GenBank, accession numbers
NM_003263 and NM_030682, respectively). Cycling conditions were 94°C for 30 s, 52°C for
30 s and 72°C for 1.5 min, for 30 cycles.

For the vulture IκBα probe, a partial fragment of 336 bp showing sequence similarity to hu‐
man and chicken IκBα was amplified by PCR from vulture PBMC cDNA using two oligonu‐
cleotide primers IκBα-Fw (5’-CCT GAA CTT CCA GAA CAA C-3’) and IκBα-Rv (5’-GAT
GTA AAT GCT CAG GAG CCA TG-3’), which were designed based on regions of high ho‐
mology among the sequences of human and chicken IκBα (GenBank, accession numbers
M69043 and S55765, respectively). Cycling conditions were 94°C for 30 s, 52°C for 30 s and
72°C for 1.5 min, for 30 cycles.

The obtained PCR products were cloned into pGEM-T easy vector using a TA cloning kit
(Promega, Barcelona, Spain) and sequenced bidirectionally to confirm their respective spe‐
cificities. These fragments were DIG-labelled following the recommendation of the manu‐
facturer (Roche, Barcelona, Spain) and used as probes to screen 500 000 plaque colonies of
the vulture-PBMC cDNA library.

3.2. cDNA library construction and screening

Total RNA (500 μg) was extracted from PBMC (pooled from 6 birds) using the Ultraspec iso‐
lation reagent (Biotecx). mRNA (20 μg) was extracted by Dynabeads (Dynal biotech-Invitro‐
gen, Barcelona, Spain) and used in the construction of a cDNA library in Lambda ZAP
vector (Stratagene, La Jolla, CA, USA) by directional cloning into EcoRI and XhoI sites. The
cDNA library was plated by standard protocols at 50 000 plaque forming units (pfu) per
plate and grown on a lawn of XL1-Blue E. coli for 6-8 h. Screening of the library was per‐
formed with DIG labelled probes. Plaques were transferred onto Hybond-N+ membranes
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(Amersham, Barcelona, Spain) denatured in 1.5 M NaCl/0.5M NaOH, neutralised in 1.5 M
NaCl/0.5 Tris (pH 8.0) and fixed using a cross-linker oven (Stratagene). The filters were then
pre-incubated with hybridisation buffer (5XSSC [1XSSC is 150 mM NaCl, 15 mM trisodium
citrate, pH 7.7], 0.1% N-laurylsarcosine, 0.02% SDS and 1% blocking reagent (Roche)) at 65
°C for 1 h and then hybridised with hybridisation buffer containing the DIG-labelled probe,
overnight at 65 °C. The membranes were washed at high stringency (2XSSC, 0.1% SDS; 2x5
min at ambient temperature followed by 0.5XSSC, 0.1% SDS; 2x15 min at 65 °C). DiG-label‐
led probes were detected using phosphatase-labelled anti-digoxygenin antibodies (Roche)
according to the manufacturer's instructions. Positive plaques on membranes were identi‐
fied, isolated in agar plugs, eluted in 1 ml of SM buffer (0.1M NaCl, 10 mM MgSO4, 0.01%
gelatin, 50 mM Tris-Hcl, pH 7.5) for 24 h at 4°C and replated. The above screening protocol
was then repeated. Individual positive plaques from the secondary screening were isolated
in agar plugs and eluted in SM buffer. The cDNA inserts were recovered using the Exassist/
SOLR system (Stratagene). Individual bacterial colonies containing phagemid were grown
up in LB broth (1% NaCl, 1% trytone, 0.5% yeast extract, pH 7.0) containing 50 μg/ml ampi‐
cillin. Phagemid DNA was purified using a Bio-Rad plasmid mini-prep kit and sequenced.

4. Structural analysis of vulture TLR1 and IκBα sequences

Sequences  were  analyzed  using  the  analysis  software  LaserGene  (DNAstar,  London,
UK)  and  the  analysis  tools  provided  at  the  expasy  web  site  (http://www.expasy.org).
PEST regions  are  sequences  rich  in  Pro,  Glu,  Asp,  Ser  and  Thr,  which  have  been  pro‐
posed  to  constitute  protein  instability  determinants.  The  analysis  of  the  PEST  region
for  the  putative  protein  was  made  using  the  webtool  PESTfind  at  http://
www.at.embnet.org/toolbox/pestfind.  The  potential  phosphorylation  sites  were  calculat‐
ed  using  the  NetPhos  2.0  prediction  server  at  http://www.cbs.dtu.dk/services/NetPhos.
The  prediction  of  the  potential  attachment  of  small  ubiquitin-related  modifier  (SUMO)
was made using the webtool  SUMOplot™.

The alignment of vulture TIR domain sequences with TLR-1 from other species and of the
vulture IκBα sequences with IκBα from other species was done using the program ClustalW
v1.83 with Blosum62 as the scoring matrix and gap opening penalty of 1.53. Griffon vulture
TLR-1 and IκBα sequences were deposited in the Genbank under accession numbers
DQ480086 and EU161944, respectively.

4.1. Vulture TLR1

The screening of the vulture PBMC cDNA library for TLR1 yielded seven clones with identi‐
cal open reading frame (ORF) sequences. The fact that the screening of 500,000 vulture
cDNA clones resulted in 7 identical sequences suggested that this TLR receptor is broadly
represented in PBMC, possibly illustrating its important role in pathogen recognition during
vulture innate immune response. This result was consistent with the real time RT-PCR anal‐
ysis of TLR1 transcripts in vulture cells.
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TLR1 (CD281) and for the alpha inhibitor of NF-κB (IκBα). The tissue and cell expression
pattern of vulture TLR1 and IκBα were analyzed by real-time RT-PCR and correlated with
the ability to respond to various pathogenic challenges.

3.1. Design of specific probes for vulture TLR1 and IκBα

To obtain specific probes for vulture TLR1 and IκBα, total RNA was isolated from vulture
PBMC and from cells and tissues using the Ultraspec isolation reagent (Biotecx Laboratories,
Houston TX, USA). Ten micrograms of total RNA was heated at 65 °C for 5 min, quenched
on ice for 5 min and subjected to first strand cDNA synthesis. The RNA was reverse tran‐
scribed using an oligo dT12 primer by incubation with 200 U RNase H- reverse transcriptase
(Invitrogen, Barcelona, Spain) at 25°C for 10 min, then at 42°C for 90 min in the presence of
50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl2, 10 mM DTT, 30 U RNase-inhibitor and 1mM
dNTPs, in a total volume of 20 μl.

For the vulture TLR probe, a partial fragment of 567 bp showing sequence similarity to hu‐
man TLR-1 was amplified by PCR from vulture PBMC cDNA using two oligonucleotide pri‐
mers TLR1/2Fw (5’-GAT TTC TTC CAG AGC TG–3’) and TLR1/3Rv (5’-CAA AGA TGG
ACT TGT AAC TCT TCT CAA TG -3’), which were designed based on regions of high ho‐
mology among the sequences of human and mouse TLR1 (GenBank, accession numbers
NM_003263 and NM_030682, respectively). Cycling conditions were 94°C for 30 s, 52°C for
30 s and 72°C for 1.5 min, for 30 cycles.

For the vulture IκBα probe, a partial fragment of 336 bp showing sequence similarity to hu‐
man and chicken IκBα was amplified by PCR from vulture PBMC cDNA using two oligonu‐
cleotide primers IκBα-Fw (5’-CCT GAA CTT CCA GAA CAA C-3’) and IκBα-Rv (5’-GAT
GTA AAT GCT CAG GAG CCA TG-3’), which were designed based on regions of high ho‐
mology among the sequences of human and chicken IκBα (GenBank, accession numbers
M69043 and S55765, respectively). Cycling conditions were 94°C for 30 s, 52°C for 30 s and
72°C for 1.5 min, for 30 cycles.

The obtained PCR products were cloned into pGEM-T easy vector using a TA cloning kit
(Promega, Barcelona, Spain) and sequenced bidirectionally to confirm their respective spe‐
cificities. These fragments were DIG-labelled following the recommendation of the manu‐
facturer (Roche, Barcelona, Spain) and used as probes to screen 500 000 plaque colonies of
the vulture-PBMC cDNA library.

3.2. cDNA library construction and screening

Total RNA (500 μg) was extracted from PBMC (pooled from 6 birds) using the Ultraspec iso‐
lation reagent (Biotecx). mRNA (20 μg) was extracted by Dynabeads (Dynal biotech-Invitro‐
gen, Barcelona, Spain) and used in the construction of a cDNA library in Lambda ZAP
vector (Stratagene, La Jolla, CA, USA) by directional cloning into EcoRI and XhoI sites. The
cDNA library was plated by standard protocols at 50 000 plaque forming units (pfu) per
plate and grown on a lawn of XL1-Blue E. coli for 6-8 h. Screening of the library was per‐
formed with DIG labelled probes. Plaques were transferred onto Hybond-N+ membranes
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(Amersham, Barcelona, Spain) denatured in 1.5 M NaCl/0.5M NaOH, neutralised in 1.5 M
NaCl/0.5 Tris (pH 8.0) and fixed using a cross-linker oven (Stratagene). The filters were then
pre-incubated with hybridisation buffer (5XSSC [1XSSC is 150 mM NaCl, 15 mM trisodium
citrate, pH 7.7], 0.1% N-laurylsarcosine, 0.02% SDS and 1% blocking reagent (Roche)) at 65
°C for 1 h and then hybridised with hybridisation buffer containing the DIG-labelled probe,
overnight at 65 °C. The membranes were washed at high stringency (2XSSC, 0.1% SDS; 2x5
min at ambient temperature followed by 0.5XSSC, 0.1% SDS; 2x15 min at 65 °C). DiG-label‐
led probes were detected using phosphatase-labelled anti-digoxygenin antibodies (Roche)
according to the manufacturer's instructions. Positive plaques on membranes were identi‐
fied, isolated in agar plugs, eluted in 1 ml of SM buffer (0.1M NaCl, 10 mM MgSO4, 0.01%
gelatin, 50 mM Tris-Hcl, pH 7.5) for 24 h at 4°C and replated. The above screening protocol
was then repeated. Individual positive plaques from the secondary screening were isolated
in agar plugs and eluted in SM buffer. The cDNA inserts were recovered using the Exassist/
SOLR system (Stratagene). Individual bacterial colonies containing phagemid were grown
up in LB broth (1% NaCl, 1% trytone, 0.5% yeast extract, pH 7.0) containing 50 μg/ml ampi‐
cillin. Phagemid DNA was purified using a Bio-Rad plasmid mini-prep kit and sequenced.

4. Structural analysis of vulture TLR1 and IκBα sequences

Sequences  were  analyzed  using  the  analysis  software  LaserGene  (DNAstar,  London,
UK)  and  the  analysis  tools  provided  at  the  expasy  web  site  (http://www.expasy.org).
PEST regions  are  sequences  rich  in  Pro,  Glu,  Asp,  Ser  and  Thr,  which  have  been  pro‐
posed  to  constitute  protein  instability  determinants.  The  analysis  of  the  PEST  region
for  the  putative  protein  was  made  using  the  webtool  PESTfind  at  http://
www.at.embnet.org/toolbox/pestfind.  The  potential  phosphorylation  sites  were  calculat‐
ed  using  the  NetPhos  2.0  prediction  server  at  http://www.cbs.dtu.dk/services/NetPhos.
The  prediction  of  the  potential  attachment  of  small  ubiquitin-related  modifier  (SUMO)
was made using the webtool  SUMOplot™.

The alignment of vulture TIR domain sequences with TLR-1 from other species and of the
vulture IκBα sequences with IκBα from other species was done using the program ClustalW
v1.83 with Blosum62 as the scoring matrix and gap opening penalty of 1.53. Griffon vulture
TLR-1 and IκBα sequences were deposited in the Genbank under accession numbers
DQ480086 and EU161944, respectively.

4.1. Vulture TLR1

The screening of the vulture PBMC cDNA library for TLR1 yielded seven clones with identi‐
cal open reading frame (ORF) sequences. The fact that the screening of 500,000 vulture
cDNA clones resulted in 7 identical sequences suggested that this TLR receptor is broadly
represented in PBMC, possibly illustrating its important role in pathogen recognition during
vulture innate immune response. This result was consistent with the real time RT-PCR anal‐
ysis of TLR1 transcripts in vulture cells.
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cccagttctcagaagcatgcttcacaaatacggatcatactatgtgacttacacgcttatc 61   
aggcaaaagtctctgaagtttcccataaaggatattctgaagaaagtttgaaggtactca 121 
taaataatttgactgaatgccaggatataggaaggagaaagaaaattaagcacatgtgga 181  
agaattgtatccttctttcacctagtccctggatattgatgaaattttgtcctaagaaga 241 
aataacgacttgaaggattagaacaaaggtggacagataagagaagtattgagcatctcc 301 
aaggaaacagaaaccagtatgacagaaaatatgagatctctcagaaacttttttctttac 361 
                   M  T  E  N  M  R  S  L  R  N  F  F  L  Y  14 
aagtgtctgtttgcattaactttttggaattgtgtcagcctgtctgtggaaaatgaactc 421 
 K  C  L  F  A  L  T  F  W  N  C  V  S  L  S  V  E  N  E  L  34 
ttcacatctgtttctaacgaagatggttctgacaaaaaaatcaagagcctgccactcctc 481 
 F  T  S  V  S  N  E  D  G  S  D  K  K  I  K  S  L  P  L  L  54 
tatacaaatagtcatcagtccaaagctaattttgactgggttgtgatacaaaatactaca 541 
 Y  T  N  S  H  Q  S  K  A  N  F  D  W  V  V  I  Q  N  T  T  74 
gaaagcctatcgttgtcagaaatcacaaatgacaatgtaaaaaaattagtagcattatta 601 
 E  S  L  S  L  S  E  I  T  N  D  N  V  K  K  L  V  A  L  L  94 
tctaatttcagacaaggctccaggttacaaaatctgacactgacaaatgtgtcagttgac 661 
 S  N  F  R  Q  G  S  R  L  Q  N  L  T  L  T  N  V  S  V  D  114 
tggaatgctcttattgaaacttttcagactgtatggcactcacccattgaatacttcagt 721 
 W  N  A  L  I  E  T  F  Q  T  V  W  H  S  P  I  E  Y  F  S  134 
gttaacggtgtaacacaattgtcggacatcgaaagctatgactttgactattcaggtacg 781 
 V  N  G  V  T  Q  L  S  D  I  E  S  Y  D  F  D  Y  S  G  T  154 
tctatgaaagcggtcacaatgaagaaagttttaatcacagatctgtacttctcacagaat 841 
 S  M  K  A  V  T  M  K  K  V  L  I  T  D  L  Y  F  S  Q  N  174 
gacctatacaaaatatttgcagacatgaatattgcagccttgacaatagctgaatcagag 901 
 D  L  Y  K  I  F  A  D  M  N  I  A  A  L  T  I  A  E  S  E  194 
atgatacatatgctgtgtccttcgtctgacagtccctttagatacttaaattttttaaag 961 
 M  I  H  M  L  C  P  S  S  D  S  P  F  R  Y  L  N  F  L  K  214 
aacgatttaacagatctgctttttcaaaaatgtgacaaattaattcaactggagacatta 1021 
 N  D  L  T  D  L  L  F  Q  K  C  D  K  L  I  Q  L  E  T  L  234 
atcttgccgaagaataaatttgagagcctttccaaggtaagcttcatgactagccgtatg 1081 
 I  L  P  K  N  K  F  E  S  L  S  K  V  S  F  M  T  S  R  M  254 
aaatcactgaaatacctggacatcagcagcaacttgctgagtcacgatggagctgatgtg 1141 
 K  S  L  K  Y  L  D  I  S  S  N  L  L  S  H  D  G  A  D  V  274 
caatgccaatgggctgagtctctgacagagttggacctgtcctcaaatcagttgacggat 1201 
 Q  C  Q  W  A  E  S  L  T  E  L  D  L  S  S  N  Q  L  T  D  294 
gccgtgtttgagtgcttgccagtcaacatcagaaaactcaacctccaaaacaatcacatc 1261 
 A  V  F  E  C  L  P  V  N  I  R  K  L  N  L  Q  N  N  H  I  314 
accagtgtccccaagggaatggctgagctgaaatccttgaaagagctgaacctggcatcg 1321 
 T  S  V  P  K  G  M  A  E  L  K  S  L  K  E  L  N  L  A  S  334 
aacaggctggctgacctgccggggtgcagtggctttacgtcgctggagttcctgaacgta 1381 
 N  R  L  A  D  L  P  G  C  S  G  F  T  S  L  E  F  L  N  V  354 
gagatgaattcgatcctcaccccatctgccgacttcttccagagctgcccacaggtcagg 1441 
 E  M  N  S  I  L  T  P  S  A  D  F  F  Q  S  C  P  Q  V  R  374 
gagctgcaagccgggcacaacccattcaagtgttcctgtgaactgcaagactttatccgt 1501 
 E  L  Q  A  G  H  N  P  F  K  C  S  C  E  L  Q  D  F  I  R  394 
ctggcgaggcagtctggggggaagctgtttggctggccagcggcgtatgtgtgcgagtac 1561 
 L  A  R  Q  S  G  G  K  L  F  G  W  P  A  A  Y  V  C  E  Y  414 
ccggaagacttgcaaggaacgcagctgaaggacttccacctgactgaactggcttgcaac 1621 
 P  E  D  L  Q  G  T  Q  L  K  D  F  H  L  T  E  L  A  C  N  434 
acggtgctcttgctggtgacagctctgctgctgacgctggtgctggtggctgtcgtggcc 1681 
 T  V  L  L  L  V  T  A  L  L  L  T  L  V  L  V  A  V  V  A  454 
tttctgtgcatctacttggatgtgccgtggtacgtgcggatgacgtggcagtggacgcag 1741 
 F  L  C  I  Y  L  D  V  P  W  Y  V  R  M  T  W  Q  W  T  Q  474 
acaaagcggagggcttggcacagccaccccgaagagcaggagaccattctgcagtttcac 1801 
 T  K  R  R  A  W  H  S  H  P  E  E  Q  E  T  I  L  Q  F  H  494 
gcgttcatttcctacagcgagcgcgattcgttgtgggtgaagaacgagctgatcccgaac 1861 
 A  F  I  S  Y  S  E  R  D  S  L  W  V  K  N  E  L  I  P  N  514 
ctggagaagggggagggctgtgtacaactgtgccagcacgagaggaactttatccccggc 1921 
 L  E  K  G  E  G  C  V  Q  L  C  Q  H  E  R  N  F  I  P  G  534 
aagagcattgtggagaacatcattaactgcattgagaagagctacaggtcgatctttgtg 1981 
 K  S  I  V  E  N  I  I  N  C  I  E  K  S  Y  R  S  I  F  V  554 
ttgtctcccaactttgtgcagagcgagtggtgtcactatgagctgtactttgcccatcac 2041 
 L  S  P  N  F  V  Q  S  E  W  C  H  Y  E  L  Y  F  A  H  H  574 
aaattattcagtgagaattccaacagcttaatcctcattttactggagccgatccctccg 2101 
 K  L  F  S  E  N  S  N  S  L  I  L  I  L  L  E  P  I  P  P  594 
tacattatccctgccaggtatcacaagctgaaggctctcatggcaaagcgaacctacctg 2161 
 Y  I  I  P  A  R  Y  H  K  L  K  A  L  M  A  K  R  T  Y  L  614 
gagtggccaaaggagaggagcaagcatccccttttctgggctaacctgagggcagctatt 2221 
 E  W  P  K  E  R  S  K  H  P  L  F  W  A  N  L  R  A  A  I  634 
agcattaacctgctaatggctgatggaaagaggtgtggggaaacagattaagaatctttc 2281 
 S  I  N  L  L  M  A  D  G  K  R  C  G  E  T  D  *    650 
taatggagtttcttccattttttcttggtgaagcaataaatgctttatgatttccaaaaa 2341 
aaaaaaaaaaaaaa 
	  

Figure 2. Nucleotide and deduced amino acid sequence of vulture TLR1. Complete sequence of the full-length Vulture
TLR obtained from the cDNA library (GenBank accession number: DQ480086). Translated amino acid sequence is also
shown under nucleotide sequence. Numbers to the right of each row refer to nucleotide or amino acid position. The
cleavage site for the putative signal peptide is indicated by an arrow. LRRs domains are shaded. Potential N-glycosyla‐
tion sites are circled. The predicted transmembrane segment is underlined. The initiation codon (atg) and the polyade‐
nilation site are underlined. The translational stop site is indicated by an asterisk. The cysteines critical for the
maintenance of the structure of LRR-CT are in bold.
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The largest  clone (2,355  bp)  contained an ORF that  encoded a  650  amino acid putative
vulture orthologue to TLR1, flanked by 319 bp 5’UTR and a 83 bp 3’UTR that contained
a potential  polyadenylation signal,  AATAAA, 21  bp upstream of  the  poly  (A)  tail  (Fig.
2).  The predicted molecular  weight  of  the  putative  vulture  TLR1 was of  74.6  KDa.  The
predicted protein sequence had a signal  peptide,  an extracellular  portion,  a  short  trans‐
membrane region and a cytoplasmic segment (Fig. 2).  In assigning names to the vulture
TLR, we looked at the closest orthologue in chicken and followed the nomenclature that
was  proposed  for  this  species  (Yilmaz  et  al.,  2005).  Therefore,  the  discovered  sequence
was identified as vulture TLR1.

4.1.1. Amino acid sequence comparison of vulture TLR1 with other species

The comparison of the deduced amino acid sequence of vulture TLR1 with the sequence of
chicken, pig, cattle, human and mouse TLR1 indicated that the deduced protein had a high‐
er degree of similarity to chicken (64% of amino acid similarity) than to pig (51%), cattle
(51%), human (51%) and mouse (48%) sequences (Fig. 3). Protein sequence similarity was
different on different TLR domains (Fig. 3).

Figure 3. Alignment of amino acid sequences of TLR1 from different species.

Amino acid sequence of vulture TLR1 was aligned with the orthologous sequence of chicken
(Gallus gallus), pig (Sus scrofa), cattle (Bos taurus), human (Homo sapiens) and mouse (Mus
musculus) based on amino acid identity and structural similarity. Identical amino acid resi‐
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cccagttctcagaagcatgcttcacaaatacggatcatactatgtgacttacacgcttatc 61   
aggcaaaagtctctgaagtttcccataaaggatattctgaagaaagtttgaaggtactca 121 
taaataatttgactgaatgccaggatataggaaggagaaagaaaattaagcacatgtgga 181  
agaattgtatccttctttcacctagtccctggatattgatgaaattttgtcctaagaaga 241 
aataacgacttgaaggattagaacaaaggtggacagataagagaagtattgagcatctcc 301 
aaggaaacagaaaccagtatgacagaaaatatgagatctctcagaaacttttttctttac 361 
                   M  T  E  N  M  R  S  L  R  N  F  F  L  Y  14 
aagtgtctgtttgcattaactttttggaattgtgtcagcctgtctgtggaaaatgaactc 421 
 K  C  L  F  A  L  T  F  W  N  C  V  S  L  S  V  E  N  E  L  34 
ttcacatctgtttctaacgaagatggttctgacaaaaaaatcaagagcctgccactcctc 481 
 F  T  S  V  S  N  E  D  G  S  D  K  K  I  K  S  L  P  L  L  54 
tatacaaatagtcatcagtccaaagctaattttgactgggttgtgatacaaaatactaca 541 
 Y  T  N  S  H  Q  S  K  A  N  F  D  W  V  V  I  Q  N  T  T  74 
gaaagcctatcgttgtcagaaatcacaaatgacaatgtaaaaaaattagtagcattatta 601 
 E  S  L  S  L  S  E  I  T  N  D  N  V  K  K  L  V  A  L  L  94 
tctaatttcagacaaggctccaggttacaaaatctgacactgacaaatgtgtcagttgac 661 
 S  N  F  R  Q  G  S  R  L  Q  N  L  T  L  T  N  V  S  V  D  114 
tggaatgctcttattgaaacttttcagactgtatggcactcacccattgaatacttcagt 721 
 W  N  A  L  I  E  T  F  Q  T  V  W  H  S  P  I  E  Y  F  S  134 
gttaacggtgtaacacaattgtcggacatcgaaagctatgactttgactattcaggtacg 781 
 V  N  G  V  T  Q  L  S  D  I  E  S  Y  D  F  D  Y  S  G  T  154 
tctatgaaagcggtcacaatgaagaaagttttaatcacagatctgtacttctcacagaat 841 
 S  M  K  A  V  T  M  K  K  V  L  I  T  D  L  Y  F  S  Q  N  174 
gacctatacaaaatatttgcagacatgaatattgcagccttgacaatagctgaatcagag 901 
 D  L  Y  K  I  F  A  D  M  N  I  A  A  L  T  I  A  E  S  E  194 
atgatacatatgctgtgtccttcgtctgacagtccctttagatacttaaattttttaaag 961 
 M  I  H  M  L  C  P  S  S  D  S  P  F  R  Y  L  N  F  L  K  214 
aacgatttaacagatctgctttttcaaaaatgtgacaaattaattcaactggagacatta 1021 
 N  D  L  T  D  L  L  F  Q  K  C  D  K  L  I  Q  L  E  T  L  234 
atcttgccgaagaataaatttgagagcctttccaaggtaagcttcatgactagccgtatg 1081 
 I  L  P  K  N  K  F  E  S  L  S  K  V  S  F  M  T  S  R  M  254 
aaatcactgaaatacctggacatcagcagcaacttgctgagtcacgatggagctgatgtg 1141 
 K  S  L  K  Y  L  D  I  S  S  N  L  L  S  H  D  G  A  D  V  274 
caatgccaatgggctgagtctctgacagagttggacctgtcctcaaatcagttgacggat 1201 
 Q  C  Q  W  A  E  S  L  T  E  L  D  L  S  S  N  Q  L  T  D  294 
gccgtgtttgagtgcttgccagtcaacatcagaaaactcaacctccaaaacaatcacatc 1261 
 A  V  F  E  C  L  P  V  N  I  R  K  L  N  L  Q  N  N  H  I  314 
accagtgtccccaagggaatggctgagctgaaatccttgaaagagctgaacctggcatcg 1321 
 T  S  V  P  K  G  M  A  E  L  K  S  L  K  E  L  N  L  A  S  334 
aacaggctggctgacctgccggggtgcagtggctttacgtcgctggagttcctgaacgta 1381 
 N  R  L  A  D  L  P  G  C  S  G  F  T  S  L  E  F  L  N  V  354 
gagatgaattcgatcctcaccccatctgccgacttcttccagagctgcccacaggtcagg 1441 
 E  M  N  S  I  L  T  P  S  A  D  F  F  Q  S  C  P  Q  V  R  374 
gagctgcaagccgggcacaacccattcaagtgttcctgtgaactgcaagactttatccgt 1501 
 E  L  Q  A  G  H  N  P  F  K  C  S  C  E  L  Q  D  F  I  R  394 
ctggcgaggcagtctggggggaagctgtttggctggccagcggcgtatgtgtgcgagtac 1561 
 L  A  R  Q  S  G  G  K  L  F  G  W  P  A  A  Y  V  C  E  Y  414 
ccggaagacttgcaaggaacgcagctgaaggacttccacctgactgaactggcttgcaac 1621 
 P  E  D  L  Q  G  T  Q  L  K  D  F  H  L  T  E  L  A  C  N  434 
acggtgctcttgctggtgacagctctgctgctgacgctggtgctggtggctgtcgtggcc 1681 
 T  V  L  L  L  V  T  A  L  L  L  T  L  V  L  V  A  V  V  A  454 
tttctgtgcatctacttggatgtgccgtggtacgtgcggatgacgtggcagtggacgcag 1741 
 F  L  C  I  Y  L  D  V  P  W  Y  V  R  M  T  W  Q  W  T  Q  474 
acaaagcggagggcttggcacagccaccccgaagagcaggagaccattctgcagtttcac 1801 
 T  K  R  R  A  W  H  S  H  P  E  E  Q  E  T  I  L  Q  F  H  494 
gcgttcatttcctacagcgagcgcgattcgttgtgggtgaagaacgagctgatcccgaac 1861 
 A  F  I  S  Y  S  E  R  D  S  L  W  V  K  N  E  L  I  P  N  514 
ctggagaagggggagggctgtgtacaactgtgccagcacgagaggaactttatccccggc 1921 
 L  E  K  G  E  G  C  V  Q  L  C  Q  H  E  R  N  F  I  P  G  534 
aagagcattgtggagaacatcattaactgcattgagaagagctacaggtcgatctttgtg 1981 
 K  S  I  V  E  N  I  I  N  C  I  E  K  S  Y  R  S  I  F  V  554 
ttgtctcccaactttgtgcagagcgagtggtgtcactatgagctgtactttgcccatcac 2041 
 L  S  P  N  F  V  Q  S  E  W  C  H  Y  E  L  Y  F  A  H  H  574 
aaattattcagtgagaattccaacagcttaatcctcattttactggagccgatccctccg 2101 
 K  L  F  S  E  N  S  N  S  L  I  L  I  L  L  E  P  I  P  P  594 
tacattatccctgccaggtatcacaagctgaaggctctcatggcaaagcgaacctacctg 2161 
 Y  I  I  P  A  R  Y  H  K  L  K  A  L  M  A  K  R  T  Y  L  614 
gagtggccaaaggagaggagcaagcatccccttttctgggctaacctgagggcagctatt 2221 
 E  W  P  K  E  R  S  K  H  P  L  F  W  A  N  L  R  A  A  I  634 
agcattaacctgctaatggctgatggaaagaggtgtggggaaacagattaagaatctttc 2281 
 S  I  N  L  L  M  A  D  G  K  R  C  G  E  T  D  *    650 
taatggagtttcttccattttttcttggtgaagcaataaatgctttatgatttccaaaaa 2341 
aaaaaaaaaaaaaa 
	  

Figure 2. Nucleotide and deduced amino acid sequence of vulture TLR1. Complete sequence of the full-length Vulture
TLR obtained from the cDNA library (GenBank accession number: DQ480086). Translated amino acid sequence is also
shown under nucleotide sequence. Numbers to the right of each row refer to nucleotide or amino acid position. The
cleavage site for the putative signal peptide is indicated by an arrow. LRRs domains are shaded. Potential N-glycosyla‐
tion sites are circled. The predicted transmembrane segment is underlined. The initiation codon (atg) and the polyade‐
nilation site are underlined. The translational stop site is indicated by an asterisk. The cysteines critical for the
maintenance of the structure of LRR-CT are in bold.
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The largest  clone (2,355  bp)  contained an ORF that  encoded a  650  amino acid putative
vulture orthologue to TLR1, flanked by 319 bp 5’UTR and a 83 bp 3’UTR that contained
a potential  polyadenylation signal,  AATAAA, 21  bp upstream of  the  poly  (A)  tail  (Fig.
2).  The predicted molecular  weight  of  the  putative  vulture  TLR1 was of  74.6  KDa.  The
predicted protein sequence had a signal  peptide,  an extracellular  portion,  a  short  trans‐
membrane region and a cytoplasmic segment (Fig. 2).  In assigning names to the vulture
TLR, we looked at the closest orthologue in chicken and followed the nomenclature that
was  proposed  for  this  species  (Yilmaz  et  al.,  2005).  Therefore,  the  discovered  sequence
was identified as vulture TLR1.

4.1.1. Amino acid sequence comparison of vulture TLR1 with other species

The comparison of the deduced amino acid sequence of vulture TLR1 with the sequence of
chicken, pig, cattle, human and mouse TLR1 indicated that the deduced protein had a high‐
er degree of similarity to chicken (64% of amino acid similarity) than to pig (51%), cattle
(51%), human (51%) and mouse (48%) sequences (Fig. 3). Protein sequence similarity was
different on different TLR domains (Fig. 3).

Figure 3. Alignment of amino acid sequences of TLR1 from different species.

Amino acid sequence of vulture TLR1 was aligned with the orthologous sequence of chicken
(Gallus gallus), pig (Sus scrofa), cattle (Bos taurus), human (Homo sapiens) and mouse (Mus
musculus) based on amino acid identity and structural similarity. Identical amino acid resi‐
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dues to vulture TLR1 from the aligned sequences are shaded. Gaps were introduced for op‐
timal alignment of the sequences and are indicated by dashes (-). GenBank or Swiss protein
accession numbers are: DQ480086, Q5WA51, Q59HI9, Q706D2, Q5FWG5 and Q6A0E8, re‐
spectively.

For the TLRs, it is assumed that the structure of the ectodomain has evolved more quickly
than the structure of the TIR (Johnson et al., 2003). Similarly to other TLR receptors, the de‐
gree of homology of vulture TLR1 was higher in the transmembrane and cytoplasmic do‐
mains than in the extracellular domain.

The vulture TLR1 with 650 amino acids is probably the TLR with the shortest length and the
smallest predicted MW (74.6 kDa). Recently, a chicken isoform of TLR1 (Ch-TLR1 type 2)
was identified in silico and predicted to have a similar number of residues than vulture TLR1
(Yilmaz et al., 2005). However, this receptor also contains an additional transmembrane re‐
gion in its N-terminal end, and the pattern of expression in tissues is also different from that
ChTLR1 type 1 (Yilmaz et al., 2005).

Comparison of the structure obtained from the SMART analysis (at expasy web server) of
the amino acid sequence from human, bovine, pig, mouse, chicken and vulture TLR1. Each
diagram shows a typical structure of a member of the toll-like receptor family. Vulture TLR1
consists of an ectodomain containing five leucine rich repeats (LRRs) followed by an addi‐
tional leucine rich repeat C terminal (LRR-CT) motif. The Vulture TLR has a transmembrane
segment and a cytoplasmic tail which contains the TIR domain. Genbank or swiss accession
number for proteins are DQ480086 (vulture), Q5WA51 (chicken), Q59HI9 (pig), Q706D2 (bo‐
vine), Q5FWG5 (human) and Q6A0E8 (mouse).

Structural feature G fulvus G gallus S scrofa B taurus H sapiens M musculus

Amino acid residues 650 818 796 727 786 795

Number of LRRs 5 5 5 5 4 6

N-glycosylation sites 3 5 4 6 7 8

Predicted MW(KDa) 74.60 94.46 90.94 83.04 90.29 90.67

Length of ectodomain 409 569 560 521 560 558

Table 2. Structural features of TLR1 receptor from Griffon vulture (G. fulvus), Chicken (G. gallus), pig (S. scrofa), cattle
(B. taurus) human (H. sapiens) and mouse (M. musculus) amino acid sequences. The theoretical molecular weight,
number of LRRs, and of glycosilation sites was calculated using the software available at the expasy web server
(http://www.expasy.org). Genbank or Swiss accession number for proteins are DQ480086 (G. fulvus), Q5WA51 (G.
gallus), Q59HI9 (S. scrofa), Q706D2 (B. taurus), Q5FWG5 (H. sapiens) and Q6A0E8 (M. musculus).
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Figure 4. Schematic structure of TLR1 from various species

In general, the structure of vulture TLR1 shows similarity to chicken and mammalian TLR1

(Table 2). However, vulture TLR1 exhibits some structural features that could influence its

functional role as pathogen receptor (Fig. 4). For example, it is possible that the smaller size
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(Yilmaz et al., 2005). However, this receptor also contains an additional transmembrane re‐
gion in its N-terminal end, and the pattern of expression in tissues is also different from that
ChTLR1 type 1 (Yilmaz et al., 2005).

Comparison of the structure obtained from the SMART analysis (at expasy web server) of
the amino acid sequence from human, bovine, pig, mouse, chicken and vulture TLR1. Each
diagram shows a typical structure of a member of the toll-like receptor family. Vulture TLR1
consists of an ectodomain containing five leucine rich repeats (LRRs) followed by an addi‐
tional leucine rich repeat C terminal (LRR-CT) motif. The Vulture TLR has a transmembrane
segment and a cytoplasmic tail which contains the TIR domain. Genbank or swiss accession
number for proteins are DQ480086 (vulture), Q5WA51 (chicken), Q59HI9 (pig), Q706D2 (bo‐
vine), Q5FWG5 (human) and Q6A0E8 (mouse).

Structural feature G fulvus G gallus S scrofa B taurus H sapiens M musculus
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Number of LRRs 5 5 5 5 4 6

N-glycosylation sites 3 5 4 6 7 8

Predicted MW(KDa) 74.60 94.46 90.94 83.04 90.29 90.67

Length of ectodomain 409 569 560 521 560 558

Table 2. Structural features of TLR1 receptor from Griffon vulture (G. fulvus), Chicken (G. gallus), pig (S. scrofa), cattle
(B. taurus) human (H. sapiens) and mouse (M. musculus) amino acid sequences. The theoretical molecular weight,
number of LRRs, and of glycosilation sites was calculated using the software available at the expasy web server
(http://www.expasy.org). Genbank or Swiss accession number for proteins are DQ480086 (G. fulvus), Q5WA51 (G.
gallus), Q59HI9 (S. scrofa), Q706D2 (B. taurus), Q5FWG5 (H. sapiens) and Q6A0E8 (M. musculus).
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Figure 4. Schematic structure of TLR1 from various species

In general, the structure of vulture TLR1 shows similarity to chicken and mammalian TLR1

(Table 2). However, vulture TLR1 exhibits some structural features that could influence its

functional role as pathogen receptor (Fig. 4). For example, it is possible that the smaller size
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of vulture TLR1, the lower number of N-glycosylation sites and the grouping of its LRRs in
the proximal half of its ectodomain have functional implications.

The set of Toll proteins for humans and insects each contain widely divergent LRR regions,
and this is viewed as providing the potential to discriminate between different ligands. Per‐
haps these features provide vulture TLR1 some advantages on pathogen recognition. TLR
glycosylation is also likely to influence receptor surface representation, trafficking and pat‐
tern recognition (Weber et al., 2004).

4.2. Vulture IκBα

The screening of the vulture PBMC cDNA library yielded one clone that contained an ORF
that encoded a 313 amino acid putative vulture orthologue to IκBα, flanked by 15 bp 5’UTR
and a 596 bp 3’UTR (Fig. 5).

cggagccctgccgctatgatcagcgcccgccgcctcgtcgagccgccggttatggagggc   60 
 M  I  S  A  R  R  L  V  E  P  P  V  M  E  G    15 
tacgagcaagcgaagaaagagcgccagggcggcttcccgctcgacgaccgccacgacagc   120 
 Y  E  Q  A  K  K  E  R  Q  G  G  F  P  L  D  D  R  H  D  S    35 
ggcttggactccatgaaggaggaagagtaccggcagctggtgaaggagctggaggacata   180 
 G  L  D  S  M  K  E  E E  Y  R  Q  L  V  K  E  L  E  D  I    55 
cgcctgcagccccgcgagccgcccgcctgggcgcagcagctgacggaggacggagacact   240 
 R  L  Q  P  R  E  P  P  A  W  A  Q  Q  L  T  E  D  G  D  T    75 
tttctccacttggcgattattcacgaggaaaaagccctgagcctggaggtgatccggcag   300 
 F  L  H  L  A  I  I  H  E  E  K  A  L  S  L  E  V  I  R  Q    95 
gcggccggggaccgtgctttcctgaacttccagaacaacctcagccagactcctcttcac   360 
 A  A  G  D  R  A  F  L  N  F  Q  N  N L  S  Q  T  P  L  H    115 
ctggcagtgatcaccgatcagcctgaaattgccgagcatcttctgaaggccggatgcgac   420 
 L  A  V  I  T  D  Q  P  E  I  A  E  H  L  L  K  A  G  C  D    135 
ctggaactcagggacttccgaggaaacacccccctgcatattgcctgccagcagggctcc   480 
 L  E  L  R  D  F  R  G  N  T  P  L  H  I  A  C  Q  Q  G  S    155 
ctcaggagcgtcagcgtcctcacgcagtactgccagccgcaccacctcctcgctgtcctg   540 
 L  R  S  V  S  V  L  T  Q  Y  C  Q  P  H  H  L L  A  V  L    175 
caggcaaccaactacaacgggcatacatgtctccatttggcatctattcaaggatacctg   600 
 Q  A  T  N  Y  N  G  H  T  C  L  H  L  A  S  I  Q  G  Y  L    195 
cctattgtcgaatacttgctgtccttgggagcagatgtaaatgctcaggagccatgcaat   660 
 A  I  V  E  Y  L  L  S  L  G  A  D  V  N  A  Q  E  P  C  N    215 
ggcagaacggcactacatttggctgtcgacctgcagaattcagacctggtgtcgcttctg   720 
 G  R  T  A  L  H  L  A  V  D  L  Q  N  S  D  L  V  S  L  L    235 
gtgaaacatggggcggacgtgaacaaagtgacctaccaaggctattccccctatcagctc   780 
 V  K  H  G  A  D  V  N  K  V  T  Y  Q  G  Y  S  P  Y  Q  L    255 
acatggggaagagacaactccagcatacaggaacagctgaagcagctgaccacagccgac   840 
 T  W  G  R  D  N  S  S  I  Q  E  Q  L  K  Q  L  T  T  A  D    275 
ctgcagatgttgccagaaagtgaggacgaggagagcagtgaatcggagcctgaattcaca   900 
 L  Q  M  L  P  E  S  E  D  E  E  S  S  E  S  E  P  E  F  T    295 
gaggatgaacttatatacgatgactgccttattggaggacgacagctggcattttaaagc   960 
 E  D  E  L  I  Y  D  D  C  L  I  G  G  R  Q  L  A  F  *       313 
agagctatctgtgaaaagaagtgactgtgtacatatgtatagaaaaaggactgacttcat   1020 
ttaaaaagaaagtcgcaatgcaaagggaaaaaccaggagggaaatactacactgcccagc   1080 
aaggagcacataattgtaacaggttctggcctgtgtttaaatacaggagtgggatgtgta   1140 
acatcagtagggatctgtgattattcacaccacctgataaagagccacatagccaatctt   1200 
ctcagccctacaaaggtaacagactacacatccaacctgctggttacagagagctatctt   1260 
gtggtgttaagtaccacgaggaatgcgtgtcgcctcgtggcaaggcaggctcataccaac   1320 
ccccccatcttctcggagactgcgtgttaatctgcgttgggctggtggtgctccctggcc   1380 
ttactgaccggcctcagctgctcttggtggggtgtcccaggtggaggagtcaaaccaagg   1440 
gactggtgacctcctgactgttagaagaaagtagcaataatgttaactgtgggcattgga   1500 
aactgtgtgtttcacaccatgtgtgtcataattgctacactttttagcaattg          1553 
	

Figure 5. Nucleotide and deduced amino acid sequence of vulture IκBα. Complete sequence of the full-length vulture
IκBα obtained from the cDNA library (GenBank accession number: EU161944). Translated amino acid sequence is also
shown under nucleotide sequence. Numbers to the right of each row refer to nucleotide or amino acid position. An‐
kyrin domains are shaded. The PEST region is underlined. The ATTTA domain is in bold. Phosphorylation sites Ser-35
and Ser-39 are circled. The translational stop site is indicated by an asterisk.
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The predicted molecular weight of the putative vulture IκBα was of 35170 Da. Structurally,
the vulture I kappa B alpha molecule could be divided into three sections: a 70-amino-acid
N terminus with no known function, a 205-residue midsection composed of five ankyrin-
like repeats, and a very acidic 42-amino-acid C terminus that resembles a PEST sequence.
Examination of the Griffon vulture sequence revealed the features characteristic of an IκB
molecule (Fig. 6) The putative vulture IκBα protein was composed of a N-terminal regulato‐
ry domain, a central ankyrin repeat domain (ARD), required for its interaction with NF-κB,
and a putative PEST-like sequence in the C-terminus (Fig. 6), which is similar to IκBα pro‐
teins from other organisms (Jaffray et al., 1995). Together with the N-terminal regulatory do‐
main and the central ARD domain, the presence of an acidic C-terminal PEST region rich in
the amino acids proline (P), glutamic acid (E), serine (S) and threonine (T) is characteristic of
IκBα inhibitors (Luque & Gelinas, 1998). PEST regions have been found in the C-terminus of
avian IκBα (Krishnan et al., 1995) and mammalian IκBα and it was also present in the vul‐
ture IκBα sequence (Fig. 6). Particularly, the PEST sequence of IκBα seems to be critical for
its calpain-dependent degradation (Shumway et al., 1999).

Figure 6. Schematic structure of vulture IκBα.

Structure obtained from the SMART analysis (at expasy web server) of the amino acid se‐
quence from vulture IκBα. Each box shows a typical structure of a member of the IκBα in‐
hibitor. Vulture IκBα consists of an N-terminus regulatory domain, a central ankyrin
domain containing five ankyrin repeats followed by an additional PEST-like motif. Number
shows the amino acid flanking the relevant domains.

Classical activation of NF-kappaB involves phosphorylation, polyubiquitination and subse‐
quent degradation of IκB (Figure. Several residues are known to be important in the N-ter‐
minal regulatory domain (Luque & Gelinas, 1998, Luque et al., 2000). In nonstimulated cells,
NF-kappa B dimers are maintained in the cytoplasm through interaction with inhibitory
proteins, the IκBs (Fig. 7).
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of vulture TLR1, the lower number of N-glycosylation sites and the grouping of its LRRs in
the proximal half of its ectodomain have functional implications.

The set of Toll proteins for humans and insects each contain widely divergent LRR regions,
and this is viewed as providing the potential to discriminate between different ligands. Per‐
haps these features provide vulture TLR1 some advantages on pathogen recognition. TLR
glycosylation is also likely to influence receptor surface representation, trafficking and pat‐
tern recognition (Weber et al., 2004).

4.2. Vulture IκBα

The screening of the vulture PBMC cDNA library yielded one clone that contained an ORF
that encoded a 313 amino acid putative vulture orthologue to IκBα, flanked by 15 bp 5’UTR
and a 596 bp 3’UTR (Fig. 5).

cggagccctgccgctatgatcagcgcccgccgcctcgtcgagccgccggttatggagggc   60 
 M  I  S  A  R  R  L  V  E  P  P  V  M  E  G    15 
tacgagcaagcgaagaaagagcgccagggcggcttcccgctcgacgaccgccacgacagc   120 
 Y  E  Q  A  K  K  E  R  Q  G  G  F  P  L  D  D  R  H  D  S    35 
ggcttggactccatgaaggaggaagagtaccggcagctggtgaaggagctggaggacata   180 
 G  L  D  S  M  K  E  E E  Y  R  Q  L  V  K  E  L  E  D  I    55 
cgcctgcagccccgcgagccgcccgcctgggcgcagcagctgacggaggacggagacact   240 
 R  L  Q  P  R  E  P  P  A  W  A  Q  Q  L  T  E  D  G  D  T    75 
tttctccacttggcgattattcacgaggaaaaagccctgagcctggaggtgatccggcag   300 
 F  L  H  L  A  I  I  H  E  E  K  A  L  S  L  E  V  I  R  Q    95 
gcggccggggaccgtgctttcctgaacttccagaacaacctcagccagactcctcttcac   360 
 A  A  G  D  R  A  F  L  N  F  Q  N  N L  S  Q  T  P  L  H    115 
ctggcagtgatcaccgatcagcctgaaattgccgagcatcttctgaaggccggatgcgac   420 
 L  A  V  I  T  D  Q  P  E  I  A  E  H  L  L  K  A  G  C  D    135 
ctggaactcagggacttccgaggaaacacccccctgcatattgcctgccagcagggctcc   480 
 L  E  L  R  D  F  R  G  N  T  P  L  H  I  A  C  Q  Q  G  S    155 
ctcaggagcgtcagcgtcctcacgcagtactgccagccgcaccacctcctcgctgtcctg   540 
 L  R  S  V  S  V  L  T  Q  Y  C  Q  P  H  H  L L  A  V  L    175 
caggcaaccaactacaacgggcatacatgtctccatttggcatctattcaaggatacctg   600 
 Q  A  T  N  Y  N  G  H  T  C  L  H  L  A  S  I  Q  G  Y  L    195 
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aactgtgtgtttcacaccatgtgtgtcataattgctacactttttagcaattg          1553 
	

Figure 5. Nucleotide and deduced amino acid sequence of vulture IκBα. Complete sequence of the full-length vulture
IκBα obtained from the cDNA library (GenBank accession number: EU161944). Translated amino acid sequence is also
shown under nucleotide sequence. Numbers to the right of each row refer to nucleotide or amino acid position. An‐
kyrin domains are shaded. The PEST region is underlined. The ATTTA domain is in bold. Phosphorylation sites Ser-35
and Ser-39 are circled. The translational stop site is indicated by an asterisk.
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The predicted molecular weight of the putative vulture IκBα was of 35170 Da. Structurally,
the vulture I kappa B alpha molecule could be divided into three sections: a 70-amino-acid
N terminus with no known function, a 205-residue midsection composed of five ankyrin-
like repeats, and a very acidic 42-amino-acid C terminus that resembles a PEST sequence.
Examination of the Griffon vulture sequence revealed the features characteristic of an IκB
molecule (Fig. 6) The putative vulture IκBα protein was composed of a N-terminal regulato‐
ry domain, a central ankyrin repeat domain (ARD), required for its interaction with NF-κB,
and a putative PEST-like sequence in the C-terminus (Fig. 6), which is similar to IκBα pro‐
teins from other organisms (Jaffray et al., 1995). Together with the N-terminal regulatory do‐
main and the central ARD domain, the presence of an acidic C-terminal PEST region rich in
the amino acids proline (P), glutamic acid (E), serine (S) and threonine (T) is characteristic of
IκBα inhibitors (Luque & Gelinas, 1998). PEST regions have been found in the C-terminus of
avian IκBα (Krishnan et al., 1995) and mammalian IκBα and it was also present in the vul‐
ture IκBα sequence (Fig. 6). Particularly, the PEST sequence of IκBα seems to be critical for
its calpain-dependent degradation (Shumway et al., 1999).

Figure 6. Schematic structure of vulture IκBα.

Structure obtained from the SMART analysis (at expasy web server) of the amino acid se‐
quence from vulture IκBα. Each box shows a typical structure of a member of the IκBα in‐
hibitor. Vulture IκBα consists of an N-terminus regulatory domain, a central ankyrin
domain containing five ankyrin repeats followed by an additional PEST-like motif. Number
shows the amino acid flanking the relevant domains.

Classical activation of NF-kappaB involves phosphorylation, polyubiquitination and subse‐
quent degradation of IκB (Figure. Several residues are known to be important in the N-ter‐
minal regulatory domain (Luque & Gelinas, 1998, Luque et al., 2000). In nonstimulated cells,
NF-kappa B dimers are maintained in the cytoplasm through interaction with inhibitory
proteins, the IκBs (Fig. 7).
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Figure 7. Activation of the NFκB pathway by TLRs. Ligand binding of TLR results in direct or indirect recruitment of a
series of TIR-domain containing adapters, which in turn phosphorylates IκBs, causing degradation of the inhibitor and
translocation of the transcription factor to the nucleus, where it initiates the transcription of genes encoding chemo‐
kines and pro-inflammatory cytokines.

In response to cell stimulation, mainly by proinflammatory cytokines, a multisubunit pro‐
tein kinase, the I kappa B kinase (IKK), is rapidly activated and phosphorylates two critical
serines in the N-terminal regulatory domain of the I kappa Bs. Phosphorylated IκBs are rec‐
ognized by a specific E3 ubiquitin ligase complex on neighboring lysine residues, which tar‐
gets them for rapid degradation by the 26S proteasome, which frees NFκ-B and leads to its
translocation to the nucleus, where it regulates gene transcription (Karin & Ben-Neriah,
2000). It has been demonstrated that phosphorylation of the N-terminus residues Ser-32 and
Ser-36 is the signal that leads to inducer-mediated degradation of IκBα in mammals (Brown
et al., 1997; Good et al., 1996).

As can be observed in the alignment of Figure 8, the griffon vulture equivalent residues
seem to be Ser-35 and Ser-39, which are part of the conserved sequence DSGLDS (Luque et
al., 2000; Pons et al., 2007). This observation suggests that the phosphorylation of these ser‐
ine residues could trigger the IκBα inducer-mediated degradation in vulture in a similar
manner to that in mammals. Unlike ubiquitin modification, which requires phosphorylation
of S32 and S36, the small ubiquitin-like modifier (SUMO) modification of IκBα is inhibited
by phosphorylation. Thus, while ubiquitination targets proteins for rapid degradation, SU‐
MO modification acts antagonistically to generate proteins resistant to degradation (Dester‐
ro et al., 1998; Mabb & Miyamoto, 2007). This SUMO modification occurs primarily on K21
(Mabb & Miyamoto, 2007). This residue was also conserved in the IκBα sequence from hu‐
man, mouse, pig, rat and vulture, but not from chicken (Fig. 8).
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Vulture         MISARRLVEPPVMEGYEQA-KKERQGGFPL-DDRHDSGLDSMKEEEYRQLVKELEDIRLQP 
Chicken         MLSAHRPAEPPAVEGCEPP-RKERQGGLLPPDDRHDSGLDSMKEEEYRQLVRELEDIRLQP  
Human           MFQAAERPQEWAMEGPRDGLKKER---LL--DDRHDSGLDSMKDEEYEQMVKELQEIRLEP 
Mouse           MFQPAGHGQDWAMEGPRDGLKKER---LV--DDRHDSGLDSMKDEEYEQMVKELREIRLQP 
Pig             MFQPAEPGQEWAMEGPRDALKKER---LL--DDRHDSGLDSMKDEEYEQMVKELREIRLEP 
Rat             MFQPAGHGQDWAMEGPRDGLKKER---LV--DDRHDSGLDSMKDEDYEQMVKELREIRLQP 
 
                 
 
Vulture         REPP----AWAQQLTEDGDTFLHLAIIHEEKALSLEVIRQAAGDRAFLNFQNNLSQTPLH 
Chicken         REPPARPHAWAQQLTEDGDTFLHLAIIHEEKALSLEVIRQAAGDAAFLNFQNNLSQTPLH 
Human           QEVPRGSEPWKQQLTEDGDSFLHLAIIHEEKALTMEVIRQVKGDLAFLNFQNNLQQTPLH 
Mouse           QEAPLAAEPWKQQLTEDGDSFLHLAIIHEEKPLTMEVIGQVKGDLAFLNFQNNLQQTPLH 
Pig             QEAPRGAEPWKQQLTEDGDSFLHLAIIHEEKALTMEVVRQVKGDLAFLNFQNNLQQTPLH 
Rat             QEAPLAAEPWKQQLTEDGDSFLHLAIIHEEKTLTMEVIGQVKGDLAFLNFQNNLQQTPLH 
       
           
 
Vulture         LAVITDQPEIAEHLLKAGCDLELRDFRGNTPLHIACQQGSLRSVSVLTQYCQPHHLLAVL 
Chicken         LAVITDQAEIAEHLLKAGCDLDVRDFRGNTPLHIACQQGSLRSVSVLTQHCQPHHLLAVL  
Human           LAVITNQPEIAEALLGAGCDPELRDFRGNTPLHLACEQGCLASVGVLTQSCTTPHLHSIL 
Mouse           LAVITNQPGIAEALLKAGCDPELRDFRGNTPLHLACEQGCLASVAVLTQTCTPQHLHSVL 
Pig             LAVITNQPEIAEALLEAGCDPELRDFRGNTPLHLACEQGCLASVGVLTQPRGTQHLHSIL 
Rat             LAVITNQPGIAEALLKAGCDPELRDFRGNTPLHLACEQGCLASVAVLTQTCTPQHLHSVL 
 
 
 
Vulture         QATNYNGHTCLHLASIQGYLAIVEYLLSLGADVNAQEPCNGRTALHLAVDLQNSDLVSLL 
Chicken         QATNYNGHTCLHLASIQGYLAVVEYLLSLGADVNAQEPCNGRTALHLAVDLQNSDLVSLL 
Human           KATNYNGHTCLHLASIHGYLGIVELLVSLGADVNAQEPCNGRTALHLAVDLQNPDLVSLL 
Mouse           QATNYNGHTCLHLASIHGYLAIVEHLVTLGADVNAQEPCNGRTALHLAVDLQNPDLVSLL 
Pig             QATNYNGHTCLHLASIHGYLGIVELLVSLGADVNAQEPCNGRTALHLAVDLQNPDLVSLL 
Rat             QATNYNGHTCLHLASIHGYLGIVEHLVTLGADVNAQEPCNGRTALHLAVDLQNPDLVSLL 
 
                 
 
Vulture         VKHGADVNKVTYQGYSPYQLTWGRDNSSIQEQLKQLTTADLQMLPESEDEESSESEP--- 
Chicken         VKHGPDVNKVTYQGYSPYQLTWGRDNASIQEQLKLLTTADLQILPESEDEESSESEP--- 
Human           LKCGADVNRVTYQGYSPYQLTWGRPSTRIQQQLGQLTLENLQMLPESEDEESYDTESEFT 
Mouse           LKCGADVNRVTYQGYSPYQLTWGRPSTRIQQQLGQLTLENLQMLPESEDEESYDTES--- 
Pig             LKCGADVNRVTYQGYSPYQLTWGRPSTRIQQQLGQLTLENLQMLPESEDEESYDTES--- 
Rat             LKCGADVNRVTYQGYSPYQLTWGRPSTRIQQQLGQLTLENLQTLPESEDEESYDTES--- 
                 
 
 
Vulture         EFTEDELIYDDCLIGGRQLAF 
Chicken         EFTEDELMYDDCCIGGRQLTF 
Human           EFTEDELPYDDCVFGGQRLTL 
Mouse           EFTEDELPYDDCVFGGQRLTL 
Pig             EFTEDELPYDDCVLGGQRLTL 
Rat             EFTEDELPYDDCVFGGQRLTL 
 

	  

Overall identity 
Chicken      91% 
Human        73% 
Mouse        74% 
Pig          73% 
Rat          73% 

Figure 8. Alignment of amino acid sequences of IκBα from different species.

Amino acid sequence of vulture IκBα was aligned with the orthologous sequence of chicken
(Gallus gallus), pig (Sus scrofa), cattle (Bos taurus), human (Homo sapiens) and mouse (Mus
musculus) based on amino acid identity and structural similarity. Identical amino acid resi‐
dues to vulture IκBα from the aligned sequences are shaded. Gaps were introduced for opti‐
mal alignment of the sequences and are indicated by dashes (-). SUMOlation sites are
squared and phosphorylation sites are circled. GenBank or Swiss protein accession numbers
are: DQ480086, Q5WA51, Q59HI9, Q706D2, Q5FWG5 and Q6A0E8, respectively. Griffon
vulture IκBα sequence was deposited in the Genbank under accession number EU161944.

A common characteristic of the IκB proteins is the presence of ankyrin repeats, which inter‐
act with the Rel-homology domain of NF-κB (Aoki et al., 1996; Luque & Gelinas, 1998). In
the vulture sequence, five ankyrin repeats were detected using the Simple Modular Archi‐
tecture Research Tool (SMART) at EMBL (Table 2). Five ankyrin repeats also exist in human
and other vertebrates IκBα (Jaffray et al., 1995). It is possible that individual repeats have
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Figure 7. Activation of the NFκB pathway by TLRs. Ligand binding of TLR results in direct or indirect recruitment of a
series of TIR-domain containing adapters, which in turn phosphorylates IκBs, causing degradation of the inhibitor and
translocation of the transcription factor to the nucleus, where it initiates the transcription of genes encoding chemo‐
kines and pro-inflammatory cytokines.

In response to cell stimulation, mainly by proinflammatory cytokines, a multisubunit pro‐
tein kinase, the I kappa B kinase (IKK), is rapidly activated and phosphorylates two critical
serines in the N-terminal regulatory domain of the I kappa Bs. Phosphorylated IκBs are rec‐
ognized by a specific E3 ubiquitin ligase complex on neighboring lysine residues, which tar‐
gets them for rapid degradation by the 26S proteasome, which frees NFκ-B and leads to its
translocation to the nucleus, where it regulates gene transcription (Karin & Ben-Neriah,
2000). It has been demonstrated that phosphorylation of the N-terminus residues Ser-32 and
Ser-36 is the signal that leads to inducer-mediated degradation of IκBα in mammals (Brown
et al., 1997; Good et al., 1996).

As can be observed in the alignment of Figure 8, the griffon vulture equivalent residues
seem to be Ser-35 and Ser-39, which are part of the conserved sequence DSGLDS (Luque et
al., 2000; Pons et al., 2007). This observation suggests that the phosphorylation of these ser‐
ine residues could trigger the IκBα inducer-mediated degradation in vulture in a similar
manner to that in mammals. Unlike ubiquitin modification, which requires phosphorylation
of S32 and S36, the small ubiquitin-like modifier (SUMO) modification of IκBα is inhibited
by phosphorylation. Thus, while ubiquitination targets proteins for rapid degradation, SU‐
MO modification acts antagonistically to generate proteins resistant to degradation (Dester‐
ro et al., 1998; Mabb & Miyamoto, 2007). This SUMO modification occurs primarily on K21
(Mabb & Miyamoto, 2007). This residue was also conserved in the IκBα sequence from hu‐
man, mouse, pig, rat and vulture, but not from chicken (Fig. 8).
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Figure 8. Alignment of amino acid sequences of IκBα from different species.

Amino acid sequence of vulture IκBα was aligned with the orthologous sequence of chicken
(Gallus gallus), pig (Sus scrofa), cattle (Bos taurus), human (Homo sapiens) and mouse (Mus
musculus) based on amino acid identity and structural similarity. Identical amino acid resi‐
dues to vulture IκBα from the aligned sequences are shaded. Gaps were introduced for opti‐
mal alignment of the sequences and are indicated by dashes (-). SUMOlation sites are
squared and phosphorylation sites are circled. GenBank or Swiss protein accession numbers
are: DQ480086, Q5WA51, Q59HI9, Q706D2, Q5FWG5 and Q6A0E8, respectively. Griffon
vulture IκBα sequence was deposited in the Genbank under accession number EU161944.

A common characteristic of the IκB proteins is the presence of ankyrin repeats, which inter‐
act with the Rel-homology domain of NF-κB (Aoki et al., 1996; Luque & Gelinas, 1998). In
the vulture sequence, five ankyrin repeats were detected using the Simple Modular Archi‐
tecture Research Tool (SMART) at EMBL (Table 2). Five ankyrin repeats also exist in human
and other vertebrates IκBα (Jaffray et al., 1995). It is possible that individual repeats have
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remained conserved because of their important structural and functional roles in regulating
NF-κB.

Compared with other species, vulture IκBα exhibited the lowest number of predicted SU‐
MOlation sites (Table 3).

Structural feature G fulvus G gallus H sapiens S scrofa R norvegicus M musculus

Amino acid residues 313 318 317 314 314 314

Number of ankyrin repeats 5 5 5 5 5 5

Phosphorylation sites 14 13 14 15 14 13

Predicted MW(KDa) 35,17 35,40 35,61 35,23 35,02 35,02

SUMOlation sites 2 3 4 4 5 5

Table 3. Structural features of IκBα from Griffon vulture (G. fulvus), Chicken (G. gallus), human (H. sapiens), pig (S.
scrofa), rat (R. norvegicus) and mouse (M. musculus) amino acid sequences. The theoretical molecular weight, number
of ankyrin repeats, SUMOlation and of phosphorylation sites was calculated using the software available at the expasy
web server (http://www.expasy.org). Genbank or Swiss accession number for proteins are EU161944 (G. fulvus),
Q91974 (G. gallus), P25963 (H. sapiens), Q08353 (S. scrofa), Q63746 (R. norvegicus), and Q9Z1E3 (M. musculus).

4.2.1. Amino acid sequence comparison of vulture IκBα with other species

The comparison of the deduced amino acid sequence of vulture IκBα with the sequence of
chicken, human, mouse, pig, and rat IκBα indicated that the deduced protein had a higher
degree of similarity to chicken (91% of amino acid similarity) than to human (73%), mouse
(74%), pig (73%) and rat (73%) sequences (Fig. 7). The analysis of the vulture IκBα sequence
using the software NetPhos 2.0 (cita) revealed 14 potential phosphorylation sites: 10 Ser
(S35, S39, S89, S160, S251, S263, S282, S287, S288, and S290), 1 Thr (T295) and 3 Tyr (Y16, Y45,
and Y301). Although many of these residues were conserved in the aligned sequences from
chicken, human, mouse, pig and rat IκBα, two phosphorylation sites (Y16 and S160) were
distinctive to the vulture sequence (Fig.8).

5. Detection of vulture TLR1 and IκBα expression in tissues

In order to better understand the biological roles of TLR1 and IκBα, we analyzed their tissue
expression pattern. The presence of transcripts encoding vulture TLR1 and IκBα in tissues
was determined by real time RT-PCR. Biological samples were collected from vultures
(about 8-10 months old) that were provisionally captive at the Centre for Wild Life Protec‐
tion, “El Chaparrillo”, Ciudad Real, Spain. Blood was obtained by puncture of the branquial
vein, located in the internal face of the wing, and collected in 10 ml tubes with EDTA as anti-
coagulant. Blood (10 ml) was diluted 1:1 (vol:vol) with PBS (Sigma) and the mononuclear
fraction containing PBMC was obtained by density gradient centrifugation on Lymphoprep
(Axis-Shield, Oslo, Norway). All vulture tissues used for cDNA preparation were obtained
fresh from euthanised birds that were impossible to recover.
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RT-PCR was performed on a SmartCycler® II thermal cycler (Cepheid, Sunnyvale, CA,
USA) using the QuantiTect® SYBR® Green RT-PCR Kit (Quiagen, Valencia, CA, USA), fol‐
lowing the recommendations of the manufacturer. We used primers GfTLR-Fw (5’-GCT
TGC CAG TCA ACA TCA GA-3’) and GfTLR-Rv (5’-GAA CTC CAG CGA CGT AAA
GC-3’), which amplify a fragment of 158 bp of vulture TLR1 and primers IκBα -L (5’- CTG
CAG GCA ACC AAC TAC AA -3’) and IκBα –R (5’- TGA ATT CTG CAG GTC GAC AG-3’),
which amplify a fragment of 165 b of vulture IκBα. Cycling conditions were: 94°C for 30 sec,
60°C for 30 sec, 72°C for 1 min, for 40 cycles. As an internal control, RT-PCR was performed
on the same RNAs using the primers BA-Fw (5’-CTA TCC AGG CTG TGC TGT CC-3’) and
BA-Rv (5’-TGA GGT AGT CTG TCA GGT CAG G-3’), which amplify a fragment of 165 bp
from the conserved housekeeping gene beta-actin. Control reactions were done using the
same procedures, but without RT to control for DNA contamination in the RNA prepara‐
tions, and without RNA added to control contamination of the PCR reaction. Amplification
efficiencies were validated and normalized against vulture beta actin, (GenBank accession
number DQ507221) using the comparative Ct method. Experiments were repeated for at
least three times with similar results. Tissues used for the study were artery, liver, lung, bur‐
sa cloacalis, heart, small intestine, peripheral blood mononuclear cells (PBMC), large intes‐
tine and kidney.

The level of TLR1 mRNA was higher in kidney, small intestine and PBMC (Fig. 9).

Figure 9. Relative expression of TLR1 and IκBα mRNA transcripts in vulture cells and tissues.

Real time RT-PCR was used to examine the relative amount of TLR1 (right) and IκBα (left)
transcripts in vulture cells and tissues. The data were normalised using the beta-actin gene
and calculated by the delta Ct method.

Moderate vulture TLR1 mRNA levels were observed in Bursa cloacalis and large intestine,
whereas the lowest TLR1 mRNA levels were found in liver, heart and artery (Fig. 9). It has
been reported that the patterns of TLR tissue expression are variable, even among closely
related species (Zarember & Godowski 2002). Likewise, the intensity and the anatomic loca‐
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remained conserved because of their important structural and functional roles in regulating
NF-κB.

Compared with other species, vulture IκBα exhibited the lowest number of predicted SU‐
MOlation sites (Table 3).
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Predicted MW(KDa) 35,17 35,40 35,61 35,23 35,02 35,02
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Table 3. Structural features of IκBα from Griffon vulture (G. fulvus), Chicken (G. gallus), human (H. sapiens), pig (S.
scrofa), rat (R. norvegicus) and mouse (M. musculus) amino acid sequences. The theoretical molecular weight, number
of ankyrin repeats, SUMOlation and of phosphorylation sites was calculated using the software available at the expasy
web server (http://www.expasy.org). Genbank or Swiss accession number for proteins are EU161944 (G. fulvus),
Q91974 (G. gallus), P25963 (H. sapiens), Q08353 (S. scrofa), Q63746 (R. norvegicus), and Q9Z1E3 (M. musculus).

4.2.1. Amino acid sequence comparison of vulture IκBα with other species

The comparison of the deduced amino acid sequence of vulture IκBα with the sequence of
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coagulant. Blood (10 ml) was diluted 1:1 (vol:vol) with PBS (Sigma) and the mononuclear
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(Axis-Shield, Oslo, Norway). All vulture tissues used for cDNA preparation were obtained
fresh from euthanised birds that were impossible to recover.
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RT-PCR was performed on a SmartCycler® II thermal cycler (Cepheid, Sunnyvale, CA,
USA) using the QuantiTect® SYBR® Green RT-PCR Kit (Quiagen, Valencia, CA, USA), fol‐
lowing the recommendations of the manufacturer. We used primers GfTLR-Fw (5’-GCT
TGC CAG TCA ACA TCA GA-3’) and GfTLR-Rv (5’-GAA CTC CAG CGA CGT AAA
GC-3’), which amplify a fragment of 158 bp of vulture TLR1 and primers IκBα -L (5’- CTG
CAG GCA ACC AAC TAC AA -3’) and IκBα –R (5’- TGA ATT CTG CAG GTC GAC AG-3’),
which amplify a fragment of 165 b of vulture IκBα. Cycling conditions were: 94°C for 30 sec,
60°C for 30 sec, 72°C for 1 min, for 40 cycles. As an internal control, RT-PCR was performed
on the same RNAs using the primers BA-Fw (5’-CTA TCC AGG CTG TGC TGT CC-3’) and
BA-Rv (5’-TGA GGT AGT CTG TCA GGT CAG G-3’), which amplify a fragment of 165 bp
from the conserved housekeeping gene beta-actin. Control reactions were done using the
same procedures, but without RT to control for DNA contamination in the RNA prepara‐
tions, and without RNA added to control contamination of the PCR reaction. Amplification
efficiencies were validated and normalized against vulture beta actin, (GenBank accession
number DQ507221) using the comparative Ct method. Experiments were repeated for at
least three times with similar results. Tissues used for the study were artery, liver, lung, bur‐
sa cloacalis, heart, small intestine, peripheral blood mononuclear cells (PBMC), large intes‐
tine and kidney.

The level of TLR1 mRNA was higher in kidney, small intestine and PBMC (Fig. 9).

Figure 9. Relative expression of TLR1 and IκBα mRNA transcripts in vulture cells and tissues.

Real time RT-PCR was used to examine the relative amount of TLR1 (right) and IκBα (left)
transcripts in vulture cells and tissues. The data were normalised using the beta-actin gene
and calculated by the delta Ct method.

Moderate vulture TLR1 mRNA levels were observed in Bursa cloacalis and large intestine,
whereas the lowest TLR1 mRNA levels were found in liver, heart and artery (Fig. 9). It has
been reported that the patterns of TLR tissue expression are variable, even among closely
related species (Zarember & Godowski 2002). Likewise, the intensity and the anatomic loca‐
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tion of the innate immune response may vary considerably among species (Rehli, 2002).
Consistent with its role in pathogen recognition and host defense, the tissue and cell expres‐
sion pattern of vulture TLR1, as revealed by real time RT-PCR, correlated with vulture abili‐
ty to respond to various pathogenic challenges. The expression of vulture TLR1 was higher
in cells such as circulating PBMC and intestinal epithelial cells that are immediately accessi‐
ble to microorganisms upon infection.

The analysis of the relative expression of IκBα mRNA transcripts, using real-time RT-PCR,
demonstrated that vulture IκBα mRNAs were higher in lung, artery, heart, and in PBMC
cells (Fig. 9), which was consistent with its role in numerous physiological processes. Inter‐
estingly, the expression of vulture IκBα mRNA was observed in tissues at which the lowest
expression of vulture Toll-like receptor was found. This is consistent with the role of IκBα as
inhibitor of the TLR-signalling pathway.

6. Analysis of the evolutionary relationship of vulture TLR and IκBα

The dendrogram of sequences was calculated based on the distance matrix that was generat‐
ed from the pairwise scores and the phylogenetic trees were constructed based on the multi‐
ple alignment of the sequences using the PHYLIP (Phylogeny Inference Package) available
at the expasy.org web page. All ClustalW phylogenetic calculations were based around the
neighbor-joining method of Saitou and Nei (Saitou & Nei, 1987).

For the analysis of the evolutionary relationship of vulture and other vertebrate TLR and
IκBα, a phylogenetic tree was constructed with the TIR-domain sequences of human, maca‐
que, bovine, pig, mouse, Japanese pufferfish and chicken TLR1. GenBank or swiss protein
accessions numbers Q5WA51, Q706D2, Q6A0E8, Q59HI9, Q5H727 and Q5FWG5, respec‐
tively. The phylogenetic analysis of the TIR domain of vulture TLR1 revealed separate clus‐
tering of TLR1 from birds, fish, mouse and other mammals (Fig. 10B)

For the TLRs, it is assumed that the structure of the ectodomain has evolved more quickly
than the structure of the TIR (Johnson, 2003). Similarly to other TLR receptors, the degree of
homology of vulture TLR1 was higher in the transmembrane and cytoplasmic domains than
in the extracellular domain. As expected, phylogenetic analysis of the TIR domains revealed
separate clustering of TLR1 from birds, fish and mammals (Fig. 9B), suggesting independent
evolution of the Toll family of proteins and of innate immunity (Beutler & Rehli, 2002;
Roach et al., 2005).

The unrooted trees were constructed by neighbor-joining analysis of an alignment of the an‐
kirin repeats of IκBα sequences from vulture and other species (A) or the alignment of the
TIR domains of TLR1 from vulture and other species (B). The branch lengths are proportion‐
al to the number of amino acid differences. GenBank or swiss protein accessions numbers of
chicken (Gallus gallus), human (Homo sapiens), mouse (Mus musculus), rat (Rattus norvegicus),
African frog (Xenopus laevis), cattle (Bos taurus), zebrafish (Danio rerio), Mongolian gerbil
(Meriones unguiculatus), Rainbow trout (Oncorhynchus mykiss) and pig (Sus scrofa) sequences
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used for the phylogenetic tree were Q91974, P25963, Q08353, Q63746, Q1ET75, Q6DCW3,
Q8WNW7, Q6K196, Q1ET75, Q8QFQ0 and Q9Z1E3, respectively.

For the analysis of the evolutionary relationship of vulture and other vertebrate IκBα, a phy‐
logenetic tree was constructed with the sequences of chicken, human, mouse, rat, African
frog, cattle, zebrafish, Mongolian gerbil, Rainbow trout and pig IκBα. The phylogenetic
analysis of the ankyrin domain of vulture IκBα revealed separate clustering of IκBα from
rodents, fish and other species and the sequence of vulture IκBα clustered together with that
of chicken IκBα (Fig 10A). The IκB family includes IκBα, IκBβ, IκBγ, IκBε, IκBζ, Bcl-3, the
precursors of NFκB1 (p105), and NF-κB2 (p100), and the Drosophila protein Cactus (Hayden
et al., 2006; Karin & Ben-Neriah, 2000; Totzke et al., 2006; Gilmore, 2006). Why multiple IκB
proteins now exist in vertebrates has been a subject of great interest, and much effort has
been expended on establishing the roles of individual members of this protein family in the
regulation of NF-κB. The recent identification of a novel member of IκB family (IκBζ) indi‐
cates that there might exist species-specific differences in the regulation of NF-κB (Totzke et
al., 2006).

Figure 10. Phylogenetic trees illustrating the relationship between TLR and IκBα sequences from vulture and other
species.

Evolutionarily, the IκB protein family is quite old, as members have been found in insects,
birds and mammals (Ghosh & Kopp, 1998). However, the finding that individual ankyrin
repeats within each IκB molecule are more similar to corresponding ankyrin repeats in other
IκB family members, rather than to other ankyrin repeats within the same IκB, suggests that
all IκB family members evolved from an ancestral IκB molecule (Huguet, et al., 1997).
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Consistent with the hypothesis that all these factors evolved from a common ancestral RHD-
ankyrin structure within a unique superfamily, explaining the specificities of interaction be‐
tween the different Rel/NF-kappa B dimers and the various I kappa B inhibitors (Huguet, et
al., 1997).

Recently, the presence of two IkappaB-like genes in Nematostella encoded by loci distinct
from nf-kb suggested that a gene fusion event created the nfkb genes in insects and verte‐
brates (Sullivan et al., 2007). This is consistent with the hypothesis that interactions between
transcription factors of the Rel members and members of the IκB gene family evolved to reg‐
ulate genes mainly involved in immune inflammatory responses (Bonizzi & Karin, 2004).

NF-kappaB represents an ancient, generalized signaling system that has been co-opted for
immune system roles independently in vertebrate and insect lineages (Friedman & Hughes,
2002). Therefore, while these proteins share a basic three-dimensional structure as predicted
by their shared ankyrin repeat pattern and sequence, a possible evolutionary scenario based
on this phylogenetic tree could be that subtle differences in the amino acid substitutions in
the ankyrin repeats and flanking sequences occurred throughout evolution, which contrib‐
uted to their specificity of interaction with various members of the Rel family.

7. Summary

The ORFs reported herein identified and characterized the vulture orthologues to TLR1
(CD281) and to IκBα, the first NF-κB pathway element from the griffon vulture G. fulvus. In
addition, we have also identified sequences that may be involved in the protection of vul‐
tures against toxins. These results have implications for the understanding of the evolution
of pathogen-host interactions. Particularly, these studies help to highlight a potentially im‐
portant regulatory pathway for the study of the related functions in vulture immune system
(Perez de la Lastra & de la Fuente, 2007; 2008). Despite the overall structure of vulture TLR1
and expression pattern was similar to that of chicken, pig, cattle, human and mouse TLR,
vulture TLR1 had differences in the length of the ectodomain, number and position of LRRs
and N-glycosylation sites that makes vulture TLR1 structurally unique with possible func‐
tional implications.

Strong selective pressure for recognition of and response to pathogen-associated molecular
patterns (PAMPs) has probably maintained a largely unchanged TLR signalling pathways in
all vertebrates. The IκBα gene reported here expands our understanding of the immune reg‐
ulatory pathways present in carrion birds that are in permanent contact with pathogens.
Current investigations should focus on the cloning and characterization of other members of
NF-κB signalling cascade and genes controlled by this signalling pathway. At this point it is
difficult to understand the implications of the structural differences between vulture TLR1,
chicken TLR1 and TLR1 in different mammalian species. A greater understanding of the
functional capacity of non-mammalian TLRs and, particularly in carrion birds that are in
permanent contact with pathogens, has implications for the understanding of the evolution‐
ary pressures that defined the TLR repertoires in present day animals. The discovery of mol‐
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ecules that neutralize toxins found in the genetic and phenotypic background of an
organism (like vulture) is extremely adequate for bio compatible drugs and antidote devel‐
opment.

8. Biotechnological applications of molecules involved in the recognition
of pathogens

Our growing understanding of host-pathogen interactions and mechanisms of protective
immunity have allowed for an increasingly rational approach to the design of immune
based therapeutics. One posible biomedical application of the discovery of efficient patho‐
gen receptors could be the generation of “immunoadhesins” (Perez de la Lastra et al., 2009).
Because of the versatility of immunoadhesins, immunoadhesin-based therapies could, in
theory, be developed against any existing pathogen. Some advantages of immunoadhesin-
based therapies include versatility, low toxicity, pathogen specificity, enhancement of im‐
mune function, and favorable pharmacokinetics; the disadvantages include high cost,
limited usefulness against mixed infections and the need for early and precise microbiologic
diagnosis.

The patent by Visintin et al. (cited in Perez de la Lastra et al., 2009) discloses anti-pathogen
immunoadhesins (APIs), a subset of which is “tollbodies”, which have a pathogen recogni‐
tion module derived from the binding domain of a toll-like receptor (TLR). A schematic il‐
lustration of an exemplary API is shown in Fig. 11.

Figure 11. Schematic structure of an anti-pathogen immunoadhesin (API). Gray undashed area, pathogen recognition
module; dashed, Fc portion. Disulfide bridges are represented by dashed line, which include intrachain bridges (that
stabilize the Ig domains) and the interchain bridges (that covalently link two immunoadhesin molecules).

APIs can be used as therapeutics, e.g., for treating pathogen-associated disorders, e.g., infec‐
tions and inflammatory conditions (e.g. inflammatory conditions associated with a patho‐
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gen- associated infection) and other disorders in which it is desirable to inhibit signaling
pathways associated with the pathogen recognition protein from which the extracellular do‐
main of the API is derived. These APIs are particularly useful therapeutics because patho‐
gens generally cannot mutate the PAMPs (e.g., LPS) that are recognized by the pathogen
recognition proteins. Thus, APIs can be used as antipathogenic agents to whom the targeted
pathogen cannot develop resistance. The APIs can thus be used both in vivo and in vitro/ex
vivo, e.g. to remove pathogens from blood or a water supply, or other liquids to be con‐
sumed, e.g., beverages, or even in the air, e.g. to combat a weapon of biological warfare. It is
envisaged that these immunotechnological advances will increase the available antiinfective
armamentarium and that immunoadhesin-therapy is poised to play an important part in
modern anti-infective drugs.
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gens generally cannot mutate the PAMPs (e.g., LPS) that are recognized by the pathogen
recognition proteins. Thus, APIs can be used as antipathogenic agents to whom the targeted
pathogen cannot develop resistance. The APIs can thus be used both in vivo and in vitro/ex
vivo, e.g. to remove pathogens from blood or a water supply, or other liquids to be con‐
sumed, e.g., beverages, or even in the air, e.g. to combat a weapon of biological warfare. It is
envisaged that these immunotechnological advances will increase the available antiinfective
armamentarium and that immunoadhesin-therapy is poised to play an important part in
modern anti-infective drugs.
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1. Introduction

For a long time before the discovery of glutathione S–transferases (GSTs; EC 2.5.1.18), it was
a well known fact that some orally administered electrophilic compounds ultimately be‐
come excreted in the urines as a conjugates of N- acetyl cysteine, the so called mercapturic
acids. Glutathione was then identified by [1] to be the source of cysteine used for biosynthe‐
sis of the mercapturic acids. As a consequence, the GSTs were discovered as enzymes cata‐
lyzing the first step in the formation of mercapturic acids. The first paper on GSTs was
presented by [2], who described the partial purification and some properties of cytosolic rat
liver enzymes capable of catalyzing the formation of GSH conjugation with halogenated ar‐
omatic compounds. GSTs form a group of ubiquitous enzymes that catalyze the conjugation
between glutathione and several molecules, and play the most important role in the cellular
detoxification pathway of endogenous and xenobiotic compounds [3].

GST family classified based on primary structure, substrate specificity and immunological
properties. Presently, seven classes of GSTs are recognized in mammals, namely the specific
Alpha, Mu, Pi and the common Sigma, Theta, Zeta and Omega. The classification of GSTs
into different classes is also reflected in the chromosomal location of the genes. In human,
each class is encoded by genes organized into clusters on different chromosomes. For exam‐
ple, the genes of all known class Mu GSTs are clustered on chromosome l, the genes of the
class Alpha, Pi and Theta are clustered on chromosomes 6, 11, 22, respectively [4]. Polymor‐
phisms have been identified in the GSTM1, GSTT1 and GSTPl genes coding for enzymes in
the μ, θ, and π classes, respectively. The GSTM1 and the GSTT1 genes are polymorphic in
humans, and the phenotypic absence of enzyme activity is due to a homozygous inherited
deletion of the gene [5-7].

© 2013 Shahein et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Ticks are blood sucking ectoparasites that infest a wide array of species. They are vectors of
diseases in humans and other animals. The southern cattle tick, Rhipicephalus microplus,
transmits the cattle fever pathogen (Babesia spp.) and is one of the most important cattle
pests. Chemical pesticides continue to be the primary means of control for ectoparasites on
livestock. Intensive use of these materials has led to the development of resistance in Rhipi‐
cephalus ticks to all currently used organophosphates [8], synthetic pyrethroids and ami‐
dines [9]. Despite previous studies that suggested increased detoxification [10] and target
site insensitivity may contribute to the increased tolerance to acaricides, the mechanisms
conferring resistance on ticks are poorly understood.

In the past years, significant advancement has been made to determine the potential role of
GSTs in toxicology. Besides the well established role of GSTs in detoxification of xenobiotic
compounds, it has been observed that GSTs have other intracellular substrates including the
metabolites released from cellular molecules. In ticks, GSTs have attracted attention because
of their involvement in the defense towards insecticides mainly organophosphates, organo‐
chlorines and cyclodienes. This chapter will give highlight on some of the cloned GST genes
in ticks and will discuss and review the folding and unfolding states of a GST mu class from
the cattle tick Rhipicephalus annulatus distributed in Egypt.

2. Glutathione S-transferase genes in ticks

Ticks are blood feeding external parasites of mammals, birds, and reptiles throughout the
world. Tick infestations of animals and especially farm ones like cattle and camels, economi‐
cally impact food industry by reducing weight gain and milk production, and by transmit‐
ting pathogens that cause babesiosis (Babesia bovis and Babesia bigemina) and anaplasmosis
(Anaplasma marginale). The most important and widely distributed ticks include American
dog tick (Dermacentor variabilis) is the most commonly identified species responsible for
transmitting Rickettsia rickettsii, which causes Rocky Mountain spotted fever in humans, R.
microplus and R. annulatus which infest cattle and distributed in Asia, Latin America, and
Africa, Hyalomma dromedarii which infest camels (Asia and Africa), and the blacklegged tick
(Ixodes scapularis), commonly known as "deer tick" and can transmit the organisms responsi‐
ble for anaplasmosis, babesiosis, and Lyme disease and is widely distributed in the north‐
eastern and upper midwestern United States.

Acaricide application constitutes a major component of integrated tick control strategies
[11]. However, use of acaricides has had limited efficacy in reducing tick infestations and is
often accompanied by serious drawbacks, including the selection of acaricide-resistant ticks,
environmental contamination, and contamination of milk and meat products with drug resi‐
dues.

GST enzymes are one of the important supergene families that are involved in protecting the
organism from oxidative stress and xenobiotics including the acaricides. Different studies
have been carried out to explore the role of the different GST families in detoxification in
ticks. The methods applied in these studies used biochemical approaches, direct cloning us‐
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ing consensus sequences or using the available information from whole genome sequence
information. Niranjan Reddy et al. [12] studied the GST superfamily organization in Ixodes
scapularis using the whole genome sequence information (IscaW1.1, December’ 2008) by ap‐
plying different phylogenetic and bioinformatic tools. They identified all the three broad
GST classes, the canonical, mitochondrial, and microsomal forms. A total of 35 GST genes
belong to five different canonical GST classes, namely Delta (7 genes), Epsilon (5), Mu (14),
Omega (3), and Zeta (3 genes) GST classes, and two mitochondrial Kappa class GST genes,
and a single microsomal GST gene were found. The analysis of these sequences identified
members of the Delta- and Epsilon-classes which are thought to be specific to the Insecta.
Surprisingly, Ixodes has lost two of the functionally important gene families, Theta-and Sig‐
ma-GSTs.

GSTs had been reported to play a major role in the organophosphate resistance pathway of
the Musca domestica (Corrnell-HR strain) [13]. On the contrary, Li et al. [14] reported that
GSTs play only a minor role against organophosphate toxicity in R. microplus. Several GST
coding frames had been cloned from R. microplus as done by [15] (accession number
AAL99403), and [16] described that the activity of this protein is enhanced by organophos‐
phate and coumaphos.

Some GST genes were cloned from different tick species and are of the mu class. The conser‐
vation score is represented in figure 1, and three state secondary structure is in figure 2.
However, several attempts were carried out to explore the distribution of the different GST
classes in ticks. The most widely distributed and economically important; the cattle tick R.
microplus was used to initiate a study of the genome using an expressed sequence tag (EST)
approach [17]. They reported the construction of a gene index named BmiGI from 20417
ESTs derived from a normalized cDNA library. The BmiGI was used to identify genes which
might be involved in the acaricide resistance including GSTs.

Gurrero et al. [17] reported 15 possible GST coding genes identified from the BmiGI. One of
these sequences was reported to be similar to the human GST class Omega 1, and the other
clone was similar to mouse GST of Zeta 1 class. The total 15 clones are listed in table 1.

3. Unfolding/refolding of Rhipicephalus annulatus GST mu class

GSTs are dimeric proteins composed of identical or structurally related subunits. Each subu‐
nit has a molecular weight of about 25 kDa and is built of two domains and contains a com‐
plete active site consisting of a highly conserved G-site (GSH binding site) and a divergent
H-site (Hydrophobic substrate binding site). The functional soluble enzymatic forms are
found in dimers and only subunits within the same class can form heterodimers as found in
alpha subunits, but this would not happen with either pi or mu subunits.

The nature of protein folding mechanisms and the manner in which the compact native state
is achieved are still not well understood. From a wide range of experiments, it is now evi‐
dent that specific pathways of folding are involved, at least for many proteins. At equilibri‐
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um, most monomeric and many oligomeric proteins display essentially a two-state pathway
upon folding/unfolding, for which thermodynamically stable folding intermediates do not
exist. Other mechanisms result in the formation of stable intermediates. These monomeric
intermediates sometimes have preserved tertiary structure or appear as molten globules
[18-20]. For proteins composed of subunits, the intermediates are either partially folded oli‐
gomeric states or monomeric states.
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Figure 1. Amino acid conservation of Glutathione S-transferase mu class of different tick species. H. 3 
long. refers to Haemaphysalis longicornis GST (AAQ74441), R. annulatus is the Rhipicephalus 4 
annulatus GST (ABR24785), R. micro 2 refers to Rhipicephalus microplus GST (AAD15991), R. 5 
micro I is Rhipicephalus microplus Indian strain GST (ADQ01064), R. micro 1 refers to 6 
Rhipicephalus microplus GST (AF366931_1), and R. append. refers to Rhipicephalus appendiculatus7 
GST (AAQ74442). The conservation scoring was performed by PRALINE software 8 

Figure 1. Amino acid conservation of Glutathione S-transferase mu class of different tick species. H. long. refers to
Haemaphysalis longicornis GST (AAQ74441), R. annulatus is the Rhipicephalus annulatus GST (ABR24785), R. micro 2
refers to Rhipicephalus microplus GST (AAD15991), R. micro I is Rhipicephalus microplus Indian strain GST (ADQ01064),
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R. micro 1 refers to Rhipicephalus microplus GST (AF366931_1), and R. append. refers to Rhipicephalus appendiculatus
GST (AAQ74442). The conservation scoring was performed by PRALINE software (http://zeus.few.vu.nl). The scoring
scheme works from 0 for the least conserved alignment position, up to 10 for the most conserved alignment position.
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Figure 2. Three state (H, E C) secondary structure of Glutathione S-transferase mu class sequences 3 
from different tick species. H. long. refers to Haemaphysalis longicornis GST (AAQ74441), R. 4 
annulatus is Rhipicephalus annulatus GST (ABR24785), R. micro 2 refers to Rhipicephalus 5 
microplus GST (AAD15991), R. micro I is Rhipicephalus microplus Indian strain GST (ADQ01064), 6 
R. micro 1 refers to Rhipicephalus microplus GST (AF366931_1), and R. append. refers to 7 
Rhipicephalus appendiculatus GST (AAQ74442). The Helix (H) structure is in red and the Strand (E) 8 
is in blue. The sequence in the alignment has no color assigned for the coil (C) because there is no 9 
DSSP information available, or that no prediction was possible for that sequence. 10 
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Figure 2. Three state (H, E C) secondary structure of Glutathione S-transferase mu class sequences from different tick
species. H. long. refers to Haemaphysalis longicornis GST (AAQ74441), R. annulatus is Rhipicephalus annulatus GST
(ABR24785), R. micro 2 refers to Rhipicephalus microplus GST (AAD15991), R. micro I is Rhipicephalus microplus Indian
strain GST (ADQ01064), R. micro 1 refers to Rhipicephalus microplus GST (AF366931_1), and R. append. refers to Rhipi‐
cephalus appendiculatus GST (AAQ74442). The Helix (H) structure is in red and the Strand (E) is in blue. The sequence
in the alignment has no color assigned for the coil (C) because there is no DSSP information available, or that no pre‐
diction was possible for that sequence.

Eftink et al. [18] proposed three models for proteins unfolding; the first is the two-state mod‐
el. This model assumes that the protein exists only as a native dimer, D, and unfolded mon‐
omers, U, [D←→ 2U]. The second is three-state model (Folded monomers model). Unlike
the first model, this one assumes that there is a two-step (three-state) unfolding process,
with the formation of a folded monomeric intermediate, N. "folded" means that the inter‐
mediate can be further unfolded, in a cooperative manner, by addition of denaturant. How‐
ever, it is not known to what extent the intermediate's structure actually resembles the
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um, most monomeric and many oligomeric proteins display essentially a two-state pathway
upon folding/unfolding, for which thermodynamically stable folding intermediates do not
exist. Other mechanisms result in the formation of stable intermediates. These monomeric
intermediates sometimes have preserved tertiary structure or appear as molten globules
[18-20]. For proteins composed of subunits, the intermediates are either partially folded oli‐
gomeric states or monomeric states.
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Figure 1. Amino acid conservation of Glutathione S-transferase mu class of different tick species. H. 3 
long. refers to Haemaphysalis longicornis GST (AAQ74441), R. annulatus is the Rhipicephalus 4 
annulatus GST (ABR24785), R. micro 2 refers to Rhipicephalus microplus GST (AAD15991), R. 5 
micro I is Rhipicephalus microplus Indian strain GST (ADQ01064), R. micro 1 refers to 6 
Rhipicephalus microplus GST (AF366931_1), and R. append. refers to Rhipicephalus appendiculatus7 
GST (AAQ74442). The conservation scoring was performed by PRALINE software 8 

Figure 1. Amino acid conservation of Glutathione S-transferase mu class of different tick species. H. long. refers to
Haemaphysalis longicornis GST (AAQ74441), R. annulatus is the Rhipicephalus annulatus GST (ABR24785), R. micro 2
refers to Rhipicephalus microplus GST (AAD15991), R. micro I is Rhipicephalus microplus Indian strain GST (ADQ01064),
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R. micro 1 refers to Rhipicephalus microplus GST (AF366931_1), and R. append. refers to Rhipicephalus appendiculatus
GST (AAQ74442). The conservation scoring was performed by PRALINE software (http://zeus.few.vu.nl). The scoring
scheme works from 0 for the least conserved alignment position, up to 10 for the most conserved alignment position.
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Figure 2. Three state (H, E C) secondary structure of Glutathione S-transferase mu class sequences 3 
from different tick species. H. long. refers to Haemaphysalis longicornis GST (AAQ74441), R. 4 
annulatus is Rhipicephalus annulatus GST (ABR24785), R. micro 2 refers to Rhipicephalus 5 
microplus GST (AAD15991), R. micro I is Rhipicephalus microplus Indian strain GST (ADQ01064), 6 
R. micro 1 refers to Rhipicephalus microplus GST (AF366931_1), and R. append. refers to 7 
Rhipicephalus appendiculatus GST (AAQ74442). The Helix (H) structure is in red and the Strand (E) 8 
is in blue. The sequence in the alignment has no color assigned for the coil (C) because there is no 9 
DSSP information available, or that no prediction was possible for that sequence. 10 
  11 
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species. H. long. refers to Haemaphysalis longicornis GST (AAQ74441), R. annulatus is Rhipicephalus annulatus GST
(ABR24785), R. micro 2 refers to Rhipicephalus microplus GST (AAD15991), R. micro I is Rhipicephalus microplus Indian
strain GST (ADQ01064), R. micro 1 refers to Rhipicephalus microplus GST (AF366931_1), and R. append. refers to Rhipi‐
cephalus appendiculatus GST (AAQ74442). The Helix (H) structure is in red and the Strand (E) is in blue. The sequence
in the alignment has no color assigned for the coil (C) because there is no DSSP information available, or that no pre‐
diction was possible for that sequence.

Eftink et al. [18] proposed three models for proteins unfolding; the first is the two-state mod‐
el. This model assumes that the protein exists only as a native dimer, D, and unfolded mon‐
omers, U, [D←→ 2U]. The second is three-state model (Folded monomers model). Unlike
the first model, this one assumes that there is a two-step (three-state) unfolding process,
with the formation of a folded monomeric intermediate, N. "folded" means that the inter‐
mediate can be further unfolded, in a cooperative manner, by addition of denaturant. How‐
ever, it is not known to what extent the intermediate's structure actually resembles the
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subunits of the native dimer [D←→2N←→2U]. The third model is also three-state model
and also considers the existence of an intermediate in the unfolding process but the inter‐
mediate is a partially unfolded dimeric state, D', which can then be further unfolded to un‐
folded monomers [D←→ D'←→2U].

Clone Length (bp)
Top Blastx Hit

e value cutoff=0.001

(TC)-GST Class

subfamily*

Accession number of the

Hit

TC 213 861
Galleria mellonella Delta or Epsilon AAK64362

TC2718 808

TC 298 908 Homo sapiens Omega 1 Omega 1 NP004823

TC 614 756

Dermacentor variabilis Delta or Epsilon AAO92279

TC3165 855

TC 762 1061

TC3881 831

TC4914 718

TC1038 742

R. microplus Mu AAL99403TC2910 813

TC3317 984

TC3737 825 R. microplus Mu AAD15991

TC1082 1236 Mus musculus Zeta 1 Zeta Q9WVL0

TC 811 859 Anopheles gambiae Zeta AAM61889

TC2689 1007 Xenopus laevis Mu CAD01094

Table 1. Glutathione S-transferase sequences identified in Boophilus microplus Gene Index (BmiGI). The asterisk
means that there is no practical evidence of the subfamily. The assigned class is based on prediction similarity.

Full understanding of the protein folding process requires the identification and characteri‐
zation of all intermediate steps, which are often very transient and detected by kinetic stud‐
ies only. In these cases, some properties of the intermediates can be inferred, but little
structural information can be derived from this approach. It is known that mild denaturing
conditions, such as moderately high temperature or low pH, promote partially unfolded
states that are similar to those observed at moderate concentrations of guanidinium chloride
[19]. Therefore a large number of studies have been performed on these partially folded
states [21]. Some of these more or less stable intermediates, called ‘‘molten globules’’are
characterized by a largely conserved secondary structure but loss of tertiary structure and,
due to the presence of a loosely packed hydrophobic core, binding of ANS is often observed
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[22, 23]. Clear evidence of acidic pH induced stable folding intermediates has been obtained
with some lipocalins, such as β-lactoglobulin [24, 25], retinol binding protein [26] and
hGSTP1-1 [27].

Electrostatic interactions between charged residues on the surface of a protein play an im‐
portant role in conferring stability to its folded structure. Change of pH alters the ionization
state of these residues, causing intramolecular charge repulsion and possible disruption of
salt bridges that can lead to destabilization of the native protein conformation [28]. pH is an
important factor determining protein structure and function. Most proteins are stable and
active at physiological pH and show varying degrees of denaturation in acid medium. How‐
ever, as the acid concentration increases, a number of these proteins revert back to a com‐
pact conformation containing substantial secondary structure that resemble the folding
intermediates known as molten globules [29, 30]. Study of the structural stability of a pro‐
tein as a function of pH thus helps understand the thermodynamic or kinetic intermediates
in its folding pathway and identifies the electrostatic interactions important for the stability
of its folded state [31, 32].

In ticks, no data is available about the unfolding pathway of GST classes except for the Rhi‐
picephalus (Boophilus) annulatus (R. annulatus) recombinant GST mu class (BaGSTM) [33]. Be‐
cause of the non-identity of the different transitions monitored, the acid denaturation of
BaGSTM does not appear to be a simple two-step transition, rather a multi-step process dur‐
ing which several intermediates coexist in equilibrium.

Shahein et al. [34] cloned the GST mu class from λZAP cDNA library of R. annulatus. The
GST protein (Figure 3) contains four tryptophan residues (Try 7, Try 45, Try 110 and Try
214) and ten tyrosine residues [34]. Comparison of BaGST with the protein databank for GST
sequences revealed the presence of the SMAILRYL motif that may play an important struc‐
tural role in GSH binding site and the interface domain The authors showed that the E. coli
expressed recombinant protein (BaGSTM) exhibited peroxidatic activity on cumene hydro‐
peroxide sharing this property with GSTs belonging to the GST α class. The inhibition stud‐
ies using cibacron blue and bromosulfophthalein showed that the R. annuatus GST shares
this property with the mammalian GST mu class.

In its native state, the BaGSTM enzyme exhibits an emission spectrum with a maximum at
329 nm (excitation 280 nm). This feature characteristic of tryptophan residues partially bur‐
ied in the protein matrix (Figure 4 a). The addition of increasing concentrations of GdmCl at
equilibrium caused a red shift of λmax of the emission spectra from 329 nm to 352 nm. As
shown in figure 4, compared with the native dimer, the fluorescence intensity increased
with a slight red shift of λmax as the GdmCl concentration was increased. The intensity
reached a maximum at approximately 1.45 M (partially unfolded dimer or nonnative dimer‐
ic intermediate). At GdmCl concentration between 1.5 M and 1.9 M there was no change in
the fluorescence intensity or in λmax. The nonnative dimeric intermediate undergoes disso‐
ciation into monomeric intermediate at these GdmCl concentrations. Increasing the GdmCl
concentration leads to another increase in the fluorescence intensity with a red shift of λmax
and the intensity reached a maximum at approximately 2.4 M. This might be due to the for‐
mation of a partially unfolded monomer. After this concentration the intensity started to de‐
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subunits of the native dimer [D←→2N←→2U]. The third model is also three-state model
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means that there is no practical evidence of the subfamily. The assigned class is based on prediction similarity.

Full understanding of the protein folding process requires the identification and characteri‐
zation of all intermediate steps, which are often very transient and detected by kinetic stud‐
ies only. In these cases, some properties of the intermediates can be inferred, but little
structural information can be derived from this approach. It is known that mild denaturing
conditions, such as moderately high temperature or low pH, promote partially unfolded
states that are similar to those observed at moderate concentrations of guanidinium chloride
[19]. Therefore a large number of studies have been performed on these partially folded
states [21]. Some of these more or less stable intermediates, called ‘‘molten globules’’are
characterized by a largely conserved secondary structure but loss of tertiary structure and,
due to the presence of a loosely packed hydrophobic core, binding of ANS is often observed
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[22, 23]. Clear evidence of acidic pH induced stable folding intermediates has been obtained
with some lipocalins, such as β-lactoglobulin [24, 25], retinol binding protein [26] and
hGSTP1-1 [27].

Electrostatic interactions between charged residues on the surface of a protein play an im‐
portant role in conferring stability to its folded structure. Change of pH alters the ionization
state of these residues, causing intramolecular charge repulsion and possible disruption of
salt bridges that can lead to destabilization of the native protein conformation [28]. pH is an
important factor determining protein structure and function. Most proteins are stable and
active at physiological pH and show varying degrees of denaturation in acid medium. How‐
ever, as the acid concentration increases, a number of these proteins revert back to a com‐
pact conformation containing substantial secondary structure that resemble the folding
intermediates known as molten globules [29, 30]. Study of the structural stability of a pro‐
tein as a function of pH thus helps understand the thermodynamic or kinetic intermediates
in its folding pathway and identifies the electrostatic interactions important for the stability
of its folded state [31, 32].

In ticks, no data is available about the unfolding pathway of GST classes except for the Rhi‐
picephalus (Boophilus) annulatus (R. annulatus) recombinant GST mu class (BaGSTM) [33]. Be‐
cause of the non-identity of the different transitions monitored, the acid denaturation of
BaGSTM does not appear to be a simple two-step transition, rather a multi-step process dur‐
ing which several intermediates coexist in equilibrium.

Shahein et al. [34] cloned the GST mu class from λZAP cDNA library of R. annulatus. The
GST protein (Figure 3) contains four tryptophan residues (Try 7, Try 45, Try 110 and Try
214) and ten tyrosine residues [34]. Comparison of BaGST with the protein databank for GST
sequences revealed the presence of the SMAILRYL motif that may play an important struc‐
tural role in GSH binding site and the interface domain The authors showed that the E. coli
expressed recombinant protein (BaGSTM) exhibited peroxidatic activity on cumene hydro‐
peroxide sharing this property with GSTs belonging to the GST α class. The inhibition stud‐
ies using cibacron blue and bromosulfophthalein showed that the R. annuatus GST shares
this property with the mammalian GST mu class.

In its native state, the BaGSTM enzyme exhibits an emission spectrum with a maximum at
329 nm (excitation 280 nm). This feature characteristic of tryptophan residues partially bur‐
ied in the protein matrix (Figure 4 a). The addition of increasing concentrations of GdmCl at
equilibrium caused a red shift of λmax of the emission spectra from 329 nm to 352 nm. As
shown in figure 4, compared with the native dimer, the fluorescence intensity increased
with a slight red shift of λmax as the GdmCl concentration was increased. The intensity
reached a maximum at approximately 1.45 M (partially unfolded dimer or nonnative dimer‐
ic intermediate). At GdmCl concentration between 1.5 M and 1.9 M there was no change in
the fluorescence intensity or in λmax. The nonnative dimeric intermediate undergoes disso‐
ciation into monomeric intermediate at these GdmCl concentrations. Increasing the GdmCl
concentration leads to another increase in the fluorescence intensity with a red shift of λmax
and the intensity reached a maximum at approximately 2.4 M. This might be due to the for‐
mation of a partially unfolded monomer. After this concentration the intensity started to de‐
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crease with a red shift of λmax and at 4.0 M GdmCl, a λmax of 352 nm occurred, indicating
the complete exposure of the tryptophan residues to the aqueous solvent which is consis‐
tence with the complete unfolding of the protein (unfolded monomer). From these results, at
least two transition states between the native dimer and unfolded monomer could be identi‐
fied for BaGSTM.

Figure 3. Theoretical model of R. annulatus GST mu class (ABR24785) built with M4T server. The numbers of groups
are 218, atoms 1765, and bonds 1813 [35, 36].

As shown in the figure 5, at the concentration of urea between 0 and 1.75 M, there was an
increase in the fluorescence intensity, as the concentration of urea increased, without any de‐
tectable shift of λmax. The intensity of fluorescence was increased by 50% at 1.75 M urea
concentration compared with the native state of the protein indicating a partial exposure of
the fluorophore (first phase). Increasing the concentration of urea, between 2.0 M and 3.0 M,
resulted in a slight red shift (by 3 nm) of the emission maximum (second phase). Whereas,
the increase in fluorescence intensity decreased as the concentration of urea was increased.
The fluorescence intensity at the end of the first phase was higher than that at the end of the
second phase. This indicates the movement of the fluorophore back into a more hydropho‐
bic environment. At higher urea concentration, (between 3.25 and 4.5 M) the fluorescence in‐
tensity started to increase again with a shift of λmax (10 nm red shift). The fluorescence
intensity was increased by three fold at 4.5 M urea compared to that of the native protein
(third phase) [33].

Addition of higher concentrations of urea (5.0-7.0 M) did not change the intensity of the flu‐
orescence significantly compared to that at 4.5 M urea but progressively shifted the λmax to
347 nm. At 8.0 M urea, the fluorescence intensity was decreased again with a shift of λmax
to 352 nm indicating the complete unfolding of the protein. The present results indicate that
three intermediates could be identified between the native dimer and unfolded monomer
during the unfolding of BaGSTM.
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Figure 4. Fluorescence–emission spectra of  BaGSTM (20 µg/ml) equilibrated in buffer A (20 mM 4 
potassium phosphate buffer, pH 7.0 containing 1 mM EDTA/1 mM dithiothreitol) at 5 
different GdmCl concentrations ranging from 0 to 4.0 M at room temperature. Excitation was done at 6 

Figure 4. Fluorescence–emission spectra of BaGSTM (20 µg/ml) equilibrated in buffer A (20 mM potassium phosphate
buffer, pH 7.0 containing 1 mM EDTA/1 mM dithiothreitol) at different GdmCl concentrations ranging from 0 to 4.0 M
at room temperature. Excitation was done at 280 nm and fluorescence was recorded from 300 to 400 nm (a to e).
Unfolding was expressed as the ratio of fluorescence at 329 nm to the fluorescence at 352 nm (f).
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crease with a red shift of λmax and at 4.0 M GdmCl, a λmax of 352 nm occurred, indicating
the complete exposure of the tryptophan residues to the aqueous solvent which is consis‐
tence with the complete unfolding of the protein (unfolded monomer). From these results, at
least two transition states between the native dimer and unfolded monomer could be identi‐
fied for BaGSTM.

Figure 3. Theoretical model of R. annulatus GST mu class (ABR24785) built with M4T server. The numbers of groups
are 218, atoms 1765, and bonds 1813 [35, 36].

As shown in the figure 5, at the concentration of urea between 0 and 1.75 M, there was an
increase in the fluorescence intensity, as the concentration of urea increased, without any de‐
tectable shift of λmax. The intensity of fluorescence was increased by 50% at 1.75 M urea
concentration compared with the native state of the protein indicating a partial exposure of
the fluorophore (first phase). Increasing the concentration of urea, between 2.0 M and 3.0 M,
resulted in a slight red shift (by 3 nm) of the emission maximum (second phase). Whereas,
the increase in fluorescence intensity decreased as the concentration of urea was increased.
The fluorescence intensity at the end of the first phase was higher than that at the end of the
second phase. This indicates the movement of the fluorophore back into a more hydropho‐
bic environment. At higher urea concentration, (between 3.25 and 4.5 M) the fluorescence in‐
tensity started to increase again with a shift of λmax (10 nm red shift). The fluorescence
intensity was increased by three fold at 4.5 M urea compared to that of the native protein
(third phase) [33].

Addition of higher concentrations of urea (5.0-7.0 M) did not change the intensity of the flu‐
orescence significantly compared to that at 4.5 M urea but progressively shifted the λmax to
347 nm. At 8.0 M urea, the fluorescence intensity was decreased again with a shift of λmax
to 352 nm indicating the complete unfolding of the protein. The present results indicate that
three intermediates could be identified between the native dimer and unfolded monomer
during the unfolding of BaGSTM.
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Figure 4. Fluorescence–emission spectra of  BaGSTM (20 µg/ml) equilibrated in buffer A (20 mM 4 
potassium phosphate buffer, pH 7.0 containing 1 mM EDTA/1 mM dithiothreitol) at 5 
different GdmCl concentrations ranging from 0 to 4.0 M at room temperature. Excitation was done at 6 

Figure 4. Fluorescence–emission spectra of BaGSTM (20 µg/ml) equilibrated in buffer A (20 mM potassium phosphate
buffer, pH 7.0 containing 1 mM EDTA/1 mM dithiothreitol) at different GdmCl concentrations ranging from 0 to 4.0 M
at room temperature. Excitation was done at 280 nm and fluorescence was recorded from 300 to 400 nm (a to e).
Unfolding was expressed as the ratio of fluorescence at 329 nm to the fluorescence at 352 nm (f).
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Figure 5. Urea-induced equilibrium unfolding for BaGSTM monitored by fluorescence. The protein 3 
(20µg/ml) was equilibrated in buffer A in the presence of the indicated concentration of urea at room 4 
temperature. Excitation was done at 280 nm and fluorescence was recorded from 300 to 400 nm.  5 

6 

In particular, the pH-dependent fluorescence transition of BaGSTM is clearly characterized by many 7 
distinct steps. The behavior of the protein in an acidic environment was investigated and analyses of 8 
fluorescence emission spectra of BaGSTM in solutions at different pH values were performed. The 9 
position of the emission maximum of a protein's fluorescence spectrum, upon excitation at 280 nm, 10 
was highly sensitive to the environment around its tryptophanyl and tyrosyl residues. As shown in 11 
figure. 6, the acid denaturation of BaGSTM, as followed by the intrinsic fluorescence changes, was 12 
characterized by the presence of at least three transition states [33].  13 

Figure 5. Urea-induced equilibrium unfolding for BaGSTM monitored by fluorescence. The protein (20µg/ml) was
equilibrated in buffer A in the presence of the indicated concentration of urea at room temperature. Excitation was
done at 280 nm and fluorescence was recorded from 300 to 400 nm.

In particular, the pH-dependent fluorescence transition of BaGSTM is clearly characterized
by many distinct steps. The behavior of the protein in an acidic environment was investigat‐
ed and analyses of fluorescence emission spectra of BaGSTM in solutions at different pH
values were performed. The position of the emission maximum of a protein's fluorescence
spectrum, upon excitation at 280 nm, was highly sensitive to the environment around its
tryptophanyl and tyrosyl residues. As shown in figure 6, the acid denaturation of BaGSTM,
as followed by the intrinsic fluorescence changes, was characterized by the presence of at
least three transition states [33].
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Figure 6. pH-induced equilibrium unfolding for BaGSTM monitored by fluorescence. The protein 4 
(20μg/ml) was equilibrated at room temperature in 0.02 M citrate-phosphate buffer at pH from 7.0 to 5 
1.2 for 1 h before measurement. Excitation was done at 280 nm and fluorescence was recorded from 6 
300 to 400 nm (a-c). Emission maxima were determined using the same excitation wavelength (d). 7 
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Figure 6. pH-induced equilibrium unfolding for BaGSTM monitored by fluorescence. The protein (20μg/ml) was equi‐
librated at room temperature in 0.02 M citrate-phosphate buffer at pH from 7.0 to 1.2 for 1 h before measurement.
Excitation was done at 280 nm and fluorescence was recorded from 300 to 400 nm (a-c). Emission maxima were de‐
termined using the same excitation wavelength (d).

However, between pH 5.0 and 3.5, an initial red shift, from 338 to 342 nm of the maximum
fluorescence emission, indicates a partial exposure of one or more tryptophanyl residues to
the solvent. From pH 3.5 to pH 2.0 a second fluorescence transition occurs, characterized by
a blue shift of λmax to 337 nm. This indicates the formation of a new type of structure in
which the environment of the tryptophanyl residues is more hydrophobic. It has been pro‐
posed that the molten globule represents a common intermediate of the acid denaturation of
many monomeric proteins.

GSTs are crystallized as dimers, but in solution class mu GST from rat its Asp97 mutant en‐
zymes undergo reversible association and dissociation, the extent of which depends on pro‐
tein concentration. Addition of 3 M potassium bromide to buffer solutions containing the
wild-type rGSTM1-1 has generated monomers (GSTM1) [37]. A monomeric species of a hu‐
man GSTpi has been constructed by introducing 10 site specific mutations. This drastically
changed enzyme was structurally stable, but retained no activity [38].

The nonsubstrate ligand 8-anilino-1-naphthalene sulfonate (ANS) is a negatively charged
hydrophobic fluorescent molecule, largely used to check the presence of compact partially
folded intermediates. In fact, its very low fluorescence quantum yield in polar environment
is strongly increased in non polar solvents [39]. Therefore, the binding of this molecule to
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equilibrated in buffer A in the presence of the indicated concentration of urea at room temperature. Excitation was
done at 280 nm and fluorescence was recorded from 300 to 400 nm.

In particular, the pH-dependent fluorescence transition of BaGSTM is clearly characterized
by many distinct steps. The behavior of the protein in an acidic environment was investigat‐
ed and analyses of fluorescence emission spectra of BaGSTM in solutions at different pH
values were performed. The position of the emission maximum of a protein's fluorescence
spectrum, upon excitation at 280 nm, was highly sensitive to the environment around its
tryptophanyl and tyrosyl residues. As shown in figure 6, the acid denaturation of BaGSTM,
as followed by the intrinsic fluorescence changes, was characterized by the presence of at
least three transition states [33].
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1.2 for 1 h before measurement. Excitation was done at 280 nm and fluorescence was recorded from 6 
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Figure 6. pH-induced equilibrium unfolding for BaGSTM monitored by fluorescence. The protein (20μg/ml) was equi‐
librated at room temperature in 0.02 M citrate-phosphate buffer at pH from 7.0 to 1.2 for 1 h before measurement.
Excitation was done at 280 nm and fluorescence was recorded from 300 to 400 nm (a-c). Emission maxima were de‐
termined using the same excitation wavelength (d).

However, between pH 5.0 and 3.5, an initial red shift, from 338 to 342 nm of the maximum
fluorescence emission, indicates a partial exposure of one or more tryptophanyl residues to
the solvent. From pH 3.5 to pH 2.0 a second fluorescence transition occurs, characterized by
a blue shift of λmax to 337 nm. This indicates the formation of a new type of structure in
which the environment of the tryptophanyl residues is more hydrophobic. It has been pro‐
posed that the molten globule represents a common intermediate of the acid denaturation of
many monomeric proteins.

GSTs are crystallized as dimers, but in solution class mu GST from rat its Asp97 mutant en‐
zymes undergo reversible association and dissociation, the extent of which depends on pro‐
tein concentration. Addition of 3 M potassium bromide to buffer solutions containing the
wild-type rGSTM1-1 has generated monomers (GSTM1) [37]. A monomeric species of a hu‐
man GSTpi has been constructed by introducing 10 site specific mutations. This drastically
changed enzyme was structurally stable, but retained no activity [38].

The nonsubstrate ligand 8-anilino-1-naphthalene sulfonate (ANS) is a negatively charged
hydrophobic fluorescent molecule, largely used to check the presence of compact partially
folded intermediates. In fact, its very low fluorescence quantum yield in polar environment
is strongly increased in non polar solvents [39]. Therefore, the binding of this molecule to
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partially folded proteins, containing clusters of hydrophobic side chains accessible to sol‐
vent, is often observed in the presence of molten globules [23].

Unbound ANS emission spectra showed a maximum at 530 nm that was blue shifted upon
binding of the dye to the protein. Binding of ANS to BaGSTM as a function of GdmCl concen‐
tration showed one peak centered at 1.5 M and one peak as a function of urea concentrations
centred at 3.5 M (Figures 7 a and b). ANS binding fluorescence of BaGSTM as a function of pH
did not show any transition peak. However, the fluorescence intensity was increased as the pH
decreased. The fluorescence intensity about 2000 fold higher at pH 2.0 compared with that at
neutral pH (Figure 7 c). At the neutral pH, the fluorescence of ANS in the presence of BaGSTM
is perfectly super imposable to that of ANS alone. At less than pH 3.8, ANS binds to BaGSTM
showed a blue shift displacement with an enhancement of fluorescence intensity. Binding of
the dye occurs at the dimer interface and unfolded GST does not bind ANS. This makes ANS an
excellent probe to monitor changes at the packing of hydrophobic cores in protein which un‐
dergoes structural changes and has been broadly used to study the presence of monomeric in‐
termediates at the urea/GdmCl unfolding of several GSTs [38, 40-42]. ANS was also used to
detect the presence of folding intermediates with hydrophobic patches such as the molten
globule in penicillin G acylase [43] and apomyoglobin [44].
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Figure 7. Variation of ANS binding fluorescence at 480 nm as a function of GdmCl concentrations 3 
(a) or urea (b) or as a function of pH (c). The proteins (20 μg/ml) were equilibrated in buffer A at 4 
room temperature in the presence of the indicated concentration of denaturant or pH. 100 μM ANS 5 
was added to the solution. Excitation was done at 380 nm and emission at 480 nm. 6 
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The unfolding results of the R. (Boophilus) annulatus (BaGSTM) demonstrate that the probes used 8 
(intrinsic fluorescence, excitation of tryptophan and tyrosine and ANS binding fluorescence) are 9 
differentially sensitive to various conformational states of BaGSTM. The presence of multiple 10 
nonsuperimposable transitions for this enzyme indicates that the two states unfolding mechanism is 11 
not applicable, and it is highly suggestion of the existence of at least two well-populated stable 12 
intermediates. Similar datra were reported demonstrating the existence of stable intermediates at the 13 
unfolding of GSTs [42, 45-48]. However, only one transition intermediate was detected using ANS 14 
binding fluorescence for BaGSTM in presence of different concentrations of GdmCl or urea. This 15 
result is similar to that observed for sigma class GST in the presence of urea [46]. 16 
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indicated concentration of denaturant or pH. 100 μM ANS was added to the solution. Excitation was done at 380 nm
and emission at 480 nm.
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The unfolding results of the R. (Boophilus) annulatus (BaGSTM) demonstrate that the probes
used (intrinsic fluorescence, excitation of tryptophan and tyrosine and ANS binding fluores‐
cence) are differentially sensitive to various conformational states of BaGSTM. The presence
of multiple nonsuperimposable transitions for this enzyme indicates that the two states un‐
folding mechanism is not applicable, and it is highly suggestion of the existence of at least
two well-populated stable intermediates. Similar data were reported demonstrating the exis‐
tence of stable intermediates at the unfolding of GSTs [42, 45-48]. However, only one transi‐
tion intermediate was detected using ANS binding fluorescence for BaGSTM in presence of
different concentrations of GdmCl or urea. This result is similar to that observed for sigma
class GST in the presence of urea [46].

4. GST and immune system

Tick control is considered crucial all over the world to minimize the major drawbacks of tick
infestations. The control strategies were adopted to use the acaricides which become less ef‐
ficient. Seixas et al. [49] has stated the alternative approaches used in tick control and are
classified into four groups: (i) biological control by tick pathogens or predators [50]; (ii) habi‐
tat alterations by planting tick-killing or repelling vegetation [51]; (iii) immunological con‐
trol [52]; and (iv) development of tick-resistant breeds. They stated that although these
methods have been proved to be theoretically valuable, most of them have been forsaken,
since they did not afford acceptable cost/benefit ratios under field conditions, except for vac‐
cines.

Many types of chemical tick control were started since 1893 including the application of ar‐
senic acaricides, gamma BHC (organochlorine acaricide) and DDT. However, resistance to
DDT was reported within 5 years of field application [53]. The toxicity plus the environmen‐
tal awareness and other factors led to the removal of the previously mentioned acaricides
from the tick control market.

In early 1960’s, Diazinon and other organophosphate acaricides were applied and in 1970’s,
Triatix was the first amidine to be registered for tick control. In the 1980’s, pyrethroids (Flu‐
methrin and Permethrin) were also registered for tick control. The following table 2 shows
the different acaricides used in tick control.

Along with the application of these chemicals with acaricidal properties as the predominant
method of tick control throughout the world, resistance to the majority of the groups of
chemicals had been evolved. Generally, the resistance may arise through several mecha‐
nisms including target sites, metabolic mechanism or reduced penetration. The target site re‐
sistance occurs when an allele of the gene coding for the target molecule is attacked by the
acaricide. The penetration resistance occurs when an acaricide fails to penetrate the target
individual. This type of resistance has not been reported in ticks. The third type of resistance
mechanisms is the metabolic pathway which occurs through changes in the abilities of acari‐
cide detoxification by an organism [17]. Three enzyme families including cytochrome P450s
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partially folded proteins, containing clusters of hydrophobic side chains accessible to sol‐
vent, is often observed in the presence of molten globules [23].

Unbound ANS emission spectra showed a maximum at 530 nm that was blue shifted upon
binding of the dye to the protein. Binding of ANS to BaGSTM as a function of GdmCl concen‐
tration showed one peak centered at 1.5 M and one peak as a function of urea concentrations
centred at 3.5 M (Figures 7 a and b). ANS binding fluorescence of BaGSTM as a function of pH
did not show any transition peak. However, the fluorescence intensity was increased as the pH
decreased. The fluorescence intensity about 2000 fold higher at pH 2.0 compared with that at
neutral pH (Figure 7 c). At the neutral pH, the fluorescence of ANS in the presence of BaGSTM
is perfectly super imposable to that of ANS alone. At less than pH 3.8, ANS binds to BaGSTM
showed a blue shift displacement with an enhancement of fluorescence intensity. Binding of
the dye occurs at the dimer interface and unfolded GST does not bind ANS. This makes ANS an
excellent probe to monitor changes at the packing of hydrophobic cores in protein which un‐
dergoes structural changes and has been broadly used to study the presence of monomeric in‐
termediates at the urea/GdmCl unfolding of several GSTs [38, 40-42]. ANS was also used to
detect the presence of folding intermediates with hydrophobic patches such as the molten
globule in penicillin G acylase [43] and apomyoglobin [44].
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Figure 7. Variation of ANS binding fluorescence at 480 nm as a function of GdmCl concentrations 3 
(a) or urea (b) or as a function of pH (c). The proteins (20 μg/ml) were equilibrated in buffer A at 4 
room temperature in the presence of the indicated concentration of denaturant or pH. 100 μM ANS 5 
was added to the solution. Excitation was done at 380 nm and emission at 480 nm. 6 
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The unfolding results of the R. (Boophilus) annulatus (BaGSTM) demonstrate that the probes
used (intrinsic fluorescence, excitation of tryptophan and tyrosine and ANS binding fluores‐
cence) are differentially sensitive to various conformational states of BaGSTM. The presence
of multiple nonsuperimposable transitions for this enzyme indicates that the two states un‐
folding mechanism is not applicable, and it is highly suggestion of the existence of at least
two well-populated stable intermediates. Similar data were reported demonstrating the exis‐
tence of stable intermediates at the unfolding of GSTs [42, 45-48]. However, only one transi‐
tion intermediate was detected using ANS binding fluorescence for BaGSTM in presence of
different concentrations of GdmCl or urea. This result is similar to that observed for sigma
class GST in the presence of urea [46].

4. GST and immune system

Tick control is considered crucial all over the world to minimize the major drawbacks of tick
infestations. The control strategies were adopted to use the acaricides which become less ef‐
ficient. Seixas et al. [49] has stated the alternative approaches used in tick control and are
classified into four groups: (i) biological control by tick pathogens or predators [50]; (ii) habi‐
tat alterations by planting tick-killing or repelling vegetation [51]; (iii) immunological con‐
trol [52]; and (iv) development of tick-resistant breeds. They stated that although these
methods have been proved to be theoretically valuable, most of them have been forsaken,
since they did not afford acceptable cost/benefit ratios under field conditions, except for vac‐
cines.

Many types of chemical tick control were started since 1893 including the application of ar‐
senic acaricides, gamma BHC (organochlorine acaricide) and DDT. However, resistance to
DDT was reported within 5 years of field application [53]. The toxicity plus the environmen‐
tal awareness and other factors led to the removal of the previously mentioned acaricides
from the tick control market.

In early 1960’s, Diazinon and other organophosphate acaricides were applied and in 1970’s,
Triatix was the first amidine to be registered for tick control. In the 1980’s, pyrethroids (Flu‐
methrin and Permethrin) were also registered for tick control. The following table 2 shows
the different acaricides used in tick control.

Along with the application of these chemicals with acaricidal properties as the predominant
method of tick control throughout the world, resistance to the majority of the groups of
chemicals had been evolved. Generally, the resistance may arise through several mecha‐
nisms including target sites, metabolic mechanism or reduced penetration. The target site re‐
sistance occurs when an allele of the gene coding for the target molecule is attacked by the
acaricide. The penetration resistance occurs when an acaricide fails to penetrate the target
individual. This type of resistance has not been reported in ticks. The third type of resistance
mechanisms is the metabolic pathway which occurs through changes in the abilities of acari‐
cide detoxification by an organism [17]. Three enzyme families including cytochrome P450s
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(115 individual members), esterases (81 individual members), and GSTs (39 individual
members), are involved in the metabolic resistance mechanism.

Type of Acaricide Examples Mode of Action

Arsenical Compounds Arsenic Trioxide

Arsenite may bind to intracellular thiols, such as glutathione, and

hence disrupting the ratio of reduced to oxidized glutathione

leading to inhibition of cell division [54]

Chlorinated

Hydrocarbons

(Organochlorines)

DDT

Gamma BHC

Lindane

Toxaphene

Interfere with the nerve conduction of ticks by affecting the ion

channels, especially the voltage gated Na+ channels [55]

Organophosphates
Diazinon

Dichlorphos

Suppress the enzyme acetyl-cholinesterase [56]. This group of

acaricides is used in the form of phosphorothionates which are

converted by the ticks into an active more toxic ingredient named

“phosphate” or the “Oxon”.

Carbamates Propoxure Very similar to organophosphates

Amidines
Amitraz

Cymiazol

They inhibit the monoamine oxidase enzyme which is responsible

for the metabolism of neurotransmitter amines in tick nervous

system. They probably interact with octopamine receptors causing

an increase in nervous activity causing detaching of ticks from the

animal [57]

Pyrethroides

Cypermethrin

Flumethrin

Cyhalothrin

Alphamethrin

They interfere with nerve conduction [58]

Macrocyclic lactones

(eg. Avermectin group)
Ivermectin

It affects neural transmission. In ticks, ivermectin inhibits female

engorgement by reduction of body weight [59]

Table 2. Different acaricide groups used in tick control.

Anti-tick vaccine development is focused on the identification, molecular cloning and in vi‐
tro production of proteins playing key putative roles in tick physiology, such as cell signal‐
ing, modulation of host immune response, pathogen transmission, embryogenesis,
digestion, and intermediary metabolism [60]. Of the different antigens used as an anti-tick
vaccine was the GST molecule. GST was of special interest to stimulate cattle immune sys‐
tem and their critical role in the metabolic resistance of acaricides. The immunological bases
of using GSTs as vaccines may be derived from the hypothesis that parasites can survive
within their hosts for a period of time despite the complex immune environment surround‐
ing them possibly accomplish this by adopting various immunomodulatory strategies,
which include release of GSTs that counteract the oxidative reactive oxygen species (ROS)
produced by the host activated cells and attach parasite cell membrane [61].

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

280

Since GSTs produced by parasites appear to be critical for the survival of parasites in the
host, several studies evaluated the potential of parasite GSTs as vaccine candidates especial‐
ly against schistosomiasis, fascioliasis and filarial parasites. However, several immunologi‐
cal studies were carried out to identify potential vaccines against helminth parasites
including Schistosoma mansoni where the successful Sm28GST vaccine was developed by
Capron et al. [62] and is in Phase II clinical trials. The injection of Sm28GST antigen elicited
the production of immunoglobulins (especially IgE) and activation of eosinophils which
could interfere with the function of parasitic GST [62]. Interestingly, the injection of
Sm28GST in toxicity studies performed in dogs, rabbits and rats showed no system or local
toxicity and no cross reactivity with rat or human GST [62]. Bushara et al. [63] and Morrison
et al. [64] suggested that GST of Schisotosoma spp. and Fasciola spp. improved host immunity
against these parasites. In this respect, GSTs were found to be up-regulated in response to
rickettsial infection of D. variabilis ovaries [65]. They found that there is 0.25 fold increase in
the mRNA expression of the GST gene.

Previous studies correlated the role of GSTs in insect innate immunity with increased GST
expression in response to infection-induced oxidative stress [66-70]. Increasing numbers of
insect GSTs are being characterized due to their roles in insecticide detoxification. Dreher-
Lesnick et al. [71] had cloned two GST variants and sequenced from the American dog tick;
D. variabilis tick. Their structural analysis revealed that one of them belongs to the theta class
(Figure 8) but no data is available about their biological activities. The secondary structure
prediction using the DSSP prediction is shown in figure 9. Comparison of these two GST
molecules with those of other species indicates that GST1 is related to the mammalian class
theta and insect class delta GSTs, while GST2 does not seem to fall in the same family.
Northern blotting analyses revealed differential expression patterns, where GST1 and GST2
transcripts are found in the tick gut, with GST2 transcripts also present in the ovaries. Both
D. variabilis GST transcripts are up-regulated upon tick feeding. The up-regulation of GST in
this state is probably due to the stresses incurred during blood feeding. The authors could
not rule out the possibility that up-regulation of GST in ticks may serve other purposes in‐
cluding cell protection from oxidative stress caused by infection with the intracellular bacte‐
rium Rickettsia.

D. variabilis serves as a host for an obligate intracellular cattle pathogen belongs to the genus
Anaplasma; Anaplasma marginale. The developmental cycle of this pathogen begins in the
gut cells of the host and the transmission to cattle occurs from the salivary glands during a
second tick feeding. The A. marginale parasite has two stages occur within parasitophorous
vacuole in the tick cell cytoplasm; the reticulated form (RF) which will transform to the in‐
fective dense form (DF). Kocan et al. [72] studied the characterization of the silencing effects
of 4 different D. variabilis genes (separately) including the GST (DQ224235) on the develop‐
ment and infection levels of the A. marginale. They used the RNAi technology to silence
these genes in male ticks and they showed that the A. marginale infection was inhibited both
in tick guts after acquisition feeding and salivary glands after transmission feeding. D. varia‐
bilis ticks injected with GST dsRNA showed significant lower density of dense forms in guts
after acquisition feeding. In general, the results of GST silencing demonstrate that GST is re‐
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(115 individual members), esterases (81 individual members), and GSTs (39 individual
members), are involved in the metabolic resistance mechanism.

Type of Acaricide Examples Mode of Action

Arsenical Compounds Arsenic Trioxide

Arsenite may bind to intracellular thiols, such as glutathione, and

hence disrupting the ratio of reduced to oxidized glutathione

leading to inhibition of cell division [54]

Chlorinated

Hydrocarbons

(Organochlorines)

DDT

Gamma BHC

Lindane
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Interfere with the nerve conduction of ticks by affecting the ion

channels, especially the voltage gated Na+ channels [55]

Organophosphates
Diazinon

Dichlorphos

Suppress the enzyme acetyl-cholinesterase [56]. This group of

acaricides is used in the form of phosphorothionates which are

converted by the ticks into an active more toxic ingredient named

“phosphate” or the “Oxon”.

Carbamates Propoxure Very similar to organophosphates

Amidines
Amitraz

Cymiazol

They inhibit the monoamine oxidase enzyme which is responsible

for the metabolism of neurotransmitter amines in tick nervous

system. They probably interact with octopamine receptors causing

an increase in nervous activity causing detaching of ticks from the

animal [57]

Pyrethroides

Cypermethrin

Flumethrin

Cyhalothrin

Alphamethrin

They interfere with nerve conduction [58]

Macrocyclic lactones

(eg. Avermectin group)
Ivermectin

It affects neural transmission. In ticks, ivermectin inhibits female

engorgement by reduction of body weight [59]

Table 2. Different acaricide groups used in tick control.

Anti-tick vaccine development is focused on the identification, molecular cloning and in vi‐
tro production of proteins playing key putative roles in tick physiology, such as cell signal‐
ing, modulation of host immune response, pathogen transmission, embryogenesis,
digestion, and intermediary metabolism [60]. Of the different antigens used as an anti-tick
vaccine was the GST molecule. GST was of special interest to stimulate cattle immune sys‐
tem and their critical role in the metabolic resistance of acaricides. The immunological bases
of using GSTs as vaccines may be derived from the hypothesis that parasites can survive
within their hosts for a period of time despite the complex immune environment surround‐
ing them possibly accomplish this by adopting various immunomodulatory strategies,
which include release of GSTs that counteract the oxidative reactive oxygen species (ROS)
produced by the host activated cells and attach parasite cell membrane [61].
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D. variabilis tick. Their structural analysis revealed that one of them belongs to the theta class
(Figure 8) but no data is available about their biological activities. The secondary structure
prediction using the DSSP prediction is shown in figure 9. Comparison of these two GST
molecules with those of other species indicates that GST1 is related to the mammalian class
theta and insect class delta GSTs, while GST2 does not seem to fall in the same family.
Northern blotting analyses revealed differential expression patterns, where GST1 and GST2
transcripts are found in the tick gut, with GST2 transcripts also present in the ovaries. Both
D. variabilis GST transcripts are up-regulated upon tick feeding. The up-regulation of GST in
this state is probably due to the stresses incurred during blood feeding. The authors could
not rule out the possibility that up-regulation of GST in ticks may serve other purposes in‐
cluding cell protection from oxidative stress caused by infection with the intracellular bacte‐
rium Rickettsia.

D. variabilis serves as a host for an obligate intracellular cattle pathogen belongs to the genus
Anaplasma; Anaplasma marginale. The developmental cycle of this pathogen begins in the
gut cells of the host and the transmission to cattle occurs from the salivary glands during a
second tick feeding. The A. marginale parasite has two stages occur within parasitophorous
vacuole in the tick cell cytoplasm; the reticulated form (RF) which will transform to the in‐
fective dense form (DF). Kocan et al. [72] studied the characterization of the silencing effects
of 4 different D. variabilis genes (separately) including the GST (DQ224235) on the develop‐
ment and infection levels of the A. marginale. They used the RNAi technology to silence
these genes in male ticks and they showed that the A. marginale infection was inhibited both
in tick guts after acquisition feeding and salivary glands after transmission feeding. D. varia‐
bilis ticks injected with GST dsRNA showed significant lower density of dense forms in guts
after acquisition feeding. In general, the results of GST silencing demonstrate that GST is re‐

Glutathione S-Transferase Genes from Ticks
http://dx.doi.org/10.5772/52482

281



quired for pathogen infection of D. variabilis guts and salivary glands and IDE8 cells. It
would suggest that GST may reduce the harmful effects of the metabolites, produced by the
cellular oxidative stress, which may affect the development of the pathogen. Surprisingly,
Kocan et al. [72] noticed that A. marginale infection was increased in the fat body cells in the
GST silenced ticks.

Vaccination studies using tick proteins like GST from Haemaphysalis longicornis (Hl-GST)
demonstrated the immunogenicity and antigenicity of this protein in bovines. Ultimately,
immunization with GST protein triggered a partial immune response against R. microplus
infestation in cattle, manifested mainly as a reduction of 7.9% in egg fertility, 53% in the
number of fully engorged ticks and 57% overall efficacy ratio [73]. These data suggest that
GST proteins have potential to be used as antigens in an anti-tick vaccine.

In conclusion, the phylogenetic analysis of the different cloned GST genes from different tick
species indicates that numerous GSTs are present in the tick genome, which may or may not
belong to different classes. These sequences are distributed in different tick organs including
ovaries, gut and salivary glands. However, it is clear that protective immunity against tick
infestation can be achieved; demonstrating that vaccination is a realistic unconventional ap‐
proach for tick control and GST would be a candidate.
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Figure 8. Dermacentor variabilis Glutathione S-transferase GST1 and GST2 (DQ224235 and 4 
AY241958, respectively) amino acid conservation. The conservation scoring is performed by 5 
PRALINE software (http://zeus.few.vu.nl). The scoring scheme works from 0 for the least conserved 6 
alignment position, up to 10 for the most conserved alignment position. The color assignments are as 7 
in figure 1. 8 
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AY241958, respectively) 3-state (H, E C) secondary structure. The Helix (H) structure is in red and 4 
the Strand (E) is in blue. The sequence in the alignment has no color assigned for the coil (C) because 5 
there is no DSSP information available, or that no prediction was possible for that sequence. The 6 
conservation scoring was performed by PRALINE software (http://zeus.few.vu.nl). 7 
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tion was possible for that sequence. The conservation scoring was performed by PRALINE software (http://
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quired for pathogen infection of D. variabilis guts and salivary glands and IDE8 cells. It
would suggest that GST may reduce the harmful effects of the metabolites, produced by the
cellular oxidative stress, which may affect the development of the pathogen. Surprisingly,
Kocan et al. [72] noticed that A. marginale infection was increased in the fat body cells in the
GST silenced ticks.

Vaccination studies using tick proteins like GST from Haemaphysalis longicornis (Hl-GST)
demonstrated the immunogenicity and antigenicity of this protein in bovines. Ultimately,
immunization with GST protein triggered a partial immune response against R. microplus
infestation in cattle, manifested mainly as a reduction of 7.9% in egg fertility, 53% in the
number of fully engorged ticks and 57% overall efficacy ratio [73]. These data suggest that
GST proteins have potential to be used as antigens in an anti-tick vaccine.

In conclusion, the phylogenetic analysis of the different cloned GST genes from different tick
species indicates that numerous GSTs are present in the tick genome, which may or may not
belong to different classes. These sequences are distributed in different tick organs including
ovaries, gut and salivary glands. However, it is clear that protective immunity against tick
infestation can be achieved; demonstrating that vaccination is a realistic unconventional ap‐
proach for tick control and GST would be a candidate.
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1. Introduction

Allergic diseases are manifested in susceptible individual by exposure to proteins named
allergens that induce an immune response mediated by IgE antibody. Numerous allergens
from different sources such as plants, insects, mites and mammals have been obtained as
recombinant molecules by molecular cloning. These types of molecules have shown molecular,
functional and immunological properties similar to the corresponding natural allergens and,
therefore, could be used for in vitro and in vivo diagnosis test of allergy. An important step
was done with the development of variants of allergens with reduced allergenicity and
preserved immunogenicity, which paved the way toward its rational use in allergen specific
immunotherapy to treat allergies. Few of the allergens cloned have been developed to a stage
at which they are suitable for use in clinical studies. However, today the academic and scientific
communities note a broad and important activity to offer in the near future preparations with
enhanced clinical efficacy and safety. In this work, basic aspects and experimental and clinical
results of this process are presented.

2. Progress in the molecular cloning and production of allergens

The molecular cloning has provided a practical and efficient way to obtain highly purified
molecules for different purposes; in the biomedical sciences this is evident by the increasing
amount of biological products, obtained by recombinant DNA technology, which are com‐
mercially available for diagnosis and treatment of different diseases, as well as the wide variety
of reagents for basic research. The era of molecular cloning of allergen molecules was initiated
in 1988 with the report of a cDNA clone coding for the allergen Der p 1 isolated from a cDNA
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library of the house dust mite Dermatophagoides pteronyssinus, screened with rabbit anti -Der p
1 antiserum [1, 2]. Latter, Tovey, E.R et al. [3], using sera from allergic individuals for screening
a mite cDNA library also isolated a clone of Der p 1. This strategy was useful to explore the
whole spectrum of IgE binding proteins in a natural source and to isolate positive clones to
express the molecules [4, 5]. The development and optimization of technology based on the
polymerase chain reaction (PCR), have given an important impulse to cloning and identifica‐
tion of new allergens. PCR can be applied to screen cDNA library and amplify specific clones,
or to obtain by RT- PCR the nucleotide sequence coding for specific allergens and then cloning
in an appropriate vector for expression [6-10]. The numerous nucleotide sequences of allergens
reported in data bank have facilitated the isolation of new allergens from RNA material using
PCR technology, avoiding the construction of cDNA library and the use of sera from allergic
subjects for screening, which is time consuming [11-14]. An expressed sequence tagging (EST)
approach was applied to obtaining a large sampling and overview of expressed genomes of
several mite species [15], the EST approach involved the partial sequencing of random clones
selected from cDNA libraries, allowing the identification of allergens with homology to genes
from more distantly related species or even across taxonomic kingdoms.

The bacteria E. coli is the preferred expression system used for the production of recombinant
allergens, most of the house dust mite allergens have been expressed in this system with
success, allowing the molecular characterization [4, 5, 9, 10, 16-18]. The use of E. coli may result
in non-functional products expressed in inclusion bodies, and without the post-translational
modifications necessaries for their appropriate folding and biologic functions [19]. However,
by genetic engineering modified strains of this bacteria and novel expression vectors have been
obtained, which allow expression of heterologous protein in soluble form with functional
properties and high yield; Origami, Rosetta or BL21(DE3)-CodonPlus-pRIL and Rosetta-gami
are strains commercially available for obtain recombinants with some pos-translational
modifications [20]. In these E. coli strains the expression of allergens from the pollen Artemisia
vulgaris (Art v 3), the peanut (Ara h 2) and the beta-lactoglobulin from bovine have been
obtained in higher yield and solubility, and with structural and immunological properties
comparable to native allergens [21-23]. The GST tag used in the expression of the first re‐
combinant allergens have been replace for His x6 tag, which is shorter, the recombinant can
be analyzed without removing the tag due to the negligible effect on the properties of the
molecule, and several efficient purification systems are commercially available.

The eukaryotic expression system have the capacity of performing many of the post-transla‐
tional modifications including signal sequences, disulfide bond formation, and addition of
lipid and carbohydrates. A variety of eukaryotic expression systems like yeast, insect cells,
mammalian cells and plants are available. The yeast P. pastoris is easy to manipulate and
frequently used to express recombinant molecules with all the characteristics of their natural
counterparts, with a yield about 10 to 100 times higher than E. coli [24, 25]. Several recombinant
allergens have been obtained by expression in this yeast and their biologic properties demon‐
strated by different methods, this system have resulted especially practical when post-
translational modifications or biochemical activity exist [26-29]. The human cells have been
used to obtain the Phleum pretense allergen, Phl p 5, as a secreted or membrane-anchored
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protein and showed to be biologically active, with capacity to bind human IgE, to induce
mediator release from basophiles and to stimulate T cell proliferation [30]. A large percentage
of allergens are from plants, thus the plant-based expression systems are ideal for the produc‐
tion of certain recombinant allergens, which could have problems such as incorrect processing,
incorrect folding and insolubility when expressed in bacteria or other non-plant systems.
Thaumatin or thaumatin-like proteins, only when expressed in Nicotiana benthamiana result in
fully IgE-reactive proteins [31]. Interesting, expression in plants offers the opportunity for oral
delivery of recombinant allergens of non- plant origin as a therapeutic approach for mucosal
immunization for treating allergic diseases. Oral treatment of mice with squash extracts
containing virus-expressed Der p 5 allergen caused inhibition of both allergen-specific IgE
synthesis and airway inflammation [32], this plant-based edible vaccines is very promising.

3. Current vaccines for allergic diseases

Allergies are inflammatory diseases characterized by a Th2 biased response induced in atopic
individuals for exposure to allergens. The Th2 response is also induced by helminthes, which
occur in an environment characterized by the presence of IL-4, IL-5 and IL-13. Nuocytes [33,
34], basophiles [35] and type 2 multi-potent progenitor cells [36] seem to be an important source
of this cytokines and necessary for the development of allergic response. Allergen-specific IgE
antibodies produced by B cells bind to Fc epsilon receptor 1 (FcεRI) on basophiles or mast cells,
sensitizing them. After consecutive exposure, allergen binds to IgE on these cells leading to
the release of inflammatory mediators of immediate-type symptoms of allergic diseases and
paves the way for late-phase inflammatory responses caused by basophiles, eosinophils and
T cells. Allergen specific Th1, Th9, Th17 and Treg cells are also produced in this process [37, 38].

Allergen-specific immunotherapy (SIT) is the only curative and specific approach for treatment
of allergies [39, 40]. The current SIT consists of gradual administration of increasing amounts
of allergenic extract with the aim to avoid allergic symptoms associated to the exposition. The
induction of allergen tolerance is the essential immunological mechanisms of SIT, and involve
allergen-specific memory T and B-cell that lead to immune tolerance characterized by a specific
noninflammatory reactivity to a given allergen and prevention of new sensitizations and
progression of allergic disease. During the immunotherapy, different regulatory and effectors
components of the immune system are involved (Figure 1). Allergen tolerance is characterized
by the generation of two subgroups of Treg cells: FOXP3+ CD4+ CD25+ Treg cells and inducible
Treg cells [41]. T-regulatory type 1 (Tr1) cells have shown to play a major role in allergen
tolerance induced by SIT [42, 43]. The immunosuppressor mechanism of Treg cells is mediated
by the production of high level of anti-inflammatory cytokines IL-10 and TGF-β, although IFN-
γ could also be produced [44-46]. The expression of different subtypes of antibodies during
SIT is mediated by the activity of regulatory cytokines secreted by Treg cells; IL-10 is a potent
suppressor of allergen-specific IgE and simultaneously increases IgG4 production [42]. SIT
increase 10 to 100 folds the serum levels of allergen-specific IgG1 and IgG4 [43, 47]. The IgG4
seems to act as a blocking antibody that interacts with the allergen, avoiding interaction of
allergen with the IgE [48].
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Figure 1. Mechanism of allergen-specific immunotherapy. After vaccination, allergen is taken up by antigen present‐
ing cells leading to the differentiation of naïve T cells to inducible T regulatory cells. These cells with the thymus-de‐
rived FOXP3+CD4+CD25+ T regulatory cells, suppress allergic response by the following mechanisms. 1. Suppression of
mast cells, eosinophils and basophils. 2. Induction of IgG4 antibodies production from B cells that block the binding of
allergen with the IgE. 3. Suppression of effector T cells.

Vaccines composed of whole allergenic extract are complex mixtures of known and unknown
material, prepared directly from the allergen source, thus containing allergenic and non-
allergenic material and being difficult to standardize [49-51]. Some non-allergenic components
have been shown to prime a Th2 response [52], which offset the efficacy of this type of vaccines.
SIT with allergenic extract induce a variety of side effects ranging from local to systemic which
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in some case may be life-threatening [53]. Moreover, in some preparations the important
allergens are not well represented or they exhibit poor immunogenicity [51]. Administration
of whole allergenic extracts can induce new IgE specificities against allergens present which
were not recognized by the patient before treatment [54]. All these facts decrease the efficacy
and safety of the current allergen SIT [50]. Therefore, among new approaches to provide a
better treatment for allergic diseases is to develop vaccines based on preparations with a well-
defined composition, suitable for a good standardization and very low risk of anaphylaxis,
here the recombinant allergens or modification of these represent a good option, they show
characteristics that could allow to replace advantageously the whole allergenic extracts [55],
(Table 1).

Disadvantages of natural allergen extracts

Contain undefined components, some of which may promote allergic responses

Lack or contain low amounts of important allergens

Can be contaminated with unwanted materials or allergens from other sources

Cannot be tailored to the patient’s sensitization profile

May induce new sensitizations

Do not suit the international quality standards for vaccines

Cannot be compared between different products or batches

Do not allow the precise monitoring and investigation of mechanisms underlying treatment

Advantages of recombinant allergens

Represent molecules with defined physicochemical and immunologic properties that can be modified to

foster advantageous characteristics

Amounts can be easily controlled on the basis of mass units

Potencies and ratios can be exactly adjusted for each molecule

Represents pure molecules

Vaccines can be exactly tailored according to the patient’s sensitization profile

Fit the international quality standards for vaccines

Can be precisely compared to give consistent and reproducible products or batches

Allow the precise monitoring and investigation of mechanisms underlying treatment

Can be reproducible modified to suit different treatment strategies

Table 1. Advantages of recombinant allergens over traditional allergen extracts
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4. Recombinant allergens for diagnosis and allergen-specific
immunotherapy

Recombinant allergens may be obtained with the same structural and immunological prop‐
erties of its natural equivalent, therefore, the usefulness for diagnosis or immunotherapy is
guarantee. These can be expressed in large amounts in E. coli or eukaryotic systems at low cost
and without contaminants, and manipulating the nucleotide sequence of allergens followed
by molecular cloning and protein expression, modified version of allergens that preserve the
specific T cell recognition of the natural offending molecule but reduced allergenicity, can be
obtained providing a good material for allergen vaccine development.

4.1. Diagnosis of allergy

A more appropriate diagnostic of allergic diseases would be obtained by identification of the
particular molecules involved in allergic response, which could be done using purified wild
type or recombinant allergens in order to define the sensitization profile of each allergic subject,
the concept “Component-resolved diagnosis” was applied to this kind of diagnosis [56], that
would allow a “component-resolved immunotherapy”, in which only the allergens involved
in the sensitization are applied to an allergic subject, avoiding new sensitizations. There are
some illustrative examples of the goodness of this future practice: in skin tests with three
recombinant cherry allergens, rPru av 1, rPru av 3 and rPru av 4, the diagnosis of allergic
population could be obtained with sensitivity similar to that obtained with the allergenic
extract [57]. The population allergic to peanut was identified using three recombinant peanut
allergens (rAra h 1, rAra h 2 and rAra h 3) [58], in this study and another with celery allergens
was demonstrated that recombinant allergens improve the sensitivity of diagnosis compared
to allergenic extracts [58, 59]. In allergies with a high compromise of cross-reactivity such as
the pollen-related food allergy the power of in vitro testing using allergenic extracts is very low
[60]. Component resolved diagnosis with recombinant allergens result in excellent sensitivity,
when applied to allergy to hazelnut that shows cross-reactivity with pollen allergy. Vespid
allergy is characterized by cross-reactivity between hymenoptera species, and it has been
established that the true source of sensitization must be defined to ensure the efficacy of venom
immunotherapy [61]. Monsalve, et al. [62], found that in the Mediterranean regions, a compo‐
nent-resolved diagnosis for wasp allergy could be accurately defined using a mixture of the
allergens Ves v 1 and Ves v 5 from Vespula spp, and Pol d 1 and Pol d 5 from Polistes domini‐
lus. A combination of these four allergens is enough to differentiate the real causative venom
in at least 69% of the population. In allergy with a wide spectrum of sensitization profile as
the induced by Phleum pretense pollens, the use of recombinants is useful to establish a tailor
made immunotherapy approach [63]. A hybrid molecule composed of several segments of a
grass pollen allergen showed in skin tests on 32 allergic individuals that with only this molecule
all the allergic patients can be identified [64].

The technology of microarrays can be applied to target protein interactions and the serological
immune response to antigens [65]. Microarrays are highly useful for detecting all antibodies
isotypes and are a powerful tool for component-resolved diagnosis. The primary advantage
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of microarrays is that specific IgE to thousands allergens can be assayed in parallel with small
amounts of serum, at the same time, much less amount of allergen is required. The advantages
of protein microarrays to detect specific-antibodies against multiple targets have been taken
to develop component-based diagnosis tools. A microarray based test developed by VBC
Genomic and Phadia market as “ISAC” that uses a combination of 103 purified natural and
recombinant allergens from 47 species, is available in Europe, however, in the United States it
has not yet been approved for use by the US Food and Drug Administration and is available
only as a research tool (Available at: http://www.pirllab.com/). One of its potentials lies in the
recognition of individual patterns of IgE reactivity to protein families with homologues across
plant or animal species [66, 67]. When microarray test for diagnosis of birch and timothy allergy
were compared with other in vitro tests (Phadia CAP-FEIA and in-house ELISA), a correlation
greater than 0.9, with high sensitivity and specificity was obtained [68]. Latex allergy diagnosis
is well known to be confounded by a high rate of false positive results when using conventional
testing, and positive specific IgE results does not always mirror the clinical situation. A
combination of recombinant latex allergens (Hev b 1, Hev b 3, Hev b 5 and Hev b 6.02) on a
microarray, was enough to detect individuals allergic to latex with a sensitivity of 80%, and
allows discrimination between genuine allergy and sensitization [69]. Recently, a library of
419 overlapping peptides corresponding to the aminoacid sequence of peanut allergens Ara h
1, Ara h 2 and Ara h 3, printed onto glass slides to asses IgE reactivity, was evaluated as a
diagnostic tool that could replace the traditional used double-blind, placebo controlled food
challenge, that is time consuming, expensive, stressful for the patient and have the risk for
potentially life-threatening anaphylactic reaction [70, 71]. Based on the number or peptides
that bind IgE and the intensity of the reaction, was possible to distinguish peanut allergic and
peanut tolerant individuals with approximately 90% sensitivity and 95% specificity [71].

To evaluate the clinical significance and allergenicity of several recombinant allergens from
B. tropicalis and D. pteronyssinus in asthmatic patients from a tropical environment, IgE level
were determined in sera from 90 asthmatic patients and 10 healthy controls. In addition, SPT
was performed in a selected group of these patients [72]. Three recombinant allergens Der p
1, Der p 2, and Der p 10 were able to detect 93% of D. pteronyssinus allergic subjects. No adverse
reactions were observed in the allergic or control subjects who were skin tested. We can
conclude that recombinant allergens from B. tropicalis and D. pteronyssinus are useful for in
vitro and in vivo diagnostic tests of mite allergy diseases.

4.2. Allergen-specific immunotherapy

Allergen SIT with recombinant allergens was proposed when it was demonstrated that these
molecules have similar or the same biological properties of their natural counterparts [73, 74],
and the necessity of highly purified and well standardized allergens were required for
overcome the problems related to difficult standardization and management of the doses
observed with the whole allergenic extracts. A study with the recombinant pollen allergen Bet
v 1 (rBet v 1) demonstrated that immunotherapy with a single allergen is effective for the
specific treatment of allergy [75]. In a multicenter, double-blind, placebo-controlled clinical
trial, patients with history of birch pollen–related rhinoconjunctivitis were divided in four
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4. Recombinant allergens for diagnosis and allergen-specific
immunotherapy

Recombinant allergens may be obtained with the same structural and immunological prop‐
erties of its natural equivalent, therefore, the usefulness for diagnosis or immunotherapy is
guarantee. These can be expressed in large amounts in E. coli or eukaryotic systems at low cost
and without contaminants, and manipulating the nucleotide sequence of allergens followed
by molecular cloning and protein expression, modified version of allergens that preserve the
specific T cell recognition of the natural offending molecule but reduced allergenicity, can be
obtained providing a good material for allergen vaccine development.
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A more appropriate diagnostic of allergic diseases would be obtained by identification of the
particular molecules involved in allergic response, which could be done using purified wild
type or recombinant allergens in order to define the sensitization profile of each allergic subject,
the concept “Component-resolved diagnosis” was applied to this kind of diagnosis [56], that
would allow a “component-resolved immunotherapy”, in which only the allergens involved
in the sensitization are applied to an allergic subject, avoiding new sensitizations. There are
some illustrative examples of the goodness of this future practice: in skin tests with three
recombinant cherry allergens, rPru av 1, rPru av 3 and rPru av 4, the diagnosis of allergic
population could be obtained with sensitivity similar to that obtained with the allergenic
extract [57]. The population allergic to peanut was identified using three recombinant peanut
allergens (rAra h 1, rAra h 2 and rAra h 3) [58], in this study and another with celery allergens
was demonstrated that recombinant allergens improve the sensitivity of diagnosis compared
to allergenic extracts [58, 59]. In allergies with a high compromise of cross-reactivity such as
the pollen-related food allergy the power of in vitro testing using allergenic extracts is very low
[60]. Component resolved diagnosis with recombinant allergens result in excellent sensitivity,
when applied to allergy to hazelnut that shows cross-reactivity with pollen allergy. Vespid
allergy is characterized by cross-reactivity between hymenoptera species, and it has been
established that the true source of sensitization must be defined to ensure the efficacy of venom
immunotherapy [61]. Monsalve, et al. [62], found that in the Mediterranean regions, a compo‐
nent-resolved diagnosis for wasp allergy could be accurately defined using a mixture of the
allergens Ves v 1 and Ves v 5 from Vespula spp, and Pol d 1 and Pol d 5 from Polistes domini‐
lus. A combination of these four allergens is enough to differentiate the real causative venom
in at least 69% of the population. In allergy with a wide spectrum of sensitization profile as
the induced by Phleum pretense pollens, the use of recombinants is useful to establish a tailor
made immunotherapy approach [63]. A hybrid molecule composed of several segments of a
grass pollen allergen showed in skin tests on 32 allergic individuals that with only this molecule
all the allergic patients can be identified [64].

The technology of microarrays can be applied to target protein interactions and the serological
immune response to antigens [65]. Microarrays are highly useful for detecting all antibodies
isotypes and are a powerful tool for component-resolved diagnosis. The primary advantage
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of microarrays is that specific IgE to thousands allergens can be assayed in parallel with small
amounts of serum, at the same time, much less amount of allergen is required. The advantages
of protein microarrays to detect specific-antibodies against multiple targets have been taken
to develop component-based diagnosis tools. A microarray based test developed by VBC
Genomic and Phadia market as “ISAC” that uses a combination of 103 purified natural and
recombinant allergens from 47 species, is available in Europe, however, in the United States it
has not yet been approved for use by the US Food and Drug Administration and is available
only as a research tool (Available at: http://www.pirllab.com/). One of its potentials lies in the
recognition of individual patterns of IgE reactivity to protein families with homologues across
plant or animal species [66, 67]. When microarray test for diagnosis of birch and timothy allergy
were compared with other in vitro tests (Phadia CAP-FEIA and in-house ELISA), a correlation
greater than 0.9, with high sensitivity and specificity was obtained [68]. Latex allergy diagnosis
is well known to be confounded by a high rate of false positive results when using conventional
testing, and positive specific IgE results does not always mirror the clinical situation. A
combination of recombinant latex allergens (Hev b 1, Hev b 3, Hev b 5 and Hev b 6.02) on a
microarray, was enough to detect individuals allergic to latex with a sensitivity of 80%, and
allows discrimination between genuine allergy and sensitization [69]. Recently, a library of
419 overlapping peptides corresponding to the aminoacid sequence of peanut allergens Ara h
1, Ara h 2 and Ara h 3, printed onto glass slides to asses IgE reactivity, was evaluated as a
diagnostic tool that could replace the traditional used double-blind, placebo controlled food
challenge, that is time consuming, expensive, stressful for the patient and have the risk for
potentially life-threatening anaphylactic reaction [70, 71]. Based on the number or peptides
that bind IgE and the intensity of the reaction, was possible to distinguish peanut allergic and
peanut tolerant individuals with approximately 90% sensitivity and 95% specificity [71].

To evaluate the clinical significance and allergenicity of several recombinant allergens from
B. tropicalis and D. pteronyssinus in asthmatic patients from a tropical environment, IgE level
were determined in sera from 90 asthmatic patients and 10 healthy controls. In addition, SPT
was performed in a selected group of these patients [72]. Three recombinant allergens Der p
1, Der p 2, and Der p 10 were able to detect 93% of D. pteronyssinus allergic subjects. No adverse
reactions were observed in the allergic or control subjects who were skin tested. We can
conclude that recombinant allergens from B. tropicalis and D. pteronyssinus are useful for in
vitro and in vivo diagnostic tests of mite allergy diseases.

4.2. Allergen-specific immunotherapy

Allergen SIT with recombinant allergens was proposed when it was demonstrated that these
molecules have similar or the same biological properties of their natural counterparts [73, 74],
and the necessity of highly purified and well standardized allergens were required for
overcome the problems related to difficult standardization and management of the doses
observed with the whole allergenic extracts. A study with the recombinant pollen allergen Bet
v 1 (rBet v 1) demonstrated that immunotherapy with a single allergen is effective for the
specific treatment of allergy [75]. In a multicenter, double-blind, placebo-controlled clinical
trial, patients with history of birch pollen–related rhinoconjunctivitis were divided in four
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groups and treated for two years with rBet v 1, natural birch pollen extract, natural Bet v 1
(nBet v 1) or placebo, to compare the efficacy of each preparation for allergen-specific immu‐
notherapy. Treatment with rBet v 1 reduced symptoms of rhinoconjunctivitis and skin
reactivity induced by birch pollen, and showed to be safety without serious adverse events.
In contrast, one adverse event appears in the group treated with nBet v 1. Clinical improvement
and reduction of sensitivity were accompanied with marked increase in Bet v 1-specific IgG1,
IgG2 and IgG4 levels, which were higher in the rBet v 1-treated group than in nBet v 1-treated
group. Importantly, new IgE specificities were induced in 3 patients treated with birch pollen
extract, but in none of rBet v 1 or nBet v 1 treated patients.

In a placebo controlled immunotherapy study, a mixture of equimolar concentration of five
Phleum pretense allergens (Phl p 1, Phl p 2, Phl p 5a, Phl p 5b and Phl p 6) was administered via
subcutaneous for 18 months in patients with grass pollen–induced allergic rhinitis, to deter‐
mining efficacy and safety [43]. The immunotherapy showed a 36.5% lower median average
symptom score for active treatment compared with placebo and reduction in the need for
medication. By the first and second pollen season, improvement in quality of life scores was
present in the patients receiving active treatment. Active treatment induced IgG1 concentra‐
tions approximately 60-fold, peaking during the rusty 12 months of the study and IgG4 levels
showed a 4000 fold increase by the end of treatment. In contrast, after immunotherapy IgE
levels in the active treated group were significantly lower than placebo group. Only about 1%
of recombinant grass allergen injections led to systemic reactions. This was the first clinical
study of immunotherapy with a cocktail of 5 recombinant grass pollen allergens that showed
its clinical efficacy, good tolerance and strong induction of allergen specific IgG antibody
response.

5. Approaches for an immunotherapy of allergy based on modified
recombinant allergens

Several in vitro and in vivo assays indicate that allergy vaccines based on recombinant allergens
might have provide a safe and efficacious immunotherapy. However, recombinants with the
same amino acid sequence and similar allergenic activity as the natural allergens can elicit IgE-
mediated side effects, which are a major risk during allergen-specific immunotherapy. To
overcome this problem different approach have been designed to obtain molecules without or
reduced IgE reactivity [76]. Recombinant DNA technology has allowed the rational design and
production of well-defined modified allergens for this purpose. Hypo-allergens are molecules
derived from wild type allergen which exhibits reduced capacity to react with IgE antibodies
and low ability to induce IgE-mediated mast cells or basophile degranulation. They are
designed to reduce the risk of anaphylaxis during the course of immunotherapy, are molecules
with conserved T-cell epitopes that could be recognized by specific T lymphocytes to induce
a protective response against wild-type allergen.

Some allergens are present in the nature as a mix of several isoforms with high structural
homology but different IgE reactivity. The production by molecular cloning of natural isoforms
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with low IgE reactivity has been used to propose anti-allergy vaccines. Bet v 1.0401 and Bet v
1.1001 are isoforms that have lower IgE reactivity compared to the Bet v 1.0101 [77, 78].
Antibody response against Bet v 1.0401 is IgG4-specific and has low capacity to induce
basophile degranulation [79].

Hypo-allergens obtained by site-directed mutagenesis

The availability of multiple clones of recombinant allergens has facilitated the implementation
of site directed mutagenesis to obtain modified allergens for a better immunotherapy. There
are several examples of this approach that illustrate the potential use for the development of
new vaccines. Mouse allergic individuals are sensitized mainly against the major allergen Mus
m 1 a urinary protein belonging to the lipocalin superfamily which have typicall β-barrel fold,
that can be modified by mutation in the Tyr 120 residue, [80, 81]. Two hypo-allergenic variants
of this allergen; mutants 1Y120A, and Mus m 1-Y120F were expressed in P. pastoris with a
modified fold [82]. The mutants showed low capacity to react with IgE from allergic individ‐
uals and induced lower basophil degranulation than those induced by Mus m 1. In lympho‐
proliferation assays, using cells from mouse allergic individuals the mutants induced similar
lymphoproliferation to that induced by Mus m 1. In other study three variants of an allergen
from Artemisia (Art v 1), C22S, C47S and C49S [83], showed low IgE reactivity and mediator
release from RBL cells. In addition, the variants C49S and C22S induced significantly higher
T cell proliferative response in Artemisia allergic patients compared to the obtained with rArt
v 1, suggesting a potential utility for the immunotherapy of population allergic to Artemisia.
Using a different approach; mutations in residues involved in IgE binding but maintaining the
3D structure of the natural allergen, Spangforth et al. showed that mutants Gln45-Ser and
Pro108-Gly of allergen Bet v 1 displayed lower IgE reactivity and induced synthesis of IgG
antibodies that block the IgE reactivity against the natural Bet v1 [84]. Unlike the above
mentioned studies. The x-ray crystallography structures of the mutants were similar to the
natural allergen, indicating that the reduced IgE reactivity is not mediated by an inadequate
folding.

Hybrid proteins

Hybrid proteins are structures composed by two or more allergens or short portions of them
in only one molecule, in this way new interaction and bonds are generated, which may alter
the 3D structure and B epitopes characteristic of natural allergens. Decreasing the capacity of
IgE binding and mast cell degranulation. However, if these proteins conserve the T cell
epitopes, they could induce a protective response after allergen challenge. A single molecule
composed by different allergen polypeptides might reduce the number of molecules to be
included in the vaccine. Furthermore, hybrid molecules consisting of several copies of
homologous allergens or immunologically unrelated allergens could be used for the allergy
treatment in the patients who are sensitized to several allergens.

T. P. King, who constructed a molecule composed by two allergens from insect and demon‐
strated in vitro and mice models studies its anti-allergenic properties [85], pioneered the design
of hybrid proteins for allergen immunotherapy. Gonzales-Rioja et al. [86] obtained by PCR-
based engineering a molecule composed by two allergens from the pollen Parietaria judaica
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groups and treated for two years with rBet v 1, natural birch pollen extract, natural Bet v 1
(nBet v 1) or placebo, to compare the efficacy of each preparation for allergen-specific immu‐
notherapy. Treatment with rBet v 1 reduced symptoms of rhinoconjunctivitis and skin
reactivity induced by birch pollen, and showed to be safety without serious adverse events.
In contrast, one adverse event appears in the group treated with nBet v 1. Clinical improvement
and reduction of sensitivity were accompanied with marked increase in Bet v 1-specific IgG1,
IgG2 and IgG4 levels, which were higher in the rBet v 1-treated group than in nBet v 1-treated
group. Importantly, new IgE specificities were induced in 3 patients treated with birch pollen
extract, but in none of rBet v 1 or nBet v 1 treated patients.

In a placebo controlled immunotherapy study, a mixture of equimolar concentration of five
Phleum pretense allergens (Phl p 1, Phl p 2, Phl p 5a, Phl p 5b and Phl p 6) was administered via
subcutaneous for 18 months in patients with grass pollen–induced allergic rhinitis, to deter‐
mining efficacy and safety [43]. The immunotherapy showed a 36.5% lower median average
symptom score for active treatment compared with placebo and reduction in the need for
medication. By the first and second pollen season, improvement in quality of life scores was
present in the patients receiving active treatment. Active treatment induced IgG1 concentra‐
tions approximately 60-fold, peaking during the rusty 12 months of the study and IgG4 levels
showed a 4000 fold increase by the end of treatment. In contrast, after immunotherapy IgE
levels in the active treated group were significantly lower than placebo group. Only about 1%
of recombinant grass allergen injections led to systemic reactions. This was the first clinical
study of immunotherapy with a cocktail of 5 recombinant grass pollen allergens that showed
its clinical efficacy, good tolerance and strong induction of allergen specific IgG antibody
response.

5. Approaches for an immunotherapy of allergy based on modified
recombinant allergens

Several in vitro and in vivo assays indicate that allergy vaccines based on recombinant allergens
might have provide a safe and efficacious immunotherapy. However, recombinants with the
same amino acid sequence and similar allergenic activity as the natural allergens can elicit IgE-
mediated side effects, which are a major risk during allergen-specific immunotherapy. To
overcome this problem different approach have been designed to obtain molecules without or
reduced IgE reactivity [76]. Recombinant DNA technology has allowed the rational design and
production of well-defined modified allergens for this purpose. Hypo-allergens are molecules
derived from wild type allergen which exhibits reduced capacity to react with IgE antibodies
and low ability to induce IgE-mediated mast cells or basophile degranulation. They are
designed to reduce the risk of anaphylaxis during the course of immunotherapy, are molecules
with conserved T-cell epitopes that could be recognized by specific T lymphocytes to induce
a protective response against wild-type allergen.

Some allergens are present in the nature as a mix of several isoforms with high structural
homology but different IgE reactivity. The production by molecular cloning of natural isoforms
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with low IgE reactivity has been used to propose anti-allergy vaccines. Bet v 1.0401 and Bet v
1.1001 are isoforms that have lower IgE reactivity compared to the Bet v 1.0101 [77, 78].
Antibody response against Bet v 1.0401 is IgG4-specific and has low capacity to induce
basophile degranulation [79].

Hypo-allergens obtained by site-directed mutagenesis

The availability of multiple clones of recombinant allergens has facilitated the implementation
of site directed mutagenesis to obtain modified allergens for a better immunotherapy. There
are several examples of this approach that illustrate the potential use for the development of
new vaccines. Mouse allergic individuals are sensitized mainly against the major allergen Mus
m 1 a urinary protein belonging to the lipocalin superfamily which have typicall β-barrel fold,
that can be modified by mutation in the Tyr 120 residue, [80, 81]. Two hypo-allergenic variants
of this allergen; mutants 1Y120A, and Mus m 1-Y120F were expressed in P. pastoris with a
modified fold [82]. The mutants showed low capacity to react with IgE from allergic individ‐
uals and induced lower basophil degranulation than those induced by Mus m 1. In lympho‐
proliferation assays, using cells from mouse allergic individuals the mutants induced similar
lymphoproliferation to that induced by Mus m 1. In other study three variants of an allergen
from Artemisia (Art v 1), C22S, C47S and C49S [83], showed low IgE reactivity and mediator
release from RBL cells. In addition, the variants C49S and C22S induced significantly higher
T cell proliferative response in Artemisia allergic patients compared to the obtained with rArt
v 1, suggesting a potential utility for the immunotherapy of population allergic to Artemisia.
Using a different approach; mutations in residues involved in IgE binding but maintaining the
3D structure of the natural allergen, Spangforth et al. showed that mutants Gln45-Ser and
Pro108-Gly of allergen Bet v 1 displayed lower IgE reactivity and induced synthesis of IgG
antibodies that block the IgE reactivity against the natural Bet v1 [84]. Unlike the above
mentioned studies. The x-ray crystallography structures of the mutants were similar to the
natural allergen, indicating that the reduced IgE reactivity is not mediated by an inadequate
folding.

Hybrid proteins

Hybrid proteins are structures composed by two or more allergens or short portions of them
in only one molecule, in this way new interaction and bonds are generated, which may alter
the 3D structure and B epitopes characteristic of natural allergens. Decreasing the capacity of
IgE binding and mast cell degranulation. However, if these proteins conserve the T cell
epitopes, they could induce a protective response after allergen challenge. A single molecule
composed by different allergen polypeptides might reduce the number of molecules to be
included in the vaccine. Furthermore, hybrid molecules consisting of several copies of
homologous allergens or immunologically unrelated allergens could be used for the allergy
treatment in the patients who are sensitized to several allergens.

T. P. King, who constructed a molecule composed by two allergens from insect and demon‐
strated in vitro and mice models studies its anti-allergenic properties [85], pioneered the design
of hybrid proteins for allergen immunotherapy. Gonzales-Rioja et al. [86] obtained by PCR-
based engineering a molecule composed by two allergens from the pollen Parietaria judaica
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(Par j 1 and Par j 2) and demonstrated an important reduction of the IgE binding capacity by
skin prick test. Linhart et al. [87], constructed by PCR-based recombination, a nucleotide
sequence coding for principal allergens of timothy grass, Phl p 1, Phl p 2, Phl p 5 and Phl p 6.
The hybrid protein induced T cell proliferation similar to the equimolar mix of individual
allergens, the lymphocytes secreted regulatory and Th1 cytokines, IL-10 and IFN-γ, showing
capacity to induce immune deviation to a protective profile. In an allergic mouse model,
exposure to hybrid molecule induced the production of IgG that blocked mast degranulation.
However, this molecule was also capable to bind IgE from allergic individuals, and to induce
basophile degranulation, and high percentage of individuals allergic to timothy grass were
identified using this molecule, suggesting a potential as a diagnosis reagent.

The utility of hybrid proteins for the immunotherapy of house dust mite allergy have been
studied by Asturias, et al. [88], who designed two hybrid proteins composed by D. pteronyssi‐
nus allergens Der p 1 and Der p 2. The QM1 structure was composed of almost the whole
sequence of both allergens; a Der p 2-fragment from residues 5 to 123 at the N-terminus,
introducing point mutations on cysteine 8 and 119 to serine to avoid the formation of a
disulphide bridge, and a Der p 1-fragment from residues 4 to 222 at the C-terminus were joined.
The QM2 structure, was composed with the residues 1 to 73 and 74 to 129 of Der p 2, linked
to residues 5 to 222 of Der p 1. Western-blot assays with a serum pool from house dust mite
allergic patients showed decrease IgE reactivity of QM1, while QM2 showed no detectable IgE
binding capacity. The hypoallergenic properties of both hybrids were demonstrated by skin
tests. In vitro test with sample from allergic patients QM2 induced similar lymphoproliferation
that the induced by natural Der p 1 and Der p 2, whereas, QM1 induced higher proliferation.
It was demonstrated that antisera raised by immunization of mice with QM1 or QM2 lead to
the production of specific antibodies capable of blocking the binding of IgE reactivity to natural
allergens.

Recently, a hybrid protein composed of three allergens of Chenopodium album pollen, in the
order Che a 3-Che a 1-Che a 2, was constructed by using overlapping extension polymerase
chain reaction, expressed in E. coli BL21-CodonPlus(DE3)-RIL, to obtain a 46 kDa protein. Sera
from allergic patients showed lower IgE binding affinity to the hybrid molecule than the
mixture of recombinant allergens and the C. album pollen extract. Most of the allergic patients
showed positive skin test to a mixture of the three allergens, however, when tested with the
hybrid molecule allergic patients showed negative test or highly reduced weal area compared
to the mixture or to the pollen extract [89].

Mosaic proteins

Mosaic proteins are constituted by different segments of the same allergen, in different order
as they are present in the native molecule, such re-arrange generate new intra-molecular
interactions that alter B cell epitopes. A mosaic protein called P1m constructed with four
segments of the pollen allergen Phl p 1, showed lower IgE reactivity compared to the natural
allergen and was unable to induce histamine release from basophiles of allergic individuals.
However, this molecule conserved capacity to induce the proliferation of PBMCs. Immunized
rabbits expressed IgG antibodies that blocked the binding of Phl p 1 to the IgE and inhibit
histamine release from basophiles obtained from allergic individuals [90]. Other mosaic

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

300

protein constructed with segments derived from Phl p 2 reassembled in altered order and
expressed as a trimer showed absence of IgE reactivity with sera from allergic patients.
Basophile activation and skin prick tests, showed reduction of the allergenicity of this molecule
compared to recombinant Phl p 2. Furthermore, IgG antibodies produced by immunized mice
were able to inhibit the binding of recombinant Phl p 2 to the IgE from allergic subjects [91].
Mosaic proteins have been studied as a potential vaccine for immunotherapy of birch allergy
[92] and house dust mite allergy [93]. A mosaic protein composed of reorganized segments of
Bet v 1 preserved the specific T cell epitopes and showed approximately 100-fold reduced
allergenic activity compared with recombinant Bet v 1 [94, 95] and induced specific IgG
antibodies inhibitors of IgE reactivity to Bet v1 of sera from patients with pollen allergy [96].
The mosaic protein exhibited none IgE reactivity and lower basophile activation. Furthermore,
immunization with Bet v 1 derivatives induced IgG antibodies that recognized Bet v 1 and
inhibited IgE binding to Bet v 1 [92].

Fragments of allergens or modification of these, might be poorly immunogenic because they
don´t have enough T cell epitopes capable to stimulate a protective immune response. An
increase of immunogenicity can be obtained when proteins are made as oligomers which
enhance the number of T cell epitopes in the molecule. It has been observed that immunoge‐
nicity of Bet v1 increase when obtained as oligomer [97, 98]. By dot-blot analysis and lympho‐
proliferative responses in PBMCs from birch pollen allergic patients, trimers of re-organized
segments of Bet v1 had lower capacity to bind IgE and enhanced capacity to stimulate
lymphoproliferation. The CD203c expression analysis showed reduced allergenicity of these
oligomers, and when administrated to mice in an immunization scheme, induced the produc‐
tion of high titer of IgG1 antibody, that inhibited human IgE binding to wild type Bet v 1 [99].

5.1. Molecules to target specific compartments or receptors

Targeting allergens to endoplasmic reticulum

It has been suggested that administration of higher allergen doses enhances the efficacy of
immunotherapy [100]. However, administration of high doses increases the risk of anaphy‐
laxis. One approach to overcome this problem is to deliver high doses of allergen to B and T
cells directly, thus providing higher effective doses to stimulate a protective response, and
avoiding the interaction of allergen with IgE antibodies [101]. An allergen vaccine for cat
allergy composed of the major cat allergen Fel d 1 fused to the HIV-derived translocation
peptide TAT was designed to mediate cytoplasmic uptake of extracellular proteins [102, 103].
Un modified version of this approach, denominated Modular Antigen Translocation (MAT)
technology have been developed [104, 105], which consists of allergen fused to a peptide, to
direct them to the cytosol, and a truncated human invariant chain (Ii), to target the protein to
MHC class II heterodimers assembled in the endoplasmic reticulum and thus circumventing
phagosomal uptake and degradation. The allergens Asp f 1, Der p 1, Bet v 1, PLA2 and Fel d
1 fused to MAT, induced lymphoproliferation of PBMCs stimulated ex vivo with low allergen
doses, induced the secretion of Th1 type cytokines and IL-10, and inhibit the production of
Th2 cytokines [105]. The cat allergen Fel d 1 fused to MAT (MAT- Fel d 1) when administered
directly to the inguinal lymph nodes of allergic mice, showed capacity to stimulate the
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(Par j 1 and Par j 2) and demonstrated an important reduction of the IgE binding capacity by
skin prick test. Linhart et al. [87], constructed by PCR-based recombination, a nucleotide
sequence coding for principal allergens of timothy grass, Phl p 1, Phl p 2, Phl p 5 and Phl p 6.
The hybrid protein induced T cell proliferation similar to the equimolar mix of individual
allergens, the lymphocytes secreted regulatory and Th1 cytokines, IL-10 and IFN-γ, showing
capacity to induce immune deviation to a protective profile. In an allergic mouse model,
exposure to hybrid molecule induced the production of IgG that blocked mast degranulation.
However, this molecule was also capable to bind IgE from allergic individuals, and to induce
basophile degranulation, and high percentage of individuals allergic to timothy grass were
identified using this molecule, suggesting a potential as a diagnosis reagent.

The utility of hybrid proteins for the immunotherapy of house dust mite allergy have been
studied by Asturias, et al. [88], who designed two hybrid proteins composed by D. pteronyssi‐
nus allergens Der p 1 and Der p 2. The QM1 structure was composed of almost the whole
sequence of both allergens; a Der p 2-fragment from residues 5 to 123 at the N-terminus,
introducing point mutations on cysteine 8 and 119 to serine to avoid the formation of a
disulphide bridge, and a Der p 1-fragment from residues 4 to 222 at the C-terminus were joined.
The QM2 structure, was composed with the residues 1 to 73 and 74 to 129 of Der p 2, linked
to residues 5 to 222 of Der p 1. Western-blot assays with a serum pool from house dust mite
allergic patients showed decrease IgE reactivity of QM1, while QM2 showed no detectable IgE
binding capacity. The hypoallergenic properties of both hybrids were demonstrated by skin
tests. In vitro test with sample from allergic patients QM2 induced similar lymphoproliferation
that the induced by natural Der p 1 and Der p 2, whereas, QM1 induced higher proliferation.
It was demonstrated that antisera raised by immunization of mice with QM1 or QM2 lead to
the production of specific antibodies capable of blocking the binding of IgE reactivity to natural
allergens.

Recently, a hybrid protein composed of three allergens of Chenopodium album pollen, in the
order Che a 3-Che a 1-Che a 2, was constructed by using overlapping extension polymerase
chain reaction, expressed in E. coli BL21-CodonPlus(DE3)-RIL, to obtain a 46 kDa protein. Sera
from allergic patients showed lower IgE binding affinity to the hybrid molecule than the
mixture of recombinant allergens and the C. album pollen extract. Most of the allergic patients
showed positive skin test to a mixture of the three allergens, however, when tested with the
hybrid molecule allergic patients showed negative test or highly reduced weal area compared
to the mixture or to the pollen extract [89].

Mosaic proteins

Mosaic proteins are constituted by different segments of the same allergen, in different order
as they are present in the native molecule, such re-arrange generate new intra-molecular
interactions that alter B cell epitopes. A mosaic protein called P1m constructed with four
segments of the pollen allergen Phl p 1, showed lower IgE reactivity compared to the natural
allergen and was unable to induce histamine release from basophiles of allergic individuals.
However, this molecule conserved capacity to induce the proliferation of PBMCs. Immunized
rabbits expressed IgG antibodies that blocked the binding of Phl p 1 to the IgE and inhibit
histamine release from basophiles obtained from allergic individuals [90]. Other mosaic
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protein constructed with segments derived from Phl p 2 reassembled in altered order and
expressed as a trimer showed absence of IgE reactivity with sera from allergic patients.
Basophile activation and skin prick tests, showed reduction of the allergenicity of this molecule
compared to recombinant Phl p 2. Furthermore, IgG antibodies produced by immunized mice
were able to inhibit the binding of recombinant Phl p 2 to the IgE from allergic subjects [91].
Mosaic proteins have been studied as a potential vaccine for immunotherapy of birch allergy
[92] and house dust mite allergy [93]. A mosaic protein composed of reorganized segments of
Bet v 1 preserved the specific T cell epitopes and showed approximately 100-fold reduced
allergenic activity compared with recombinant Bet v 1 [94, 95] and induced specific IgG
antibodies inhibitors of IgE reactivity to Bet v1 of sera from patients with pollen allergy [96].
The mosaic protein exhibited none IgE reactivity and lower basophile activation. Furthermore,
immunization with Bet v 1 derivatives induced IgG antibodies that recognized Bet v 1 and
inhibited IgE binding to Bet v 1 [92].

Fragments of allergens or modification of these, might be poorly immunogenic because they
don´t have enough T cell epitopes capable to stimulate a protective immune response. An
increase of immunogenicity can be obtained when proteins are made as oligomers which
enhance the number of T cell epitopes in the molecule. It has been observed that immunoge‐
nicity of Bet v1 increase when obtained as oligomer [97, 98]. By dot-blot analysis and lympho‐
proliferative responses in PBMCs from birch pollen allergic patients, trimers of re-organized
segments of Bet v1 had lower capacity to bind IgE and enhanced capacity to stimulate
lymphoproliferation. The CD203c expression analysis showed reduced allergenicity of these
oligomers, and when administrated to mice in an immunization scheme, induced the produc‐
tion of high titer of IgG1 antibody, that inhibited human IgE binding to wild type Bet v 1 [99].

5.1. Molecules to target specific compartments or receptors

Targeting allergens to endoplasmic reticulum

It has been suggested that administration of higher allergen doses enhances the efficacy of
immunotherapy [100]. However, administration of high doses increases the risk of anaphy‐
laxis. One approach to overcome this problem is to deliver high doses of allergen to B and T
cells directly, thus providing higher effective doses to stimulate a protective response, and
avoiding the interaction of allergen with IgE antibodies [101]. An allergen vaccine for cat
allergy composed of the major cat allergen Fel d 1 fused to the HIV-derived translocation
peptide TAT was designed to mediate cytoplasmic uptake of extracellular proteins [102, 103].
Un modified version of this approach, denominated Modular Antigen Translocation (MAT)
technology have been developed [104, 105], which consists of allergen fused to a peptide, to
direct them to the cytosol, and a truncated human invariant chain (Ii), to target the protein to
MHC class II heterodimers assembled in the endoplasmic reticulum and thus circumventing
phagosomal uptake and degradation. The allergens Asp f 1, Der p 1, Bet v 1, PLA2 and Fel d
1 fused to MAT, induced lymphoproliferation of PBMCs stimulated ex vivo with low allergen
doses, induced the secretion of Th1 type cytokines and IL-10, and inhibit the production of
Th2 cytokines [105]. The cat allergen Fel d 1 fused to MAT (MAT- Fel d 1) when administered
directly to the inguinal lymph nodes of allergic mice, showed capacity to stimulate the
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production of high levels of IFN-γ and reduced levels of IL-4, compared to unmodified Fel d
1. Immunized mice expressed higher levels of IgG2a and showed protection against the
challenge of high doses of allergenic extract. Furthermore, MAT-Fel d 1 produced 100-fold less
degranulation and histamine release from basophiles compared to unmodified Fel d 1 [106].

Targeting allergens to receptors on dendritic cells

Dendritic cells (DCs) play an important role in the initiation and maintenance of T cell response
to allergens. Its role in the type of T cell response generated can be influenced by the maturation
state, while mature DCs induce effector T cell responses characterized by Th1 or Th2 response
[107], immature or semi-mature DCs are tolerogenic and have the ability to induce Tregs [108].
DCs express an array of Fc receptors which have the capacity to enhance allergen uptake
through internalization of allergen/antibody receptors complexes. When stimulated with
allergen, DCs express FcεRI, and activated a signal-transducing cascade involving immunor‐
eceptor tyrosine-based activation motif (ITAM), which result in increased production of
proinflammatory cytokines and chemokines, the induction of robust proliferation of allergen-
specific T cells and the development of allergic symptoms [109]. DCs also express the receptor
FcγRIIb that contains immunoreceptor tyrosine-based inhibition motif (ITIM) which induces
inhibitory signaling events. This receptor can co-aggregate with FcεRI that activating a
signaling cascade that culminates in inhibition of FcεRI signaling. Under these assumptions,
Zhu, D. et al. [110] designed a fusion molecule called GFD composed by a human IgG Fc
fragment linked to the allergen Fel d 1 by a flexible linker, with the aim to crosslink FcγRIIb
and FcεRI-bounded to the cat specific-IgE. In transgenic mice expressing human FcγRIIb and
FcεRI, sensitized with high doses of Fel d 1 specific-IgE and treated with several doses of GFD,
the challenge with Fel d 1 didn´t cause mast cell degranulation. A scheme of immunotherapy
with high doses of GFD resulted in the inhibition of allergic response against Fel d 1, pulmo‐
nary inflammation and skin reactivity in sensitized animals. Treated mice expressed IgG1
antibodies that blocked the binding of IgE to Fel d 1. When applied to mice sensitized to Fel d
1 in a scheme of rush immunotherapy, GFD blocked acute systemic allergic reaction, mast cell
degranulation, bronquial hyper-reactivity and pulmonary inflammation [111]. Recently, a
fusion protein composed of Fcγ chain and the Dermatophagoides farinae allergen, Der f 2, was
obtained and tested in a Der f 2 allergic murine model [112]. After treatment with the fusion
molecule, the levels of specific IgE to Der f 2, histamine and pro-inflammatory cytokines were
lowered in the Fcγ-Der f 2 treated allergic mice, compared to saline-treated allergic mice. These
results suggest that specific targeting of allergens to Fcγ receptors could be used as a strategy
in the development of antigen-specific immunotherapy for human allergic diseases.

A different molecular design was applied to target allergens to CD64 receptor on antigen
presenting cells; a fusion protein (H22-Fel d 1) composed by Fel d 1 linked to the variable region
of a monoclonal antibody anti-CD64 was designed to stimulate receptor internalization [113].
Flow cytometry analysis showed that H22-Fel d 1 binds to CD64 and reacted with IgE and IgG
with similar affinity compared to native allergen. In vitro assays demonstrated that the fusion
molecule stimulates the proliferation of T lymphocytes derived from allergic individuals and
the secretion of IL-5, IL-10 and IFN-γ [114]. Although H22-Fel d 1 is responsible of a positive
effect that could result in a protective response against allergen challenge, it also stimulated
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Th2 cytokines, in a mechanism in which the thymic stromal lymphopoietin (TSLP) cytokine
seems to be involved. This cytokine was shown to maintain and polarize circulating Th2 central
memory cells, including allergen-specific T cells [115]. Therefore, the usefulness of this kind
of preparation for allergy immunotherapy deserves further evaluation.

6. Insect sting allergy

Insect sting allergy are frequently caused by insect stings of the Apidae family (honeybees and
bumblebees), those from the Vespidae family (Vespula, Dolichovespula, Vespa and Polistes
genera) and, in some regions, also of the Formicidae family (ants). The sting can induce local
or systemic IgE-mediated hypersensitivity reactions that can be fatal [116]. Prevalence of
systemic reactions caused by insect stings are reported from 0,3% to 7,5% in the United States
and Europe [117, 118]. Up to one fifth of these subjects will eventually experience severe life-
threatening reactions. Hymenoptera venoms contain protein allergens, as well as non-
allergenic components, including toxins, vasoactive amines, acetylcholine, and kinins. Among
the multiple allergens in Hymenoptera venoms, two allergens are importan, the phospholipase
A2 from of honey bee (Apis mellifera) (Api m 1), and of the vespid venoms antigen 5 from
Vespula vulgaris (common wasp) denominated Ves v 5.

Several studies have demonstrated that immunotherapy for vespid allergy with venom
extracts is clinically effective and improve the quality of life and allergic symptoms. This
improvement is correlated to a significant decrease of total IgE levels, and increase in specific
IgG and IgG4 levels [119]. However, severe and life-threatening anaphylactic side effects may
be induced after the administration of crude allergen extracts [120].

One of the first attempts to obtain safer methods for immunotherapy of insect allergies was
made with allergen-derived peptides, containing T-cell epitopes. Peptides derived from the
bee allergen Api m 1, were applied to allergic individuals in different immunotherapy
schemes. In vitro and clinical phase trials showed that T cells from such patients showed
marked responsiveness to Api m 1 after long term treatment, a shift in the pattern of cytokine
secretion form a Th0 to a Th1 profile and increase in specific IgG4 levels [121-123].

The use of recombinant venom allergens for allergen specific immunotherapy has been
analyzed in animal models. Intranasal administration of the recombinant allergen from wasp
venom, rVes v 5, to mice prior to sensitization with natural allergens lead to a significant
reduction of the allergic reaction, reduction of specific IgE and IgG2a levels, increase of mRNA
levels of IL-10 and TGF-β. Pretreatment with the whole venom was less effective and caused
toxic side reactions, suggesting a favorable use of the recombinant protein [124]. Hybrid
proteins composed by allergens from bee venom have shown anti-allergenic properties in in
vitro and animal models [85]. A fusion protein composed of the two major bee venom allergens
Api m 1 and Api m 2 called Api m [1/2], showed reduced IgE reactivity of Api m [1/2] compared
with native allergens [125]. By the other hand, basophil degranulation and skin tests showed
that this fusion protein have hypo-allergenic properties. When applied subcutaneously, mice
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production of high levels of IFN-γ and reduced levels of IL-4, compared to unmodified Fel d
1. Immunized mice expressed higher levels of IgG2a and showed protection against the
challenge of high doses of allergenic extract. Furthermore, MAT-Fel d 1 produced 100-fold less
degranulation and histamine release from basophiles compared to unmodified Fel d 1 [106].

Targeting allergens to receptors on dendritic cells

Dendritic cells (DCs) play an important role in the initiation and maintenance of T cell response
to allergens. Its role in the type of T cell response generated can be influenced by the maturation
state, while mature DCs induce effector T cell responses characterized by Th1 or Th2 response
[107], immature or semi-mature DCs are tolerogenic and have the ability to induce Tregs [108].
DCs express an array of Fc receptors which have the capacity to enhance allergen uptake
through internalization of allergen/antibody receptors complexes. When stimulated with
allergen, DCs express FcεRI, and activated a signal-transducing cascade involving immunor‐
eceptor tyrosine-based activation motif (ITAM), which result in increased production of
proinflammatory cytokines and chemokines, the induction of robust proliferation of allergen-
specific T cells and the development of allergic symptoms [109]. DCs also express the receptor
FcγRIIb that contains immunoreceptor tyrosine-based inhibition motif (ITIM) which induces
inhibitory signaling events. This receptor can co-aggregate with FcεRI that activating a
signaling cascade that culminates in inhibition of FcεRI signaling. Under these assumptions,
Zhu, D. et al. [110] designed a fusion molecule called GFD composed by a human IgG Fc
fragment linked to the allergen Fel d 1 by a flexible linker, with the aim to crosslink FcγRIIb
and FcεRI-bounded to the cat specific-IgE. In transgenic mice expressing human FcγRIIb and
FcεRI, sensitized with high doses of Fel d 1 specific-IgE and treated with several doses of GFD,
the challenge with Fel d 1 didn´t cause mast cell degranulation. A scheme of immunotherapy
with high doses of GFD resulted in the inhibition of allergic response against Fel d 1, pulmo‐
nary inflammation and skin reactivity in sensitized animals. Treated mice expressed IgG1
antibodies that blocked the binding of IgE to Fel d 1. When applied to mice sensitized to Fel d
1 in a scheme of rush immunotherapy, GFD blocked acute systemic allergic reaction, mast cell
degranulation, bronquial hyper-reactivity and pulmonary inflammation [111]. Recently, a
fusion protein composed of Fcγ chain and the Dermatophagoides farinae allergen, Der f 2, was
obtained and tested in a Der f 2 allergic murine model [112]. After treatment with the fusion
molecule, the levels of specific IgE to Der f 2, histamine and pro-inflammatory cytokines were
lowered in the Fcγ-Der f 2 treated allergic mice, compared to saline-treated allergic mice. These
results suggest that specific targeting of allergens to Fcγ receptors could be used as a strategy
in the development of antigen-specific immunotherapy for human allergic diseases.

A different molecular design was applied to target allergens to CD64 receptor on antigen
presenting cells; a fusion protein (H22-Fel d 1) composed by Fel d 1 linked to the variable region
of a monoclonal antibody anti-CD64 was designed to stimulate receptor internalization [113].
Flow cytometry analysis showed that H22-Fel d 1 binds to CD64 and reacted with IgE and IgG
with similar affinity compared to native allergen. In vitro assays demonstrated that the fusion
molecule stimulates the proliferation of T lymphocytes derived from allergic individuals and
the secretion of IL-5, IL-10 and IFN-γ [114]. Although H22-Fel d 1 is responsible of a positive
effect that could result in a protective response against allergen challenge, it also stimulated
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Th2 cytokines, in a mechanism in which the thymic stromal lymphopoietin (TSLP) cytokine
seems to be involved. This cytokine was shown to maintain and polarize circulating Th2 central
memory cells, including allergen-specific T cells [115]. Therefore, the usefulness of this kind
of preparation for allergy immunotherapy deserves further evaluation.

6. Insect sting allergy

Insect sting allergy are frequently caused by insect stings of the Apidae family (honeybees and
bumblebees), those from the Vespidae family (Vespula, Dolichovespula, Vespa and Polistes
genera) and, in some regions, also of the Formicidae family (ants). The sting can induce local
or systemic IgE-mediated hypersensitivity reactions that can be fatal [116]. Prevalence of
systemic reactions caused by insect stings are reported from 0,3% to 7,5% in the United States
and Europe [117, 118]. Up to one fifth of these subjects will eventually experience severe life-
threatening reactions. Hymenoptera venoms contain protein allergens, as well as non-
allergenic components, including toxins, vasoactive amines, acetylcholine, and kinins. Among
the multiple allergens in Hymenoptera venoms, two allergens are importan, the phospholipase
A2 from of honey bee (Apis mellifera) (Api m 1), and of the vespid venoms antigen 5 from
Vespula vulgaris (common wasp) denominated Ves v 5.

Several studies have demonstrated that immunotherapy for vespid allergy with venom
extracts is clinically effective and improve the quality of life and allergic symptoms. This
improvement is correlated to a significant decrease of total IgE levels, and increase in specific
IgG and IgG4 levels [119]. However, severe and life-threatening anaphylactic side effects may
be induced after the administration of crude allergen extracts [120].

One of the first attempts to obtain safer methods for immunotherapy of insect allergies was
made with allergen-derived peptides, containing T-cell epitopes. Peptides derived from the
bee allergen Api m 1, were applied to allergic individuals in different immunotherapy
schemes. In vitro and clinical phase trials showed that T cells from such patients showed
marked responsiveness to Api m 1 after long term treatment, a shift in the pattern of cytokine
secretion form a Th0 to a Th1 profile and increase in specific IgG4 levels [121-123].

The use of recombinant venom allergens for allergen specific immunotherapy has been
analyzed in animal models. Intranasal administration of the recombinant allergen from wasp
venom, rVes v 5, to mice prior to sensitization with natural allergens lead to a significant
reduction of the allergic reaction, reduction of specific IgE and IgG2a levels, increase of mRNA
levels of IL-10 and TGF-β. Pretreatment with the whole venom was less effective and caused
toxic side reactions, suggesting a favorable use of the recombinant protein [124]. Hybrid
proteins composed by allergens from bee venom have shown anti-allergenic properties in in
vitro and animal models [85]. A fusion protein composed of the two major bee venom allergens
Api m 1 and Api m 2 called Api m [1/2], showed reduced IgE reactivity of Api m [1/2] compared
with native allergens [125]. By the other hand, basophil degranulation and skin tests showed
that this fusion protein have hypo-allergenic properties. When applied subcutaneously, mice
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showed reduced specific IgE, IgG and IgG2 serum levels; demonstrating that such protein
represents a potential candidate for specific immunotherapy.

Naturally occurring variants of insect allergens could be also useful for specific immunother‐
apy. For example, the sting of Polybia scutellaris, a South American wasp, does not cause allergic
symptoms, however it has been proven that its venom contain Antigen 5 (Poly s 5), an analogue
of the allergen Pol s 5 [126, 127]. In mice, Poly s 5 induced IgG antibodies that cross react with
Pol a 5, but induced only minimal amounts of IgE and was poor inducer of basophil-mediator
release. Moreover, Poly s 5-specific serum showed a specific protective activity and was able
to inhibit Pol a 5-induced basophil degranulation [128].

Despite the promising results observed with recombinant and modified allergens in in vitro
and in vivo studies, more clinical phase studies need to be performed to demonstrate their
applicability for the allergen specific immunotherapy of insect allergy.

7. Recombinant allergy vaccines in clinical phase trials

Clinical trials with recombinant wild type allergens, and modified allergens have been
performed (Table 2). The first studies of allergen SIT with purified molecules were done with
peptides containing T cell epitopes either from the cat allergen Fel d 1 or from bee-venom-
derived phospholipase, administered without adjuvant [122, 123, 129-135]. Such peptides were
characterized by its low or none IgE binding capacity. However, they induced late phase
systemic side effects in different grades depending in the dose and route of administration
[129, 132, 134, 135]. Therapy with T cell peptides does not seem to influence IgE-mediated
allergic reactions, in fact, the majority of studies didn’t find evidence of changes in IgE levels
or IgE-mediated allergic inflammation furthermore, no induction of IgG response was noted.

Allergic patients under immunotherapy with hypoallergenic preparations of the major birch
pollen allergen Bet v 1 adsorbed to aluminum hydroxide as a pre-seasonal treatment for birch
pollen allergy in a clinical trial, expressed high levels of IgG1, IgG2 and IgG4 antibodies
directed against Bet v 1. These IgG antibodies blocked allergen-induced basophile degranu‐
lation and were associated with the ability of patients to tolerate higher allergen concentrations
in nasal provocation tests [136]. Immunotherapy with wild-type recombinant Bet v 1 has also
been examined for tablet-based sublingual immunotherapy in a phase II, multicenter, double-
blind, placebo-controlled, however, this study is still on course and only have been reported
good tolerability of the preparation with no serious adverse events and most side effects
observed locally [137].

In a clinical trial, a group of patients with grass pollen allergy was treated with a combination
of the major grass pollen allergens (Phl p 1, Phl p 2, Phl p 5a, Phl p 5b and Phl p 6) or with
placebo for subcutaneous immunotherapy [43]. Patients treated with the recombinants
improve their symptom medication score and had high IgG antibodies levels against natural
grass pollen allergens. Several studies of immunotherapy with these mixed allergens have
been performed and registered in the National Institutes of Health Clinical trial database (Table
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2). Recently, the immunomodulatory properties of MAT-Fel d 1 was studied in a phase I/IIa
clinical study [138]. In a randomized double blind trial, intralymphatic immunotherapy (ILIT)
with MAT-Fel d 1 in alum was compared with placebo, consisting in 3 injections of each
preparation for two months. MAT-Fel d 1 caused reduced skin reactions compared to equi‐
molar concentration of nFel d 1 by intradermal injection, which proved practically painless
and reduced drug-related adverse effects compared to placebo group. The IgG4 serum levels
in MAT-Fel d 1 treated group increased by a factor of 5.66, while IgG1 and IgE levels didn´t
change. After treatment, PBMCs from allergic individuals secreted higher levels of IL-10 when
challenged with rFel d 1. Immunotherapy with MAT-Fel d 1 showed to be successful because
patients increased their tolerance to nasal challenge, skin prick and dermal test, with cat dander
extract. Improvement of quality of life of patients treated with MAT-Fel d 1 was maintained
300 days after immunotherapy.

Allergen Allergen-based vaccine Rout of administration/Trials Year
NIH Registration

number / Reference

Bet v 1 (Birch

pollen

allergen)

Bet v 1 trimer SCIT, DBPC, Phase II 2000 [125]

Bet v 1 fragments SCIT, DBPC, Phase II 2000 [125]

Bet v 1 folding variant

SCIT, OC, Phase II 2002 NCT00266526

SCIT, DBPC, Phase III 2004 NCT00309062

SCIT, DBPC, Phase III 2007 NCT00554983

SCIT, Immunological and histological

evaluation
2009 NCT00841516

Recombinant Bet v 1

SCIT, DBPC, Phase II 2002 NCT00410930

SLIT, Phase I 2006 NCT00396149

SLIT, Phase I 2007 NCT00889460

SLIT, DBPC, Phase II 2008 NCT00901914

Birch pollen

and apple

allergens

Bet v 1 / Mal d 1 SCIT, DBPC, Phase II 2011 NCT01449786

Phleum

pratense

allergens

Mix: Phl p 1, Phl p 2, Phl p 5a,

Phl p 5b and Phl p 6

SCIT, DBPC, Phase II 2002

SCIT, DBPC, Phase III 2004 NCT00309036

SCIT, DBPC, Phase II 2008 NCT0671268

SCIT, DBPC, Phase III 2009 NCT01353755

Phleum pratense peptide fused

to carries protein

SCIT, Phase II 2011 NCT01445002

SCIT, DBPC, Phase IIb
2012

(Initiating)
NCT01538979

Peanut

allergens

Modified Ara h 1, Ara h 2, Ara h

3
Rectal 2009 NCT00850668

NCT numbers identify the trials that are registered in the National Institutes of Health Clinical trial database.

DBPC, Double-blind, placebo-controlled; OC, open controlled; SCIT, subcutaneous immunotherapy; SLIT, sublingual
immunotherapy.

Table 2. Currently ongoing recombinant molecules development for allergen specific immunotherapy.
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showed reduced specific IgE, IgG and IgG2 serum levels; demonstrating that such protein
represents a potential candidate for specific immunotherapy.

Naturally occurring variants of insect allergens could be also useful for specific immunother‐
apy. For example, the sting of Polybia scutellaris, a South American wasp, does not cause allergic
symptoms, however it has been proven that its venom contain Antigen 5 (Poly s 5), an analogue
of the allergen Pol s 5 [126, 127]. In mice, Poly s 5 induced IgG antibodies that cross react with
Pol a 5, but induced only minimal amounts of IgE and was poor inducer of basophil-mediator
release. Moreover, Poly s 5-specific serum showed a specific protective activity and was able
to inhibit Pol a 5-induced basophil degranulation [128].

Despite the promising results observed with recombinant and modified allergens in in vitro
and in vivo studies, more clinical phase studies need to be performed to demonstrate their
applicability for the allergen specific immunotherapy of insect allergy.

7. Recombinant allergy vaccines in clinical phase trials

Clinical trials with recombinant wild type allergens, and modified allergens have been
performed (Table 2). The first studies of allergen SIT with purified molecules were done with
peptides containing T cell epitopes either from the cat allergen Fel d 1 or from bee-venom-
derived phospholipase, administered without adjuvant [122, 123, 129-135]. Such peptides were
characterized by its low or none IgE binding capacity. However, they induced late phase
systemic side effects in different grades depending in the dose and route of administration
[129, 132, 134, 135]. Therapy with T cell peptides does not seem to influence IgE-mediated
allergic reactions, in fact, the majority of studies didn’t find evidence of changes in IgE levels
or IgE-mediated allergic inflammation furthermore, no induction of IgG response was noted.

Allergic patients under immunotherapy with hypoallergenic preparations of the major birch
pollen allergen Bet v 1 adsorbed to aluminum hydroxide as a pre-seasonal treatment for birch
pollen allergy in a clinical trial, expressed high levels of IgG1, IgG2 and IgG4 antibodies
directed against Bet v 1. These IgG antibodies blocked allergen-induced basophile degranu‐
lation and were associated with the ability of patients to tolerate higher allergen concentrations
in nasal provocation tests [136]. Immunotherapy with wild-type recombinant Bet v 1 has also
been examined for tablet-based sublingual immunotherapy in a phase II, multicenter, double-
blind, placebo-controlled, however, this study is still on course and only have been reported
good tolerability of the preparation with no serious adverse events and most side effects
observed locally [137].

In a clinical trial, a group of patients with grass pollen allergy was treated with a combination
of the major grass pollen allergens (Phl p 1, Phl p 2, Phl p 5a, Phl p 5b and Phl p 6) or with
placebo for subcutaneous immunotherapy [43]. Patients treated with the recombinants
improve their symptom medication score and had high IgG antibodies levels against natural
grass pollen allergens. Several studies of immunotherapy with these mixed allergens have
been performed and registered in the National Institutes of Health Clinical trial database (Table

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

304

2). Recently, the immunomodulatory properties of MAT-Fel d 1 was studied in a phase I/IIa
clinical study [138]. In a randomized double blind trial, intralymphatic immunotherapy (ILIT)
with MAT-Fel d 1 in alum was compared with placebo, consisting in 3 injections of each
preparation for two months. MAT-Fel d 1 caused reduced skin reactions compared to equi‐
molar concentration of nFel d 1 by intradermal injection, which proved practically painless
and reduced drug-related adverse effects compared to placebo group. The IgG4 serum levels
in MAT-Fel d 1 treated group increased by a factor of 5.66, while IgG1 and IgE levels didn´t
change. After treatment, PBMCs from allergic individuals secreted higher levels of IL-10 when
challenged with rFel d 1. Immunotherapy with MAT-Fel d 1 showed to be successful because
patients increased their tolerance to nasal challenge, skin prick and dermal test, with cat dander
extract. Improvement of quality of life of patients treated with MAT-Fel d 1 was maintained
300 days after immunotherapy.

Allergen Allergen-based vaccine Rout of administration/Trials Year
NIH Registration
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Recombinant Bet v 1
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SLIT, DBPC, Phase II 2008 NCT00901914

Birch pollen

and apple
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Phleum

pratense
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SCIT, DBPC, Phase II 2002

SCIT, DBPC, Phase III 2004 NCT00309036
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to carries protein

SCIT, Phase II 2011 NCT01445002
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NCT numbers identify the trials that are registered in the National Institutes of Health Clinical trial database.

DBPC, Double-blind, placebo-controlled; OC, open controlled; SCIT, subcutaneous immunotherapy; SLIT, sublingual
immunotherapy.

Table 2. Currently ongoing recombinant molecules development for allergen specific immunotherapy.
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The National Institutes of Health’s clinical trial database contain information about a study
that intends to use the recombinant modified peanut allergens Ara h 1, Ara h 2 and Ara h 3
encapsulated in heat/phenol-killed E.coli. This phase I study should recruit healthy volunteers
to receive four scaling doses of the peanut preparation rectally at weekly intervals. The major
allergen of ragweed pollen Ambrosia artemisifolia, Amb a 1, was conjugated to CpG oligonu‐
cleotides to reduce the allergenic activity of Am b a 1 and to shift the specific Th2 response to
a Th1 response, mediated by the binding of CpG with toll-like receptor 9. Allergic individuals
treated with the conjugated vaccine showed reduction in eosinophilia and the number of IL-4-
producing cells, and increased numbers of IFN-γ-producing cells compared to placebo-treated
patients [139]. Furthermore, increase of regulatory T cells infiltration in the nasal mucosa was
found after the course of immunotherapy [140].

8. Some considerations for a recombinant based mite allergy vaccine

The prevalence and severity of allergic diseases such as asthma and rhinitis have increased in
recent decades [141], and house dust mite allergy is one of the most common allergies world-
wide which affect more than 50% of allergic patients [142]. Several house dust mites species
co-exist in tropical and subtropical regions, however in these places the species B. tropicalis
and D. pteronyssinus are the most prevalent and a high percentage of allergic population is
sensitized to allergens from these two species [143, 144], [72, 145]. Analysis if house dust mite
extracts have shown that over 20 different proteins can induce IgE antibodies in allergic
populations and several of them show cross-reactivity with allergens from other mite species.
Most of them have been obtained and characterized by molecular cloning and its IgE reactivity
analyzed [4]. However, it has been suggested that the majority of mite-allergic subjects elicit
an IgE response to around five components of allergenic extracts [146, 147], and some of them
may be cross-reactive. Therefore, and admixture of few allergens, including those species-
specific and cross-reactive, could replace the crude allergenic extract for diagnostic and
therapeutic purpose. Several studies indicate that a combination of allergens from group 1 and
2 bind to more than 50% of specific-IgE from allergic population, groups 5 and 7 are next in
importance [148-150]. It has been reported from Middle Europe that more than 95% of mite
allergic patients were mainly sensitized to Der p 1 and Der p 2, and that diagnostic test
containing these allergens plus the highly cross-reactive allergen Der p 10 may improve the
diagnostic selection of patients for immunotherapy with D. pteronyssinus extracts [151]. Other
allergens are important given their cross-reactivity and the role that they play in tropical
populations, as the case of group 10 and 12 [16, 152]. Results from our research group suggested
that a combination of these allergens from D. pteronyssinus might be sufficient to identify
almost all our mite allergic population [72] (Figure 2).

Recent studies with hybrid proteins composed by the most important pollen allergens, have
suggested that preparations based on molecules containing the B-epitope spectrum of
allergenic extracts could be useful for the diagnosis and allergen-specific immunotherapy [64,
86, 87]. We have engineered several fusion proteins composed by segments of different
allergens of B. tropicalis and D. pteronyssinus with the aim to obtain preparations useful for the
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diagnosis and immunotherapy of allergies caused by house dust mites. The coding sequences
of each molecule was cloned into expression vectors and then expressed in E. coli fused to
6xHis tag for further purification by affinity chromatography. One of these proteins denomi‐
nated DPx4, consistent of different segments of allergens from D. pteronyssinus (Der p 1, Der
p 2, Der p 7 and Der p 10), showed a 41% frequency of IgE reactivity in sera from mite allergic
patients sensitized to D. pteronyssinus and the specific IgE levels against the recombinant were
significantly lower than those against the whole allergenic extract from mites. Basophil
activation test showed that DPx4 has lower capacity to induce basophile degranulation
compared to the allergenic extract. These results suggest that the fusion protein have a
hypoallergenic profile, and that is a good candidate for develop a vaccine with potential use
for allergen specific immunotherapy of mite allergy [153]. Further in vitro studies as well as
experiment with animal models are in progress to support this application.

Figure  2.  Frequency  of  IgE  reactivity  to  allergens  from  B.  tropicalis  and  D.  pteronyssinus  in  asthmatic  patients
(From Ref 72).

9. Conclusions

For several years the allergen-specific immunotherapy has been successfully done with natural
allergenic extracts. However, they are complex mixtures difficult to standardize that might
cause local or systemic reactions, compromising the patient’s life. In the last decades, the
molecular cloning applied to the study of allergens has allowed obtaining several recombinant
allergens from different sources, and their biological and molecular properties elucidated.
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Component based diagnosis and immunotherapy is now possible by the availability of several
recombinant allergens, which represents the best approach to achieve the most efficacious
diagnosis and treatment of allergies, based on the sensitization profile and of each patient.
Vaccines for allergic diseases based on recombinant allergens or modification of these, that
could modulate the immune response against natural allergens toward a protective response,
have been proposed. Hypoallergenic molecules obtained by molecular cloning, in different
versions like hybrid molecules, oligomers, mosaic proteins or variants obtained by site-
directed mutagenesis have been developed and studied by in vitro test, animal model and
clinical trial in humans, indicating potential beneficial use in the near future. Recombinant
allergens coupled to carriers for directing the molecule to specific cells or intracellular
compartments, preventing unwanted side effects and increasing the specificity of the immune
response have been explored.

The promising results showed by in vitro and animal models studies have encouraged the
design of clinical phase trials where recombinant allergens have demonstrated their good
potential to provide a more efficacious and safe diagnosis and allergen-specific immunother‐
apy. In the last years, the number of clinical phase trials designed and registered in the National
Institutes of Health Clinical trial database is increasing. This tendency suggests that in few
years several vaccines based on recombinant allergens could be commercially available in
replacement of the traditional allergenic extract.
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Chapter 13

Current Advances in Seaweed Transformation
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Additional information is available at the end of the chapter
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1. Introduction

Frederick Griffith reported the discovery of transformation in 1928 [1]. Since a harmless strain
of Streptococcus pneumoniae was altered to a virulent one by exposure to heat-killed virulent
strains in mice, Griffice hypothesized that there was a transforming principle in the heat-killed
strain. It took sixteen years to indentify the nature of the transforming principle as a DNA
fragment released from virulent strains and integrated into the genome of a harmless strain
[2]. Such an uptake and incorporation of DNA by bacteria was named transformation.
Remarkably, an epoch-making technology in the form of artificial transformation protocol for
the model bacterium Escherichia coli was established by Mandel and Higa in 1970 [3], which
stimulated the development of artificial genetic transformation systems in yeasts, animals and
plants. In plants, genetic transformation is a powerful tool for elucidating the functions and
regulatory mechanisms of genes involved in various physiological events, and special
attention has been paid to plant improvements affecting food security, human health, the
environment and conservation of biodiversity. For instance, researchers have focused on the
creation of organisms that efficiently produce biofuels and medically functional materials or
carry stress tolerance in the face of uncertain environmental conditions [4-6].

Although the first success in the creation of transgenic mouse was carried out by injecting the
rat growth hormone gene into a mouse embryo in 1982 [7], the protocol for artificial genetic
transformation in plants was established earlier than that in animals. Following the discovery
of the soil plant pathogen Agrobacterium tumefaciens, which is responsible for producing plant
tumors, in 1907 [8], it was found that the tumor-inducing agent is the Ti plasmid containing
T-DNA, a particular DNA segment containing tumor-producing genes that are transferred
into the nuclear genome of infected cells [9]. By replacing tumor-producing genes by a gene
of interest within the T-DNA region, infection of A. tumefaciens carrying a modified Ti plasmid
results in insertion of a DNA fragment containing the desired genes into the genomes of plants
by genetic recombination. Since the report of this protocol in the early 1980s [10,11], transfor‐
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distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Mikami; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Chapter 13

Current Advances in Seaweed Transformation

Koji  Mikami

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/52978

1. Introduction

Frederick Griffith reported the discovery of transformation in 1928 [1]. Since a harmless strain
of Streptococcus pneumoniae was altered to a virulent one by exposure to heat-killed virulent
strains in mice, Griffice hypothesized that there was a transforming principle in the heat-killed
strain. It took sixteen years to indentify the nature of the transforming principle as a DNA
fragment released from virulent strains and integrated into the genome of a harmless strain
[2]. Such an uptake and incorporation of DNA by bacteria was named transformation.
Remarkably, an epoch-making technology in the form of artificial transformation protocol for
the model bacterium Escherichia coli was established by Mandel and Higa in 1970 [3], which
stimulated the development of artificial genetic transformation systems in yeasts, animals and
plants. In plants, genetic transformation is a powerful tool for elucidating the functions and
regulatory mechanisms of genes involved in various physiological events, and special
attention has been paid to plant improvements affecting food security, human health, the
environment and conservation of biodiversity. For instance, researchers have focused on the
creation of organisms that efficiently produce biofuels and medically functional materials or
carry stress tolerance in the face of uncertain environmental conditions [4-6].

Although the first success in the creation of transgenic mouse was carried out by injecting the
rat growth hormone gene into a mouse embryo in 1982 [7], the protocol for artificial genetic
transformation in plants was established earlier than that in animals. Following the discovery
of the soil plant pathogen Agrobacterium tumefaciens, which is responsible for producing plant
tumors, in 1907 [8], it was found that the tumor-inducing agent is the Ti plasmid containing
T-DNA, a particular DNA segment containing tumor-producing genes that are transferred
into the nuclear genome of infected cells [9]. By replacing tumor-producing genes by a gene
of interest within the T-DNA region, infection of A. tumefaciens carrying a modified Ti plasmid
results in insertion of a DNA fragment containing the desired genes into the genomes of plants
by genetic recombination. Since the report of this protocol in the early 1980s [10,11], transfor‐

© 2013 Mikami; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Mikami; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



mation mediated by A. tumefaciens has become the most commonly used method to transmit
DNA fragment into higher plants [12].

Since not all plant cells are susceptible to infection by A. tumefaciens, other methods were
developed and are available in plants. Particle bombardment [13], which is also referred to as
microprojectile bombardment, particle gun or biolistics, makes use of DNA-coated gold
particles, which enables the transient and stable transformation of almost any type of cell,
regardless of rigidity of the cell wall, and is thus extensively used for land plants. For proto‐
plasts, electroporation is well employed, for which a high-voltage electrical pulse temporarily
disturbs the phospholipid bilayer of the plasma membrane, allowing cells to take up plasmid
DNAs [14,15]. In addition, the polyethylene glycol (PEG)-mediated transformation system is
also thought to affect the plasma membrane and induce the uptake of DNAs into cells [15,16]
and is almost exclusively applied with the moss Physcomitrella patens and liverwort Marchantia
polymorpha [17,18]. Therefore, several kinds of genetic transformation methods are now
available in land green plants.

Seaweeds are photosynthetic macroalgae, the majority of which live in the sea, and are usually
divided into green, red and brown algae. Traditionally, all classes of seaweeds are known as
human foods especially in Asian countries; for instance, red algae are known as Nori and
brown algae are called Konbu and Wakame in Japan. In addition, red and brown algae are
utilized as the sources of industrially and medically valuable compounds such as phycoery‐
thrin, n-3 polyunsaturated fatty acids, porphyran, ager and carrageenan from red algae, and
fucoxantine, fucoidan and alginate from brown algae [19-22]. Thus, to make new strains
carrying advantageous characteristics benefiting industry and medicine, researchers have
worked hard since the early 1990s to establish methods of genetic transformation in seaweeds
[20,23,24]. However, the process is very difficult, and most of the early studies were reported
in conference abstracts without the accompanying manuscript publication [25-28]. This
situation has hampered us from gaining an understanding of gene functions in various
physiological regulations and also a utilization of seaweeds in biotechnological applications.

Transformation can be divided into genetic (stable) and transient transformations under the
control of the genes introduced into cells. In genetic transformation, genes introduced by
genetic recombination are maintained in the genome through generations of cells, whereas in
transient transformation, rapid loss of introduced foreign genes is usually observed. Estab‐
lishing the genetic transformation system requires four basal techniques: an efficient gene
transfer system, an efficient expression system for foreign genes, an integration and targeting
system to deliver the foreign gene into the genome, and a selection system for transformed
cells. It is notable that the transient transformation system is completed by the first two of the
four required systems. In this respect, the development of an efficient and reproducible
transient transformation system is the most critical step to establishing a genetic transforma‐
tion system in seaweeds.

The current progress in establishing of both transient and genetic transformation systems in
macroalgae is reviewed here. Although high-quality review articles for algal transformation
have been published previously [20,23,24], I believe addressing the recent activity in seaweed
transformation provides valuable information for seaweed molecular biologists and breeding
scientists. Since considerable technical improvement was recently made in red seaweeds
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[29,30], I focus here on the current progress in red algal transient transformation with sum‐
marizing pioneer and recent studies related to seaweed genetic transformation.

2. Transformation in red seaweeds

2.1. Pioneer studies for transient transformation

As far as I know, Donald P. Cheney is the pioneer in researching red algal transformation. He
and his colleague performed transient transformation of the red alga Kappaphycus alvarezii
using particle bombardment [25], which was the first report about the transient transformation
of seaweeds (Table 1). In this case, the Escherichia coli uidA gene encoding β-glucuronidase
(GUS) was expressed as a reporter under direction of the cauliflower mosaic virus (CaMV) 35S
promoter (CaMV 35S-GUS gene). Since the GUS expression can be visualized as a blue color
following treatment with X-gluc (5-bromo-4-chloro-3-indolyl-β-D-glucuronide) and also be
quantified by fluorometric analysis [31,32], this reporter gene is widely used in land green
plants having no background of the GUS activity [33,34]. In addition, the CaMV 35S promoter
is heterologously used in land green plants as a strong constitutive and non-tissue-specific
transcriptional regulator [35,36]. Therefore, it is a natural choice for the selection of the
CaMV35S-GUS gene by pioneers for initial trials of seaweed transformation.

To date, studies have been mainly focused on Porphyra species because of their economical
values. As shown in Table 1, expression of the CaMV 35S-GUS gene was previously observed
in P. miniata, P. tenera and P. yezoensis [37-42], all of which were performed by electoroporation
using protoplasts. Kuang et al. [38] also tested the particle bombardment of the CaMV 35S-
GUS gene in P. yezoensis and got positive results. Moreover, the availability of mammalian-
type simian virus 40 (SV40) promoter was reported to express the E. coli lacZ reporter gene,
encoding β-galactosidase cleaving colorless substrate X-gal (5-bromo-4-chloro-3-indolyl-β-
galactopyranoside) to produce a blue insoluble product [43], in P. haitanensis, Gracilaria
chagii and K. alvarezii by electroporation or particle bombardment [44,45].

2.2. Recent improvement of the transient transformation system in Porphyra

As noted above, pioneer experiments of red algal transient transformation were performed
using plant viral CaMV 35S RNA and animal viral SV40 promoters in combination with GUS
and lacZ reporter genes (Table 1). The CaMV 35S and SV40 promoters are typical eukaryotic
class II promoters with a TATA box and thus are generally employed to drive transgenes in
dicot plant and animal cells, respectively [46,47]. However, we have found that the TATA box
is not usually found in the core promoters of P. yezoensis genes (unpublished observation), and
we thus proposed that there were differences in the promoter structure and transcriptional
regulation of protein-coding genes between red algae and dicot plants. Indeed, we recently
observed quite low activity of the CaMV 35S promoter and the GUS reporter gene in P.
yezoensis gametophytec cells [29,30,48]. These observations are completely opposite from the
results in previous reports using the CaMV 35S promoter [25,37-41]. As a result, the transient
transformation system in red seaweeds has recently been improved by resolving this problem.
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Species Status of

expression

Gene transfer method Promoter Marker or Reporter Ref.

Kappaphycus alvarezii transient particle bombardment CaMV 35S GUS [25]

Porphyra miniata transient electroporation CaMV 35S GUS [37]

Porphyra yezoensis transient Electroporation

particle bombardment

CaMV 35S GUS [38]

Porphyra tenera transient electroporation CaMV 35S GUS [39]

Porphyra yezoensis transient electroporation rbcS GUS [40]

Porphyra yezoensis transient electroporation CaMV 35S GUS [41]

Porphyra yezoensis transient electroporation CaMV 35S

β-tubulin

GUS [42]

Gracilaria changii transient particle bombardment SV40 lacZ [44]

Porphyra haitanensis transient SV40 CAT [128]

Porphyra yezoensis transient electriporation SV40 CAT, GUS [129]

Porphyra yezoensis transient electroporation Rubisco GUS, sGFP(S65T) [130]

Porphyra yezoensis transient particle bombardment CaMV 35S

PyGAPDH

PyGUS [48]

Porphyra yezoensis transient particle bombardment PyAct1 PyGUS [66]

Porphyra yezoensis transient particle bombardment PyAct1 AmCFP [70]

Porphyra yezoensis transient particle bombardment PyAct1 AmCFP, ZsGFP,

ZsYFP, sGFP(S65T)

[71]

Porphyra tenera

Porphyra yezoensis

transient particle bombardment PtHSP70

PyGAPDH

PyGUS [85]

Porphyra species*

Bangia fuscopurpurea

transient particle bombardment PyAct1 PyGUS

sGFP(S65T)

[86]

Porphyra species*

Bangia fuscopurpurea

transient particle bombardment PtHSP70 PyGUS [87]

Porphyra yezoensis stable Agrobacterium-mediated

gene transfer

CaMV 35S GUS [26]

Porphyra leucostica stable ekectroporation CaMV 35S lacZ [27]

Porphyra yezoensis stable Agrobacterium-mediated

gene transfer

(unknown) (unknown) [28]

Kappaphycus alvarezii stable particle bombardment SV40 lacZ [45]

Porphyra haitanensis stable glass bead agitation SV40 lacZ

EGFP

[131]

Gracilaria changii stable particle bombardment SV40 lacZ [91]

Gracilaria gracilis stable particle bombardment SV40 lacZ [92]

*Porphyra species used are P. yezoensis, P. tenera, P. okamurae, P. onoi, P. variegate and P. pseudolinearis.

Table 1. Transformation in red seaweeds.
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2.2.1. Optimization of codon usage in the reporter gene

Inefficient expression of foreign genes in the green alga Chlamydomonas reinhardtii is often due
to the incompatibility of the codon usage in the gene’s coding regions [49-51]. Expressed
sequence tag (EST) analysis of P. yezoensis reveals that the codons in P. yezoensis nuclear genes
frequently contain G and C residues especially in their third letters, by which means the GC
content reaches a high of 65.2% [52]. Since bacterial GUS and lacZ reporter genes have AT-rich
codons, the incompatibility of codon usage, which generally inhibits the effective use of
transfer RNA by rarely used codons in the host cells, thus decreasing the efficiency of the
translation [53], might be responsible for the poor translation efficiency of foreign genes in P.
yezoensis cells. It is therefore possible that modification of codon usage in the GUS gene would
enable the efficient expression of this gene in P. yezoensis cells.

Accordingly, the codon usage of the GUS reporter gene was adjusted to that in the nuclear
genes of P. yezoensis by introducing silent mutations [48], by which unfavorable or rare codons
in the GUS reporter gene were exchanged for favorable ones without affecting amino acid
sequences. The resultant artificially codon-optimized GUS gene was designated PyGUS, and
its GC content was increased from 52.3% to 66.6% [48]. When the PyGUS gene directed by the
CaMV 35S promoter was introduced into P. yezoensis gametophytic cells by particle bombard‐
ment, low but significant expression of the PyGUS gene was observed by histochemical
detection and GUS activity test, indicating enhancement of the expression level of the GUS
reporter gene [29,30,48]. Optimization of the codon usage of the reporter gene is therefore one
of the important factors for successful expression in P. yezoensis cells [29,30,48].

2.2.2. Employment of endogenous strong promoters

The CaMV 35S promoter has very low activity in cells of green microalgae such as Dunaliella
salina [54], Chlorella kessleri [55] and Chlorella vulgaris [56] and no activity in C. reinhardtii cells
[57-59]. Thus, a low level of PyGUS expression under the direction of the CaMV 35S promoter
is likely to be caused by the low activity of this promoter in P. yezoensis cells. A hint to
overcoming this problem was that employment of strong endogenous promoters such as the
β-Tub, RbcS2 and Hsp70 promoters results in the efficient expression of foreign genes in
microalgae [60-65]. Therefore, it is likely that efficient expression of the PyGUS reporter gene
in P. yezoensis cells is caused by the recruitment of endogenous strong promoters.

By comparison with steady-state expression levels by reverse transcription-polymerase chain
reaction (PCR), we found two genes strongly expressed in P. yezoensis: genes encoding
glyceraldehyde-3-phosphate dehydrogenase (PyGAPDH) and actin 1 (PyAct1) [29]. When the
PyGUS gene fused with the 5’ upstream regions of these genes were introduced into gameto‐
phytic cells by particle bombardment, cells expressing the reporter gene and GUS enzymatic
activity were dramatically increased [48,66]. These results indicate that employment of
endogenous strong promoters is another important factor necessary for high-level expression
of the reporter gene in P. yezoensis cells. In addition, the original GUS gene was not activated
by PyGAPDH or PyAct1 promoter [29,30,48], demonstrating that the PyGUS gene and endog‐
enous strong promoter have a synergistic effect on the efficiency of the expression in P.
yezoensis cells (Figure 1A). Therefore, the combination of endogenous strong promoters with
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Species Status of

expression

Gene transfer method Promoter Marker or Reporter Ref.

Kappaphycus alvarezii transient particle bombardment CaMV 35S GUS [25]

Porphyra miniata transient electroporation CaMV 35S GUS [37]

Porphyra yezoensis transient Electroporation

particle bombardment

CaMV 35S GUS [38]

Porphyra tenera transient electroporation CaMV 35S GUS [39]

Porphyra yezoensis transient electroporation rbcS GUS [40]

Porphyra yezoensis transient electroporation CaMV 35S GUS [41]

Porphyra yezoensis transient electroporation CaMV 35S

β-tubulin

GUS [42]

Gracilaria changii transient particle bombardment SV40 lacZ [44]

Porphyra haitanensis transient SV40 CAT [128]

Porphyra yezoensis transient electriporation SV40 CAT, GUS [129]

Porphyra yezoensis transient electroporation Rubisco GUS, sGFP(S65T) [130]

Porphyra yezoensis transient particle bombardment CaMV 35S

PyGAPDH

PyGUS [48]

Porphyra yezoensis transient particle bombardment PyAct1 PyGUS [66]

Porphyra yezoensis transient particle bombardment PyAct1 AmCFP [70]

Porphyra yezoensis transient particle bombardment PyAct1 AmCFP, ZsGFP,

ZsYFP, sGFP(S65T)

[71]

Porphyra tenera

Porphyra yezoensis

transient particle bombardment PtHSP70

PyGAPDH

PyGUS [85]

Porphyra species*

Bangia fuscopurpurea

transient particle bombardment PyAct1 PyGUS

sGFP(S65T)

[86]

Porphyra species*

Bangia fuscopurpurea

transient particle bombardment PtHSP70 PyGUS [87]

Porphyra yezoensis stable Agrobacterium-mediated

gene transfer

CaMV 35S GUS [26]

Porphyra leucostica stable ekectroporation CaMV 35S lacZ [27]

Porphyra yezoensis stable Agrobacterium-mediated

gene transfer

(unknown) (unknown) [28]

Kappaphycus alvarezii stable particle bombardment SV40 lacZ [45]

Porphyra haitanensis stable glass bead agitation SV40 lacZ

EGFP

[131]

Gracilaria changii stable particle bombardment SV40 lacZ [91]

Gracilaria gracilis stable particle bombardment SV40 lacZ [92]

*Porphyra species used are P. yezoensis, P. tenera, P. okamurae, P. onoi, P. variegate and P. pseudolinearis.

Table 1. Transformation in red seaweeds.
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2.2.1. Optimization of codon usage in the reporter gene

Inefficient expression of foreign genes in the green alga Chlamydomonas reinhardtii is often due
to the incompatibility of the codon usage in the gene’s coding regions [49-51]. Expressed
sequence tag (EST) analysis of P. yezoensis reveals that the codons in P. yezoensis nuclear genes
frequently contain G and C residues especially in their third letters, by which means the GC
content reaches a high of 65.2% [52]. Since bacterial GUS and lacZ reporter genes have AT-rich
codons, the incompatibility of codon usage, which generally inhibits the effective use of
transfer RNA by rarely used codons in the host cells, thus decreasing the efficiency of the
translation [53], might be responsible for the poor translation efficiency of foreign genes in P.
yezoensis cells. It is therefore possible that modification of codon usage in the GUS gene would
enable the efficient expression of this gene in P. yezoensis cells.

Accordingly, the codon usage of the GUS reporter gene was adjusted to that in the nuclear
genes of P. yezoensis by introducing silent mutations [48], by which unfavorable or rare codons
in the GUS reporter gene were exchanged for favorable ones without affecting amino acid
sequences. The resultant artificially codon-optimized GUS gene was designated PyGUS, and
its GC content was increased from 52.3% to 66.6% [48]. When the PyGUS gene directed by the
CaMV 35S promoter was introduced into P. yezoensis gametophytic cells by particle bombard‐
ment, low but significant expression of the PyGUS gene was observed by histochemical
detection and GUS activity test, indicating enhancement of the expression level of the GUS
reporter gene [29,30,48]. Optimization of the codon usage of the reporter gene is therefore one
of the important factors for successful expression in P. yezoensis cells [29,30,48].

2.2.2. Employment of endogenous strong promoters

The CaMV 35S promoter has very low activity in cells of green microalgae such as Dunaliella
salina [54], Chlorella kessleri [55] and Chlorella vulgaris [56] and no activity in C. reinhardtii cells
[57-59]. Thus, a low level of PyGUS expression under the direction of the CaMV 35S promoter
is likely to be caused by the low activity of this promoter in P. yezoensis cells. A hint to
overcoming this problem was that employment of strong endogenous promoters such as the
β-Tub, RbcS2 and Hsp70 promoters results in the efficient expression of foreign genes in
microalgae [60-65]. Therefore, it is likely that efficient expression of the PyGUS reporter gene
in P. yezoensis cells is caused by the recruitment of endogenous strong promoters.

By comparison with steady-state expression levels by reverse transcription-polymerase chain
reaction (PCR), we found two genes strongly expressed in P. yezoensis: genes encoding
glyceraldehyde-3-phosphate dehydrogenase (PyGAPDH) and actin 1 (PyAct1) [29]. When the
PyGUS gene fused with the 5’ upstream regions of these genes were introduced into gameto‐
phytic cells by particle bombardment, cells expressing the reporter gene and GUS enzymatic
activity were dramatically increased [48,66]. These results indicate that employment of
endogenous strong promoters is another important factor necessary for high-level expression
of the reporter gene in P. yezoensis cells. In addition, the original GUS gene was not activated
by PyGAPDH or PyAct1 promoter [29,30,48], demonstrating that the PyGUS gene and endog‐
enous strong promoter have a synergistic effect on the efficiency of the expression in P.
yezoensis cells (Figure 1A). Therefore, the combination of endogenous strong promoters with
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codon optimized reporter genes is critical for successful transient transformation in Porphyra
species [29,30]. The established procedure of transient transformation is schematically
represented in Figure 2.

2.2.3. Application of the transient transformation for using fluorescent proteins

The  GUS  reporter  gene  is  usually  used  to  monitor  gene  expression  in  planta;  however,
visualization of the reporter products requires cell killing. Reporters that function in liv‐
ing cells have also been established to date with fluorescent proteins used most common‐
ly.  The  green  fluorescent  protein  (GFP)  has  the  advantage  over  other  reporters  for
monitoring subcellular localization of proteins in living cells, because its fluorescence can
be  visualized  without  additional  substrates  or  cofactors  [67].  At  present,  there  are  GFP
variants  with  non-overlapping emission  spectra  such as  cyan fluorescent  protein  (CFP),
yellow  fluorescent  protein  (YFP)  and  red  fluorescent  protein,  which  allows  multicolor
imaging in cells [68,69].

Until  recently,  there  was  no  report  about  the  successful  expression  of  fluorescent  pro‐
teins in seaweeds.  However,  based on an efficient  transient  transformation system in P.
yezoensis,  fluorescent  reporter  systems  have  recently  been  established  in  P.  yezoensis
[29,30,70,71].  The  humanized  fluorescent  protein  genes,  AmCFP,  ZsGFP,  and  ZsYFP
(Clontech) and the plant-adapted GFP(S65T) [72],  the GC contents of  which are as high
as 63.7%, 62.8%, 61.9% and 61.4%, respectively, were strongly expressed in gametophytic
cells under the direction of the PyAct1 promoter using the particle bombardment method
[71] (see Figure 1B).

The analysis of subcellular localization of cellular molecules was available using humanized
and plant-adapted fluorescent reporters. The first successful attempt at achieving this process
was to monitor the plasma membrane localization of phosphoinositides in P. yezoensis [70].
Phosphoinositides (PIs), whose inositol ring has hydroxyl groups at positions D3, D4 and D5
for phosphorylation, constitute a family of structurally related lipids, PtdIns-monophosphates
[PtdIns3P, PtdIns4P and PtdIns5P], PtdIns-bisphosphates [PtdIns(3,4)P2, PtdIns(3,5)P2 and
PtdIns(4,5)P2] and PtdIns-trisphosphate [PtdIns(3,4,5)P3], all of which are detectable in plants
except for PtdIns(3,4,5)P3 [73,74]. Although the PIs are a minority among membrane phos‐
pholipids, they play important roles in regulating multiple processes of development and cell
responses to environmental stimuli in land plants and green algae [74,75]. Recently, Li et al.
[76,77] demonstrated that PIs are involved in the establishment of cell polarity in P. yezoensis
monospores. The Pleckstrin homology (PH) domain, a PI-binding module, each part of which
has individual substrate specificity, is usually used to monitor PIs in vivo by fusion with a
fluorescent protein [78-80]. For instance, the PH domains from human phospholipase Cδ1
(PLCδ1) are employed for the detection of PtdIns(4,5)P2 [81], whereas that from the v-akt
murine thymoma viral oncogene homolog 1 (Akt1) has dual specificity in the detection of both
PtdIns(3,4)P2 and PtdIns(3,4,5)P3 [82]. Because of this substrate specificity, we were able to
visualize PtdIns(3,4)P2 and PtdIns(4,5)P2 at the plasma membrane with humanized AmCFP
and ZsGFP fused to the PH domains from PLCδ1 and Akt1 via the direction of the PyAct1
promoter [70].
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Figure 1. Efficient expression of PyGUS and fluorescent proteins by the transeint transformation with circular expression
plasmids in P. yezoensis gametophytic cells. (A) Expression of the codon-optimized PyGUS reporter gene under the direc‐
tion of the actin 1 (PyAct1) promoter. Blue histochemically stained cells are PyGUS expression cells. Scale bar corresponds to
100 μm. (B) Expression of humanized AmCFP and plant-adapted sGFP(S65T). Gametophytic cells transiently transformed
with expression plasminds containng AmCFP or sGFP(S65T) gene under the control of the PyAct1 promoter. Left and right
panels show bright field and fluorescence images, respectively. Scale bar corresponds to 5 μm.

Figure 2. The established procedure of transeient transformation in P. yezoensis. A circular expression plasmid is bom‐
barded into P. yezoensis gametophytic cells using the Bio-Rad PDS-1000/He after coating of gold particles with the
plasmid. Expression of the reporter gene is observed after cultivation of the bombareded gametophyte under dark for
two days; for PyGUS reporter gene, histochemical staining with X-gluc solution and fluorometric analysis of enzymatic
activity are performed; for fluorescent reporter genes, bombarded sanples are examined with fluorescent microscopy.
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codon optimized reporter genes is critical for successful transient transformation in Porphyra
species [29,30]. The established procedure of transient transformation is schematically
represented in Figure 2.
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[29,30,70,71].  The  humanized  fluorescent  protein  genes,  AmCFP,  ZsGFP,  and  ZsYFP
(Clontech) and the plant-adapted GFP(S65T) [72],  the GC contents of  which are as high
as 63.7%, 62.8%, 61.9% and 61.4%, respectively, were strongly expressed in gametophytic
cells under the direction of the PyAct1 promoter using the particle bombardment method
[71] (see Figure 1B).

The analysis of subcellular localization of cellular molecules was available using humanized
and plant-adapted fluorescent reporters. The first successful attempt at achieving this process
was to monitor the plasma membrane localization of phosphoinositides in P. yezoensis [70].
Phosphoinositides (PIs), whose inositol ring has hydroxyl groups at positions D3, D4 and D5
for phosphorylation, constitute a family of structurally related lipids, PtdIns-monophosphates
[PtdIns3P, PtdIns4P and PtdIns5P], PtdIns-bisphosphates [PtdIns(3,4)P2, PtdIns(3,5)P2 and
PtdIns(4,5)P2] and PtdIns-trisphosphate [PtdIns(3,4,5)P3], all of which are detectable in plants
except for PtdIns(3,4,5)P3 [73,74]. Although the PIs are a minority among membrane phos‐
pholipids, they play important roles in regulating multiple processes of development and cell
responses to environmental stimuli in land plants and green algae [74,75]. Recently, Li et al.
[76,77] demonstrated that PIs are involved in the establishment of cell polarity in P. yezoensis
monospores. The Pleckstrin homology (PH) domain, a PI-binding module, each part of which
has individual substrate specificity, is usually used to monitor PIs in vivo by fusion with a
fluorescent protein [78-80]. For instance, the PH domains from human phospholipase Cδ1
(PLCδ1) are employed for the detection of PtdIns(4,5)P2 [81], whereas that from the v-akt
murine thymoma viral oncogene homolog 1 (Akt1) has dual specificity in the detection of both
PtdIns(3,4)P2 and PtdIns(3,4,5)P3 [82]. Because of this substrate specificity, we were able to
visualize PtdIns(3,4)P2 and PtdIns(4,5)P2 at the plasma membrane with humanized AmCFP
and ZsGFP fused to the PH domains from PLCδ1 and Akt1 via the direction of the PyAct1
promoter [70].
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Moreover,  subcellular  localization  of  transcription  factors  was  also  visualized  in  P.  ye‐
zoensis.  When complete  open reading frames (ORFs)  of  transcription elongation factor  1
(PyElf1)  and  multiprotein  bridging  factor  1  (PyMBF1)  from  P.  yezoensis  were  fused  to
AmCFP or ZsGFP, nuclear localization of these fusion proteins was observed in gameto‐
phytic cells, which was confirmed by overlapping of fluorescent signals with SYBR Gold
staining of the nucleus [71]

With the successfull visualization of subcellular localization of cellular molecules, the transient
transformation system developed in P. yezoensis appearst to be powerful tool to analyze
functions of genes and cellular components [29,30].

2.2.4. Applicability of the P. yezoensis transient transformation system in other red seaweeds

As described above, both the adjustment of codon usage of the reporter gene according
to algal preference and the employment of the strong endogenous promoters are impor‐
tant for providing highly efficient and reproducible expression of the reporter gene in P.
yezoensis.  In  addition  to  Bangiophyceae  like  Porphyra  species,  Florideophyceae  are  also
known, including a number of industrially important species such as Gracilaria  and Geli‐
dium  as sources of agar and Chondrus  and Kappaphycus  as sources of carrageenan. Thus,
the establishment of a genetic manipulation system for both Bangiophyceae and Florideo‐
phyceae other than P. yezoensis is awaited. EST analysis of P. haitanensis revealed that the
GC content of the ORFs in this alga was as high as that in P. yezoensis,  and analysis of
the GAPDH  gene from a Florideophycean alga Chondrus crispus  showed a high GC con‐
tent (approximately 60%) in the coding region [83,84], which is consistent with the codon
preference  in  P.  yezoensis.  Since  efficient  expression of  the  GAPDH-PyGUS  gene  has  re‐
cently been confirmed in P. tenera  [85], the applicability of the P. yezoensis  transient gene
expression  system  in  other  red  seaweeds  is  expected.  Indeed,  using  the  PyGUS  and
sGFP(S65T)  reporter  genes  under  the  direction of  the  PyAct1  promoter,  efficient  expres‐
sion of  PyGUS  and sGFP(S65T)  genes  was observed in  Bangiophyceae including P.  ten‐
era,  P.  okamurae,  P.  psedolinearis  and  Bangia  fuscopurpurea,  although  the  expression
efficiency  varied  among  species  [86].  Thus,  the  transient  transformation  system  devel‐
oped in P. yezoensis is widely applicable in Bangiophycean red algae [29,30,86].

No expression of the reporter genes was seen in Florideophyceae [29,30,86]. Since the availa‐
bility of the P. yezoensis promoter is responsible for this deficiency in gene expression, it is
important to employ the 5’ upstream region of the suitable endogenous gene from Florideo‐
phycean algae. Alternatively, it is possible that the efficiency of plasmid transfer by bombard‐
ment parameters is reduced by the cell wall and thus the size of the gold particles, target
distance, acceleration pressure and/or amount of DNA per bombardment should be adjusted.

Taken together, PyGUS and sGFP(S65T) genes act synergistically with the PyAct1 promoter as
a heterologous promoter for transient transformation in Bangiophycean algae. Recently, the
same synergistic effect was found in P. tenera; that is, Son et al. [85] clearly indicated that the
heat shock protein 70 (PtHSP70) promoter from P. tenera can activate the PyGUS gene in
gametophytic cells of this alga. Moreover, the PtHSP70-PyGUS gene was expressed in P.
yezoensis, P. okamurae, P. psedolinearis and B. fuscopurpurea [85,87]. These findings are consistent
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with the importance of two critical factors for transient transformation in red seaweeds,
adjustment of the codon usage in reporter genes and employment of a strong endogenous
promoter.

The other important message gleaned from this experimental data is the efficient heterologous
activation of PyGAPDH and PtHSP70 promoters in P. tenera and P. yezoensis, respectively [85,
87]. For the genetic transformation, the target site for recombination is usually determined by
the DNA sequence of genes desired for disruption or modification. Thus, it is better to exclude
a possibility of homologous recombination at the DNA region corresponding to the promoter
sequence used for expression of the reporter gene that is usually sandwiched between two
different DNA sequences from the objective gene or its flanking regions. To avoid incorrect
recombination at the promoter region, it is critical to employ heterologous promoters, whose
sequence has low homology to the genome sequence of the host, to direct the expression of
reporter genes. It is therefore possible that PyGAPDH and PtHSP70 promoters are useful for
genetic transformation in P. tenera and P. yezoensis, respectively. The number of promoters
acting for heterologous reporter gene expression in red algae must be increased to develop a
sophisticated system for red algal genetic transformation.

2.3. Towards genetic transformation in red seaweeds

The successful genetic transformation in red alga has been established only in unicellular algae
[20,88]. The first report described chloroplast transformation in the unicellular red alga
Porphyridium sp. through integration of the gene encoding AHAS(W492S) into the chloroplast
genome by homologous recombination, resulting in sulfometuron methyl (SMM) resistance
at a high frequency in SMM-resistant colonies [89]. The next report was of stable nuclear
transformation in the unicellular red alga Cyanidioschyzon merolae, for which the uracil
auxotrophic mutant lacking the URA5.3 gene was used for the genetic background to isolate
mutants with uracil prototrophic by employing the wild-type URA5.3 gene fragment as a
selection maker [90].

Table 1 shows preliminary experiments with red seaweeds. The first was by Cheney et al. [26],
who introduced the CaMV 35S-GUS and CaMV 35S-GFP genes in P. yezoensis genome via an
Agrobacterium-mediated transformation system. In addition, they transformed P. yezoensis with
a bacterial nitroreductase gene via an Agrobacterium-mediated method [28] and P. leucosticte
monospores with an unknown gene by electroporation [27]. However, these reports appeared
on conference abstracts and thus details of experimental procedures are unknown. In related
work, the genetic transformation of Gracilaria species was recently reported [91,92], in which
integration of the SV40-lacZ gene was checked by PCR using genomic DNAs prepared from
particle-bombarded seaweeds; however, selection of transformed cells was not performed.
Taken together, these preliminary experiments are not enough to conclude the establishment
of genetic transformation in red seaweeds, meaning that the genetic transformation system
has not yet been fully established in red macroalgae.

As  mentioned  above,  procedures  of  integration  and  targeting  of  foreign  genes  into  the
genome and selection of transformed cells must be developed for establishing the genetic
transformation  system,  although  other  requirements  such  as  an  efficient  gene  transfer
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Moreover,  subcellular  localization  of  transcription  factors  was  also  visualized  in  P.  ye‐
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(PyElf1)  and  multiprotein  bridging  factor  1  (PyMBF1)  from  P.  yezoensis  were  fused  to
AmCFP or ZsGFP, nuclear localization of these fusion proteins was observed in gameto‐
phytic cells, which was confirmed by overlapping of fluorescent signals with SYBR Gold
staining of the nucleus [71]

With the successfull visualization of subcellular localization of cellular molecules, the transient
transformation system developed in P. yezoensis appearst to be powerful tool to analyze
functions of genes and cellular components [29,30].

2.2.4. Applicability of the P. yezoensis transient transformation system in other red seaweeds

As described above, both the adjustment of codon usage of the reporter gene according
to algal preference and the employment of the strong endogenous promoters are impor‐
tant for providing highly efficient and reproducible expression of the reporter gene in P.
yezoensis.  In  addition  to  Bangiophyceae  like  Porphyra  species,  Florideophyceae  are  also
known, including a number of industrially important species such as Gracilaria  and Geli‐
dium  as sources of agar and Chondrus  and Kappaphycus  as sources of carrageenan. Thus,
the establishment of a genetic manipulation system for both Bangiophyceae and Florideo‐
phyceae other than P. yezoensis is awaited. EST analysis of P. haitanensis revealed that the
GC content of the ORFs in this alga was as high as that in P. yezoensis,  and analysis of
the GAPDH  gene from a Florideophycean alga Chondrus crispus  showed a high GC con‐
tent (approximately 60%) in the coding region [83,84], which is consistent with the codon
preference  in  P.  yezoensis.  Since  efficient  expression of  the  GAPDH-PyGUS  gene  has  re‐
cently been confirmed in P. tenera  [85], the applicability of the P. yezoensis  transient gene
expression  system  in  other  red  seaweeds  is  expected.  Indeed,  using  the  PyGUS  and
sGFP(S65T)  reporter  genes  under  the  direction of  the  PyAct1  promoter,  efficient  expres‐
sion of  PyGUS  and sGFP(S65T)  genes  was observed in  Bangiophyceae including P.  ten‐
era,  P.  okamurae,  P.  psedolinearis  and  Bangia  fuscopurpurea,  although  the  expression
efficiency  varied  among  species  [86].  Thus,  the  transient  transformation  system  devel‐
oped in P. yezoensis is widely applicable in Bangiophycean red algae [29,30,86].

No expression of the reporter genes was seen in Florideophyceae [29,30,86]. Since the availa‐
bility of the P. yezoensis promoter is responsible for this deficiency in gene expression, it is
important to employ the 5’ upstream region of the suitable endogenous gene from Florideo‐
phycean algae. Alternatively, it is possible that the efficiency of plasmid transfer by bombard‐
ment parameters is reduced by the cell wall and thus the size of the gold particles, target
distance, acceleration pressure and/or amount of DNA per bombardment should be adjusted.

Taken together, PyGUS and sGFP(S65T) genes act synergistically with the PyAct1 promoter as
a heterologous promoter for transient transformation in Bangiophycean algae. Recently, the
same synergistic effect was found in P. tenera; that is, Son et al. [85] clearly indicated that the
heat shock protein 70 (PtHSP70) promoter from P. tenera can activate the PyGUS gene in
gametophytic cells of this alga. Moreover, the PtHSP70-PyGUS gene was expressed in P.
yezoensis, P. okamurae, P. psedolinearis and B. fuscopurpurea [85,87]. These findings are consistent
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with the importance of two critical factors for transient transformation in red seaweeds,
adjustment of the codon usage in reporter genes and employment of a strong endogenous
promoter.

The other important message gleaned from this experimental data is the efficient heterologous
activation of PyGAPDH and PtHSP70 promoters in P. tenera and P. yezoensis, respectively [85,
87]. For the genetic transformation, the target site for recombination is usually determined by
the DNA sequence of genes desired for disruption or modification. Thus, it is better to exclude
a possibility of homologous recombination at the DNA region corresponding to the promoter
sequence used for expression of the reporter gene that is usually sandwiched between two
different DNA sequences from the objective gene or its flanking regions. To avoid incorrect
recombination at the promoter region, it is critical to employ heterologous promoters, whose
sequence has low homology to the genome sequence of the host, to direct the expression of
reporter genes. It is therefore possible that PyGAPDH and PtHSP70 promoters are useful for
genetic transformation in P. tenera and P. yezoensis, respectively. The number of promoters
acting for heterologous reporter gene expression in red algae must be increased to develop a
sophisticated system for red algal genetic transformation.

2.3. Towards genetic transformation in red seaweeds

The successful genetic transformation in red alga has been established only in unicellular algae
[20,88]. The first report described chloroplast transformation in the unicellular red alga
Porphyridium sp. through integration of the gene encoding AHAS(W492S) into the chloroplast
genome by homologous recombination, resulting in sulfometuron methyl (SMM) resistance
at a high frequency in SMM-resistant colonies [89]. The next report was of stable nuclear
transformation in the unicellular red alga Cyanidioschyzon merolae, for which the uracil
auxotrophic mutant lacking the URA5.3 gene was used for the genetic background to isolate
mutants with uracil prototrophic by employing the wild-type URA5.3 gene fragment as a
selection maker [90].

Table 1 shows preliminary experiments with red seaweeds. The first was by Cheney et al. [26],
who introduced the CaMV 35S-GUS and CaMV 35S-GFP genes in P. yezoensis genome via an
Agrobacterium-mediated transformation system. In addition, they transformed P. yezoensis with
a bacterial nitroreductase gene via an Agrobacterium-mediated method [28] and P. leucosticte
monospores with an unknown gene by electroporation [27]. However, these reports appeared
on conference abstracts and thus details of experimental procedures are unknown. In related
work, the genetic transformation of Gracilaria species was recently reported [91,92], in which
integration of the SV40-lacZ gene was checked by PCR using genomic DNAs prepared from
particle-bombarded seaweeds; however, selection of transformed cells was not performed.
Taken together, these preliminary experiments are not enough to conclude the establishment
of genetic transformation in red seaweeds, meaning that the genetic transformation system
has not yet been fully established in red macroalgae.

As  mentioned  above,  procedures  of  integration  and  targeting  of  foreign  genes  into  the
genome and selection of transformed cells must be developed for establishing the genetic
transformation  system,  although  other  requirements  such  as  an  efficient  gene  transfer
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system and an efficient expression system for foreign genes have been resolved by devel‐
oping the transient transformation system in Bangiophyceae [29,30]. Regarding the unre‐
solved points,  knowledge about  the selection of  transformed cells  is  now accumulating.
Selection  marker  genes  are  required  to  distinguish  between transformed cells  and non-
transformed  cells,  since  successful  integration  of  a  foreign  gene  into  the  host  genome
usually  occur  in  only  a  small  percentage  of  transfected  cells.  These  genes  confer  new
traits to any transformed target strain of a certain species, thus enabling the transformed
cells  to  survive  on medium containing the  selective  agent,  where  non-transformed cells
die.  Genes  with  resistance  to  the  aminoglycoside  antibiotics,  which  bind  to  ribosomal
subunits  and inhibit  protein  synthesis  in  bacteria,  eukaryotic  plastids  and mitochondria
[93],  are  generally  used  as  selection  markers.  For  example,  the  antibiotics  hygromycin
and geneticin (G418) are frequently used as selection agents with the hygromycin phos‐
photransferase (hptII) gene to inactivate hygromycin via an ATP-dependent phosphoryla‐
tion [94] and the neomycin phosphotransferase II (nptII) gene to detoxify neomycin, G418
and paromomycin [93],  respectively. In the green alga Chlamydomonas reinhardtii,  the hy‐
gromycin  phosphotransferase  (aph7”)  gene  from Streptomyces  hygroscopicus  and  the  ami‐
noglycoside  phosphotransferase  aphVIII  (aphH)  gene  from S.  rimosus  had  been  reported
as selectable marker genes for hygromycin and paromomycin, respectively, with similari‐
ty  in  the  codon usage  [95-97].  The  aphH  gene  from S.  rimosus  is  also  applicable  to  the
multicellular  green  alga  Volvox  carteri  as  a  paromomycin-resistance  gene  [97,98].  In  the
diatom  Phaeodactylum  tricornutum,  the  expressed  chloramphenicol  acetyltransferase  gene
(CAT) detoxifies chloramphenicol [99], and the nptII gene confers resistance to the amino‐
glycoside antibiotic  G418 [64].  Likewise,  the  nptII  gene gives  resistance to  the  antibiotic
G418  in  the  diatoms  Navicula  saprophila  and  Cyclotella  cryptica  [100].  However,  it  is  un‐
known what kinds of  antibiotics-based selection marker genes are available for red sea‐
weeds, since red algae usually have strong resistance to antibiotics.

Recently, the sensitivity of P. yezoensis gametophytes to ampicillin, kanamycin, hygromycin,
geneticin (G418), chloramphenicol and paromomycin was investigated, and lethal effects of
these antibiotics on gametophytes were observed at more than 2.0 mg mL-1 of hygromycin,
chloramphenicol and paromomycin and 1.0 mg mL-1 of G418, whereas P. yezoensis gameto‐
phytes were highly resistant to ampicillin and kanamycin [101]. Although these concentrations
are in fact very high in comparison with the cases for the red alga Griffithsia japonica and the
green alga C. reinhardtii that were highly sensitive to 50 μg mL-1 and 1.0 μg mL-1 of hygromycin
[96,102], these four antibiotics and corresponding resistance genes are suitable for the selection
of genetically transformed cells from P. yezoensis gametophytes. According to these findings,
it is necessary to confirm whether P. yezoensis gametophytes will obtain antibiotic tolerance by
introducing plasmid constructs containing the antibiotic-resistance genes mentioned above.
In this case, optimization of codon usage and the employment of strong endogenous promoter
are expected for functional expression of the antibiotic resistance genes, according to the
knowledge from the transient transformation system [29,30]. Such efforts could effectively
contribute to the establishment of the genetic transformation system in red seaweeds in the
near future.
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3. Transformation in brown seaweeds

According to Qin et al. [103], trials of genetic engineering in brown seaweeds have been
started by transient expression of the GUS reporter gene under direction of the CaMV 35S
promoter  by  particle  bombardment  in  Laminaria  japonica  and  Undaria  pinnatifida,  which
were first performed in 1994 by them. Descriptions of related experiments were published
later [104,105].  Qin et al.  then focused on the establishment of genetic transformation in
brown seaweeds and provided successful reports of genetic transformation in L. japonica
[103,106].  Genetic  transformation was performed by particle  bombardment only and ex‐
pression of a reporter gene was driven by the SV40 promoter that is usually used for gene
expression in mammalian cells (Table 2).  This promoter represented non-tissue and -cell
specificity for expression of the E. coli lacZ reporter gene [105]. Promoters from maize ubiq‐
uitin, algal adenine-methyl transfer enzyme and diatom fucoxanthin chlorophyll a/c-bind‐
ing protein (FCP) genes are also useful for transient expression of the GUS gene, and the
FCP promoter is also employable for the genetic transformation [107]. Interestingly, there
has been no successful genetic transformation using the CaMV 35S promoter, although this
promoter is active in the transient transformation [103].

Despite the reports of successful genetic transformation, there was no experiment using
antibiotics-based selection of transformants in brown seaweeds. Although the susceptibility
of brown seaweeds to antibiotics has not been well studied, it was reported that L. japonica was
sensitive to chloramphenicol and hygromycin, but not to ampicillin, streptomycin, kanamycin,
neomycin or G418 [103,106]. Since hygromycin is more effective than chloramphenicol
[103,106], it is necessary to confirm the utility of the SV40-hptII gene for the selection of
transformants to fully establish the genetic transformation system in kelp.

Species Status of

expression

Gene transfer method Promoter Marker or

Reporter

Ref.

Laminaria japonica transient particle bombardment CaMV 35S GUS [103]

Laminaria japonica stable particle bombardment SV40 GUS [105]

Laminaria japonica transient particle bombardment CaMV 35S, UBI,

AMT

GUS [107]

Laminaria japonica stable particle bombardment FCP GUS [107]

Laminaria japonica stable particle bombardment SV40 HBsAg [113]

Laminaria japonica stable particle bombardment SV40 Rt-PA [114]

Laminaria japonica stable particle bombardment SV40 bar [114]

Undaria pinnatifida transient particle bombardment CaMV 35S GUS [103]

Undaria pinnatifida transient particle bombardment SV40 GUS [104]

Table 2. Transformation in brown seaweeds.
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weeds, since red algae usually have strong resistance to antibiotics.
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these antibiotics on gametophytes were observed at more than 2.0 mg mL-1 of hygromycin,
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are in fact very high in comparison with the cases for the red alga Griffithsia japonica and the
green alga C. reinhardtii that were highly sensitive to 50 μg mL-1 and 1.0 μg mL-1 of hygromycin
[96,102], these four antibiotics and corresponding resistance genes are suitable for the selection
of genetically transformed cells from P. yezoensis gametophytes. According to these findings,
it is necessary to confirm whether P. yezoensis gametophytes will obtain antibiotic tolerance by
introducing plasmid constructs containing the antibiotic-resistance genes mentioned above.
In this case, optimization of codon usage and the employment of strong endogenous promoter
are expected for functional expression of the antibiotic resistance genes, according to the
knowledge from the transient transformation system [29,30]. Such efforts could effectively
contribute to the establishment of the genetic transformation system in red seaweeds in the
near future.
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were first performed in 1994 by them. Descriptions of related experiments were published
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[103,106].  Genetic  transformation was performed by particle  bombardment only and ex‐
pression of a reporter gene was driven by the SV40 promoter that is usually used for gene
expression in mammalian cells (Table 2).  This promoter represented non-tissue and -cell
specificity for expression of the E. coli lacZ reporter gene [105]. Promoters from maize ubiq‐
uitin, algal adenine-methyl transfer enzyme and diatom fucoxanthin chlorophyll a/c-bind‐
ing protein (FCP) genes are also useful for transient expression of the GUS gene, and the
FCP promoter is also employable for the genetic transformation [107]. Interestingly, there
has been no successful genetic transformation using the CaMV 35S promoter, although this
promoter is active in the transient transformation [103].

Despite the reports of successful genetic transformation, there was no experiment using
antibiotics-based selection of transformants in brown seaweeds. Although the susceptibility
of brown seaweeds to antibiotics has not been well studied, it was reported that L. japonica was
sensitive to chloramphenicol and hygromycin, but not to ampicillin, streptomycin, kanamycin,
neomycin or G418 [103,106]. Since hygromycin is more effective than chloramphenicol
[103,106], it is necessary to confirm the utility of the SV40-hptII gene for the selection of
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To date, stably transformed microalgae have been employed to produce recombinant anti‐
bodies, vaccines or bio-hydrogen as well as to analyze the gene functions targeted for engi‐
neering [108-111]. Based on the success in genetic transformation, L. japonica is now proposed
as a marine bioreactor in combination with the SV40 promoter [112]. Indeed, the integration
of human hepatitis B surface antigen (HBsAg) and recombinant human tissue-type plasmi‐
nogen (rt-PA) genes into the L. japonica genome resulted in the efficient expression of these
genes under the direction of the SV40 promoter [113,114]. Therefore, L. japonica promises to be
useful as the bioreactor for vaccine and other medical agents, although it is necessary to
continually check the safety and value of its use by oral application.

There is no competitor against the Chinease group in the field of using brown algal genetic
transformation at present [103,106,115], meaning there is currently no way to confirm the
replicability of the experiments. It is necessary to re-examine the effective use of the non-plant
SV40 promoter and bacterial lacZ gene in brown algal genetic transformation, which is also
important for the evaluation of genetic transformation in red seaweeds Gracilaria species, for
which the SV40-lacZ gene was used such as transgene, as described above [91,92].

4. Transformation in green seaweeds

The first successfull genetic transformation in green algae was reported in the unicellular green
alga Chlamydomonas reinhardtii for which the particle bombardment and glass-bead abrasion
techniques were employed [116,117]. The availability of electoroporation was then confirmed
in C. reinhardtii and Chlorella saccharophila [118,119]. These methods produce physical cellular
damage, allowing DNA to be introduced into the cells. Moreover, particle bombardment was
confirmed to be useful for a diverse range of species, including transient transformation in the
unicellular Haematococcus pluvialis [120] and genetic transformation in the multicellular Volvox
carteri and Gonium pectoral [97,120-122]. Agrobacterium-mediated transformation was also
reported in H. pluvialis [123]. Thus, all methods employed in land green plants are applicable
for green microalgae [88] (see Table 3).

In contrast, there is no report about genetic transformation in green seaweeds (Table 3). To
date, only two examples of transient transformation have been reported in green seaweeds,
Ulva lactura by electroporation and U. pertusa by particle bombardment [124,125]. As shown
in Table 3, some of the experiments with micro- and macro-green algae used the promoter of
the CaMV 35S gene and the coding region of the E. coli GUS gene. Although functionality of
the CaMV 35S promoter and bacterial GUS coding region is the same in land green plants, the
expression of the GUS reporter gene seems to be very low in the green seaweed U. lactuca [124].
In fact, codon-optimization is critical for the expression of reporters like the GFP gene and
antibiotic-resistance genes in C. reinhardtii [47,90,115,126]. Moreover, the HSP70A promoter
was employed to increase the expression level of the reporter genes [47,115]. Therefore, it is
possible that changes in codon usage in the reporter gene and promoter region could result in
increased reporter gene expression in transient transformation of green seaweeds. Recently,
the Rubisco small subunit (rbsS) promoter was used for expression of the EGFP reporter gene

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

334

in transient transformation of U. pertusa by particle bombardment [125]; however, it is still
unclear whether the rbsS promoters and the EGFP gene work well in cells in comparison with
the CaMV 35S promoter and codon-optimized EGFP gene.

Species Status of

expression

Gene transfer method Promoter Marker or

Reporter

Ref.

Microalga

Chlamidominas

reinhardtii

stable particle bombardment [116]

Chlamidominas

reinhardtii

stable glass bead agitation Nitrate reductase Nitrate

reductase

[117]

Chlamidominas

reinhardtii

stable electroporation CaMV 35S CAT [118]

Chlamidominas

reinhardtii

stable glass bead agitation rbcS2 aphVIII [95]

Chlamidominas

reinhardtii

stable glass bead agitation β2-tubulin Aph7” [96]

Chlorella saccharophila transient electroporation CaMV 35S GUS [119]

Haematococcus pluvialis transient particle bombardment SV40 lacZ [120]

Haematococcus pluvialis stable Agrobacterium-mediated

gene transfer

CaMV 35S GUS,GFP,

hptII

[123]

Volvox Carteri stable particle bombardment β2-tubulin arylsulfatase [121]

Volvox Carteri stable particle bombardment

glass bead agitation

Hsp70A-rbcS2

fusion

aphVIII [98]

Volvox Carteri stable particle bombardment β-tubulin,

Hsp70A

aphH [97]

Gonium pectoral stable particle bombardment VcHsp70A aphVIII [122]

Seaweed

Ulva lactuca transient electroporation CaMV 35S GUS [124]

Ulva pertusa transient particle bombardment UprbcS EGFP [125]

Table 3. Transformation in green algae.

If the rbsS-EGFP gene is useful as a reporter gene for genetic transformation in green seaweeds,
the remaining problems to be settled are methods for foreign gene integration into the genome
and selection of transformed cells, which is the same as the situation with red seaweeds. Reddy
et al. [24] commented on the antibiotic sensitivity of green seaweeds, indicating the consider‐
able resistance of protoplast from Ulva and Monostroma to hygromycin and kanamycin.
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If the rbsS-EGFP gene is useful as a reporter gene for genetic transformation in green seaweeds,
the remaining problems to be settled are methods for foreign gene integration into the genome
and selection of transformed cells, which is the same as the situation with red seaweeds. Reddy
et al. [24] commented on the antibiotic sensitivity of green seaweeds, indicating the consider‐
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Insensitivity to hygromycin is inconsistent with the case for red and brown seaweeds
[101-103,106]. It is therefore necessary to check the sensitivity of green seaweed cells to other
antibiotics to identify the genes employable for selection of transformed cells, which could
stimulate the development of the genetic transformation system in green seaweeds.

5. Conclusion

It is nearly 20 years since the first transient transformation of a red seaweed with a circular
expression plasmid [25], and many efforts have been made to develop a system for transient
and stable expression of foreign genes in many kinds of seaweeds; however, a seaweed
transformation system has still not been developed. The main problem is the employment of
the CaMV 35S-GUS gene in the pioneer attempts at system development as shown in Tables
1, 2 and 3. This problem was recently resolved through the development of an efficient transient
transformation system in P. yezoensis [29,30]. It is clear that the CaMV 35S promoter and the
GUS gene are not active in seaweed cells [48], which is supported by knowledge from green
microalgae [54-65]. These findings strongly indicate that defects in the transfer and expression
of foreign genes were resolved by knowledge about two critical factors required for reprodu‐
cibility and efficiency of transient gene expression, namely, the optimization of codon usage
of coding regions and the employment of endogenous strong promoters [29,30]. However,
these significant improvements are not enough to allow the establishment of a genetic
transformation system in seaweeds.

At present, genetic transformation is reported in red and brown seaweeds using the SV40
promoter (Tables 1 and 2) [91,92,103,105-107,113,114]; however, isolation of transgenic clone
lines produced from distinct single transformed cells, which is the final goal of the genetic
transformation of seaweeds as a tool, has not been reported, and seaweed genetic transfor‐
mation is thus not fully developed. Therefore, the next step is to develop the gene targeting
system via integration of a foreign gene into the genome and the system for selection of
transformed cells. Since candidates of antibiotic agents for selection of transformed algal cells
were mentioned recently [101-103,106], it is necessary to confirm the possibility of stable
integration of a plasmid or a DNA fragment containing the selection maker gene into the
seaweed genome. Once a positive result is obtained, it could lead us to establish the gene
targeting method via the homologous recombination using an appropriate antibiotics resist‐
ance gene, if possible, with the heterologous promoter. To this end, we must reevaluate the
availability of the methods for gene transfer such as electroporation and Agrobacteriumu
infection.

Due to the problems with efficient genetic transformation systems, the molecular biological
studies of seaweeds are currently progressing more slowly than are the studies of land green
plants. Since a genetic transformation system would allow us to perform genetic analysis of
gene function via inactivation and knock-down of gene expression by RNAi and antisense
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1. Introduction

In Japan, conservation and regeneration projects have been actively conducted for large-
sized birds such as the Japanese crested ibis, Nipponia Nippon, the oriental white stork, Cico‐
nia boyciana and the intermediate egret, Ardea intermedia (Photo 1) that inhabit rural areas [1,
2]. Many people are highly interested in these projects and a lot of information about growth
and breeding for large-sized birds is broadcasted through television, radio and internet me‐
dia. In such a situation, a conspicuous topic has been found in recent months, that is, 2 indi‐
viduals of the Japanese crested ibis displayed beriberi symptom along with human being,
because of overeating great favorite food that is the Dojo loach, Misgurnus anguillicaudatus.
Their beriberi symptom appeared to be caused by eating the Dojo loach raw. The 2 individu‐
als were diagnosed as follows; this beriberi symptom occurred as vitamin B1 in the individ‐
ual bodies was destroyed by tiaminase enzyme contained in the Dojo loach. At present the
two individuals may have completely recovered from the beriberi symptom through vita‐
min B1 supplementation by injection.

By the way, the presence of 10 or more loach species including the Dojo loach has been
observed around paddy fields in rural areas, Japan. Most loach species appear to become
food attractive for large-sized birds (Photo 1) [3] and one of the reasons is that the loach
species cannot move as rapidly as swimming species such as the Japanese dace, Tribolodon
hakonensis  and  the  Ayu,  Plecoglossus  altivelis  altivelis;  hence  large-sized  birds  are  able  to
easily  catch them.  In  addition,  only  the  Dojo  loach has  been investigated,  but  nutrition
contained in this loach was superior to other fish species; for instance, amount of calcium

© 2013 Koizumi et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Koizumi et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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in the Dojo was 9 times that of the Japanese ell, Anguilla japonica,  and also the Dojo had
the most amount of vitamin B2 in all  fish [4,  5].  Actually these precise nutrient compo‐
nents may somewhat differ among the loach species, but their nutrient components could
have to be fundamentally similar.

Photo 1. 2 individuals of the intermediate egret, Ardea intermedia that are finding individuals of many loach species
as their food in paddy field (unpublished photo)

However, some of the loach species have confronted a kind of serious concerns, especially a
decrease in their population size. In Japan, we have conducted many land consolidation
projects for rising rice production and easing agricultural works in rural area since 1960s. In
land consolidation projects, concrete canals, drops, diversion weirs, etc. have been installed
around paddy fields as agricultural infrastructures; therefore not only fish populations and
their habitats but also all of ecosystem and biodiversity in rural area have been extremely
damaged [6-9].

The Hotoke loach, Lefua echigonia endemic to Japan (the above in Photo 2) has been well
known as a representative loach species has been adversely impacted on its habitat due to
land consolidation projects. Since populations of this loach have rapidly declined in some
rural areas, consequently the Hotoke loach has been designated as an endangered species on
the Red List of Japan [10]. Ecology of the loach is briefed as follows; this species is widely
distributed across the Honshu Island from the Tohoku region to the Kinki region. They usu‐
ally inhabits earth canals and ditches around paddy fields into which ground water flows
(the bottom in Photo 2) [11, 12]. The Hotoke loach often coexists with the Dojo loach in the
habitat and geographic variations for this loach based on morphological characteristics is
obscure [13, 14].
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Photo 2. An adult of the Hotoke loach, Lefua echigonia (the above) with approximately 60 mm in body length and
typical earth ditch (the bottom) where the loach inhabits around paddy field (unpublished photo)

In recent years, because importance of ecosystem and biodiversity in rural areas has been
deeply realized, various research activities have been carried out for conserving and recov‐
ering populations of the Hotoke loach. Distribution pattern and habitat characteristics of this
loach were elucidated in some rural areas [15-18], manners of habitat utilization and migra‐
tion routes for the species were investigated [11, 12, 19, 20] and techniques of artificial prop‐
agation were developed with human chorionic gonadotropin [21-23]. Further, molecular
analyses of phylogeography of the Hotoke loach using DNA sequences of mitochondrial
genes revealed that populations of the species were evolutionally separated into a total of 7
genetic clades in Japan [24-29].

Unfortunately, there is also another serious concern left in populations of the Hotoke loach.
That is, as this loach has experienced, diminishment of population size may often cause to
improve not only fragmentation among populations but also inbreeding among individuals.
Such populations tend to have distinctly poor genetic diversity, occasionally threatened
with extinction [30-33]. Usually, to evaluate genetic diversity including genetic population
structure for such populations, polymorphism analysis has been performed using microsa‐
tellite loci in nuclear genome [33-35]. Only preliminary investigations, however, were imple‐
mented for populations the Hotoke loach [36-38], although microsatellite analyses have been
carried out for populations of several endangered species.
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Genetic properties of microsatellite loci are briefed as follows (Fig. 1). These loci are repeat‐
ing sequences of 2 to 6 base pairs of DNA, for instance CACA…, CTCTCT… and CAT‐
CAT… Microsatellites that are typically neutral and co-dominant are used as molecular
markers in genetics for kinship, population and other studies, because of often presenting
high levels of inter- and intra-specific polymorphism [33-35]. Especially, CA nucleotide re‐
peats appear to be very frequent in human and other genomes and present every few 10,000
to 100,000 base pairs. A repeat size in a locus is treated as an allele and a pair of repeat sizes
which are inherited from both of parents is used as genotypes at a locus for a diploid organ‐
ism. Heterozygous describes a genotype consisting of two different sizes (alleles), while ho‐
mozygous does it consisting of two identical ones (Fig. 1).

Figure 1. Scheme of microsatellite loci in nuclear genome DNA (unpublished figure)

In this chapter, to detect the existence of the above serious genetic issues, we carried out a
series of analysis for genetic diversity and population structure in population of the Hotoke
loach (Fig. 2). Novel microsatellite loci applied in this loach were developed and character‐
ized in Section 2. Using these developed loci, genetic diversity and population structure
were investigated for populations in the upper Kokai River along with adjacent rivers, the
southeast part of Tochigi Prefecture as a case study in Section 3. Technical terms related to
population and conservation genetics are often used in the sections; thus, details of mean‐
ings of these terms are able to be known by references cited in the end of this chapter.
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Figure 2. Analysis flow chart of microsatellite loci in this chapter (unpublished figure)

2. Development and characterization of microsatellite loci

2.1. Development of microsatellite loci

In Section 2, a total of 19 novel microsatellite loci for the Hotoke loach were isolated with an
individual obtained in the Shitada R., Chiba Pref. and characterized using 32 individuals
collected from the Koise R., Ibaraki Pref. The following development procedure [36] is parti‐
ally improved based on the latest studies [39, 40].

A sample of this loach was collected from an agricultural canal in the Shitada R., Chiba Pref.
in 2005 and preserved in 99% EtOH, and then stored at -30 °C. Genomic DNA was extracted
from single caudal fin clip, approximately 5 mm × 5 mm, using a standard phenol-chloro‐
form procedure [41]. Microsatellite enriched libraries were developed following the previ‐
ous study [42] with some modifications. Briefly extracted DNA was digested with RsaI
(New England Biolabs) and then ligated to SuperSNX linkers (SuperSNX24 Forward: 5’-GTT
TAA GGC CTA GCT AGC AGA ATC-3’ and SuperSNX24+4P Reverse: 5’-phosphate-GAT
TCT GCT AGC TAG GCC TTA AAC AAA A-3’). Linker-ligated DNA was enriched for mi‐
crosatellites using streptavidin-coated magnetic beads (Dynal) treated with a blocking step
[43] and using the pooled biotinylated probes (CA)12 and (CT)12.

Recovered DNA was amplified by the polymerase chain reaction (PCR) and PCR products
were cloned using a TOPO-TA Cloning Kit (Invitrogen) following the manufacture’s proto‐
col. A total of 192 positive clones were sequenced on a 3130xl Genetic Analyzer (Applied Bi‐
osystems; ABI) using BigDye Terminator kit version 3.1 (ABI) and resultant sequences were
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proofread for repeat regions using the software DNA BASER version 3.2 (Heracle BioSoft).
Oligonucleotide primers (Table 1) were designed in flanking regions of the 19 targeted mi‐
crosatellite loci using the software DNASIS PRO version 3.0 (Hitachi Software Engineering).

Locus Primer sequence (5'-3')a Repeat motif Dye
GenBank

accession no.

Lec01
F: M13-ATC CCT CCC TTC ACC GTC TG

R: TCC GAA ACC AGC AGC ACC AC
(CA)13 6-FAM AB286032

Lec02
F: M13-TGT GCT GTA GGA TTG CTT GAG C

R: ATG TCA GAG GCT GAT GG GAT AC
(CA)30AA(CA)5 VIC AB286033

Lec03
F: M13-CGT CCA CCA GCC TTA CGA AC

R: TGA CGC TCA GTA GTC GGA CC
(CA)14CG(CA)3 6-FAM AB286034

Lec04
F: M13-GCA CTG CTG ATG ACA ATC ATT G

R: GCT TTG GGT TAG AAC ATC AGT G
(GA)29 6-FAM AB286035

Lec05
F: M13-TGT CTG CTG TGA TGA TGA CAT C

R: CTC ACA GCA CTA TTC ACT GAT G
(GT)13 NED AB286036

Lec06
F: M13-CCG TGT CTG TTT TGC TTT CTC

R: CTC CCT TCA CAA AGT AAC TGG
(CT)10 PET AB286037

Lec07
F: M13-TGT GAA GAA ACC TGA ACA CGC

R: ATT CTG TGT CCC TGA ACA CAC
(CT)7(GT)11 NED AB286038

Lec08
F: M13-GAC GCA ACA ATC TCA GGG TC

R: ACA GGA CCA AGT GGA CTC TC

(GA)5AA(GA)8

AA(GA)17

6-FAM AB286039

Lec09
F: M13-GGG GAT AGT GGA GAT GGG TG

R: TTC ATC CCT CTT CCG CCC AC
(GA)14 PET AB286040

Lec10
F: M13-GGT TGG CAA TGC CAG CAA TG

R: TGC TTT ACC AAG GTG ACG GC
(GT)7 6-FAM AB286041

Lec11
F: M13-CTG ACA CTG TGT GTG TAG CAG

R: GGT TTC ACC TGG TCC ATA CAC
(GT)11 NED AB286042

Lec12
F: M13-GGC ACC AAA GGC AGA TTT TAC

R: AGA GTG TGA GAT TAT GGC AGC

(CT)14CA(CT)2

(CA)6

VIC AB286043

Lec13
F: M13-GAC GCC ACG ACA AGA CGA AC

R: TAT GTG TGG AGG GGG GTG AG
(CT)21 NED AB286044

Lec14
F: M13-ATT AGG AGC ATT ACC CAA CAG C

R: CAA AGG AAG CAA AAA CAA GGG C
(GT)7 NED AB286045

Lec15
F: M13-GAG CAA GAG GTG TGT GCT TC

R: TGC TGG TTC ACG CTC TAC AC
(GT)11 PET AB286046

Lec16
F: M13-CAC ACT AAC ACT TCT CCA GCG

R: CAC AGT GAC CAA AGT CAC CAG
(CA)10 6-FAM AB286047

Lec17
F: M13-GTC CCC ATA AAA CAG GAA ACC C

R: GAC TAT TGA GTG AGT GCC ACA C

(GT)7GCGTGG

(GT)5

VIC AB286048

Lec18
F: M13-CGA CCA TCT TCT GGG GTT ACG

R: CCT CGG ATG GGC TAA ATG ACC
(GT)9 NED AB439725

Lec19
F: M13-CTG TGT GTG GGT GTA TCT GAA C

R: AAA GTG GCT CTT CTT CTG CTG G
(GT)6 PET AB439726

a Sequence of the M13 tails on forward primers: GCC AGT CAC GAC GTT GTA

Table 1. Characterization of 19 polymorphic microsatellite loci for 32 individuals of the Hotoke loach. Loci with gray
color were used in analysis of genetic diversity and population structure in Section 3. (Modified from one of previous
study [36])
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2.2. Characterization of microsatellite loci

Each microsatellite locus was characterized for polymorphisms among 32 individuals ob‐
tained the Koise R., Ibaraki Pref. in 2006. DNA of the individuals was extracted using an au‐
tomated DNA isolation system (GENE PREP STAR PI-80X, KURABO) following the
manufacturer’s instructions. PCR amplifications were performed on the 32 DNA extracts
across all loci using 10 μl reaction volumes containing approximately 10 ng DNA template,
0.5 U Taq DNA polymerase (BIOTAQ, Bioline), 1×NH4 buffer (BIOTAQ), 2.5 mM MgCl2,
0.25 mM each dNTP, 0.03 μM M13-tailed forward primer, 0.25 μM reverse primer and 0.25
μM labeled M13 primer (5’-GCC AGT CAC GAC GTT GTA-3’) [44]. The M13 primer was
labeled at the 5' end with 6-FAM, VIC, NED or PET fluorescent dyes (ABI, Table 1).

Thermal profiles on iCycler and C1000 (both of Bio-Rad) of thermal cyclers were as follows.
Initial denaturation at 94°C for 2 min was followed by 40 cycles of denaturation at 94°C for
15 s, annealing at 56°C for 15 s and extension at 72°C for 30 s. A single final extension at
72°C was done for 30 min. PCR products were resolved on a 3130xl Genetic Analyser with
GeneScan 500 LIZ size standard (ABI). Electropherograms were analyzed with the software
GENEMAPPER version 4.0 (ABI).

Measures of genetic diversity, tests for deviations from Hardy-Weinberg equilibrium (HWE)
and estimates of linkage disequilibrium (LD) between loci were calculated using the soft‐
ware GENEPOP on the web version 4.0.10 [45]. The possible presence of null alleles was as‐
sessed with the software MICRO-CHECKER version 2.2.3 [46].

All the 19 loci were polymorphic (Table 1). The number of observed alleles per locus ranged
from 2 to 9. The observed heterozygosity ranged from 0.125 to 0.844, while the expected het‐
erozygosity varied from 0.148 to 0.876. No significant deviations from HWE or signs of LD
were observed after sequential Bonferroni correction with the significant level at 0.05 [47]
and there was no evidence of null alleles in any of the tested loci. Consequently, the high
level of polymorphisms observed in these microsatellite loci may have to support future in‐
vestigations to improve our knowledge of the genetic differentiation and genetic structure of
populations of the Hotoke loach.

3. Analysis of genetic diversity and population structure

3.1. Study sites

In Section 3, genetic diversity and population structure of populations of the Hotoke loach
in the upper Kokai R. including 4 adjacent rivers, the southeast part of Tochigi Pref. (Fig. 3)
was detailed using the microsatellite loci developed in Section 2 (Table 1). As mentioned in
Section 1, populations of the Hotoke loach have been often diminished and isolated by land
consolidation projects in rural areas. Therefore it appears difficult to find populations dis‐
tributed with a certain area. However, rich biota still continues to exist in the upper Kokai R.
due to delay of land consolidation. This area sounds attractive for field scientists, and then
their some activities were carried out to conserve and recover such a sound rural ecosystem
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proofread for repeat regions using the software DNA BASER version 3.2 (Heracle BioSoft).
Oligonucleotide primers (Table 1) were designed in flanking regions of the 19 targeted mi‐
crosatellite loci using the software DNASIS PRO version 3.0 (Hitachi Software Engineering).
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F: M13-CTG TGT GTG GGT GTA TCT GAA C

R: AAA GTG GCT CTT CTT CTG CTG G
(GT)6 PET AB439726

a Sequence of the M13 tails on forward primers: GCC AGT CAC GAC GTT GTA

Table 1. Characterization of 19 polymorphic microsatellite loci for 32 individuals of the Hotoke loach. Loci with gray
color were used in analysis of genetic diversity and population structure in Section 3. (Modified from one of previous
study [36])
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Each microsatellite locus was characterized for polymorphisms among 32 individuals ob‐
tained the Koise R., Ibaraki Pref. in 2006. DNA of the individuals was extracted using an au‐
tomated DNA isolation system (GENE PREP STAR PI-80X, KURABO) following the
manufacturer’s instructions. PCR amplifications were performed on the 32 DNA extracts
across all loci using 10 μl reaction volumes containing approximately 10 ng DNA template,
0.5 U Taq DNA polymerase (BIOTAQ, Bioline), 1×NH4 buffer (BIOTAQ), 2.5 mM MgCl2,
0.25 mM each dNTP, 0.03 μM M13-tailed forward primer, 0.25 μM reverse primer and 0.25
μM labeled M13 primer (5’-GCC AGT CAC GAC GTT GTA-3’) [44]. The M13 primer was
labeled at the 5' end with 6-FAM, VIC, NED or PET fluorescent dyes (ABI, Table 1).

Thermal profiles on iCycler and C1000 (both of Bio-Rad) of thermal cyclers were as follows.
Initial denaturation at 94°C for 2 min was followed by 40 cycles of denaturation at 94°C for
15 s, annealing at 56°C for 15 s and extension at 72°C for 30 s. A single final extension at
72°C was done for 30 min. PCR products were resolved on a 3130xl Genetic Analyser with
GeneScan 500 LIZ size standard (ABI). Electropherograms were analyzed with the software
GENEMAPPER version 4.0 (ABI).

Measures of genetic diversity, tests for deviations from Hardy-Weinberg equilibrium (HWE)
and estimates of linkage disequilibrium (LD) between loci were calculated using the soft‐
ware GENEPOP on the web version 4.0.10 [45]. The possible presence of null alleles was as‐
sessed with the software MICRO-CHECKER version 2.2.3 [46].

All the 19 loci were polymorphic (Table 1). The number of observed alleles per locus ranged
from 2 to 9. The observed heterozygosity ranged from 0.125 to 0.844, while the expected het‐
erozygosity varied from 0.148 to 0.876. No significant deviations from HWE or signs of LD
were observed after sequential Bonferroni correction with the significant level at 0.05 [47]
and there was no evidence of null alleles in any of the tested loci. Consequently, the high
level of polymorphisms observed in these microsatellite loci may have to support future in‐
vestigations to improve our knowledge of the genetic differentiation and genetic structure of
populations of the Hotoke loach.

3. Analysis of genetic diversity and population structure

3.1. Study sites

In Section 3, genetic diversity and population structure of populations of the Hotoke loach
in the upper Kokai R. including 4 adjacent rivers, the southeast part of Tochigi Pref. (Fig. 3)
was detailed using the microsatellite loci developed in Section 2 (Table 1). As mentioned in
Section 1, populations of the Hotoke loach have been often diminished and isolated by land
consolidation projects in rural areas. Therefore it appears difficult to find populations dis‐
tributed with a certain area. However, rich biota still continues to exist in the upper Kokai R.
due to delay of land consolidation. This area sounds attractive for field scientists, and then
their some activities were carried out to conserve and recover such a sound rural ecosystem
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[48-52]. According to the results of these studies [48, 49], the populations of the Hotoke
loach tended to be distributed in the upper zone of hill-bottom valleys in this area and also a
negative correlation was observed between the population size and water temperature.

Figure 3. Collection sites for individuals of populations of the Hotoke loach in the upper of Kokai River (K1 to K20)
along with adjacent the Oh, Sakura, Gogyo and Ara Rivers (O, S, G and A1, A2, respectively), the southeast part of
Tochigi Prefecture (unpublished figure).

Considering such spatial distribution patterns in the previous studies [48, 49] and geograph‐
ical conditions in this area, a total of 20 sites were established to collect individuals of the
populations in the upper Kokai R. (K1 to K20 in Fig. 3). Additionally 5 collection sites of ad‐
jacent 4 rivers that are the Oh, Sakura, Gogyo and Ara (O, S, G and A1, A2, respectively in
Fig. 3) were decided to compare with the populations of the Kokai R.

3.2. Sample collection

Sample collections in each site (Fig. 3) were performed using hand nets with reticulation at 2
mm, flame width at 30 to 40 cm in August 2007 to June 2008 (Photo 4). 10 to 24 individuals
(a total of 573 individuals) of each population were collected in earth canals and ditches
with water depth of 2 to 24 cm, water width of 15 to 110 cm, flow velocity of 5 to 25 cm/s
and substrates consisting of silts, sands and gravels. There were no rain during the sample
collections and a part of the caudal fin (3 mm × 3 mm) of each individual was removed and
preserved in 99.5% EtOH at the sites, and then all individuals were immediately released
alive. The preserved caudal fins were kept at -30 °C and the mean ± standard deviation in
body length for all individuals was 46 ± 11 mm.
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Photo 3. Collection of individuals of the Hotoke loach in an earth ditch at the site K9 in the Kokai River (unpublished
photo)

3.3. DNA chemical analysis

Total genomic DNA from the preserved caudal fins of each individual was extracted using
an automated DNA isolation system following the manufacturer’s instructions, and kept at
4 °C after being diluted to 10 ng/μl.

The microsatellite DNA analysis were performed using the following 11 loci that are Lec01,
Lec05, Lec06, Lec08, Lec12, Lec14, Lec15, Lec16, Lec17, Lec18 and Lec19 with gray color in Table
1. These loci were confirmed to be appropriate for investigating the populations in the Kokai
R. in the preliminary studies [37, 38]. In accordance with the procedure in Section 2, micro‐
satellite amplification with PCR on iCycler and C1000 of thermal cyclers was conducted in
10 μl reaction volumes containing approximately 10 ng DNA templates. PCR products were
electrophoresed on a 3130xl Genetic Analyzer with GeneScan 500 LIZ of size markers and
the electrophoregrams were analyzed with the GENEMAPPER. Consequently genotype da‐
ta composed of a pair of fragment sizes, which are inherited from both of parents and de‐
pends on length of repeat motif, was obtained for each individual in a PCR product of a
locus. All genotype data were compiled in the software THE EXCEL MICROSATELLITE
TOOLKIT [53].

3.4. DNA data analysis

3.4.1. Genetic diversity within population

The genetic diversity within the populations of the Hotoke loach in each collection site was
evaluated with the genotype data of the 11 loci for all individuals. The number of allele (NA)
and allelic richness (Ar) [54], where bias caused by population size (the number of individu‐
als) is removed from NA, were estimated using the software GENALEX version 6.41 [55] and
FSTAT version 2.9.3 [56], respectively. Differences of NA and Ar among the populations were
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3.3. DNA chemical analysis

Total genomic DNA from the preserved caudal fins of each individual was extracted using
an automated DNA isolation system following the manufacturer’s instructions, and kept at
4 °C after being diluted to 10 ng/μl.

The microsatellite DNA analysis were performed using the following 11 loci that are Lec01,
Lec05, Lec06, Lec08, Lec12, Lec14, Lec15, Lec16, Lec17, Lec18 and Lec19 with gray color in Table
1. These loci were confirmed to be appropriate for investigating the populations in the Kokai
R. in the preliminary studies [37, 38]. In accordance with the procedure in Section 2, micro‐
satellite amplification with PCR on iCycler and C1000 of thermal cyclers was conducted in
10 μl reaction volumes containing approximately 10 ng DNA templates. PCR products were
electrophoresed on a 3130xl Genetic Analyzer with GeneScan 500 LIZ of size markers and
the electrophoregrams were analyzed with the GENEMAPPER. Consequently genotype da‐
ta composed of a pair of fragment sizes, which are inherited from both of parents and de‐
pends on length of repeat motif, was obtained for each individual in a PCR product of a
locus. All genotype data were compiled in the software THE EXCEL MICROSATELLITE
TOOLKIT [53].

3.4. DNA data analysis

3.4.1. Genetic diversity within population

The genetic diversity within the populations of the Hotoke loach in each collection site was
evaluated with the genotype data of the 11 loci for all individuals. The number of allele (NA)
and allelic richness (Ar) [54], where bias caused by population size (the number of individu‐
als) is removed from NA, were estimated using the software GENALEX version 6.41 [55] and
FSTAT version 2.9.3 [56], respectively. Differences of NA and Ar among the populations were
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tested by one-way analysis of variance (ANOVA) using the software EKUSERU-TOUKEI
2010 (Social Survey Research Information Co., Ltd.).

The observed and unbiased expected heterozygosities (HO and HE, respectively) [57] were
calculated by GENALEX [55]. The software ARLEQUIN version 3.11 [58] was used to test
deviations from Hardy-Weinberg equilibrium with Fisher’s exact probability test, which
was run through 100,000 iterations using the Markov chain Monte Carlo (MCMC). Signifi‐
cance values (α = 0.05) of a multiple test were corrected following the sequential Bonferroni
procedure [47]. Significant differences of HO and HE among the populations were detected
by one-way ANOVA using EKUSERU-TOUKEI 2010.

3.4.2. Genetic population structure among populations

Genetic population structure among the populations in the Kokai R. including 4 adjacent
rivers was elucidated with three analytical methods based on the assumption that mutation
of alleles in each locus confirmed to an infinite allele model [59, 60].

First, genetic differentiation between the populations was evaluated with classical pairwise FST

statistics [61] using ARLEQUIN [58]. Statistical significance (α = 0.05) for values of FST was test‐
ed with applying 10,000 permutations, followed by sequential Bonferroni corrections [47] and
these values were graded on four classifications for genetic differentiation in the previous
study [62]. An analysis of molecular variance (AMOVA) [63] for FST was performed to estimate
hierarchical genetic structure across the populations. In this AMOVA, the populations were
divided into 2 to 6 groups according to geographical condition such as rivers and the distances
among collection sites. And then variances among groups, among populations within groups,
among individuals within populations and within all individuals were computed for 3 cases of
genetic structure using GENALEX [55] with 10,000 permutations.

Second, a phylogenetic tree of a genetic distance DA [64] between the populations was con‐
structed with the neighbor-joining method [65] and the reliability of the obtained phyloge‐
netic tree was evaluated using the aid of 1,000 bootstrap replicates [66]. The software
POPULATIONS version 1.2.31 [67] was used to estimate DA and to construct a phylogenetic
tree and an appropriate shape of the phylogenetic tree was edited with the software MEGA
version 5.05 [68].

Finally, Bayesian cluster analysis [69-73] that has been recently used as a popular method
was implemented in the software STRUCTURE version 2.3.3 [70] to circumstantially investi‐
gate the occurrence of genetic structure among the populations without the prior identifica‐
tion of populations. Briefly, this analysis allows the inference of the number of genetically
homogeneous clusters (K) that are implicitly genetic populations from individual genotypes
at multiple loci and also assignment probability (Q) of individuals to each genetic cluster.
The admixture model and correlated allele frequencies model were used along with LOCP‐
RIOR model [74] and the software was run with 20 repetitions of 500,000 iterations of
MCMC, following a burn-in of 500,000 iterations at K of 1 to 10.

The most likely number of genetic clusters was evaluated using the rate of change in the log
probability between the values of successive K [75]. Distribution of the values of Q across
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runs for each cluster were organized using the software STRUCTURE HARVESTER web
version 0.6.92 [76] and then summarized using the software CLUMPP [77]. When individu‐
als had the values of Q more than 0.7, they were assigned to be members of that particular
cluster in this study. And also K usually appears to show the genetic structure at the upper‐
most hierarchical level [75]. Therefore, when a particular cluster was formed by some popu‐
lations, additional analysis of each cluster was performed to investigate the detailed genetic
structures after the first analysis.

3.5. Results and discussions

3.5.1. Genetic diversity within populations

All the 11 microsatellite loci were moderate to highly polymorphic, with the number of al‐
leles (NA) and observed and unbiased heterozygosities (HO and HE, respectively) per locus
for all individuals ranging from 2 (Lec19) to 40 (Lec06) and from 0.147 (Lec17 and Lec19) to
0.846 (Lec05) and from 0.155 (Lec17) and 0.915 (Lec08), respectively. Such a polymorphic level
observed in these loci indicated to be beneficial to investigating genetic characteristics of
populations in detail.

Means of NA per locus in the populations varies from 4.5 (Population A2, hereafter Pop A2) to
8.0 (Pop K11). Allele richness (Ar) per locus was standardized by the minimum size of the pop‐
ulation (10 individuals of Pop G) and its means per locus varied from 3.7 (Pop A2) to 5.6 (Pop
K11) among populations (Fig. 4). The one-way analysis of variance (ANOVA) showed that sig‐
nificant differences of the means of both NA and Ar were not confirmed among populations (F24,

250 = 0.641, MSE = 11.937, p > 0.05 for NA and F24, 250 = 0.459, MSE = 4.803, p > 0.05 for Ar).

Figure 4. Means and standard errors of the number of alleles (NA) and allelic richness (Ar) per locus in the populations
(unpublished figure). Ar was standardized by the minimum size of the population (10 individuals of Population G) and
there were no significant differences among the populations for both NA and AR (p > 0.05).
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runs for each cluster were organized using the software STRUCTURE HARVESTER web
version 0.6.92 [76] and then summarized using the software CLUMPP [77]. When individu‐
als had the values of Q more than 0.7, they were assigned to be members of that particular
cluster in this study. And also K usually appears to show the genetic structure at the upper‐
most hierarchical level [75]. Therefore, when a particular cluster was formed by some popu‐
lations, additional analysis of each cluster was performed to investigate the detailed genetic
structures after the first analysis.

3.5. Results and discussions

3.5.1. Genetic diversity within populations

All the 11 microsatellite loci were moderate to highly polymorphic, with the number of al‐
leles (NA) and observed and unbiased heterozygosities (HO and HE, respectively) per locus
for all individuals ranging from 2 (Lec19) to 40 (Lec06) and from 0.147 (Lec17 and Lec19) to
0.846 (Lec05) and from 0.155 (Lec17) and 0.915 (Lec08), respectively. Such a polymorphic level
observed in these loci indicated to be beneficial to investigating genetic characteristics of
populations in detail.

Means of NA per locus in the populations varies from 4.5 (Population A2, hereafter Pop A2) to
8.0 (Pop K11). Allele richness (Ar) per locus was standardized by the minimum size of the pop‐
ulation (10 individuals of Pop G) and its means per locus varied from 3.7 (Pop A2) to 5.6 (Pop
K11) among populations (Fig. 4). The one-way analysis of variance (ANOVA) showed that sig‐
nificant differences of the means of both NA and Ar were not confirmed among populations (F24,

250 = 0.641, MSE = 11.937, p > 0.05 for NA and F24, 250 = 0.459, MSE = 4.803, p > 0.05 for Ar).

Figure 4. Means and standard errors of the number of alleles (NA) and allelic richness (Ar) per locus in the populations
(unpublished figure). Ar was standardized by the minimum size of the population (10 individuals of Population G) and
there were no significant differences among the populations for both NA and AR (p > 0.05).
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Means of the observed and unbiased expected heterozygosities (HO and HE, respectively) per
locus across all population ranged from 0.418 (Pop A2) to 0.669 (Pop K11) and from 0.507
(Pop A2) to 0.674 (Pop K11), respectively (Fig. 5). Significant departures from the Hardy-
Weinberg equilibrium (HWE) were not observed in all the populations. This result indicated
that the populations could be applied to the following analyses of genetic population struc‐
ture, because most analyses are often performed under the assumption that population con‐
forms to HWE. The results of one-way ANOVA showed that there were no significant of the
differences among the populations for both HO and HE (F24, 250 = 0.377, MSE = 0.090, p > 0.05 for
HO and F24, 250 = 0.207, MSE = 0.079, p > 0.05 for HE).

Figure 5. Means and standard errors of the observed and unbiased expected heterozygosities (HO and HE, respectively)
per locus in the populations (unpublished figure). There were no significant differences among the populations for
both HO and HE (p > 0.05).

Genetic diversity of the populations appeared not to degrade. Generally, when population size
is small, inbreeding among individuals appears to progressively occur in a population [30-33] as
mentioned in Section 1. It has been observed that such populations had low values of NA, HO and
HE [33]. For instance, means of NA per locus for the Ethiopian wolf, Canis simensis, the Mauritius
kestrel, Falco punctatus and the Northern hairy-nosed wombat, Lasiorhinus krefftii which are des‐
ignated as worldwide endangered species, were only 2.4, 1.4 and 2.1, respectively. Means of HE

for the Ethiopian wolf, the Mauritius kestrel and the Northern hairy-nosed wombat were also
0.21, 0.10 and 0.32, respectively [78]. But then, values of representatively common freshwater
fish species inhabiting agricultural canals and ditches in rural area, Japan such as the Dojo loach,
the Field gudgeon, Gnathopogon elongates elongatus and the Amur goby (orange type), Rhinogo‐
bius sp. OR ranged from 3.3 to 17.7 (both of the Amur goby) for means of NA per locus and from
0.463 (the Dojo loach) to 0.905 (the Field gudgeon) for means of HE per locus [79-81].

Comparing with these values for the endangered and common species, the means of NA and HE

per locus (4.5 to 8.0 and 0.507 to 0.674, respectively) observed in the populations indicated to be
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in relatively moderate level. Hence, a serious concern for genetic diversity could not occur in the
populations at present. However, there are no confident that such a level of genetic diversity
would be sustaining in the future. Monitoring genetic diversity may need including ordinary bi‐
ological investigation such as an estimation of size and age composition of populations.

3.5.2. Genetic population structure inferred from FST

The lowest and highest values of FST were observed between Pops K15 & K16 and between
Pops K18 & A2 (FST = 0.008 and 0.246, respectively, Fig. 6). The permutation test showed that
all the FST were significantly different from zero (p > 0.05), except the lowest FST between
Pops K15 & K16 after sequential Bonferroni corrections [47].

Figure 6. Values of pairwise FST between the populations and their grades of genetic differentiation composed of four
classifications (unpublished figure). All the value of FST were significantly different from zero (p > 0.05), except be‐
tween Populations K15 & K16 (FST = 0.008). Four classifications of genetic differentiation derive from the previous
study [62].

Values of FST were graded on four classifications for genetic differentiation based on the previ‐
ous study [62]. These classifications imply no, middle, high and extreme genetic differentiation
when FST ranges from 0 to 0.05, from 0.05 to 0.15, from 0.15 to 0.25 and over 0.25. Applying this
grade, 20.3% of the FST (32/190) between the populations within the Kokai R. (Pops K1 to K20)
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were classified into no genetic differentiation and a part of such populations tended to be close
located each other (Fig. 6). The remaining FST within the Kokai R. were classified into middle ge‐
netic differentiation. Between the populations in the Kokai R. and adjacent 4 rivers (Pops O to
A2), their FST showed middle to high genetic differentiation, although the FST between the popu‐
lations in the Kokai and Oh Rs were partially no differentiation.

The analysis of molecular variance (AMOVA) was implemented for the following Cases I to III,
among which the number of groups and composition of the populations in groups differed. In
Case I, the populations of the Kokai R. (K1 to K20) and 4 adjacent rivers (Pops O to A2) were div‐
ided into GroupCaseI 1 and 2, respectively. In Case II, GroupCaseII 1 was formed by the populations
of the Kokai, Oh and Sakura Rs (Pops K1 to S) and GroupcaseII 2, 3 and 4 were formed by 3 remain‐
ing populations of 2 rivers (Pops G, A1 and A2). There were groups GroupCaseIII 1 to 6 composed
of the populations of the Kokai (Pops K1 to K20), Oh (Pop O), Sakura (Pop S), Gogyo (Pop G), one
Ara (Pop A1) and another Ara (Pop A2) R. in Case III.

Significant genetic differentiations were observed at all hierarchical levels in all cases (p <
0.01, Table 2). The largest genetic variance in all variances was found at the level of within
individuals in each case (from 82.5 % in Case II to 86.0 % in Case I). The genetic variances at
the levels of among groups and among populations within groups accounted for 2.8% in
Case I to 7.3 % in Case II and 6.9 % in Case II and III to 7.9 % in Case I, respectively (Table 2).

Case

(no. groups)
Statistic

Hierarchy

Among

groups (A)

Among pops

within groups (B)

Among inds

within pops (C)

Within

inds (D)

Total

(E)

I (2)

d.f. 1 23 548 573 1145
MS 52.5 16.8 3.4 3.2

Var comp 0.102 0.291 0.124 3.184 3.702
% of var 2.76 7.87 3.35 86.01 100.00

F 0.028a 0.081b 0.106c 0.038d 0.140e

II (4)

d.f. 3 21 548 573 1145
MS 34.6 15.9 3.4 3.2

Var comp 0.282 0.267 0.124 3.184 3.858
% of var 7.32 6.93 3.22 82.53 100.00

F 0.073 0.075 0.142 0.038 0.175

III (6)

d.f. 5 19 548 573 1145
MS 28.5 15.6 3.4 3.2

Var comp 0.183 0.260 0.124 3.184 3.752
% of var 4.88 6.94 3.31 84.86 100.00

F 0.049 0.073 0.118 0.038 0.151

aFA/E, bFB/(B+C+D), cF(A+B)/E, dFC/(C+E), eF(A+B+C)/E

Table 2. Results of analysis of molecular variance (AMOVA) for three Cases I, II and III (unpublished table).
Compositions of the populations in groups for Case I to III are referred in the text. Genetic differentiations were
significant at all hierarchical levels for each case (p < 0.01).
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Genetic differentiation between the populations was significantly inferred from the analysis
of FST and its relevant AMOVA. Geographical condition such as river and the distances
among locations appeared to relate to degree of the genetic differentiation as illustrated in
the previous studies [37, 38, 82-84]. However, only a part of genetic population structure
could be indicated in this analysis, because the proportions of the genetic variances at the
level of among groups were relatively low (2.8 to 7.3 % of among groups in Table 2). Investi‐
gating schematically and visually genetic structure may have to be implemented as further
analysis as commented in the previous study [74].

3.5.3. Genetic population structure inferred from phylogentic tree

The calculated genetic distance DA between the populations ranged from 0.073 (between Pops
K15 & K16) to 0.99 (between Pops K6 & A2). In this phylogenetic tree of DA using the neighbor-
joining method [65] (Fig. 7), there was a few of highly significant divergences of population with
the bootstrap probabilities over 90 % (e.g. 98 % between Pops K15 & K16, 93 % between Pops K10
& K11); while the probabilities left were less than 50 % on most divergences. But, the topology of
the phylogenetic tree displayed that there were 4 distinct groups, GroupTree 1 to 4 despite weak
condition of the statistical support. Both GroupTree 1 and 2 consisted of 3 populations of the Go‐
gyo and Ara Rs (Pops G, A1 and A2) and of the Kokai, Oh and Sakura Rs (Pops K8, O and S), re‐
spectively. GroupTree 3 consisted of 7 populations collected in the lower part of the Kokai R. (Pops
K1 to K7), while GroupTree 4 were formed by the 12 remaining populations coming from the mid‐
dle and upper part of the Kokai R. (Pops K9 to K20).

The schematic genetic structure of the populations was showed by constructing the phylo‐
genetic tree (Fig. 7). Including the results of the above FST analysis and AMOVA, the exis‐
tence of 2 genetic populations that related to GroupTree 3 and 4 was indicated in the
populations within the Kokai R., but these groups were statistically cryptic. It could be ex‐
pected that characterization of admixture of gene flow and migrants among the populations
was displayed by detailing structures of such cryptic genetic populations.

3.5.4. Genetic structure among populations inferred from Bayesian cluster analysis

The Bayesian clustering analysis supported the occurrence of two defined genetic clusters,
Clusters A and B in the uppermost hierarchical level (Fig. 8). By accounting for the number
of individuals with more than 70 % of assignment probability (Q) to each cluster, 98.6 6% of
all individuals (507/514 individuals) in the populations from the Kokai, Oh and Sakura Rs
(Pops K1 to S) were assigned to Cluster A. And also, 91.5 % of the remaining individuals
(54/59 individuals) in the populations from the Gogyo and Ara Rs (Pops G to A2) were as‐
signed to Cluster B (Fig. 8).

Further clustering analysis were performed to assign the populations in Clusters A and B to
genetic clusters in the second hierarchical level. Applying the same procedure in the first
analysis, the appropriate K were 2 in both analyses. According to the values of Q of the indi‐
viduals, they were assigned to one of Clusters I, II or admixture of Cluster I & II in the anal‐
ysis of Cluster A and Clusters III or IV in the analyses of Cluster B.
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Figure 7. Phylogenetic tree of DA for the populations with neighbour-joining method (unpublished figure)
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Figure 8. Structures of genetic clusters in the populations inferred by the Bayesian analysis (unpublished figure). Clus‐
ters A & B and I to IV imply the genetic populations at uppermost and second hierarchical levels, respectively. Each
individual is represented by a horizontal line fragmented by assignment probabilities to the genetic clusters.

In the analysis of Cluster A, 77.0 to 98.6 % of individuals of Pops K2 to K6, K8, O and S (a
total of 8 populations) in the Kokai, Oh and Sakura Rs were assigned to members of Cluster
I (Fig. 8). Considering the geographical locations of the populations as performed in the pre‐
vious studies [85-88], Cluster I mainly indicated to be the genetic population of the lower
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part of the Kokai including the Oh and Sakura Rs (Fig. 9). 77.4 to 99.0 % of individuals of
Pops K9, 10, 12, 13, 15 to 18 (a total of 8 populations) in the Kokai occupied members of
Cluster II. Cluster II also implied to be the genetic population of the middle and upper parts
of the Kokai R. The remaining individuals of Pops K1, K7, K11, K14, K19 and K20 (a total of
6 populations) in the Kokai R. were mainly classified into members of admixtures of Clus‐
ters I & II. In the analysis of Cluster B, almost all individuals (more than 99.1 %) of Pops G
and A1 in the Gogyo and Ara Rs. and Pop A2 in the Ara R. were assigned to Clusters III and
IV, respectively (Fig. 8). Cluster III and IV reflected the genetic populations of the Gogyo
and one of Ara R. and another of the Ara R., respectively (Fig. 9).

Figure 9. Spatial distribution and composition of genetic clusters in populations (unpublished figure). Size of circle
reflects that of population.

Consequently the four genetic populations (Clusters I to IV) and a mixed genetic population
(admixture of Cluster I & II) were confirmed in the populations using this clustering analy‐
sis. Clusters I, II and a pair of Clusters III & IV nearly coincided with a pair of GroupTree 2 &
3, GroupTree 4 and GroupTree 1 in the phylogenetic tree, respectively (Fig. 7). Moreover, the
presence of the mixed genetic population, which could not be usually detected in a phyloge‐
netic tree, was founded by the cluster analysis. As discussed in the previous studies [69-71,
73], this admixture of Cluster I & II may be established through gene flow caused by mi‐
grant; thus, events relative to individual movement and breeding could have occurred
among some populations in the past.
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4. Conclusions

A series of the exhaustive genetic analysis in this chapter demonstrated that the populations
of the Hotoke loach indicated to have moderate genetic diversity and to be supported with 4
genetic populations, of which distributions depended on the populations and the geographi‐
cal locations. These 2 genetic characteristics showed that there could not be serious genetic
concerns at present and the populations might be available as valuable biological resources
such as bird food. To fulfill the effective utilization of this loach in near future, both biomed‐
ical and nutritional investigations for component contained in the body may also have to be
practiced in the next research subjects along with proposing an optimal management plan
for conserving the populations.

Further, the following 2 suggestions based on the results of this analysis should be realized
in conduct of the next research. First, to sustain the present genetic features, habitats of the
populations have to be maintained with monitoring the population size. As it is repeatedly
described in the above, but reduction of the population size often appears to cause degrada‐
tion of the genetic diversity and the lost genetic diversity could never be regained in the
populations [30-33]. Avoiding such a decrease in the genetic diversity, habitat conservation
might be important for a population management. It was also investigated that this species
had relatively strict water temperature resistance compared with other common freshwater
fish [48, 49]; hence the control of the water quality, especially water temperature could be
one of essential factors for conserving habitats of the populations.

Second, spatial distribution and composition of the genetic populations should be taken ac‐
count in the population management. In this area the genetic populations could be establish‐
ed by only geographical factors such as river and ground conditions (Fig. 9) and related to
no human activities. The foregoing genetic populations often appear a kind of genetic heri‐
tages and it is recommended that their distributions do not have to be disturbed artificially
[30-33, 35]. If perchance size diminishment of a specific population is observed and there is
only individual translocation as a method to recover the population, selections of translated
individuals and populations should be advisedly carried out based on the distribution of the
genetic populations. Finally there still may be various and many biological resources left in
the rural ecosystem in Japan. Genetic analyses performed in this chapter would have to con‐
tribute substantially to exploration and beneficial utilization of these resources.
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among some populations in the past.
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no human activities. The foregoing genetic populations often appear a kind of genetic heri‐
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1. Introduction

Molecular  recognition  is  a  fundamental  phenomenon observed in  all  biological  systems
organisation  ‒  proteins,  nucleic  acids  and  their  complexes,  cells  and  tissues.  Molecular
recognition is  governed by specific  attractive  interactions  between two or  more  partner
molecules  through  non-covalent  bonding  such  as  hydrogen  bonds,  metal  coordination,
electrostatic  effects,  hydrophobic  and van der  Waals  interactions.  The  partners  –  recep‐
tor(s)  and substrate(s)  or  ligands ‒  involved in molecular  recognition,  exhibit  molecular
complementarity that can be adjusted over the recognition process.  Competition and co‐
operation, the two opposite natural effects contributing to selective and specific recogni‐
tion between participating partners,  are  the  basic  principles  of  substrate/ligand/inhibitor
or protein binding to its targets.

The tertiary structures of biological objects (proteins and nucleic acids) are formed mainly
by hydrogen bonds (enthalpic contributions) and by hydrophobic contacts (mostly entropic
contributions). With a few exceptions, (e.g. ligand binding to the Ah receptor), the organisa‐
tion of ligand-protein complexes depends primarily on hydrogen bonding.

In the process of a ligand binding to its target the hydrogen bonds contribute to (i) the orien‐
tation of the substrates/ligands/inhibitors by a receptor, frequently associated with a confor‐
mational/structural adjustment of the interacting agents; (ii) the specific recognition of
substrates/ligands/inhibitors and selectivity between sterically or structurally similar but bi‐
ochemically different species; (iii) the affinity of ligands/inhibitors ‒ the most decisive factor
in drug design.

To describe the pharmacological properties of a given ligand or inhibitor, the knowledge of
the site where the inhibitor is to bind with the target and of which interaction(s) control the
specific recognition of the inhibitor by its target(s), represents a corner stone factor. Only a
limited number of target-ligand molecular complexes have been characterized experimen‐

© 2013 Arora and Tchertanov; licensee InTech. This is an open access article distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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tally at the atomic level (X-ray or NMR analysis) [1]. Part of them describes the binding
mode of therapeutically relevant ligands to biologically non-relevant and non-pertinent tar‐
gets (e.g., the HIV-1 integrase specific inhibitor RAL was published as a ligand fixed to the
PFV intasome [2,3]). Consequently, a large quantity of reliable information on target-ligand
binding is based on molecular docking methods which generate insights into the interac‐
tions of ligands with the amino acid residues in the binding pockets of the targets, and also
predict the corresponding binding affinities of ligands [4]. The first step of a docking calcu‐
lation consists of the choice or generation/construction of the therapeutically appropriate
target. Frequently the target modeling is a hard computational task which requires the ap‐
plication of sophisticated theoretical methods and constitutes a fascinating creative process.

Therefore, theoretical studies contribute first, to establish biologically valid models of the
targets; second, through the use of these models, to the understanding of the protein func‐
tional properties; and finally to apply this data to rational drug design.

Here we compile and review the data on the molecular structure, properties and interac‐
tions of the HIV-1 integrase representing from one side, a characteristic example of a poly-
functional and complex biological object interacting with different viral and cellular
partners and from another side, an attractive therapeutical target. We attempt to extract key
messages of practical value and complement references with our own research of this viral
enzyme. We characterized the structural and conformational features of Raltegravir (RAL),
the first integrase specific inhibitor approved for the treatment of HIV/AIDS, and we ana‐
lyzed the factors contributing to RAL recognition by the viral targets.

2. The HIV-1 integrase and integrase-viral DNA pre-integration complex

2.1. Activities

The HIV-1 integrase (IN) is a key enzyme in the replication mechanism of retroviruses, cata‐
lyzing the covalent insertion of the reverse-transcribed DNA into the chromosomes of the
infected cells [5]. Once integrated, the provirus persists in the host cell and serves as a tem‐
plate for the transcription of viral genes and replication of the viral genome, leading to pro‐
duction of new viruses (Figure 1a). A two-step reaction is required for covalent integration
of viral DNA (vDNA) into host DNA (hDNA). First, IN binds to a short sequence located at
either end of the long terminal repeat (LTR) of the viral DNA and catalyzes an endo-nucleo‐
tide cleavage. This process is known as 3’-processing reaction (3’-P), resulting in the removal
of two nucleotides from each of the 3’-ends of the LTR and the delivery of hydroxyl groups
for nucleophilic attacks (Figure 1 b).

The cleaved (pre-processed) DNA is then used as a substrate for the strand transfer (ST) re‐
action, leading to the covalent insertion of the vDNA into genome of the infected cell [5,7].
The ST reaction occurs at both ends of the vDNA simultaneously, with an offset of precisely
five base pairs between the two distant points of insertion. The integration process is accom‐
plished by the removal of unpaired dinucleotides from the 5’-ends of the vDNA, the filling
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in of the single-strand gaps between viral and target DNA molecules and ligation of the 3’-
ends of the vDNA to the 5’-ends of the hDNA (Figure 1 b). These two reactions are spatially
and temporally separated and energetically independent: the 3’-processing takes place in
the cytoplasm of the infected cells, whereas strand transfer occurs in the nuclei. They are cat‐
alyzed by the enzyme in different conformational and oligomerisation states: dimerization is
required for the 3’-processing step [8,9], while tetrameric IN is believed to be required for
strand transfer [10-12].

(a) (b) 

Figure 1. The HIV-1 replication cycle (a) and catalytic steps involved in the insertion of viral DNA into the human ge‐
nome (b) [6].

2.2. Structural data

The HIV-1 IN is a 288 amino acids enzyme (32 kDa) that consists in three structurally dis‐
tinct domains: (i) the N-terminal domain (NTD, IN1–49) with a non-conventional HHCC zinc-
finger motif, promoting protein multimerization; (ii) the central core domain (CCD, IN50–212)
containing a canonical D,D,E motif performing catalysis and involved in DNA substrate rec‐
ognition [35]; (iii) the C-terminal domain (CTD, IN213–288), which non-specifically binds DNA
and helps to stabilize the IN•vDNA complex [13]. Both integration steps, 3’-P and ST, in‐
volve the active site and the active site flexible loop formed by ten residues, IN140-149.

Neither the structure of isolated full-length IN from HIV-1 nor that of IN complex with its
DNA substrate has been determined. Nevertheless, the structures of the isolated HIV-1 do‐
mains or two domains were characterized by X-ray crystallography (34 structures) and
NMR analysis (9 structures) [1]. NTD presented by 6 NMR structure solutions (1WJA, 1WJB,
1WJC, 1WJE, and 1WGF) [14-16] was classified by SCOP as the ‘all alpha helix’ structure and
consists of four helices stabilized by a Zn2+cation coordinated with the HHCC motif (His12,
His16, Cys40 and Cys43); the sequence from 43 to 49 residue are disordered (Figure 2).
Structure of CTD was also characterised by NMR (3 deposited solutions (1IHV, 1IHW and
1QMC) [17,18]. According to the SCOP classification it presents the ‘all beta strand’ struc‐
ture and consists of five anti-parallel β-strands forming a β-barrel and adopting an SH3-like
fold (Figure 2).
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functional and complex biological object interacting with different viral and cellular
partners and from another side, an attractive therapeutical target. We attempt to extract key
messages of practical value and complement references with our own research of this viral
enzyme. We characterized the structural and conformational features of Raltegravir (RAL),
the first integrase specific inhibitor approved for the treatment of HIV/AIDS, and we ana‐
lyzed the factors contributing to RAL recognition by the viral targets.

2. The HIV-1 integrase and integrase-viral DNA pre-integration complex

2.1. Activities

The HIV-1 integrase (IN) is a key enzyme in the replication mechanism of retroviruses, cata‐
lyzing the covalent insertion of the reverse-transcribed DNA into the chromosomes of the
infected cells [5]. Once integrated, the provirus persists in the host cell and serves as a tem‐
plate for the transcription of viral genes and replication of the viral genome, leading to pro‐
duction of new viruses (Figure 1a). A two-step reaction is required for covalent integration
of viral DNA (vDNA) into host DNA (hDNA). First, IN binds to a short sequence located at
either end of the long terminal repeat (LTR) of the viral DNA and catalyzes an endo-nucleo‐
tide cleavage. This process is known as 3’-processing reaction (3’-P), resulting in the removal
of two nucleotides from each of the 3’-ends of the LTR and the delivery of hydroxyl groups
for nucleophilic attacks (Figure 1 b).

The cleaved (pre-processed) DNA is then used as a substrate for the strand transfer (ST) re‐
action, leading to the covalent insertion of the vDNA into genome of the infected cell [5,7].
The ST reaction occurs at both ends of the vDNA simultaneously, with an offset of precisely
five base pairs between the two distant points of insertion. The integration process is accom‐
plished by the removal of unpaired dinucleotides from the 5’-ends of the vDNA, the filling
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in of the single-strand gaps between viral and target DNA molecules and ligation of the 3’-
ends of the vDNA to the 5’-ends of the hDNA (Figure 1 b). These two reactions are spatially
and temporally separated and energetically independent: the 3’-processing takes place in
the cytoplasm of the infected cells, whereas strand transfer occurs in the nuclei. They are cat‐
alyzed by the enzyme in different conformational and oligomerisation states: dimerization is
required for the 3’-processing step [8,9], while tetrameric IN is believed to be required for
strand transfer [10-12].

(a) (b) 

Figure 1. The HIV-1 replication cycle (a) and catalytic steps involved in the insertion of viral DNA into the human ge‐
nome (b) [6].

2.2. Structural data

The HIV-1 IN is a 288 amino acids enzyme (32 kDa) that consists in three structurally dis‐
tinct domains: (i) the N-terminal domain (NTD, IN1–49) with a non-conventional HHCC zinc-
finger motif, promoting protein multimerization; (ii) the central core domain (CCD, IN50–212)
containing a canonical D,D,E motif performing catalysis and involved in DNA substrate rec‐
ognition [35]; (iii) the C-terminal domain (CTD, IN213–288), which non-specifically binds DNA
and helps to stabilize the IN•vDNA complex [13]. Both integration steps, 3’-P and ST, in‐
volve the active site and the active site flexible loop formed by ten residues, IN140-149.

Neither the structure of isolated full-length IN from HIV-1 nor that of IN complex with its
DNA substrate has been determined. Nevertheless, the structures of the isolated HIV-1 do‐
mains or two domains were characterized by X-ray crystallography (34 structures) and
NMR analysis (9 structures) [1]. NTD presented by 6 NMR structure solutions (1WJA, 1WJB,
1WJC, 1WJE, and 1WGF) [14-16] was classified by SCOP as the ‘all alpha helix’ structure and
consists of four helices stabilized by a Zn2+cation coordinated with the HHCC motif (His12,
His16, Cys40 and Cys43); the sequence from 43 to 49 residue are disordered (Figure 2).
Structure of CTD was also characterised by NMR (3 deposited solutions (1IHV, 1IHW and
1QMC) [17,18]. According to the SCOP classification it presents the ‘all beta strand’ struc‐
ture and consists of five anti-parallel β-strands forming a β-barrel and adopting an SH3-like
fold (Figure 2).
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The  human IN CCD characterized  by  X-ray  analysis  has  been  reported  as  14  different
crystal structures (1HYV, 1HYZ, 1EXQ, 1QS4, 1B92, 1B9D, 1BHL, 1BI4, 1BIS, 1BIU, 1BIZ,
1BL3, 1ITG and 2ITG). The wild-type IN was resolved with a poor precision (1ITG) [19],
the  other  structures  represent  engineered mutants,  either  single  (F185K/H) [20-23],  dou‐
ble (W131E and F185K; G149A and F185K or C56S and F185K) [24-26] or multiple (C56S,
W131D, F139D and F185K) [27] mutants which were designed to overcome the poor sol‐
ubility of the protein. The core domain has a mixed α/β structure, with five β-sheets and
six α–helices (Figure 2).

Figure 2. Structural domains of the HIV-1 integrase. (Top) N-terminal (IN1–49, left), catalytic core (IN50–212, middle) and
C-terminal (IN219–270, right) domains; (bottom) N-terminal with catalytic core domain (IN1–212, left) and catalytic core
with C-terminal fragment (IN52-288, right). The structures are shown as cartoon with the side chains of the HHCC and
DDE motifs in the N-terminal and catalytic core domains rendered in stick and the Zn2+ and Mg2+ cations as balls; dash‐
ed lines indicate ion coordination [28,29].

The active site residues D64, D116 and E152 are located in different structural elements: β-
sheet (β1), coil and helix (α4), respectively. The catalytic core domain also encompasses a
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flexible loop comprising residues 140–149, in which conformational changes are required for
3’-P and ST reactions. These activities require the presence of a metallic cofactor(s), the Mg2+

ion(s), which binds to the catalytic residues D64, D116 and E152. The number of Mg2+ cati‐
ons is different for the distinct enzymatic reactions and consequently, for the different IN
states: a single Mg2+ cation in non-processed IN, and two in processed IN. The structures of
avian sarcoma virus (ASV) IN [21] and the Tn5 transposase[30] have provided evidence of a
two-metal active site structure, which has been used to build metal-containing IN models
[31-33].

Crystallographic structures of IN1–212 and IN50–288 two-domain constructs have also been ob‐
tained for W131D/F139D/F185K and C56S/W131D/F139D/F185K/C180S mutants, respective‐
ly (Figure 2) [34,35]. In the first of these structures, there is an asymmetric unit containing
four molecules forming pairs of dimers connected by a non-crystallographic two fold axis,
in which the catalytic core and N-terminal domains are well resolved, their structures close‐
ly matching those found with isolated IN1–45 and IN50–212 domains, and connected by a highly
disordered linking region (47–55 amino acids). The X-ray structure of the other two-domain
construct, IN50–288, showed there was a two-fold symmetric dimer in the crystal. The catalytic
core and C-terminal domains were connected by a perfect helix formed by residues 195–221.
The local structure of each domain was similar to the structure of the isolated domains. The
dimer core domain interface was found to be similar to the isolated core domain, whereas
the dimer C-terminal interface differed from that obtained by NMR.

2.3. Theoretical models

All these structural data characterising the HIV-1 IN single or two-domains allow the gener‐
ation of biologically relevant models, representing either the unbound dimeric enzyme or
IN complexed with the viral or/and host DNA [29].

IN acts as a multimer [36]. Dimerization is required for the 3’-processing step, with tetra‐
meric IN catalyzing the ST reaction [37,38]. Dimeric models were built to reproduce the spe‐
cific contacts between IN and the LTR terminal CA/TG nucleotides identified in vitro [39,40].
However, most models include a tetrameric IN alone or IN complex with either vDNA
alone or vDNA/hDNA, recapitulating the simultaneous binding of IN to both DNAs re‐
quired for strand transfer (Figure 3 b–d).

These models were either based on the partial crystal structure of IN [32,44] or constructed
by analogy with a synaptic Tn5 transposase complex described in previous studies
[42,45,46].

Most models include an Mg2+ cationic cofactor and take into account both structural data
and biologically significant constraints (Figure 2 b–d). In particular, HIV-1 IN synaptic com‐
plexes (IN•vDNA•hDNA) have been constructed taken into account the different enzymat‐
ic states occurring during the integration process (Figure 3 d) [41,42]. Such complexes have
also been characterized by electron microscopy (EM) and single-particle imaging at a resolu‐
tion of 27 Å [47]. Recently the X-ray complete structure of the Primate Foamy Virus (PFV)
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quired for strand transfer (Figure 3 b–d).

These models were either based on the partial crystal structure of IN [32,44] or constructed
by analogy with a synaptic Tn5 transposase complex described in previous studies
[42,45,46].

Most models include an Mg2+ cationic cofactor and take into account both structural data
and biologically significant constraints (Figure 2 b–d). In particular, HIV-1 IN synaptic com‐
plexes (IN•vDNA•hDNA) have been constructed taken into account the different enzymat‐
ic states occurring during the integration process (Figure 3 d) [41,42]. Such complexes have
also been characterized by electron microscopy (EM) and single-particle imaging at a resolu‐
tion of 27 Å [47]. Recently the X-ray complete structure of the Primate Foamy Virus (PFV)

The HIV-1 Integrase: Modeling and Beyond
http://dx.doi.org/10.5772/52344

381



integrase in complex with the substrate DNA and Raltegravir or Elvitegravir has also recent‐
ly been reported (Figure 3 e) [2].

Figure 3. Integrase architecture and organization. Theoretical models: (a) dimeric model of the full-length IN•vDNA‐
complex [39]; (b) tetramer models of the IN•vDNA [27]; (c and d) synaptic complexes IN4•vDNA•hDNA [41,42]; (e) X-
ray structure of the PFV IN•vDNAintasome [2]; and (f) EM maps reconstitution of IN•vDNA•hDNA complex with LEGDF
[43]. Protein and DNA structures are presented as cartoon with colour coded nucleotides and Zn2+ and Mg2+cations
shown as balls. The active site contains two Mg2+ cations in (a) and one in (b–d).

In this complex, the retroviral intasome consists of an IN tetramer tightly associated with a
pair of viral DNA ends. The overall shape of the complex is consistent with a low-resolution
structure obtained by electron microscopy and single-particle reconstruction for HIV-1 IN
complex with its cellular cofactor, the lens epithelium-derived growth factor (LEDGF) (Fig‐
ure 3 d) [43].

2.5. Targets models representing the HIV-1 integrase before and after 3’-processing

Recently new HIV-1 IN models were generated by homology modeling. They represent
with a certain level of reliability two different enzymatic states of the HIV-1 IN that can be
explored as the biological relevant targets for design of the HIV-1 integrase inhibitors (Fig‐
ure 4). The generated models are based on the experimental data characterising either the
partial structures of IN from HIV-1 or full-length IN from PFV. The models of the separated
full-length HIV-1 integrase represent the unbound homodimers of IN (IN1-270) containing
either one or two Mg2+ cations in the active site – a plausible enzymatic state before the 3’
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processing. The catalytic site loop encompassing ten residues forms the boundary of the ac‐
tive site. This loop shows either a coiled structure [20,22,24] or contains an Ω-shaped hairpin
[28,48].

Figure 4. Structural models of the HIV-1 integrase. (a) Model of unbound IN representing the homodimeric enzyme
before the 3’-processing; (b) Model of the simplified (dimeric form) IN•DNA pre-integration complex; (c) Superimposi‐
tion of monomeric subunits from two models in which catalytic site loop residues 140-149 are shown by colours (red
and green).The proteins are shown as cartoons, Mg2+ ions as spheres (in magenta). (d) Schematic representation of
the HIV and PVF active site loop secondary structure prediction, according to consensus 1 and consensus 2.

It will be useful to note that we evidenced a high flexibility of the functional domains in un‐
bound IN by using the Normal Modes Analysis (NMA) [49,50]. Particularly, CTD is charac‐
terized by a large scissors-like movement (Figure 5 a). We established that the catalytic site
loop in unbound IN with two Mg2+cations in the active site is more rigid due to the stabilis‐
ing role of the coordination of the Mg2+cations by three active site residues, D64, D116 and
E152, whereas the catalytic site loop flexibility increases significantly (Figure 5 b, c).

Figure 5. Normal modes illustrating fragments movement in unbound IN. A scissors-like movement in CTD (a); the
catalytic site loop displacement in unbound IN with one and two Mg2+cation(s) in the active site (b) and (c) respective‐
ly (S. Abdel-Azeim, personal communication).
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The simplified model of the HIV-1 IN•vDNA pre-integration complex represents the homo‐
dimer of integrase non-covalently attached to the two double strains of the viral DNA with
two removed nucleotides GT at each 3’-end (Figure 4 b), and likely depicts the biologically
active unit of the IN•vDNA strand transfer intasome. The IN•vDNA model was generated
from the X-ray structure of the PFV intasome [2]. Despite the very low sequence identity
(22%) between the HIV-1 and PFV INs, the structure-based alignment of the two proteins
demonstrates high conservation of key secondary structural elements and the three PFV IN
domains shared with HIV-1 IN have essentially the same structure as the isolated IN do‐
mains from HIV-1 [51]. Moreover, the structure of the PFV intasome displays a distance be‐
tween the reactive 3’ ends of vDNA that corresponds to the expected distance between the
integration sites of HIV-1 IN target DNA (4 base pairs). Consequently, we suggested that the
PFV IN X-ray structure represents an acceptable template for the HIV-1 IN model genera‐
tion [52].

Two models of different states of the HIV-1 IN show a strong dissimilarity of their structure
evidenced by divergent relative spatial positions of their structural domains, NTD, CCD and
CTD (Figure 4 c). These tertiary structural modifications altered the contacts between IN do‐
mains and the structure and conformation of the linker regions. Particularly, the NTD-CCD
interface exhibits substantial changes: in the unbound form the NTD-CCD interface belongs
to the same monomer subunit whereas in the vDNA-bound form the interface is composed
of residues from the two different subunits. Moreover, IN undergoes important structural
transformation leading to structural re-organisation of the catalytic site loop; the coiled por‐
tion of the loop reduces from ten residues in the unbound form to five residues in the
vDNA-bound form. Such effect may be induced either by the vDNA binding or it can derive
as an artefact produced from the use of structural data of the PFV IN as a template for the
model generation. Prediction of IN133-155 sequence secondary structure elements indicates a
more significant predisposition of IN from HIV-1 to be folded as two helices linked by a
coiled loop than the IN from PFV (Figure 4 d). Prediction results obtained with high reliabil‐
ity (>75%) correlate perfectly with the X-ray data characterising the WT HIV-1 integrase
(1B3L) [22] and its double mutant G140A/G149A (1B9F) [26]. The helix elongation accompa‐
nied by loop shortening may be easily induced by the enzyme conformational/structural
transition between the two integration steps prompted by substrate binding.

This structure can be used to generate reliable HIV-1 IN models for Integrase Strand Trans‐
fer Inhibitors (INSTIs) design. However, the active site loop adopts a five-residue coil struc‐
ture, rather than the ten-residue extended loop observed in HIV-1IN. This difference may be
due to a difference in the sequence of the two enzymes or an effect induced by DNA bind‐
ing, and caution is therefore required in the use of this structure as a template for modelling
biologically relevant conformations of HIV-1 IN [2,45].

2.6. Transition pathway between two IN states and the allosteric binding sites

Two different states of the HIV-1 IN represent the enzyme structures before and after 3’-
processing. Under integration process, IN as many other proteins undergo large conforma‐
tional transitions that are essential for its functions (Figure 6) [53-55]. Tertiary structural
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changes precede and accompany these quaternary transitions in the HIV-1 IN as was evi‐
denced by Targeted Molecular Dynamics (TMD) [56] and Meta Dynamics (MD) [57] (Figure
6 c, d).

Figure 6. Transition states ensemble between A and B structures (a) (A. Blondel, personal communication). A series of
conformations visited by the HIV-1 IN over transition from unbound IN to IN•vDNA complex before (red) and after
(blue) 3’-processing (b) obtained by Targeted Molecular Dynamics (TMD) (c) and Meta Dynamics (MD) simulations (d)
(S. Abdel-Azeim, personal communication).

Our results, first, provide a description of structure-dynamics-function relationships which
in turn supplies a plausible understanding of the IN 3’-processing at the atomic level. Sec‐
ond, the calculated intermediate conformations along the trajectories were scanned for mo‐
lecular pockets - a means of exploring putative allosteric binding sites, particularly
positioned on the IN C-terminal domain (CTD), which is responsible for the vDNA recogni‐
tion (Figure 7).

3. Raltegravir

The integrase inhibitors were developed to block either the 3’-processing or the strand trans‐
fer reaction [58-60]. Raltegravir (RAL), the first IN inhibitor approved for AIDS treatment
[61] specifically inhibits the ST activity and was confirmed as an integrase ST inhibitor (IN‐
STI), whereas the 3’-P activity was inhibited only up to a certain concentration [28,62]. The
potency of RAL has been described at the level of half-maximal inhibitory concentration
(IC50 values) in cellular antiviral and recombinant enzyme assays, kinetic analysis and
slow-binding inhibition of IN-catalyzed ST reaction [62-68]. Particularly, it has an IC50 of 2 to
7nM for the inhibition of recombinant IN-mediated ST in vitro and an IC95 of 19 and 31 nM
in 10% FBS (fetal bovine serum) and 50 % NHS (normal human serum), respectively. This
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(blue) 3’-processing (b) obtained by Targeted Molecular Dynamics (TMD) (c) and Meta Dynamics (MD) simulations (d)
(S. Abdel-Azeim, personal communication).

Our results, first, provide a description of structure-dynamics-function relationships which
in turn supplies a plausible understanding of the IN 3’-processing at the atomic level. Sec‐
ond, the calculated intermediate conformations along the trajectories were scanned for mo‐
lecular pockets - a means of exploring putative allosteric binding sites, particularly
positioned on the IN C-terminal domain (CTD), which is responsible for the vDNA recogni‐
tion (Figure 7).

3. Raltegravir
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fer reaction [58-60]. Raltegravir (RAL), the first IN inhibitor approved for AIDS treatment
[61] specifically inhibits the ST activity and was confirmed as an integrase ST inhibitor (IN‐
STI), whereas the 3’-P activity was inhibited only up to a certain concentration [28,62]. The
potency of RAL has been described at the level of half-maximal inhibitory concentration
(IC50 values) in cellular antiviral and recombinant enzyme assays, kinetic analysis and
slow-binding inhibition of IN-catalyzed ST reaction [62-68]. Particularly, it has an IC50 of 2 to
7nM for the inhibition of recombinant IN-mediated ST in vitro and an IC95 of 19 and 31 nM
in 10% FBS (fetal bovine serum) and 50 % NHS (normal human serum), respectively. This
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drug has been reported to be approximately 100-fold less specific for the inhibition of 3'-
processing activity compared to strand transfer. The dissociation rate of RAL with
IN•vDNA complex was slow, with koff values of (22 ± 2) × 10−6 s−1. The dissociative half-life
value measured for RAL with the wild type IN•vDNA complex was 7.3 h and 11.0 h ob‐
tained at 37°C and at 25°C respectively.

Figure 7. Pockets detected on the surface of the HIV-1 Integrase intermediate conformations obtained by Targeted
Molecular Dynamics (TMD) simulations. (S. Abdel-Azeim, personal communication).

Like other antiretroviral inhibitors, RAL develops/induces a resistance effect. Resistance to
RAL was associated with amino acids substitutions following three distinct genetic path‐
ways that involve either N155H, either Q148R/K/H or Y143R primary mutation [69,70]. The
last mutation was reported as rare [71]. It was supposed that the integrase active site muta‐
tion N155H causes resistance to raltegravir primarily by perturbing the arrangement of the
active site Mg2+ ions and not by affecting the affinity of the metals or the direct contacts of
the inhibitor with the enzyme [72].

G140S has been shown to enhance the RAL resistance associated with Q148R/K/H [73]. The
kinetic gating and/or induced fit effect have been reported as possible mechanisms for RAL
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resistance of the G140S/Q148H mutant [74]. A third pathway involving the Y143R/C/H mu‐
tation and conferring a large decrease in susceptibility to RAL has been described [75].

3.1. Structure and conformational flexibility

No experimental data characterizing RAL unbound structure or RAL binding mode to the
HIV-1 IN has been reported. In this regard, the characterization of RAL conformational pref‐
erences and the study of its binding to the HIV-1 IN represent an important task for deter‐
mining the molecular factors that contribute to the pharmacological action of this drug.
Crystallographic data describing the separate domains of the HIV-1 IN and the full-length
PFV IN with its cognate DNA deposited in the PDB, provide useful experimental starting
guide for the theoretical modeling of the structurally unstudied objects, IN and IN•vDNA
complex of HIV-1 as the RAL targets.

RAL, incorporating two pharmacophores, is a multipotent agent capable to hit more than
one target in HIV-1, the unbound IN, the viral DNA or IN•vDNA complex. RAL shows the
configurational E/Z isomerism and a high conformational flexibility due to eight aliphatic
single bonds. Two pharmacophores, (1) 1,3,4-oxadiazole-2-carboxamide and (2) carbonyla‐
mino-1-N-alkyl-5-hydroxypyrimidinone, possessing structural versatility through the orien‐
tation of carboxamide fragments respective to the aromatic rings, show E-, Z-configuration
states characterizing the relative position of the vicinal 1‒4 and 1‒5 oxygen atoms [48] (Chart
1). The molecule has a set of multiple H-bond donor and acceptor centres. These molecular
features together with high structural flexibility provide an abundance of alternative mono-
and bi-dentate binding sites in a given RAL conformation.
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Chart 1. RAL structure. The E- and Z-isomers of 1,3,4-oxadiazole-2-carboxamide (1) and carbonylamino-1-N-alkyl-5-
hydroxypyrimidinone (2) pharmacophores are stabilized by intramolecular H-bonds.

The chelating properties of protonated or deprotonated RAL are also determined by the E-
or Z- configuration (Chart 2). Consequently, RAL can contribute in the recognition and
binding of different partners – H-donor, H-acceptors, charged non-metal atoms and metal
cations – in topologically distinct regions of IN by applying the richness of its molecular and
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structural properties. For instance, RAL as a bioisoster of adenine can block IN interaction
with DNA [48] or sequester metal cofactor ions [76].
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Chart 2. Metal chelating properties of 1, 3, 4-oxadiazole-2-carboxamide (1) and carbonylamino-1-N-alkyl-5-hydroxy‐
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The conformational preferences of RAL were examined in the gas phase (conformational
analysis), in water solution (molecular dynamics, MD, in explicit solvent) and in the solid
state (the fragment-based analysis using the crystallographic data from Cambridge Structur‐
al Database, CSD [77]. Conformational analysis of the different isomeric states of RAL in the
gas phase indicates a small difference between the energy profiles of the Z-1/Z-2 and E-1/Z-2
isomers suggesting a relatively low energetical barrier between these two inhibitor states
(Figure 8).

A slight preference for the Z-configuration of carbonylamino-hydroxypyrimidinonepharma‐
cophore in the gas phase was observed, in coherence with the established predisposition of
β-ketoenols – a principle corner stone of this pharmacophore – to adopt the Z-isomer in the
solid state (Figure 9 b) [78-80]. The preference of aliphatic β-ketoenols to form energetically
favorable Z-configurartion has been predicted early by ab initio studies at the B3LYP/3-G**
level of theory [81].

The Cambridge Structural Databank search (CSD) [77] based on molecular fragments mim‐
icking the RAL pharmacophores statistically demonstrates the preferential E-configuration
of oxadiazolecarboxamide–like molecules and the Z-configuration of carbonylamino-hy‐
droxypyrimidinone-like molecules in the solid state (Figure 9 a and b respectively). The
halogenated aromatic rings, widely used pharmacophores, show a great level of conforma‐
tional flexibility (Figure 9, c), allowing to contribute to a better inhibitor affinity in the bind‐
ing site.
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Figure 8. RAL conformations in the gas phase. Free energy profiles obtained by relaxed scans around the single bonds
of RAL from 0 to 360⁰ with an increment step of 30⁰, considering the four RAL isomers: (a) Z-1/Z-2, (b) Z-1/E-2, (c)
E-1/Z-2 and (d) E-1/E-2. The curves representing the rotations around torsion angles τ1, τ2, τ3 and τ4 are shown in
blue, red, green and violet colours. The values of τ1, τ2, τ3 and τ4 observed in RAL crystal structure 3OYA are indicated
by asterisks.

3.2. Raltegravir-metal recognition

Synthesized as a metal cations chelating ligand, RAL can bind the metal by both pharmaco‐
phores in different isomerisation states. Probing the RAL chelating features with relevant
cations, K, Mg and Mn, we evidenced that in the majority of metal complexes, the carbony‐
laminohydroxypyrimidinone-like fragments are observed in the Z configuration in the solid
state (Figure 10).
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Synthesized as a metal cations chelating ligand, RAL can bind the metal by both pharmaco‐
phores in different isomerisation states. Probing the RAL chelating features with relevant
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Figure 9. RAL conformations in the solid state. CSD fragment-based analysis of the RAL subunits indicates the E- (blue
triangles) and Z- (red squares) conformations of oxadiazolecarboxamide–like molecules (a) and the Z-configuration of
carbonylamino-hydroxypyrimidinone-like molecules (b). The halogenated phenyl ring conformation RAL geometry in
PFV complex is shown in (c and d respectively). The RAL crystal structure parameters are indicated by asterisks. The
alternative configurations of the carbonylamino-hydroxypyrimidinone derivatives are demonstrated by structure of
RAL precursor molecules, GACMUT, MEADAP and POPYOJ, and RAL inhibitor (d-g).

The oxadiazolecarboxamide-like pharmacophore is observed in the metal complexes as two
isomers and demonstrates a strong selectivity to the metal type: the Z isomer binds K and
Mg while the E isomer binds mainly Mn. The higher probability of Mg2+cation coordination
by the Z-isomer of both pharmacophores indicates that the presence of two Mg2+cations at
the integrase binding site may be a decisive factor for stabilisation of the Z/Z configuration
of RAL which is observed in the PFV intasome complex [2,3].

Therapeutically used RAL is in deprotonated state neutralised by K cation. Such drug for‐
mula corresponds to the optimal condition allowing efficient cations replacement in cells.
The significantly higher affinity of both parmacophores to Mg relatively to K permits a posi‐
tive competition between these cations, resulting in the change of RAL composition from a
pharmaceutically acceptable potassium (K) salt to a biologically relevant Mg complex.
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Figure 10. Probing of ligand interactions with Mg, Mn and K by CSD fragment-based search for the metal-ligand com‐
plexes (Chart 2, and scatterplots (a-d). Metal complexes are indicated by bull symbols: red squares (Mg), blue circles
(Mn) and orange triangles (K). The RAL crystal structure is shown (f) and the RAL parameters are indicated by asterisks
in (a and c).
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3.3. Raltegravir recognition by the HIV-1 targets

The published docking studies report located within the active site of either unbound IN or
IN•vDNA complex. Distinct poses of RAL representing different RAL configuration and
modes of Mg2+ cations chelation were observed [74,82-84].

Our docking calculations of RAL onto each model evidenced that (i) the large binding pock‐
et delimited by the active site and the extended catalytic site loop in the unbound IN can
accommodate RAL in distinct configurational/conformational states showing a lack of inter‐
action specificity between inhibitor and target; (ii) the well defined cavity formed by the ac‐
tive site, vDNA and shortened catalytic site loop provides a more optimised RAL binding
site where the inhibitor is stabilised by coordination bonds with Mg2+ cations in the Z/Z-con‐
figuration (Figure 11).

Additional stabilisation of RAL is provided by non-covalent interactions with the environ‐
ing residues of IN and the viral DNA bases. Based on our computing data we suggested ear‐
lier the stabilizing role of the vDNA in the inhibitors recognition by IN•vDNA pre-
integration complex [51]. It was experimentally evidenced that RAL potently binds only
when IN is in a binary complex with vDNA [85], possibly binding to a transient intermedi‐
ate along the integration pathway [86]. Terminal bases of the viral DNA play a role in both
catalytic efficiency [87,88] and inhibitor binding [89-91].

It was reported recently that unprocessed viral DNA could be the primary target of RAL
[92]. This study is based on the PFV DNA and several oligonucleotides mimicking the HIV-1
DNA probed by experimental and computing techniques.

To explore the role of the HIV-1 viral DNA in RAL recognition we docked RAL onto the
non-cleaved and cleaved DNA (the terminal GT nucleotides were removed) [79]. We found
that RAL docked onto the non-cleaved vDNA is positioned in the minor groove of the sub‐
strate. No stabilising interactions between the partners, RAL and vDNA, were observed. In
contrast, in the processed (cleaved) vDNA the Z/Z isomer of RAL takes the place of the re‐
mote GT based and is stabilised by strong and specific H-bonds with the unpaired cytosine.
These H-bonds characterize the high affinity and specific recognition between RAL and the
unpaired cytosine similarly to those observed in the DNA bases pair G-C.

Based on the docking results we suggested that the inhibition process may include as a first
step the RAL recognition by the processed viral DNA bound to a transient intermediate IN
state. RAL coupled to vDNA shows an outside orientation of all oxygen atoms, excellent pu‐
tative chelating agents of Mg2+cations, which could facilitate the insertion of RAL into the
active site. The conformational flexibility of RAL further allows the accommodation/adapta‐
tion of the inhibitor in a relatively large binding pocket of IN•vDNA pre-integration com‐
plex thus producing various RAL docked conformation. We believe that such variety of
RAL conformations contributing to the alternative enzyme residue recognition may impact
the selection of the clinically observed alternative resistance pathways to the drug [29] and
references herein.
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Figure 11. RAL docking onto the active site of unbound IN, IN•vDNA complex and viral DNA. Proteins and DNA are
shown as cartoons; inhibitors as sticks and Mg2+ cations as balls.

4. Conclusions and perspectives

The HIV-1 Integrase is an essential retroviral enzyme that covalently binds both ends of lin‐
ear viral DNA and inserts them into a cellular chromosome. The functions of this enzyme
are based on the existence of specific attractive interactions between partner molecules or
cofactors ‒ IN, viral DNA and Mg2+ cations. Structure-based drug development seeks to
identify and use such interactions to design and optimize the competitive and specific mod‐
ulator of such functional interactions. Drug design and optimisation process require knowl‐
edge about interaction geometries and binding affinity contributing to molecular
recognition that can be gleaned from crystallographic and modeling data.
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We have resumed the available structural information related to the retroviral integrase. We
used this data to generate biologically relevant HIV-1 targets ‒ the unbound IN, the viral
DNA (vDNA) and the IN•vDNA complex ‒ which represent with a certain level of reliabili‐
ty, two different enzymatic states of the HIV-1 over the retroviral integration process.

We have characterised the RAL binding, a very flexible molecule displaying the E/Z isomer‐
ism, to the active site of its HIV-1 targets which mimic the integrase states before and after
the 3’-processing. The docked conformations represent a spectrum of possible conformation‐
al/configurational states. The best docking scores and poses confirm that the generated mod‐
el representing the IN•vDNA complex is the biologically relevant target of RAL, the strand
transfer inhibitor. This finding is consistent with well-documented and commonly accepted
inhibition mechanism of RAL, based on integral biological, biochemical and structural data.

RAL docking onto the IN•vDNA complex systematically generated the RAL chelated to
Mg2+cations at the active site by the pharmacophore oxygen atoms. The identification of IN
residues specifically interacting with RAL is likely a very difficult task and the exact modes
of binding of this inhibitor remain a matter of debate. Most probably the flexible nature of
RAL results in different conformations and the mode of binding may differ in terms of the
interacting residues of the target, which trigger the alternative resistance phenomenon.

The identified RAL binding to the processed viral DNA shed light on a putative, even plau‐
sible, step of the RAL inhibition mechanism.

We have implemented dynamic properties to the HIV-1 targets characterisation, particular‐
ly, the internal protein collective motions and the global conformational transition. Such
transitions play an essential role in the function of many proteins, but experiments do not
provide the atomic details on the path followed in going from one end structure to the other.
For the dimeric IN, the transition pathway between the unbound and bound to vDNA is not
known, which limits information of the cooperative mechanism in this typical allosteric sys‐
tem, where both tertiary and quaternary changes are involved. Description of the IN inter‐
mediate conformations open a way to localise the allosteric pockets, which in turn can be
selected as the putative binding sites for small molecules in a virtual screening protocol.

Novel drugs, targeted the HIV-1 Integrase, outcome mainly due to the rapid emergence of
RAL analogues (for example, GS-9137 or elvitegravir, MK-2048 and S/GSK 1349572, current‐
ly under clinical trials [93]). The clinical trials of several RAL analogues (BMS-707035,
GSK-364735) were suspended. All these molecules specifically suppress the IN ST reaction.
We conceive that the future HIV-1 integrase drug development will be mainly oriented to
design of inhibitors with a mechanism of action that differs from that of RAL and its ana‐
logues. Distinct conceptions are potentially conceivable: (i) Design of the allosteric inhibi‐
tors, able to recognize specifically the binding sites that differ from the IN active site.
Inhibitor V-165, belonging to such type inhibitors, prevents IN binding with the viral DNA
such blocking 3’-processing reaction [94]. (ii) Design of the protein-protein inhibitors (PPIs)
acting on interaction interface between either viral components (the IN monomers upon
multimerization process or sub-units of the IN•vDNA complex) [95,96], or between viral
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and cellular proteins (IN/LEDGF) [97,98]. These alternative strategies represent rational and
prospective directions in the HIV-1 integrase drug developement.

Acknowledgement

The authors thank Dr. E. Laine for valuable discussions and for editorial assistance, I. Chau‐
vot de Beauchêne and S. Abdel-Azeim for providing of illustrative materials. This work is
funded by the Centre National de la Recherche Scientifique (CNRS), Ecole Normale Supér‐
ieure (ENS) de Cachan and SIDACTION.

Author details

Rohit Arora and Luba Tchertanov

BiMoDyM, LBPA, CNRS -ENS de Cachan, LabEx LERMIT, CEDEX Cachan, France

References

[1] Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H, et al. The Protein
Data Bank. Nucleic Acids Research 2000 Jan 1;28(1):235-42.

[2] Hare S, Gupta SS, Valkov E, Engelman A, Cherepanov P. Retroviral intasome assem‐
bly and inhibition of DNA strand transfer. Nature 2010 Mar 11;464(7286):232-6.

[3] Hare S, Vos AM, Clayton RF, Thuring JW, Cummings MD, Cherepanov P. Molecular
mechanisms of retroviral integrase inhibition and the evolution of viral resistance.
Proceedings of the National Academy of Sciences of the United States of America
2010 Nov 16;107(46):20057-62.

[4] Krovat EM, Steindl T, Langer T. Recent Advances in Docking and Scoring. Current
Computer-Aided Drug Design 2005 Jan;1(1):93-102.

[5] Brown PO. Integration of Retroviral DNA. Current Topics in Microbiology and Im‐
munology 1990;157:19-48.

[6] Weiss RA. Gulliver's travels in HIV land. Nature 2001 Apr 19;410(6831):963-7.

[7] Chiu TK, Davies DR. Structure and function of HIV-1 integrase. Current Topics in
Medicinal Chemistry 2004;4(9):965-77.

[8] Hayouka Z, Rosenbluh J, Levin A, Loya S, Lebendiker M, Veprintsev D, et al. Inhibit‐
ing HIV-1 integrase by shifting its oligomerization equilibrium. Proceedings of the

The HIV-1 Integrase: Modeling and Beyond
http://dx.doi.org/10.5772/52344

395



We have resumed the available structural information related to the retroviral integrase. We
used this data to generate biologically relevant HIV-1 targets ‒ the unbound IN, the viral
DNA (vDNA) and the IN•vDNA complex ‒ which represent with a certain level of reliabili‐
ty, two different enzymatic states of the HIV-1 over the retroviral integration process.

We have characterised the RAL binding, a very flexible molecule displaying the E/Z isomer‐
ism, to the active site of its HIV-1 targets which mimic the integrase states before and after
the 3’-processing. The docked conformations represent a spectrum of possible conformation‐
al/configurational states. The best docking scores and poses confirm that the generated mod‐
el representing the IN•vDNA complex is the biologically relevant target of RAL, the strand
transfer inhibitor. This finding is consistent with well-documented and commonly accepted
inhibition mechanism of RAL, based on integral biological, biochemical and structural data.

RAL docking onto the IN•vDNA complex systematically generated the RAL chelated to
Mg2+cations at the active site by the pharmacophore oxygen atoms. The identification of IN
residues specifically interacting with RAL is likely a very difficult task and the exact modes
of binding of this inhibitor remain a matter of debate. Most probably the flexible nature of
RAL results in different conformations and the mode of binding may differ in terms of the
interacting residues of the target, which trigger the alternative resistance phenomenon.

The identified RAL binding to the processed viral DNA shed light on a putative, even plau‐
sible, step of the RAL inhibition mechanism.

We have implemented dynamic properties to the HIV-1 targets characterisation, particular‐
ly, the internal protein collective motions and the global conformational transition. Such
transitions play an essential role in the function of many proteins, but experiments do not
provide the atomic details on the path followed in going from one end structure to the other.
For the dimeric IN, the transition pathway between the unbound and bound to vDNA is not
known, which limits information of the cooperative mechanism in this typical allosteric sys‐
tem, where both tertiary and quaternary changes are involved. Description of the IN inter‐
mediate conformations open a way to localise the allosteric pockets, which in turn can be
selected as the putative binding sites for small molecules in a virtual screening protocol.

Novel drugs, targeted the HIV-1 Integrase, outcome mainly due to the rapid emergence of
RAL analogues (for example, GS-9137 or elvitegravir, MK-2048 and S/GSK 1349572, current‐
ly under clinical trials [93]). The clinical trials of several RAL analogues (BMS-707035,
GSK-364735) were suspended. All these molecules specifically suppress the IN ST reaction.
We conceive that the future HIV-1 integrase drug development will be mainly oriented to
design of inhibitors with a mechanism of action that differs from that of RAL and its ana‐
logues. Distinct conceptions are potentially conceivable: (i) Design of the allosteric inhibi‐
tors, able to recognize specifically the binding sites that differ from the IN active site.
Inhibitor V-165, belonging to such type inhibitors, prevents IN binding with the viral DNA
such blocking 3’-processing reaction [94]. (ii) Design of the protein-protein inhibitors (PPIs)
acting on interaction interface between either viral components (the IN monomers upon
multimerization process or sub-units of the IN•vDNA complex) [95,96], or between viral

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

394

and cellular proteins (IN/LEDGF) [97,98]. These alternative strategies represent rational and
prospective directions in the HIV-1 integrase drug developement.

Acknowledgement

The authors thank Dr. E. Laine for valuable discussions and for editorial assistance, I. Chau‐
vot de Beauchêne and S. Abdel-Azeim for providing of illustrative materials. This work is
funded by the Centre National de la Recherche Scientifique (CNRS), Ecole Normale Supér‐
ieure (ENS) de Cachan and SIDACTION.

Author details

Rohit Arora and Luba Tchertanov

BiMoDyM, LBPA, CNRS -ENS de Cachan, LabEx LERMIT, CEDEX Cachan, France

References

[1] Berman HM, Westbrook J, Feng Z, Gilliland G, Bhat TN, Weissig H, et al. The Protein
Data Bank. Nucleic Acids Research 2000 Jan 1;28(1):235-42.

[2] Hare S, Gupta SS, Valkov E, Engelman A, Cherepanov P. Retroviral intasome assem‐
bly and inhibition of DNA strand transfer. Nature 2010 Mar 11;464(7286):232-6.

[3] Hare S, Vos AM, Clayton RF, Thuring JW, Cummings MD, Cherepanov P. Molecular
mechanisms of retroviral integrase inhibition and the evolution of viral resistance.
Proceedings of the National Academy of Sciences of the United States of America
2010 Nov 16;107(46):20057-62.

[4] Krovat EM, Steindl T, Langer T. Recent Advances in Docking and Scoring. Current
Computer-Aided Drug Design 2005 Jan;1(1):93-102.

[5] Brown PO. Integration of Retroviral DNA. Current Topics in Microbiology and Im‐
munology 1990;157:19-48.

[6] Weiss RA. Gulliver's travels in HIV land. Nature 2001 Apr 19;410(6831):963-7.

[7] Chiu TK, Davies DR. Structure and function of HIV-1 integrase. Current Topics in
Medicinal Chemistry 2004;4(9):965-77.

[8] Hayouka Z, Rosenbluh J, Levin A, Loya S, Lebendiker M, Veprintsev D, et al. Inhibit‐
ing HIV-1 integrase by shifting its oligomerization equilibrium. Proceedings of the

The HIV-1 Integrase: Modeling and Beyond
http://dx.doi.org/10.5772/52344

395



National Academy of Sciences of the United States of America 2007 May 15;104(20):
8316-21.

[9] Guiot E, Carayon K, Delelis O, Simon F, Tauc P, Zubin E, et al. Relationship between
the oligomeric status of HIV-1 integrase on DNA and enzymatic activity. Journal of
Biological Chemistry 2006 Aug 11;281(32):22707-19.

[10] Faure A, Calmels C, Desjobert C, Castroviejo M, Caumont-Sarcos A, Tarrago-Litvak
L, et al. HIV-1 integrase crosslinked oligomers are active in vitro. Nucleic Acids Re‐
search 2005;33(3):977-86.

[11] Wang Y, Klock H, Yin H, Wolff K, Bieza K, Niswonger K, et al. Homogeneous high-
throughput screening assays for HIV-1 integrase 3 '-processing and strand transfer
activities. Journal of Biomolecular Screening 2005 Aug;10(5):456-62.

[12] Li M, Mizuuchi M, Burke TR, Craigie R. Retroviral DNA integration: reaction path‐
way and critical intermediates. Embo Journal 2006 Mar 22;25(6):1295-304.

[13] Asante-Appiah E, Skalka AM. Molecular mechanisms in retrovirus DNA integration.
Antiviral Research 1997 Dec;36(3):139-56.

[14] Cai ML, Huang Y, Caffrey M, Zheng RL, Craigie R, Clore GM, et al. Solution struc‐
ture of the His12 -> Cys mutant of the N-terminal zinc binding domain of HIV-1 inte‐
grase complexed to cadmium. Protein Science 1998 Dec;7(12):2669-74.

[15] Cai ML, Zheng RL, Caffrey M, Craigie R, Clore GM, Gronenborn AM. Solution struc‐
ture of the N-terminal zinc binding domain of HIV-1 integrase. Nature Structural Bi‐
ology 1997 Jul;4(7):567-77.

[16] Eijkelenboom APAM, vandenEnt FMI, Vos A, Doreleijers JF, Hard K, Tullius TD, et
al. The solution structure of the amino-terminal HHCC domain of HIV-2 integrase: a
three-helix bundle stabilized by zinc. Current Biology 1997 Oct 1;7(10):739-46.

[17] Eijkelenboom APAM, Sprangers R, Hard K, Lutzke RAP, Plasterk RHA, Boelens R, et
al. Refined solution structure of the C-terminal DNA-binding domain of human im‐
munovirus-1 integrase. Proteins-Structure Function and Genetics 1999 Sep 1;36(4):
556-64.

[18] Lodi PJ, Ernst JA, Kuszewski J, Hickman AB, Engelman A, Craigie R, et al. Solution
structure of the DNA binding domain of HIV-1 integrase. Biochemistry 1995 Aug
8;34(31):9826-33.

[19] Dyda F, Hickman AB, Jenkins TM, Engelman A, Craigie R, Davies DR. Crystal-Struc‐
ture of the Catalytic Domain of HIV-1 Integrase - Similarity to Other Polynucleotidyl
Transferases. Science 1994 Dec 23;266(5193):1981-6.

[20] Bujacz G, Alexandratos J, ZhouLiu Q, ClementMella C, Wlodawer A. The catalytic
domain of human immunodeficiency virus integrase: Ordered active site in the
F185H mutant. FEBS Letters 1996 Dec 2;398(2-3):175-8.

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

396

[21] Bujacz G, Alexandratos J, Wlodawer A. Binding of different divalent cations to the
active site of avian sarcoma virus integrase and their effects on enzymatic activity.
Journal of Biological Chemistry 1997 Jul 18;272(29):18161-8.

[22] Maignan S, Guilloteau JP, Zhou-Liu Q, Clement-Mella C, Mikol V. Crystal structures
of the catalytic domain of HIV-1 integrase free and complexed with its metal cofac‐
tor: High level of similarity of the active site with other viral integrases. Journal of
Molecular Biology 1998 Sep 18;282(2):359-68.

[23] Molteni V, Greenwald J, Rhodes D, Hwang Y, Kwiatkowski W, Bushman FD, et al.
Identification of a small-molecule binding site at the dimer interface of the HIV inte‐
grase catalytic domain. Acta Crystallographica Section D-Biological Crystallography
2001 Apr;57:536-44.

[24] Goldgur Y, Dyda F, Hickman AB, Jenkins TM, Craigie R, Davies DR. Three new
structures of the core domain of HIV-1 integrase: An active site that binds magnesi‐
um. ProcNatlAcadSci USA 1998 Aug 4;95(16):9150-4.

[25] Goldgur Y, Craigie R, Cohen GH, Fujiwara T, Yoshinaga T, Fujishita T, et al. Struc‐
ture of the HIV-1 integrase catalytic domain complexed with an inhibitor: A platform
for antiviral drug design. Proceedings of the National Academy of Sciences of the
United States of America 1999 Nov 9;96(23):13040-3.

[26] Greenwald J, Le V, Butler SL, Bushman FD, Choe S. The mobility of an HIV-1 inte‐
grase active site loop is correlated with catalytic activity. Biochemistry 1999 Jul
13;38(28):8892-8.

[27] Chen AP, Weber IT, Harrison RW, Leis J. Identification of amino acids in HIV-1 and
avian sarcoma virus integrase subsites required for specific recognition of the long
terminal repeat ends. Journal of Biological Chemistry 2006 Feb 17;281(7):4173-82.

[28] Mouscadet JF, Tchertanov L. Raltegravir: molecular basis of its mechanism of action.
Eur J Med Res 2009 Nov 24;14 Suppl 3:5-16.

[29] Mouscadet JF, Delelis O, Marcelin AG, Tchertanov L. Resistance to HIV-1 integrase
inhibitors: A structural perspective. Drug Resist Updat 2010 Aug;13(4-5):139-50.

[30] Lovell S, Goryshin IY, Reznikoff WR, Rayment I. Two-metal active site binding of a
Tn5 transposase synaptic complex. Nature Structural Biology 2002 Apr;9(4):278-81.

[31] Karki R, Tang Y, Nicklaus MC. Model of the HIV-1 integrase-viral DNA complex - A
template for structure-based design of HIV in inhibitors. Abstracts of Papers of the
American Chemical Society 2002 Aug 18;224:U9-U10.

[32] Karki RG, Tang Y, Burke TR, Nicklaus MC. Model of full-length HIV-1 integrase
complexed with viral DNA as template for anti-HIV drug design. Journal of Com‐
puter-Aided Molecular Design 2004 Dec;18(12):739-60.

The HIV-1 Integrase: Modeling and Beyond
http://dx.doi.org/10.5772/52344

397



National Academy of Sciences of the United States of America 2007 May 15;104(20):
8316-21.

[9] Guiot E, Carayon K, Delelis O, Simon F, Tauc P, Zubin E, et al. Relationship between
the oligomeric status of HIV-1 integrase on DNA and enzymatic activity. Journal of
Biological Chemistry 2006 Aug 11;281(32):22707-19.

[10] Faure A, Calmels C, Desjobert C, Castroviejo M, Caumont-Sarcos A, Tarrago-Litvak
L, et al. HIV-1 integrase crosslinked oligomers are active in vitro. Nucleic Acids Re‐
search 2005;33(3):977-86.

[11] Wang Y, Klock H, Yin H, Wolff K, Bieza K, Niswonger K, et al. Homogeneous high-
throughput screening assays for HIV-1 integrase 3 '-processing and strand transfer
activities. Journal of Biomolecular Screening 2005 Aug;10(5):456-62.

[12] Li M, Mizuuchi M, Burke TR, Craigie R. Retroviral DNA integration: reaction path‐
way and critical intermediates. Embo Journal 2006 Mar 22;25(6):1295-304.

[13] Asante-Appiah E, Skalka AM. Molecular mechanisms in retrovirus DNA integration.
Antiviral Research 1997 Dec;36(3):139-56.

[14] Cai ML, Huang Y, Caffrey M, Zheng RL, Craigie R, Clore GM, et al. Solution struc‐
ture of the His12 -> Cys mutant of the N-terminal zinc binding domain of HIV-1 inte‐
grase complexed to cadmium. Protein Science 1998 Dec;7(12):2669-74.

[15] Cai ML, Zheng RL, Caffrey M, Craigie R, Clore GM, Gronenborn AM. Solution struc‐
ture of the N-terminal zinc binding domain of HIV-1 integrase. Nature Structural Bi‐
ology 1997 Jul;4(7):567-77.

[16] Eijkelenboom APAM, vandenEnt FMI, Vos A, Doreleijers JF, Hard K, Tullius TD, et
al. The solution structure of the amino-terminal HHCC domain of HIV-2 integrase: a
three-helix bundle stabilized by zinc. Current Biology 1997 Oct 1;7(10):739-46.

[17] Eijkelenboom APAM, Sprangers R, Hard K, Lutzke RAP, Plasterk RHA, Boelens R, et
al. Refined solution structure of the C-terminal DNA-binding domain of human im‐
munovirus-1 integrase. Proteins-Structure Function and Genetics 1999 Sep 1;36(4):
556-64.

[18] Lodi PJ, Ernst JA, Kuszewski J, Hickman AB, Engelman A, Craigie R, et al. Solution
structure of the DNA binding domain of HIV-1 integrase. Biochemistry 1995 Aug
8;34(31):9826-33.

[19] Dyda F, Hickman AB, Jenkins TM, Engelman A, Craigie R, Davies DR. Crystal-Struc‐
ture of the Catalytic Domain of HIV-1 Integrase - Similarity to Other Polynucleotidyl
Transferases. Science 1994 Dec 23;266(5193):1981-6.

[20] Bujacz G, Alexandratos J, ZhouLiu Q, ClementMella C, Wlodawer A. The catalytic
domain of human immunodeficiency virus integrase: Ordered active site in the
F185H mutant. FEBS Letters 1996 Dec 2;398(2-3):175-8.

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

396

[21] Bujacz G, Alexandratos J, Wlodawer A. Binding of different divalent cations to the
active site of avian sarcoma virus integrase and their effects on enzymatic activity.
Journal of Biological Chemistry 1997 Jul 18;272(29):18161-8.

[22] Maignan S, Guilloteau JP, Zhou-Liu Q, Clement-Mella C, Mikol V. Crystal structures
of the catalytic domain of HIV-1 integrase free and complexed with its metal cofac‐
tor: High level of similarity of the active site with other viral integrases. Journal of
Molecular Biology 1998 Sep 18;282(2):359-68.

[23] Molteni V, Greenwald J, Rhodes D, Hwang Y, Kwiatkowski W, Bushman FD, et al.
Identification of a small-molecule binding site at the dimer interface of the HIV inte‐
grase catalytic domain. Acta Crystallographica Section D-Biological Crystallography
2001 Apr;57:536-44.

[24] Goldgur Y, Dyda F, Hickman AB, Jenkins TM, Craigie R, Davies DR. Three new
structures of the core domain of HIV-1 integrase: An active site that binds magnesi‐
um. ProcNatlAcadSci USA 1998 Aug 4;95(16):9150-4.

[25] Goldgur Y, Craigie R, Cohen GH, Fujiwara T, Yoshinaga T, Fujishita T, et al. Struc‐
ture of the HIV-1 integrase catalytic domain complexed with an inhibitor: A platform
for antiviral drug design. Proceedings of the National Academy of Sciences of the
United States of America 1999 Nov 9;96(23):13040-3.

[26] Greenwald J, Le V, Butler SL, Bushman FD, Choe S. The mobility of an HIV-1 inte‐
grase active site loop is correlated with catalytic activity. Biochemistry 1999 Jul
13;38(28):8892-8.

[27] Chen AP, Weber IT, Harrison RW, Leis J. Identification of amino acids in HIV-1 and
avian sarcoma virus integrase subsites required for specific recognition of the long
terminal repeat ends. Journal of Biological Chemistry 2006 Feb 17;281(7):4173-82.

[28] Mouscadet JF, Tchertanov L. Raltegravir: molecular basis of its mechanism of action.
Eur J Med Res 2009 Nov 24;14 Suppl 3:5-16.

[29] Mouscadet JF, Delelis O, Marcelin AG, Tchertanov L. Resistance to HIV-1 integrase
inhibitors: A structural perspective. Drug Resist Updat 2010 Aug;13(4-5):139-50.

[30] Lovell S, Goryshin IY, Reznikoff WR, Rayment I. Two-metal active site binding of a
Tn5 transposase synaptic complex. Nature Structural Biology 2002 Apr;9(4):278-81.

[31] Karki R, Tang Y, Nicklaus MC. Model of the HIV-1 integrase-viral DNA complex - A
template for structure-based design of HIV in inhibitors. Abstracts of Papers of the
American Chemical Society 2002 Aug 18;224:U9-U10.

[32] Karki RG, Tang Y, Burke TR, Nicklaus MC. Model of full-length HIV-1 integrase
complexed with viral DNA as template for anti-HIV drug design. Journal of Com‐
puter-Aided Molecular Design 2004 Dec;18(12):739-60.

The HIV-1 Integrase: Modeling and Beyond
http://dx.doi.org/10.5772/52344

397



[33] Wang LD, Liu CL, Chen WZ, Wang CX. Constructing HIV-1 integrase tetramer and
exploring influences of metal ions on forming integrase-DNA complex. Biochemical
and Biophysical Research Communications 2005 Nov 11;337(1):313-9.

[34] Chen ZG, Yan YW, Munshi S, Li Y, Zugay-Murphy J, Xu B, et al. X-ray structure of
simian immunodeficiency virus integrase containing the core and C-terminal domain
(residues 50-293) - An initial glance of the viral DNA binding platform. Journal of
Molecular Biology 2000 Feb 18;296(2):521-33.

[35] Wang JY, Ling H, Yang W, Craigie R. Structure of a two-domain fragment of HIV-1
integrase: implications for domain organization in the intact protein. Embo Journal
2001 Dec 17;20(24):7333-43.

[36] Ellison V, Gerton J, Vincent KA, Brown PO. An Essential Interaction Between Dis‐
tinct Domains of Hiv-1 Integrase Mediates Assembly of the Active Multimer. Journal
of Biological Chemistry 1995 Feb 17;270(7):3320-6.

[37] Faure A, Calmels C, Desjobert C, Castroviejo M, Caumont-Sarcos A, Tarrago-Litvak
L, et al. HIV-1 integrase crosslinked oligomers are active in vitro. Nucleic Acids Re‐
search 2005;33(3):977-86.

[38] Guiot E, Carayon K, Delelis O, Simon F, Tauc P, Zubin E, et al. Relationship between
the oligomeric status of HIV-1 integrase on DNA and enzymatic activity. Journal of
Biological Chemistry 2006 Aug 11;281(32):22707-19.

[39] De Luca L, Pedretti A, Vistoli G, Barreca ML, Villa L, Monforte P, et al. Analysis of
the full-length integrase - DNA complex by a modified approach for DNA docking.
Biochemical and Biophysical Research Communications 2003 Oct 31;310(4):1083-8.

[40] Esposito D, Craigie R. Sequence specificity of viral end DNA binding by HIV-1 inte‐
grase reveals critical regions for protein-DNA interaction. EMBO Journal 1998 Oct
1;17(19):5832-43.

[41] Fenollar-Ferrer C, Carnevale V, Raugei S, Carloni P. HIV-1 integrase-DNA interac‐
tions investigated by molecular modelling. Computational and Mathematical Meth‐
ods in Medicine 2008;9(3-4):231-43.

[42] Wielens J, Crosby IT, Chalmers DK. A three-dimensional model of the human immu‐
nodeficiency virus type 1 integration complex. Journal of Computer-Aided Molecu‐
lar Design 2005 May;19(5):301-17.

[43] Michel F, Crucifix C, Granger F, Eiler S, Mouscadet JF, Korolev S, et al. Structural ba‐
sis for HIV-1 DNA integration in the human genome, role of the LEDGF/P75 cofac‐
tor. EMBO J 2009 Apr 8;28(7):980-91.

[44] Gao K, Butler SL, Bushman F. Human immunodeficiency virus type 1 integrase: ar‐
rangement of protein domains in active cDNA complexes. Embo Journal 2001 Jul
2;20(13):3565-76.

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

398

[45] Davies DR, Goryshin IY, Reznikoff WS, Rayment I. Three-dimensional structure of
the Tn5 synaptic complex transposition intermediate. Science 2000 Jul 7;289(5476):
77-85.

[46] Podtelezhnikov AA, Gao K, Bushman FD, McCammon JA. Modeling HIV-1 integrase
complexes based on their hydrodynamic properties. Biopolymers 2003 Jan;68(1):
110-20.

[47] Ren G, Gao K, Bushman FD, Yeager M. Single-particle image reconstruction of a tet‐
ramer of HIV integrase bound to DNA. Journal of Molecular Biology 2007 Feb
9;366(1):286-94.

[48] Mouscadet JF, Arora R, Andre J, Lambry JC, Delelis O, Malet I, et al. HIV-1 IN alter‐
native molecular recognition of DNA induced by raltegravir resistance mutations.
Journal of Molecular Recognition 2009 Nov;22(6):480-94.

[49] Tama F, Gadea FX, Marques O, Sanejouand YH. Building-block approach for deter‐
mining low-frequency normal modes of macromolecules. Proteins 2000 Oct 1;41(1):
1-7.

[50] Tama F, Sanejouand YH. Conformational change of proteins arising from normal
mode calculations. Protein Eng 2001 Jan;14(1):1-6.

[51] Ni X, Abdel-Azeim S, Laine E, Arora R, Osemwota O, Marcelin A-G, et al. In silico
and in vitro Comparison of HIV-1 Subtypes B and CRF02_AG Integrases Susceptibil‐
ity to Integrase Strand Transfer Inhibitors. Advances in Vilology 2012;2012:548657.

[52] Yin ZQ, Craigie R. Modeling the HIV-1 Intasome: A Prototype View of the Target of
Integrase Inhibitors. Viruses-Basel 2010 Dec;2(12):2777-81.

[53] Karplus M, Kuriyan J. Molecular dynamics and protein function. Proc Natl Acad Sci
U S A 2005 May 10;102(19):6679-85.

[54] Karplus M, Gao YQ, Ma J, van d, V, Yang W. Protein structural transitions and their
functional role. Philos Transact A Math Phys Eng Sci 2005 Feb 15;363(1827):331-55.

[55] Gerstein M, Lesk AM, Chothia C. Structural mechanisms for domain movements in
proteins. Biochemistry 1994 Jun 7;33(22):6739-49.

[56] Schlitter J, Engels M, Kruger P. Targeted molecular dynamics: a new approach for
searching pathways of conformational transitions. J Mol Graph 1994 Jun;12(2):84-9.

[57] Bagley RJ, Farmer JD, Kauffman SA, Packard NH, Perelson AS, Stadnyk IM. Model‐
ing adaptive biological systems. Biosystems 1989;23(2-3):113-37.

[58] Cotelle P. Patented HIV-1 integrase inhibitors (1998-2005). Recent Pat Antiinfect
Drug Discov 2006 Jan;1(1):1-15.

[59] Pommier Y, Johnson AA, Marchand C. Integrase inhibitors to treat HIV/AIDS. Na‐
ture Reviews Drug Discovery 2005 Mar;4(3):236-48.

The HIV-1 Integrase: Modeling and Beyond
http://dx.doi.org/10.5772/52344

399



[33] Wang LD, Liu CL, Chen WZ, Wang CX. Constructing HIV-1 integrase tetramer and
exploring influences of metal ions on forming integrase-DNA complex. Biochemical
and Biophysical Research Communications 2005 Nov 11;337(1):313-9.

[34] Chen ZG, Yan YW, Munshi S, Li Y, Zugay-Murphy J, Xu B, et al. X-ray structure of
simian immunodeficiency virus integrase containing the core and C-terminal domain
(residues 50-293) - An initial glance of the viral DNA binding platform. Journal of
Molecular Biology 2000 Feb 18;296(2):521-33.

[35] Wang JY, Ling H, Yang W, Craigie R. Structure of a two-domain fragment of HIV-1
integrase: implications for domain organization in the intact protein. Embo Journal
2001 Dec 17;20(24):7333-43.

[36] Ellison V, Gerton J, Vincent KA, Brown PO. An Essential Interaction Between Dis‐
tinct Domains of Hiv-1 Integrase Mediates Assembly of the Active Multimer. Journal
of Biological Chemistry 1995 Feb 17;270(7):3320-6.

[37] Faure A, Calmels C, Desjobert C, Castroviejo M, Caumont-Sarcos A, Tarrago-Litvak
L, et al. HIV-1 integrase crosslinked oligomers are active in vitro. Nucleic Acids Re‐
search 2005;33(3):977-86.

[38] Guiot E, Carayon K, Delelis O, Simon F, Tauc P, Zubin E, et al. Relationship between
the oligomeric status of HIV-1 integrase on DNA and enzymatic activity. Journal of
Biological Chemistry 2006 Aug 11;281(32):22707-19.

[39] De Luca L, Pedretti A, Vistoli G, Barreca ML, Villa L, Monforte P, et al. Analysis of
the full-length integrase - DNA complex by a modified approach for DNA docking.
Biochemical and Biophysical Research Communications 2003 Oct 31;310(4):1083-8.

[40] Esposito D, Craigie R. Sequence specificity of viral end DNA binding by HIV-1 inte‐
grase reveals critical regions for protein-DNA interaction. EMBO Journal 1998 Oct
1;17(19):5832-43.

[41] Fenollar-Ferrer C, Carnevale V, Raugei S, Carloni P. HIV-1 integrase-DNA interac‐
tions investigated by molecular modelling. Computational and Mathematical Meth‐
ods in Medicine 2008;9(3-4):231-43.

[42] Wielens J, Crosby IT, Chalmers DK. A three-dimensional model of the human immu‐
nodeficiency virus type 1 integration complex. Journal of Computer-Aided Molecu‐
lar Design 2005 May;19(5):301-17.

[43] Michel F, Crucifix C, Granger F, Eiler S, Mouscadet JF, Korolev S, et al. Structural ba‐
sis for HIV-1 DNA integration in the human genome, role of the LEDGF/P75 cofac‐
tor. EMBO J 2009 Apr 8;28(7):980-91.

[44] Gao K, Butler SL, Bushman F. Human immunodeficiency virus type 1 integrase: ar‐
rangement of protein domains in active cDNA complexes. Embo Journal 2001 Jul
2;20(13):3565-76.

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

398

[45] Davies DR, Goryshin IY, Reznikoff WS, Rayment I. Three-dimensional structure of
the Tn5 synaptic complex transposition intermediate. Science 2000 Jul 7;289(5476):
77-85.

[46] Podtelezhnikov AA, Gao K, Bushman FD, McCammon JA. Modeling HIV-1 integrase
complexes based on their hydrodynamic properties. Biopolymers 2003 Jan;68(1):
110-20.

[47] Ren G, Gao K, Bushman FD, Yeager M. Single-particle image reconstruction of a tet‐
ramer of HIV integrase bound to DNA. Journal of Molecular Biology 2007 Feb
9;366(1):286-94.

[48] Mouscadet JF, Arora R, Andre J, Lambry JC, Delelis O, Malet I, et al. HIV-1 IN alter‐
native molecular recognition of DNA induced by raltegravir resistance mutations.
Journal of Molecular Recognition 2009 Nov;22(6):480-94.

[49] Tama F, Gadea FX, Marques O, Sanejouand YH. Building-block approach for deter‐
mining low-frequency normal modes of macromolecules. Proteins 2000 Oct 1;41(1):
1-7.

[50] Tama F, Sanejouand YH. Conformational change of proteins arising from normal
mode calculations. Protein Eng 2001 Jan;14(1):1-6.

[51] Ni X, Abdel-Azeim S, Laine E, Arora R, Osemwota O, Marcelin A-G, et al. In silico
and in vitro Comparison of HIV-1 Subtypes B and CRF02_AG Integrases Susceptibil‐
ity to Integrase Strand Transfer Inhibitors. Advances in Vilology 2012;2012:548657.

[52] Yin ZQ, Craigie R. Modeling the HIV-1 Intasome: A Prototype View of the Target of
Integrase Inhibitors. Viruses-Basel 2010 Dec;2(12):2777-81.

[53] Karplus M, Kuriyan J. Molecular dynamics and protein function. Proc Natl Acad Sci
U S A 2005 May 10;102(19):6679-85.

[54] Karplus M, Gao YQ, Ma J, van d, V, Yang W. Protein structural transitions and their
functional role. Philos Transact A Math Phys Eng Sci 2005 Feb 15;363(1827):331-55.

[55] Gerstein M, Lesk AM, Chothia C. Structural mechanisms for domain movements in
proteins. Biochemistry 1994 Jun 7;33(22):6739-49.

[56] Schlitter J, Engels M, Kruger P. Targeted molecular dynamics: a new approach for
searching pathways of conformational transitions. J Mol Graph 1994 Jun;12(2):84-9.

[57] Bagley RJ, Farmer JD, Kauffman SA, Packard NH, Perelson AS, Stadnyk IM. Model‐
ing adaptive biological systems. Biosystems 1989;23(2-3):113-37.

[58] Cotelle P. Patented HIV-1 integrase inhibitors (1998-2005). Recent Pat Antiinfect
Drug Discov 2006 Jan;1(1):1-15.

[59] Pommier Y, Johnson AA, Marchand C. Integrase inhibitors to treat HIV/AIDS. Na‐
ture Reviews Drug Discovery 2005 Mar;4(3):236-48.

The HIV-1 Integrase: Modeling and Beyond
http://dx.doi.org/10.5772/52344

399



[60] Semenova EA, Marchand C, Pommier Y. HIV-1 integrase inhibitors: Update and Per‐
spectives. Adv Pharmacol 2008;56:199-228.

[61] Marchand C, Maddali K, Metifiot M, Pommier Y. HIV-1 IN Inhibitors: 2010 Update
and Perspectives. Current Topics in Medicinal Chemistry 2009 Aug;9(11):1016-37.

[62] Hazuda DJ, Felock P, Witmer M, Wolfe A, Stillmock K, Grobler JA, et al. Inhibitors of
strand transfer that prevent integration and inhibit HIV-1 replication in cells. Science
2000 Jan 28;287(5453):646-50.

[63] Markowitz M, Morales-Ramirez JO, Nguyen BY, Kovacs CM, Steigbigel RT, Cooper
DA, et al. Antiretroviral activity, pharmacokinetics, and tolerability of MK-0518, a
novel inhibitor of HIV-1 integrase, dosed as monotherapy for 10 days in treatment-
naive HIV-1-infected individuals. J Acquir Immune DeficSyndr. 2006 Dec 15;43(5):
509-15.

[64] Grobler JA, Stillmock K, Hu B, Witmer M, Felock P, Espeseth AS, et al. Diketo acid
inhibitor mechanism and HIV-1 integrase: implications for metal binding in the ac‐
tive site of phosphotransferase enzymes.ProcNatlAcadSci USA. 2002 May 14;99(10):
6661-6.

[65] Garvey EP, Schwartz B, Gartland MJ, Lang S, Halsey W, Sathe G, et al. Potent inhibi‐
tors of HIV-1 integrase display a two-step, slow-binding inhibition mechanism
which is absent in a drug-resistant T66I/M154I mutant.Biochemistry. 2009 Feb
24;48(7):1644-53.

[66] Copeland RA, Pompliano DL, Meek TD. Drug-target residence time and its implica‐
tions for lead optimization.Nat Rev Drug Discov. 2006 Sep;5(9):730-9.

[67] Dicker IB, Terry B, Lin Z, Li Z, Bollini S, Samanta HK, et al. Biochemical analysis of
HIV-1 integrase variants resistant to strand transfer inhibitors. J Biol Chem. 2008 Aug
29;283(35):23599-609.

[68] Hightower KE, Wang R, Deanda F, Johns BA, Weaver K, Shen Y, et al. Dolutegravir
(S/GSK1349572) exhibits significantly slower dissociation than raltegravir and elvite‐
gravir from wild-type and integrase inhibitor-resistant HIV-1 integrase-DNA com‐
plexes.Antimicrob Agents Chemother. 2011 Oct;55(10):4552-9.

[69] Cooper DA, Steigbigel RT, Gatell JM, Rockstroh JK, Katlama C, Yeni P, et al. Sub‐
group and resistance analyses of raltegravir for resistant HIV-1 infection. New Eng‐
land Journal of Medicine 2008 Jul 24;359(4):355-65.

[70] Steigbigel RT, Cooper DA, Kumar PN, Eron JE, Schechter M, Markowitz M, et al.
Raltegravir with optimized background therapy for resistant HIV-1 infection. New
England Journal of Medicine 2008 Jul 24;359(4):339-54.

[71] Sichtig N, Sierra S, Kaiser R, Daumer M, Reuter S, Schulter E, et al. Evolution of ralte‐
gravir resistance during therapy. Journal of Antimicrobial Chemotherapy 2009 Jul;
64(1):25-32.

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

400

[72] Grobler JA, Stillmock KA, Miller MD, Hazuda DJ. Mechanism by which the HIV in‐
tegrase active-site mutation N155H confers resistance to raltegravir. Antiviral Thera‐
py 2008;13(4):A41.

[73] Delelis O, Malet I, Na L, Tchertanov L, Calvez V, Marcelin AG, et al. The G140S mu‐
tation in HIV integrases from raltegravir-resistant patients rescues catalytic defect
due to the resistance Q148H mutation. Nucleic Acids Research 2009 Mar;37(4):
1193-201.

[74] Perryman AL, Forli S, Morris GM, Burt C, Cheng YH, Palmer MJ, et al. A Dynamic
Model of HIV Integrase Inhibition and Drug Resistance. Journal of Molecular Biolo‐
gy 2010 Mar 26;397(2):600-15.

[75] Delelis O, Thierry S, Subra F, Simon F, Malet I, Alloui C, et al. Impact of Y143 HIV-1
Integrase Mutations on Resistance to Raltegravir In Vitro and In Vivo. Antimicrobial
Agents and Chemotherapy 2010 Jan;54(1):491-501.

[76] Kawasuji T, Fuji M, Yoshinaga T, Sato A, Fujiwara T, Kiyama R. A platform for de‐
signing HIV integrase inhibitors. Part 2: A two-metal binding model as a potential
mechanism of HIV integrase inhibitors. Bioorganic & Medicinal Chemistry 2006 Dec
15;14(24):8420-9.

[77] Allen FH. The Cambridge Structural Database: a quarter of a million crystal struc‐
tures and rising. Acta Crystallogr B 2002 Jun;58(Pt 3 Pt 1):380-8.

[78] Tchertanov L, Mouscadet JF. Target recognition by catechols and beta-ketoenols: Po‐
tential contribution of hydrogen bonding and Mn/Mg chelation to HIV-1 integrase
inhibition. Journal of Medicinal Chemistry 2007 Mar 22;50(6):1133-45.

[79] Arora R, Chauvot de Beauchêne I, Abdel-Azeim S, Polanski J, Laine E, Tchertanov L.
Raltegravir flexibility and its impact on recognition by the HIV-1 Integrase targets.
Journal of Molecular Recognition 2012. Submitted

[80] Arora R, Tchertanov L. Structural determinants of Raltegravir specific recognition by
the HIV-1 Integrase. 2012. Les actes: 57-60. http://jobim2012.inria.fr/
jobim_actes_2012_online.pdf

[81] Schiavoni MM, Mack HG, Ulic SE, Della Vedova CO. Tautomers and conformers of
malonamide, NH2-C(O)-CH2-C(O)-NH2: vibrational analysis, NMR spectra and ab
initio calculations. Spectrochim Acta A Mol Biomol Spectrosc 2000 Jul;56A(8):
1533-41.

[82] Barreca ML, Iraci N, De Luca L, Chimirri A. Induced-Fit Docking Approach Provides
Insight into the Binding Mode and Mechanism of Action of HIV-1 Integrase Inhibi‐
tors. Chemmedchem 2009 Sep;4(9):1446-56.

[83] Loizidou EZ, Zeinalipour-Yazdi CD, Christofides T, Kostrikis LG. Analysis of bind‐
ing parameters of HIV-1 integrase inhibitors: Correlates of drug inhibition and resist‐
ance. Bioorganic & Medicinal Chemistry 2009 Jul 1;17(13):4806-18.

The HIV-1 Integrase: Modeling and Beyond
http://dx.doi.org/10.5772/52344

401



[60] Semenova EA, Marchand C, Pommier Y. HIV-1 integrase inhibitors: Update and Per‐
spectives. Adv Pharmacol 2008;56:199-228.

[61] Marchand C, Maddali K, Metifiot M, Pommier Y. HIV-1 IN Inhibitors: 2010 Update
and Perspectives. Current Topics in Medicinal Chemistry 2009 Aug;9(11):1016-37.

[62] Hazuda DJ, Felock P, Witmer M, Wolfe A, Stillmock K, Grobler JA, et al. Inhibitors of
strand transfer that prevent integration and inhibit HIV-1 replication in cells. Science
2000 Jan 28;287(5453):646-50.

[63] Markowitz M, Morales-Ramirez JO, Nguyen BY, Kovacs CM, Steigbigel RT, Cooper
DA, et al. Antiretroviral activity, pharmacokinetics, and tolerability of MK-0518, a
novel inhibitor of HIV-1 integrase, dosed as monotherapy for 10 days in treatment-
naive HIV-1-infected individuals. J Acquir Immune DeficSyndr. 2006 Dec 15;43(5):
509-15.

[64] Grobler JA, Stillmock K, Hu B, Witmer M, Felock P, Espeseth AS, et al. Diketo acid
inhibitor mechanism and HIV-1 integrase: implications for metal binding in the ac‐
tive site of phosphotransferase enzymes.ProcNatlAcadSci USA. 2002 May 14;99(10):
6661-6.

[65] Garvey EP, Schwartz B, Gartland MJ, Lang S, Halsey W, Sathe G, et al. Potent inhibi‐
tors of HIV-1 integrase display a two-step, slow-binding inhibition mechanism
which is absent in a drug-resistant T66I/M154I mutant.Biochemistry. 2009 Feb
24;48(7):1644-53.

[66] Copeland RA, Pompliano DL, Meek TD. Drug-target residence time and its implica‐
tions for lead optimization.Nat Rev Drug Discov. 2006 Sep;5(9):730-9.

[67] Dicker IB, Terry B, Lin Z, Li Z, Bollini S, Samanta HK, et al. Biochemical analysis of
HIV-1 integrase variants resistant to strand transfer inhibitors. J Biol Chem. 2008 Aug
29;283(35):23599-609.

[68] Hightower KE, Wang R, Deanda F, Johns BA, Weaver K, Shen Y, et al. Dolutegravir
(S/GSK1349572) exhibits significantly slower dissociation than raltegravir and elvite‐
gravir from wild-type and integrase inhibitor-resistant HIV-1 integrase-DNA com‐
plexes.Antimicrob Agents Chemother. 2011 Oct;55(10):4552-9.

[69] Cooper DA, Steigbigel RT, Gatell JM, Rockstroh JK, Katlama C, Yeni P, et al. Sub‐
group and resistance analyses of raltegravir for resistant HIV-1 infection. New Eng‐
land Journal of Medicine 2008 Jul 24;359(4):355-65.

[70] Steigbigel RT, Cooper DA, Kumar PN, Eron JE, Schechter M, Markowitz M, et al.
Raltegravir with optimized background therapy for resistant HIV-1 infection. New
England Journal of Medicine 2008 Jul 24;359(4):339-54.

[71] Sichtig N, Sierra S, Kaiser R, Daumer M, Reuter S, Schulter E, et al. Evolution of ralte‐
gravir resistance during therapy. Journal of Antimicrobial Chemotherapy 2009 Jul;
64(1):25-32.

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

400

[72] Grobler JA, Stillmock KA, Miller MD, Hazuda DJ. Mechanism by which the HIV in‐
tegrase active-site mutation N155H confers resistance to raltegravir. Antiviral Thera‐
py 2008;13(4):A41.

[73] Delelis O, Malet I, Na L, Tchertanov L, Calvez V, Marcelin AG, et al. The G140S mu‐
tation in HIV integrases from raltegravir-resistant patients rescues catalytic defect
due to the resistance Q148H mutation. Nucleic Acids Research 2009 Mar;37(4):
1193-201.

[74] Perryman AL, Forli S, Morris GM, Burt C, Cheng YH, Palmer MJ, et al. A Dynamic
Model of HIV Integrase Inhibition and Drug Resistance. Journal of Molecular Biolo‐
gy 2010 Mar 26;397(2):600-15.

[75] Delelis O, Thierry S, Subra F, Simon F, Malet I, Alloui C, et al. Impact of Y143 HIV-1
Integrase Mutations on Resistance to Raltegravir In Vitro and In Vivo. Antimicrobial
Agents and Chemotherapy 2010 Jan;54(1):491-501.

[76] Kawasuji T, Fuji M, Yoshinaga T, Sato A, Fujiwara T, Kiyama R. A platform for de‐
signing HIV integrase inhibitors. Part 2: A two-metal binding model as a potential
mechanism of HIV integrase inhibitors. Bioorganic & Medicinal Chemistry 2006 Dec
15;14(24):8420-9.

[77] Allen FH. The Cambridge Structural Database: a quarter of a million crystal struc‐
tures and rising. Acta Crystallogr B 2002 Jun;58(Pt 3 Pt 1):380-8.

[78] Tchertanov L, Mouscadet JF. Target recognition by catechols and beta-ketoenols: Po‐
tential contribution of hydrogen bonding and Mn/Mg chelation to HIV-1 integrase
inhibition. Journal of Medicinal Chemistry 2007 Mar 22;50(6):1133-45.

[79] Arora R, Chauvot de Beauchêne I, Abdel-Azeim S, Polanski J, Laine E, Tchertanov L.
Raltegravir flexibility and its impact on recognition by the HIV-1 Integrase targets.
Journal of Molecular Recognition 2012. Submitted

[80] Arora R, Tchertanov L. Structural determinants of Raltegravir specific recognition by
the HIV-1 Integrase. 2012. Les actes: 57-60. http://jobim2012.inria.fr/
jobim_actes_2012_online.pdf

[81] Schiavoni MM, Mack HG, Ulic SE, Della Vedova CO. Tautomers and conformers of
malonamide, NH2-C(O)-CH2-C(O)-NH2: vibrational analysis, NMR spectra and ab
initio calculations. Spectrochim Acta A Mol Biomol Spectrosc 2000 Jul;56A(8):
1533-41.

[82] Barreca ML, Iraci N, De Luca L, Chimirri A. Induced-Fit Docking Approach Provides
Insight into the Binding Mode and Mechanism of Action of HIV-1 Integrase Inhibi‐
tors. Chemmedchem 2009 Sep;4(9):1446-56.

[83] Loizidou EZ, Zeinalipour-Yazdi CD, Christofides T, Kostrikis LG. Analysis of bind‐
ing parameters of HIV-1 integrase inhibitors: Correlates of drug inhibition and resist‐
ance. Bioorganic & Medicinal Chemistry 2009 Jul 1;17(13):4806-18.

The HIV-1 Integrase: Modeling and Beyond
http://dx.doi.org/10.5772/52344

401



[84] Serrao E, Odde S, Ramkumar K, Neamati N. Raltegravir, elvitegravir, and metoogra‐
vir: the birth of "me-too" HIV-1 integrase inhibitors. Retrovirology 2009;6:25.

[85] Espeseth AS, Felock P, Wolfe A, Witmer M, Grobler, J, Anthony N., et al.HIV-1 inte‐
grase inhibitors that compete with the target DNA substrate define a unique strand
transfer conformation for integrase. Proc. Natl. Acad. Sci. U.S.A 2000; 97:11244–49.

[86] Pandey KK., Bera S., Zahm J., Vora A, Stillmock K., Hazuda D, et al. Inhibition of hu‐
man immunodeficiency virus type 1 concerted integration by strand transfer inhibi‐
tors which recognize a transient structural intermediate. J. Virol. 2007; 81: 12189–99.

[87] Sherman PA, Dickson ML. and Fyfe JA. Human immunodeficiency virus type 1 inte‐
gration protein: DNA sequence requirements for cleaving and joining reactions. J. Vi‐
rol. 1992; 66: 3593–601.

[88] Johnson AA, Santos W, Pais GCG, Marchand C, Amin, R., Burker, T. R., Jr., Verdine,
G., and Pommier, Y. Integration requires a specific interaction of the donor DNA ter‐
minal 5′-cytosine with glutamine 148 of the HIV-1 integrase flexible loop. J. Biol.
Chem. 2006; 281,:461–7.

[89] Johnson AA, Marchand C, Patil SS, Costi R, DiSanto R, Burke, R. R. Jr. et al. Probing
HIV-1 integrase inhibitor binding sites with position-specific integrase-DNA cross‐
linking assays. Mol. Pharmacol. 2007; 71: 893–901.

[90] Dicker IB, Samanta HK, Li A, Hong Y, Tian Y, Banville J et al. Changes to the HIV
long terminal repeat and to HIV integrase differentially impact HIV integrase assem‐
bly, activity, and the binding of strand transfer inhibitors. J. Biol. Chem. 2008; 282:
31186–96.

[91] Langley D, Samanta HK, Lin Z, Walker MA, Krystal M, and Dicker IB. The Terminal
(Catalytic) Adenosine of the HIV LTR Controls the Kinetics of Binding and Dissocia‐
tion of HIV Integrase Strand Transfer Inhibitors. Biochemistry 2008; 47: 13481–8.

[92] Ammar FF, Abdel-Azeim S, Zargarian L, Hobaika Z, Maroun RG, Fermandjian S Un‐
processed Viral DNA Could Be the Primary Target of the HIV-1 Integrase Inhibitor
Raltegravir. PLoS One.oS One. 2012;7(7):e40223.

[93] Korolev S, Agapkina Yu, Gottikh M. Clinical Use of Inhibitors of HIV-1 Integration:
Problems and Prospects. Acta Naturae 2011;3;3:12-28.

[94] Pannecouque C, Pluymers W, Van Maele B, Tetz V, Cherepanov P, De Clercq E, et al.
New class of HIV integrase inhibitors that block viral replication in cell culture. Curr
Biol. 2002 Jul 23;12(14):1169-77.

[95] Mazumder A, Wang S, Neamati N, Nicklaus M, Sunder S, Chen J, et al. Antiretrovi‐
ral agents as inhibitors of both human immunodeficiency virus type 1 integrase and
protease.J Med Chem. 1996 Jun 21;39(13):2472-81.

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

402

[96] Tsiang M, Jones GS, Hung M, Samuel D, Novikov N, Mukund S, et al. Dithiothreitol
causes HIV-1 integrase dimer dissociation while agents interacting with the integrase
dimer interface promote dimer formation. Biochemistry. 2011 Mar 15;50(10):1567-81.

[97] De Luca L, Ferro S, Gitto R, Barreca ML, Agnello S, Christ F, et al. Small molecules
targeting the interaction between HIV-1 integrase and LEDGF/p75 cofactor. Bioorg
Med Chem. 2010 Nov 1;18(21):7515-21.

[98] Tsiang M, Jones GS, Niedziela-Majka A, Kan E, Lansdon EB, Huang W, Hung M, et
al. New Class of HIV-1 Integrase (IN) Inhibitors with a Dual Mode of Action.Biol
Chem. 2012 Jun 15;287(25):21189-203.

The HIV-1 Integrase: Modeling and Beyond
http://dx.doi.org/10.5772/52344

403



[84] Serrao E, Odde S, Ramkumar K, Neamati N. Raltegravir, elvitegravir, and metoogra‐
vir: the birth of "me-too" HIV-1 integrase inhibitors. Retrovirology 2009;6:25.

[85] Espeseth AS, Felock P, Wolfe A, Witmer M, Grobler, J, Anthony N., et al.HIV-1 inte‐
grase inhibitors that compete with the target DNA substrate define a unique strand
transfer conformation for integrase. Proc. Natl. Acad. Sci. U.S.A 2000; 97:11244–49.

[86] Pandey KK., Bera S., Zahm J., Vora A, Stillmock K., Hazuda D, et al. Inhibition of hu‐
man immunodeficiency virus type 1 concerted integration by strand transfer inhibi‐
tors which recognize a transient structural intermediate. J. Virol. 2007; 81: 12189–99.

[87] Sherman PA, Dickson ML. and Fyfe JA. Human immunodeficiency virus type 1 inte‐
gration protein: DNA sequence requirements for cleaving and joining reactions. J. Vi‐
rol. 1992; 66: 3593–601.

[88] Johnson AA, Santos W, Pais GCG, Marchand C, Amin, R., Burker, T. R., Jr., Verdine,
G., and Pommier, Y. Integration requires a specific interaction of the donor DNA ter‐
minal 5′-cytosine with glutamine 148 of the HIV-1 integrase flexible loop. J. Biol.
Chem. 2006; 281,:461–7.

[89] Johnson AA, Marchand C, Patil SS, Costi R, DiSanto R, Burke, R. R. Jr. et al. Probing
HIV-1 integrase inhibitor binding sites with position-specific integrase-DNA cross‐
linking assays. Mol. Pharmacol. 2007; 71: 893–901.

[90] Dicker IB, Samanta HK, Li A, Hong Y, Tian Y, Banville J et al. Changes to the HIV
long terminal repeat and to HIV integrase differentially impact HIV integrase assem‐
bly, activity, and the binding of strand transfer inhibitors. J. Biol. Chem. 2008; 282:
31186–96.

[91] Langley D, Samanta HK, Lin Z, Walker MA, Krystal M, and Dicker IB. The Terminal
(Catalytic) Adenosine of the HIV LTR Controls the Kinetics of Binding and Dissocia‐
tion of HIV Integrase Strand Transfer Inhibitors. Biochemistry 2008; 47: 13481–8.

[92] Ammar FF, Abdel-Azeim S, Zargarian L, Hobaika Z, Maroun RG, Fermandjian S Un‐
processed Viral DNA Could Be the Primary Target of the HIV-1 Integrase Inhibitor
Raltegravir. PLoS One.oS One. 2012;7(7):e40223.

[93] Korolev S, Agapkina Yu, Gottikh M. Clinical Use of Inhibitors of HIV-1 Integration:
Problems and Prospects. Acta Naturae 2011;3;3:12-28.

[94] Pannecouque C, Pluymers W, Van Maele B, Tetz V, Cherepanov P, De Clercq E, et al.
New class of HIV integrase inhibitors that block viral replication in cell culture. Curr
Biol. 2002 Jul 23;12(14):1169-77.

[95] Mazumder A, Wang S, Neamati N, Nicklaus M, Sunder S, Chen J, et al. Antiretrovi‐
ral agents as inhibitors of both human immunodeficiency virus type 1 integrase and
protease.J Med Chem. 1996 Jun 21;39(13):2472-81.

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

402

[96] Tsiang M, Jones GS, Hung M, Samuel D, Novikov N, Mukund S, et al. Dithiothreitol
causes HIV-1 integrase dimer dissociation while agents interacting with the integrase
dimer interface promote dimer formation. Biochemistry. 2011 Mar 15;50(10):1567-81.

[97] De Luca L, Ferro S, Gitto R, Barreca ML, Agnello S, Christ F, et al. Small molecules
targeting the interaction between HIV-1 integrase and LEDGF/p75 cofactor. Bioorg
Med Chem. 2010 Nov 1;18(21):7515-21.

[98] Tsiang M, Jones GS, Niedziela-Majka A, Kan E, Lansdon EB, Huang W, Hung M, et
al. New Class of HIV-1 Integrase (IN) Inhibitors with a Dual Mode of Action.Biol
Chem. 2012 Jun 15;287(25):21189-203.

The HIV-1 Integrase: Modeling and Beyond
http://dx.doi.org/10.5772/52344

403



Chapter 16

Similarities Between the Binding Sites
of Monoamine Oxidase (MAO) from
Different Species — Is Zebrafish
a Useful Model for the Discovery
of Novel MAO Inhibitors?

Angelica Fierro, Alejandro Montecinos,
Cristobal Gómez-Molina, Gabriel Núñez,
Milagros Aldeco, Dale E. Edmondson,
Marcelo Vilches-Herrera, Susan Lühr,
Patricio Iturriaga-Vásquez and Miguel Reyes-Parada

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/35874

1. Introduction

Zebrafish (Danio rerio) is an animal model that is attracting increasing interest in pharmacol‐
ogy and toxicology. The relatively ease with which large numbers of individuals can be ob‐
tained and their inexpensive maintenance makes zebrafish a particularly suitable tool for
drug discovery. Thus, in recent years diverse compounds have been assayed both in larval
and adult specimens and changes of behavioral patterns, for instance, have been related to
anxiolytic, addictive or cognitive effects. In this context, the molecular characterization of
drug targets in zebrafish, comparing them to their mammalian counterparts, arises as a sub‐
ject of paramount importance.

Monoamine oxidase (MAO) is the main catabolic enzyme of monoamine neurotransmitters
and the primary target of several clinically relevant antidepressant and antiparkinsonian
drugs. In mammals, it exists in two isoforms termed MAO-A and MAO-B, which share a
number of structural and mechanistic features, but differ in genetic origin, tissue localization
and inhibitor selectivity. High-resolution structures of MAOs from rat and human have
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been reported during the last decade, allowing detailed comparison of their overall struc‐
tures and respective active sites. On the other hand, a few studies have shown that zebrafish
contains a single MAO gene and that enzyme activity is due to a single form (zMAO) which
resembles, but is distinct from, both mammalian MAO-A and MAO-B. No three-dimension‐
al structural data exist thus far for zMAO. Sequence comparison of the putative substrate
binding site of zMAO with those of human MAO isoforms suggests that the fish enzyme re‐
sembles mammalian MAO-A more than MAO-B. Nevertheless, biochemical studies have
shown that zMAO exhibits such unique behavior toward MAO-A and -B substrates and in‐
hibitors, that the results of studies using zebrafish MAO function, either as a disease model
or for drug screening, should be considered with caution.

Functional and evolutionary relationships between proteins can be reliably inferred by com‐
parison of their sequences, structures or binding sites. From a drug-discovery perspective,
the study of binding site similarities (and differences) can be particularly insightful since it
aids the design of selective or non-selective ligands and the detection of off-targets. In addi‐
tion, knowledge of ligand-binding site similarity could increase our understanding of diver‐
gent and convergent evolution and the origin of proteins, even in those cases where no
obvious sequence or structural similarity exists. In recent years, a number of algorithms
have been developed for the identification and comparison of ligand-binding sites. Even
though each method has its own merits and limitations, the performance of these computa‐
tional tools is continuously improving. Advances in this field, associated with the increasing
availability of structural data and reliable homology models of thousands to millions of pro‐
tein molecules, provide an unprecedented framework to investigate the mechanisms under‐
lying the molecular interactions between these proteins and their ligands, as well as to
evaluate the similarities between the binding sites of related and unrelated proteins

On the basis of the foregoing, the first section of this chapter provides an overview on: a) the
relevance of zebrafish as an animal model of increasing interest in pharmacology; b) the im‐
pact that MAO crystal structures and molecular simulation approaches have had on the de‐
velopment of novel MAO inhibitors, as well as comparative structural and functional
information about zMAO and its mammalian counterparts; c) recent developments in com‐
putational methods to evaluate similarities between ligand-binding sites, emphasizing their
usefulness for the rational design of multitarget (promiscuous) drugs.

The second part of the chapter describes unpublished results regarding a further characteri‐
zation of zMAO activity and its comparison with MAOs from mammals. Specific topics in
this section include: a) the construction of homology models of zMAO, built using human
MAO-A and -B crystal structures as templates; b) a three-dimensional analysis of the bind‐
ing site similarities between MAOs from different species using a statistical algorithm; c) a
functional evaluation of zMAO activity in the presence of a small series of reversible and se‐
lective MAO-A and -B inhibitors.
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2. Zebrafish as a model in pharmacology, monoamine oxidase and
computational methods to evaluate binding site similarities: An overview

2.1. Zebrafish as an animal model in pharmacology and neurobehavioral studies

In order to understand complex behaviors observed in nature, scientists have always tried
to develop models that could be used and tested under controlled conditions in the labora‐
tory. In the last 30 years a new animal model, zebrafish (Danio rerio), has emerged as a pow‐
erful tool mostly for studying developmental biology. The scientific potential of zebrafish
was originally assessed by George Streisinger (Streisinger et al., 1981). This work was the
starting point for rapid progress in molecular and genetic analysis of zebrafish neurodevel‐
opment, which allowed the construction of many genetic mutants and the identification of
several genes that affect different brain functions such as learning and memory (Norton &
Bally-Cuif, 2010). During the last decade zebrafish has also become an attractive model for
behavioral and drug discovery studies, particularly those related to actions in the central
nervous systems (Chakraborty & Hsu, 2009; King, 2009; Rubinstein, 2006; Zon & Peterson,
2005).

Zebrafish develop rapidly and almost all organs are developed at 7 days post-fertilization.
Their fecundity makes it easy to obtain large numbers of individuals for experimentation,
which are relatively inexpensive to maintain. In addition, they can absorb chemical substan‐
ces from their tank water, and their genome has been almost fully sequenced, which makes
genetic manipulation more accessible. These characteristics have stimulated the use of ze‐
brafish in medicinal chemistry to assay the effects of different compounds in whole animals
(Goldsmith, 2004; Kaufman & White, 2009). Another attractive characteristic of zebrafish is
its potential for use in in vivo high-throughput screening assays. Consequently, a number of
studies which take advantage of this possibility have been reported recently (Kokel et al.,
2010; Kokel & Peterson, 2011; Rihel et al., 2010; Zon & Peterson, 2005).

Zebrafish exhibit many social characteristics that can be assimilated to those observed in
mammals. They recognize each other by sight and odor (Tebbich et al., 2002) and display an
interesting social learning (Reader et al., 2003). This teleost also shows a characteristic ag‐
gressive behavior (Payne, 1998), a pheromone-mediated danger alarm (Suboski, 1988; Sub‐
oski et al., 1990), cognitive and adaptive behaviors such as habituation (Miklosi et al., 1997;
Miklosi & Andrew 1999), spatial navigation abilities and Pavlovian conditioning (Hollis,
1999). These features make this species a valuable tool for either the development or the
adaptation of behavioral paradigms. Thus, behavioral protocols such as an aquatic version
of the T-maze, which is used for studies of discrimination, reinforcement and memory in ro‐
dents, had been used to assess color discrimination in zebrafish (Colwill et al., 2005). Anoth‐
er interesting model is the aquatic version of conditioned place preference (CPP), where the
fish can be exposed to different stimuli in two separate compartments and is then allowed to
freely explore the apparatus without partition (Darland & Dowling, 2001). A further para‐
digm, the novel tank diving test, has been used by different research groups (Bencan & Lev‐
in 2008; Bencan et al., 2009; Egan et al., 2009; Levin et al., 2007) as a model for anxiety. It is
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conceptually similar to the rodent open field test, because it takes advantage of the instinc‐
tive behavior of both zebrafish and rats to seek refuge when exposed to an unfamiliar envi‐
ronment (Levin et al., 2007). In the case of the novel tank diving test, the fish dives to the
bottom of the tank and remains there until it presumably feels safe enough to explore the
rest of the tank and gradually starts to explore the upper zone (Egan et al., 2009). Similar
observations can be made in an open field test for rodents, where initially they spend a lot of
time near the walls, which is considered as an indication of an anxious state. The time spent
by the zebrafish in the lower or upper part of the tank, as well as erratic movements, have
been established as anxiety indices (Egan et al., 2009). It is considered that the zebrafish is
anxious when it shows a longer latency to enter the upper part of the tank, or when the time
spent at the top is reduced. Conversely, when an anxiolytic drug is administered, animals
spend much more time in the upper portion of the tank. Figure 1 illustrates this response by
showing the typical traces of motor activity observed for control animals (left) and for ani‐
mals exposed to nicotine (right), which has been reported to have anxiolytic properties in
this paradigm (Levin et al., 2007).

Based on these findings, the potential of zebrafish for neurobehavioral studies is increasing‐
ly recognized (Bencan & Levin, 2008; Eddins et al., 2010). Thus, this animal has been used as
a model in studies of memory (Levin & Chen, 2006), anxiety (Bencan et al., 2009; Levin et al.,
2007), reinforcement properties of drugs of abuse (Ninkovic & Bally-Cuif, 2006), neuropro‐
tection of dopaminergic neurons (McKinley et al., 2005), and movement disorders (Flinn et
al., 2008).

Figure 1. Representative traces of characteristic behavior of control-saline- (left) and nicotine- (right) treated zebra
fish. Traces were recorded during 5 min in a glass trapezoidal test tank (22.9 cm long at the bottom, 27.9 cm long at
the top, 15.2 cm high, 6.4 cm wide), filled with 1.5 L of artificial sea water. Nicotine was administered 5 min before the
test. All other experimental conditions were as previously published (Levin et al., 2007).

A final word of caution should be said regarding the apparent usefulness of zebrafish as a
research tool. One critical aspect to be considered when using animal models to understand
a specific behavior is its validity. Mammals such as rats and mice have been widely used as
models to study several functions since, among other characteristics, many brain regions
and their neurotransmitter systems are well characterized. Thus, even though genome and
the genetic pathways controlling signal transduction and development appear to be highly
conserved between zebrafish and humans (Postlethwait et al., 2000), further validation of
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this model is needed, particularly if human systems or conditions are the final aims to be
addressed.

2.1.1. Monoamine oxidase: general characteristics and the impact of crystal structures on the
understanding of enzyme function and inhibition

Monoamine oxidase (monoamine oxygen oxidoreductase (deaminating) (flavin-containing);
EC 1.4.3.4; MAO) is a key enzyme in the inactivation of neurotransmitters such as serotonin,
dopamine and noradrenaline. In mammals it exists in two isoforms termed MAO-A and
MAO-B which have molecular weights of ~60 kDa. Both proteins are outer mitochondrial
membrane-bound flavoproteins, with the FAD cofactor covalently bound to the enzyme.
MAO-A and MAO-B are encoded by separate genes (Kochersperger et al., 1986; Lan et al.,
1989) and the isoforms from the same species show about 70% sequence identity, whereas
85-88% identity is observed between the same isoforms from human and rat (Nagatsu,
2004). Both neurological and psychiatric diseases have been related to MAO dysfunction.
Consequently, the search for inhibitors of each isoform has lasted decades. Currently, selec‐
tive inhibitors of MAO-A are used clinically as antidepressants and anxiolytics, while MAO-
B inhibitors are used to reduce the progression of Parkinson’s disease and of symptoms
associated with Alzheimer’s disease (Youdim et al., 2006).

In 2002, Binda and colleagues (Binda et al., 2002) published a groundbreaking article show‐
ing the high-resolution structure of human MAO-B in complex with the irreversible inhibi‐
tor pargyline. Subsequent structures of this enzyme (Binda et al., 2003, 2004), as well as that
of rat MAO-A (Ma et al., 2004), and more recently human MAO-A (De Colibus et al., 2005;
Son et al., 2008), have allowed a detailed comparison of the overall structures of both iso‐
forms, and new insights regarding their active sites (Edmondson et al., 2007, 2009; Reyes-
Parada et al., 2005). Based on these findings, the substrate/inhibitor binding site of both
isozymes can be described as a pocket lined by the isoalloxazine ring of the flavin cofactor
and several aliphatic and aromatic residues (in the second part, close ups of this binding site
are depicted in Figures 5 and 8). In particular, two conserved tyrosine residues (Y407, Y444
and Y398, Y435 in MAO-A and -B, respectively), whose aromatic rings face each other, are
located almost perpendicularly to the isoalloxazine ring defining an “aromatic cage”. This
conformational arrangement provides a path to guide the substrate amine towards the reac‐
tive positions on the flavin ring and therefore seems to be essential for catalytic activity. In
addition, a critical role of residues G215 and I180 of MAO-A (G206 and L171 being the corre‐
sponding residues in MAO-B) in the orientation and stabilization of the substrate/inhibitor
binding can be inferred from the X-ray diffraction data. In MAO-B, the substrate/inhibitor
binding site is a cavity (~400 Å3, termed the “substrate cavity”) which can be distinguished,
in some cases, from another hydrophobic pocket (~300 Å3, termed the “entrance cavity”) lo‐
cated closer to the protein surface. It has been demonstrated that the I199 side-chain can act
as a “gate” opening or closing the connection between the two cavities by modifying its con‐
formation (Binda et al., 2003). In contrast, the MAO-A binding site consists of a single cavity
(De Colibus et al., 2005; Ma et al., 2004). It should be noted that, although residues lining the
binding site of human and rat MAO-A are identical, the human MAO-A cavity is larger
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(~550 Å3) than that in rat MAO-A (~450 Å3). Remarkably, an exchanged location of aromatic
and aliphatic nonconserved residues in the active sites of MAO-A and MAO-B (F208/I199
and I335/Y326, respectively) has been implicated in the affinity and selective recognition of
substrates and inhibitors, and provides a molecular basis for the development of specific re‐
versible inhibitors of each isoform (Edmondson et al., 2009).

The availability of the aforementioned crystal structures has made an enormous impact on
our knowledge about the function and regulation of the enzyme and has also allowed a
quicker pace in the rational design of novel MAO inhibitors. Different theoretical ap‐
proaches and computational methods have been used since, to explore how, where and
why some interactions are central in MAO-ligand complexes. For instance, quantum me‐
chanics calculations have been used to obtain insights about the mechanism by which
amines are oxidized by MAO (Erdem & Büyükmenekşe, 2011), whereas molecular dynamics
simulations have been recently employed to study specific interactions involved in the ac‐
cess of reversible MAO inhibitors to their binding site (Allen & Bevan 2011). In addition, a
number of studies describing potent and selective inhibitors have been reported during the
last decade and in most of them molecular simulation approaches have been used to ration‐
alize and/or to predict the functional interactions between the proteins and their inhibitors.
Figure 2 illustrates this situation by showing the progression of published articles about
MAO in which computational methodologies were used.

It should be pointed out however, that crystal structures only provide a snapshot of one of
the many conformations available to proteins. Therefore theoretical (and experimental) ap‐
proaches, adequately considering dynamic aspects, will grow in importance in order to bet‐
ter understand the physiological functioning of these enzymes.

Figure 2. Progression of research articles involving docking studies on MAO before and after (2002) the first three-
dimensional structure of MAO was deposited in the Protein Data Bank. Data from PubMed. “MAO” and “docking”
were used as keywords.
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2.1.2. Comparative functional and structural information about zebrafish MAO and its mammalian
counterparts

Unlike mammals, zebrafish have only one MAO gene (Anichtchik et al., 2006; Setini et al.,
2005). This gene is located in chromosome 9 and exhibits an identical intron-exon organiza‐
tion as compared to mammals, which suggests a common ancestral gene (Anichtchik et al.,
2006; Panula et al., 2010). Sequencing studies have shown that zebrafish MAO (zMAO) con‐
tains 522 amino acids and has a molecular weight of about 59 kDa (Setini et al., 2005), which
is very similar to that found in mammalian MAO-A and MAO-B. zMAO displays about 70%
identity with human MAO-A or -B, and its predicted secondary structure indicates that the
flavin-binding-, the substrate- and the membrane-binding- domains, which are typical in
other MAOs, should also be present in the fish enzyme. Indeed, a recent study (Arslan &
Edmondson, 2010) has demonstrated that (like the mammalian isoforms), zMAO is also a
mitochondrial enzyme, presumably bound to the outer membrane, and that the flavin cofac‐
tor is covalently bound to the protein via an 8α-thioether linkage likely established with
C406. Beyond its overall identity, the amino acid sequence of the presumed zMAO binding
domain shows ~67% and ~83% identity with the corresponding binding sites of human
MAO-B and MAO-A respectively (Panula et al., 2010). Interestingly, some residues that
have been shown to be critical for inhibitor and substrate selectivity in human MAOs such
as the pairs F208/I335 (in MAO-A) and I199/Y326 (in MAO-B), are identical or conservative‐
ly replaced in zMAO (F200/L327) as compared with MAO-A.

Regarding functional studies, recent data obtained using para-substituted benzylamine ana‐
logs as substrates suggest that, as in mammalian MAOs, α-C-H bond cleavage is the rate-
limiting step in zMAO catalysis (Aldeco et al., 2011). Furthermore, a variety of substrates
and inhibitors have been tested against zMAO. Preferential substrates of both MAO-A (e.g.
serotonin) and MAO-B (e.g. phenethylamine, benzylamine, MPTP) as well as non-selective
substrates such as tyramine, dopamine or kynuramine, have been shown to be deaminated,
although with different catalytic efficiency, by zMAO (Aldeco et al., 2011; Anichtchik et al.,
2006; Arslan & Edmondson, 2010; Sallinen et al., 2009; Setini et al., 2005). In addition, irre‐
versible selective inhibitors such as clorgyline (MAO-A) or deprenyl (MAO-B) exhibit simi‐
lar inhibitory profiles toward zMAO (Anichtchik et al., 2006; Arslan & Edmondson, 2010;
Setini et al., 2005). Interestingly, the in vivo administration of deprenyl to zebrafish increases
serotonin levels about 10-fold while levels of dopamine remain unchanged (Sallinen et al.,
2009). These data indicate that zMAO is essential for serotonin metabolism in zebrafish, but
also underline the distinctive character of this enzyme since in rodents dopamine concentra‐
tions are increased after deprenyl treatment, whereas serotonin levels remain unchanged.
Structurally diverse reversible MAO inhibitors such as harmane, tetrindole, methylene blue,
amphetamine, 8-(3-chlorostyryl)-caffeine, 1,4-diphenyl-1,3-butadiene, farnesol, safinamide
or zonisamide display a wide range of inhibitory potencies, from nM to μM to no effect,
against zMAO (Aldeco et al., 2011; Binda et al., 2011). Remarkably, methylene blue is the
most potent zMAO inhibitor tested thus far, exhibiting a Ki value of 4 nM.

Based on sequence similarity, substrate preference and inhibitor sensitivity, it has been con‐
sistently suggested that the functional properties of zMAO resemble more strongly those of
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(~550 Å3) than that in rat MAO-A (~450 Å3). Remarkably, an exchanged location of aromatic
and aliphatic nonconserved residues in the active sites of MAO-A and MAO-B (F208/I199
and I335/Y326, respectively) has been implicated in the affinity and selective recognition of
substrates and inhibitors, and provides a molecular basis for the development of specific re‐
versible inhibitors of each isoform (Edmondson et al., 2009).

The availability of the aforementioned crystal structures has made an enormous impact on
our knowledge about the function and regulation of the enzyme and has also allowed a
quicker pace in the rational design of novel MAO inhibitors. Different theoretical ap‐
proaches and computational methods have been used since, to explore how, where and
why some interactions are central in MAO-ligand complexes. For instance, quantum me‐
chanics calculations have been used to obtain insights about the mechanism by which
amines are oxidized by MAO (Erdem & Büyükmenekşe, 2011), whereas molecular dynamics
simulations have been recently employed to study specific interactions involved in the ac‐
cess of reversible MAO inhibitors to their binding site (Allen & Bevan 2011). In addition, a
number of studies describing potent and selective inhibitors have been reported during the
last decade and in most of them molecular simulation approaches have been used to ration‐
alize and/or to predict the functional interactions between the proteins and their inhibitors.
Figure 2 illustrates this situation by showing the progression of published articles about
MAO in which computational methodologies were used.

It should be pointed out however, that crystal structures only provide a snapshot of one of
the many conformations available to proteins. Therefore theoretical (and experimental) ap‐
proaches, adequately considering dynamic aspects, will grow in importance in order to bet‐
ter understand the physiological functioning of these enzymes.

Figure 2. Progression of research articles involving docking studies on MAO before and after (2002) the first three-
dimensional structure of MAO was deposited in the Protein Data Bank. Data from PubMed. “MAO” and “docking”
were used as keywords.
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MAO-A than those of MAO-B. Nevertheless, virtually all articles published so far recognize
that, although some overlapping properties can be detected, zMAO also shows characteris‐
tics of its own that distinguish it from its mammalian counterparts.

2.2. Recent developments in computational methods to evaluate similarities between
ligand-binding sites

The concept of protein binding-site similarity and the development of methods to evaluate it
are receiving much attention. This is viewed as a step forward in protein classification, as
compared with classical sequence-based approaches, since it should allow proteins with low
sequence similarity but high similarity at their binding sites to be related (Milletti & Vulpet‐
ti, 2010). On the contrary, as will be analyzed below, this approach can also detect subtle dif‐
ferences between highly homologous proteins, and therefore be useful to determine the
suitability of non-human proteins as models for drug design aimed to the treatment of hu‐
man conditions.

One of the newest applications of the study of binding site similarities is polypharmacology.
Thus, the classical idea that selective drugs acting on a single target related to one disease
will have maximal efficacy has been challenged by increasing evidence showing that most
clinically effective drugs bind to several targets, even if these targets are not originally relat‐
ed to the disease (Keiser et al., 2009; Schrattenholz & Soskić 2008). Even though this pharma‐
cological promiscuity may be seen as a negative property, primarily related with the
incidence of side effects, recent observations increasingly indicate that multitarget com‐
pounds might have better profiles regarding both efficacy and side effects, since they would
be acting on a pharmacological network, where several nodes underlie the physiopathology
of the disease (Apsel et al., 2008; Hopkins 2008). Thus, the concept of polypharmacology has
motivated several groups to find new drug-target associations, based on the idea that a giv‐
en compound can interact simultaneously with two or more relevant targets if they have
similar binding sites. It should be stressed that these associations are pursued considering
that two proteins could share a ligand even if they are structurally or functionally very dif‐
ferent (Kahraman et al., 2007).

One aspect that has critically fueled this field is the increasing availability of 3D protein
structures in public databases (almost 75.000), which allows us to explore the complexity of
protein-ligand interactions. This exploration has yielded important insights in order to ob‐
tain a good characterization of the binding sites and has confirmed the notion that protein-
ligand binding depends not only on shape complementarity but also on complementary
physicochemical features (Henrich et al., 2010).

Several algorithms have been developed to compare binding sites of different proteins. In
most of them, two main steps are present: the creation of a database that requires the calcu‐
lation of fingerprints describing each binding site and a pocket screening that requires mul‐
tiple similarity alignments between the query pocket and the database. These applications
are used as a strategy to assess specific issues, such as off-target identification for drug re-
purposing (Cleves & Jain, 2006; Keiser et al., 2009; Moriaud et al., 2011), functional classifica‐
tion of unknown proteins (Kinnings & Jackson, 2009; Russell et al., 1998), drug discovery by
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sequence analysis (Xie et al., 2009), detection of evolutionary relationships (Xie & Bourne,
2008) and polypharmacology predictions (Milleti & Vulpetti, 2010; Pérez-Nueno & Ritchie,
2011). The main step before finding similarity between two or more binding sites is their
characterization. Several methodologies have been proposed with this purpose: geometrics
approaches, which mainly analyze cavities through the exploration of the solvent-accessible
protein surface (Weisel et al., 2007); energetics approaches, which use van der Waals and
electrostatic energies to define cavities (Laurie & Jackson, 2005); structure and sequence
comparison approaches, which use the information of known binding sites to compare and
define unknown cavities through the analysis of sequence and structural similarity (Brylin‐
ski & Skolnick, 2009); and approaches involving the dynamics of protein structures, which
use dynamics simulations to include the natural flexibility of proteins and possible allosteric
modifications of binding sites (Landon et al., 2008). Although the determination of similari‐
ties between binding sites could seem a simple mathematical method, several approaches
have been developed using different characteristics. For example, the Isocleft algorithm
measures the similarity by initially defining a cleft in any protein to be compared. These
clefts are determined by a set of overlapping spheres that are represented by the van der
Waals radii of atoms in the binding sites. Finally each cleft is viewed like a graph and the
similarity is measured by finding the largest common subgraph (Najmanovich et al., 2008).
The SitesBase algorithm uses a triangular geometric determination of binding sites establish‐
ing the cutoff at 5 Å. Similarity is measured by an atom–atom score which finds the largest
possible matching constellation (similar atom types with a similar spatial orientation) (Gold
& Jackson, 2006). The ProFunc server uses sequence and structural information to find simi‐
larities between binding sites. This process includes a phylogenetic component that is used
for the identification of homologous proteins (Laskowski et al., 2005). The Sumo algorithm
flags each functional group as a node in a graph. Then the similarity is measured through a
strategy that does not necessarily find the maximal common subgraph between a pair of
binding sites (Jambon et al., 2003). The FLAP algorithm utilizes GRID methodology to calcu‐
late the energy of interaction between a molecular probe and the binding sites. These inter‐
actions, which include van der Waals and electrostatic terms, are then compared through a
geometric approach (Baroni et al., 2007). In another recently developed algorithm (Hoff‐
mann et al., 2010) the binding sites are represented as a set of atoms in the 3D space descri‐
bed by 3D vectors. Initially the algorithm calculates the similarity between two binding sites
comparing vectors that only consider the atom coordinates, although different additional
parameters such as atom type and charges could be included in the algorithm. The Pocket‐
Match algorithm involves three basic steps: a) each binding site is represented as a sort list
of distances between three selected points in every amino acid present at one specific dis‐
tance from the ligand, b) the two sets of sorted distances are aligned and c) finally the simi‐
larity percentage is calculated (Yeturu & Chandra, 2008).

Although most algorithms used to measure the similarities between binding sites have
shown high performance when the comparison involves related proteins, doubtful results
are obtained when the proteins are not related. In these cases it is very important to select
the best algorithm taking into account some critical issues: a ligand may change its orienta‐
tion in different binding sites; some protein-ligand conformations may have a favorable
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binding energy, but natural allosteric regulations (not always considered) might not favor
such conformations; protein structures from databases could have been determined in dif‐
ferent conformational states (active, inactive, closed, open, etc.); finally, it is also very impor‐
tant to consider the solvent and ion concentrations in every system.

Beyond these considerations, the continuous increase in both the number of protein struc‐
tures and computational power, augurs the development of ever more accurate similarity
searching tools, which likely will allow not only better results in virtual screening programs
but also a novel view on the evolution of structure and function of proteins.

3. MAO from different species: a biochemical evaluation and a theoretical
analysis using molecular simulation and a biostatistical algorithm

As mentioned, even though amino acids lining the zMAO binding site exhibit a high level of
identity with those of rat and human MAOs, a few studies have shown that the fish’s en‐
zyme shows unexpected sensitivities for known specific substrates and inhibitors. Since ze‐
brafish has been proposed as a model that could be useful for the identification of novel
MAO inhibitors (Kokel et al., 2010), we further characterized zMAO using three different
approaches. First, we determined the inhibitory potency of a small series of compounds
which have been previously evaluated against rat and human MAOs. Then, we built homol‐
ogy models of zMAO based on the crystal structures of human MAO-A or MAO-B and per‐
formed docking experiments with a drug selected from the biochemical evaluations. Finally,
we used the recently described algorithm PocketMatch (Yeturu & Chandra, 2008) to explore
similarities and differences between MAO isoforms from human, rat and zebrafish.

3.1. Biochemical evaluation

3.1.1. Methods

4-Methylthioamphetamine (MTA), 2-naphthylisopropylamine (NIPA), (6-methoxy-2-naph‐
thy)lisopropylamine (MeONIPA), all as hydrochloride salts, 2-(4’-butoxyphenyl)thiomor‐
pholine (BTI), 2-(4’-benzyloxyphenyl)thiomorpholine (ZTI), both as oxalate salts, as well as
2-(4’-butoxyphenyl)thiomorpholin-5-one (BTO) and 2-(4’-benzyloxyphenyl)thiomorpho‐
lin-5-one (ZTO) were synthesised following published methods (Hurtado-Guzmán et al.,
2003; Lühr et al., 2010; Vilches-Herrera et al., 2009). The expression and purification of
zMAO in Pichia pastoris was performed as previously described (Arslan & Edmondson,
2010). Enzyme kinetic studies were done spectrophotometrically in 50 mM potassium phos‐
phate buffer (pH = 7.4), 0.5% (w/v) reduced Triton X-100 with kynuramine as substrate. The
spectrophotometer used was a Perkin-Elmer Lambda-2 UV–Vis at 25 °C.

3.1.2. Results and discussion

Figure 3 shows the chemical structures of the inhibitors evaluated.
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Figure 3. Chemical structures of the compounds used in the biochemical evaluation

Table 1 summarizes the effects of these compounds upon zMAO and also includes, for com‐
parative purposes, the reported values of their inhibitory activities against MAO-A and -B
from human and rat (Fierro et al., 2007; Hurtado-Guzmán et al., 2003; Lühr et al., 2010;
Vilches-Herrera et al., 2009).

Compound
Ki (µM)

zMAO hMAO-A rMAO-A hMAO-B rMAO-B

MTA a NE 0.13 ± 0.02 0.25 ± 0.02 NE NE

NIPAb 17.7 ± 2.6 0.48 ± 0.31 0.42 ± 0.04 >100 >100

MeONIPAb 4.8 ± 0.4 0.24 ± 0.02 0.18 ± 0.05 5.1 ± 0.4 16.3 ± 7.8

BTOc NE 10.0 ± 0.3 50.9 ± 6.1 0.46 ± 0.18 0.16 ± 0.01

ZTOc NE >100 27.5 ± 4.6 0.048 ± 0.03 0.074 ± 0.003

BTIc 30.4 ± 3.8 2.5 ± 0.2 14.1 ± 1.2 0.068 ± 0.05 0.27 ± 0.02

ZTIc NE >100 19.0 ± 0.4 0.038 ± 0.003 0.13 ±0.01

Table 1. zMAO inhibitory properties of known selective mammalian MAO inhibitors. Comparative data for human
and rat MAO inhibition are from: aHurtado-Guzmán et al., 2003; bVilches-Herrera et al 2009; cLühr et al, 2010. NE: No
effect

The amphetamine derivative MTA, which is a potent and selective inhibitor of rat and hu‐
man MAO-A (Fierro et al., 2007; Hurtado-Guzmán et al., 2003), showed no significant effect
upon zMAO activity. Similarly, the 2-arylthiomorpholine analogue ZTI, and the 2-arylthio‐
morpholin-5-one derivatives BTO and ZTO, which are highly selective MAO-B inhibitors
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Vilches-Herrera et al., 2009).

Compound
Ki (µM)

zMAO hMAO-A rMAO-A hMAO-B rMAO-B

MTA a NE 0.13 ± 0.02 0.25 ± 0.02 NE NE

NIPAb 17.7 ± 2.6 0.48 ± 0.31 0.42 ± 0.04 >100 >100

MeONIPAb 4.8 ± 0.4 0.24 ± 0.02 0.18 ± 0.05 5.1 ± 0.4 16.3 ± 7.8

BTOc NE 10.0 ± 0.3 50.9 ± 6.1 0.46 ± 0.18 0.16 ± 0.01

ZTOc NE >100 27.5 ± 4.6 0.048 ± 0.03 0.074 ± 0.003

BTIc 30.4 ± 3.8 2.5 ± 0.2 14.1 ± 1.2 0.068 ± 0.05 0.27 ± 0.02

ZTIc NE >100 19.0 ± 0.4 0.038 ± 0.003 0.13 ±0.01

Table 1. zMAO inhibitory properties of known selective mammalian MAO inhibitors. Comparative data for human
and rat MAO inhibition are from: aHurtado-Guzmán et al., 2003; bVilches-Herrera et al 2009; cLühr et al, 2010. NE: No
effect

The amphetamine derivative MTA, which is a potent and selective inhibitor of rat and hu‐
man MAO-A (Fierro et al., 2007; Hurtado-Guzmán et al., 2003), showed no significant effect
upon zMAO activity. Similarly, the 2-arylthiomorpholine analogue ZTI, and the 2-arylthio‐
morpholin-5-one derivatives BTO and ZTO, which are highly selective MAO-B inhibitors
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(Lühr et al., 2010), did not inhibit the fish’s enzyme. In contrast, naphthylisopropylamine de‐
rivatives NIPA and MeONIPA, which are selective inhibitors of MAO-A (Vilches-Herrera et
al., 2009), as well as the 2-arylthiomorpholine derivative BTI which selectively inhibits
MAO-B (Lühr et al., 2010), exhibited zMAO inhibitory properties with Ki values in the mi‐
cromolar range. MeONIPA was the most potent compound of the series evaluated, showing
a Ki value (4.8 μM) very similar to that found against human MAO-B (5.1 μM). These results
agree with a notion that can be inferred from previous data (Aldeco et al., 2011; Anichtchik
et al., 2006), indicating that effects on zMAO cannot be straightforwardly used to predict an
effect upon either MAO-A or MAO-B. In addition, these data suggest that the zMAO bind‐
ing site is significantly different from those of both MAO-A and MAO-B from mammals.

3.2. Homology models of zMAO and molecular docking

3.2.1. Modeling methods

Since neither the MAO-A nor MAO-B structure can be chosen a priori as a better template for
modeling zMAO, we decided to build two different models using each isoform of human
MAO as templates. The MAO-A (Protein Data Bank, PDB code: 2BXS) and MAO-B (PDB
code: 2BYB) crystal structures at 3.15 Å and 2.2 Å resolution respectively (De Colibus et al.,
2005) were employed. The amino acid sequence and crystal structure of each protein were
extracted from the National Center for Biotechnology Information (NCBI) and PDB databas‐
es. Sequence alignments were prepared separately. Models were built using standard pa‐
rameters and the outcomes were ranked on the basis of the internal scoring function of the
program MODELLER9v6 (Sali & Blundell, 1993). The best model obtained in each case (us‐
ing MAO-A or MAO-B as template) was submitted to the H++ server (Gordon et al., 2005;
http://biophysics.cs.vt.edu/H++) to compute pKa values of ionizable groups and to add miss‐
ing hydrogen atoms according to the specified pH of the environment. Each structure select‐
ed was inserted into a POPC membrane, TIP3 solvated and ions were added creating an
overall neutral system simulating approximately 0.2 M NaCl. The ions were equally distrib‐
uted in a water box. The final system was subjected to a molecular dynamics (MD) simula‐
tion for 5 ns using NAMD 2.6 (Phillips et al., 2005). The NPT ensemble was used to perform
MD calculations. Periodic boundary conditions were applied to the system in the three coor‐
dinate directions. A pressure of 1 atm was used and temperature was kept at 310 K. The
simulation time was sufficient to obtain an equilibrated system (RMSD < 2 Å). Stereochemi‐
cal and energy quality of the homology models were evaluated using the PROSAII server
(Wiederstain & Sippl 2007) and Procheck (Laskowski et al., 1993)

3.2.2. Docking methods

Dockings of (S)-MeONIPA in the zMAO models, as well as in the human MAO-A and
MAO-B structures were done using the AutoDock 4.0 suite (Morris et al., 1998). MeONIPA
was selected for this study since it was the most potent zMAO inhibitor of the series evaluat‐
ed and because it also inhibited both human MAO-A and MAO-B at low concentrations.
The choice of the (S)-isomer for MeONIPA docking experiments was done on the basis that
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(S)-amphetamine derivatives (which are always dextrorotatory) are usually the eutomers at
MAO (Hurtado-Guzmán et al., 2003). All other docking conditions were as previously re‐
ported (Fierro et al., 2007; Vilches-Herrera et al., 2009). Briefly, the grid maps were calculat‐
ed using the autogrid4 option and were centered on the putative ligand-binding site. The
volumes chosen for the grid maps were made up of 40 × 40 × 40 points, with a grid-point
spacing of 0.375 Å. The autotors option was used to define the rotating bond in the ligand.
The docked compound complexes were built using the lowest docked-energy binding posi‐
tions. MeONIPA was built using Gaussian03 (Frisch et al., 2004) and the partial charges
were corrected using ESP methodology.

3.2.3. Results and discussion

Figure 4 depicts the global zMAO models obtained using human MAO-A (left) and human
MAO-B (right) as templates. As expected, the overall structure of zMAO was similar to
those of the human enzymes. The presumed ligand binding site appears lined by a series of
hydrophobic residues and the isoalloxazine ring of the flavin cofactor (top inset Fig. 4). Ami‐
no acids forming the binding site of zMAO and human MAO-A and -B are shown in insets
of Figure 4.

Figure 4. Cartoons of zMAO models obtained using human MAO-A (left) or human MAO-B (right). Insets show the
main amino acids of the active sites of zMAO (top), human MAO-A (left) and human MAO-B (right). Amino acids in
white, green or blue indicate apolar, polar or positively charged residues respectively.
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As shown in Figure 5, docking experiments revealed that in both zMAO models, MeONIPA
exhibits a binding mode where the aromatic ring is oriented almost perpendicularly to the
isoalloxazine ring of FAD, with the methoxyl group pointing to the binding site entrance,
whereas the aminopropyl chain points toward the isoalloxazine ring and appears positioned
close to two tyrosine residues which, together with the isoalloxazine ring, form the so-called
aromatic cage (Figs. 5 A and 5B). Interestingly, docking of MeONIPA in both human MAO-
A and MAO-B, yielded binding modes where the inhibitor molecule adopted an almost op‐
posite orientation to those observed in zMAO models. Thus, the most energetically
favorable conformations of MeONIPA were those in which the amino group points away
from the flavin ring, whereas the methoxyl group is located between the corresponding ty‐
rosine residues (Figs. 5 C and 5D). These results suggest that the different inhibitory poten‐
cies of MeONIPA (and likely other inhibitors) toward zebrafish and human MAOs, might be
attributed to the differential binding modes exhibited by the drug. Similar conclusions at‐
tempting to explain why MAO inhibitors show differential inhibition properties upon MAO
from different species have been reached in previous studies (Fierro et al., 2007; Nandinga‐
ma et al., 2002). Moreover, our findings suggest that, even in the cases where similar poten‐
cies are detected, the mechanism of enzyme inhibition for a given drug might be different in
zebrafish and human MAOs.

Figure 5. Comparison of the binding modes of MeONIPA into zMAO (A and B), human MAO-A (C) and human MAO-B
(D) active sites. Figures 5 A and 5Bshow the docking poses of MeONIPA into zMAO models obtained using human
MAO-A and human MAO-B respectively. Main active site amino acid residues and FAD are rendered as stick models.
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3.3. Similarities between the binding sites of MAO from different species.

3.3.1. Protein structures employed

The structures of human and rat MAO-A co-crystallized with clorgyline (PDB codes: 2BXS
and 1O5W respectively) and human MAO-B co-crystallized with l-deprenyl (PDB code:
2BYB) were employed. Furthermore, structures of zMAO models and human MAO-A and
MAO-B obtained after docking of MeONIPA (see previous section), were used in additional
comparisons.

3.3.2. Binding site comparison methods

The PocketMatch algorithm was selected for this study due to its relatively low computa‐
tional complexity and high performance. All aspects involved in binding site comparisons
followed the procedure published in the original article describing the algorithm (Yeturu &
Chandra, 2008). Briefly, each binding site was considered as that determined by the residues
for which one or more atoms surround either a crystallographic or a docked ligand at a giv‐
en distance (4 Å by default; in some cases distances from 3 Å to 10 Å from the ligand were
considered; see following section). Each residue was classified into one of 5 groups, taken
into account its chemical properties. Then, each residue was represented as a set of three
points corresponding to the coordinates of the C-Alpha, the C-Beta and the Centroid Atom
of the side chain. Distances between every three points of each residue in the binding sites
were measured. All distances computed were sorted in ascending order and stored in sets of
distances organized by type of pairs of points and type of pairs of tags. The sorted and or‐
ganized distances were aligned and compared using a threshold of 0.5 Å, which was estab‐
lished considering the natural dynamics of biological systems. The similarity between sites,
referred to as the PMScore, was measured by scoring the alignment of the pair of sites under
comparison. Thus, the PMScore represents the percentage of the number of “matches” cal‐
culated over the maximal number of distances computed for each binding site. A PMScore
of 0.5 (50 %) or higher was considered as indicative of similarity between binding sites.

3.3.3. Results and discussion

Initially, we compared human and rat MAO-A. The amino acid sequence in the active sites
of both proteins is identical, and therefore we expected to find a high degree of similarity.
Surprisingly, a PMScore value of 0.27 was obtained after comparing the residues located at 4
Å from the ligand (clorgyline in both proteins), which is the PocketMatch default condition.
It should be considered that PMScores > 0.5 are indicative of binding site similarity, whereas
values below 0.5 indicate lack of similarity. It should also be noted that, as shown in the
original report by Yeturu & Chandra (2008), a distance of 4 Å from the ligand was clearly
suitable to find similarities between a series of structurally related and unrelated proteins.
Therefore, it was rather intriguing that such a low PMScore should be obtained, suggesting
the existence of relevant differences between rat and human MAO-A binding sites, most
likely in the form in which residues in close proximity to the ligand are arranged. Such a
conformational difference has been revealed by the crystal structures of both proteins,
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which show that the cavity-shaping loop 210–216 and specifically residues Gln215 and
Glu216 are differentially oriented in human and rat MAO-A (De Colibus et al., 2005). This
differential arrangement determines a larger volume of the active site of human MAO-A
(550 Å3) as compared to that of rat MAO-A (450 Å3). Thus, our results confirm that rat and
human MAOs are not as similar as could be inferred from the analysis of their amino acid
sequences, and highlight the sensitivity of PocketMatch to determine subtle differences be‐
tween highly related proteins.

Despite these considerations, we developed a script that allows the automatic evaluation of
PMScores considering distances from 3 Å to 10 Å from the ligand, with the hope that such
an analysis could yield further information regarding the similarity of the binding sites of
MAOs. Thus, we were able to build “similarity profiles”, which graphically show at what
distance from the ligand (if any) the binding sites begin to be similar. Figure 6 shows the
similarity profile after comparing rat and human MAO-A.

Figure 6. Similarity profile between rat and human MAO-A, both co-crystalized with clorgyline, as calculated using
PocketMatch. The horizontal black line indicates PMScore = 0.5. The vertical black line indicates the distance from the
ligand where the PMScore begins to be consistently greater than 0.5. Each point corresponds to the PMScore.

As can be seen, PMScores greater than 0.5 appeared at 4.5 Å and were consistently observed
at longer distances from the ligand. Since most amino acids located at 4.5 Å from the ligand
line the binding site (see Figure 8A and 8B), these results indicate that, beyond the shape dif‐
ferences revealed by crystal structures and detected by PocketMatch, the binding sites of
MAO-A from rat and human are quite similar.

In contrast, when binding sites of human MAO-A and MAO-B were compared, PMScores
indicating similarity (> 0.5) were only found at distances higher than 6.4 Å from the ligand
(Fig. 7).
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Figure 7. Similarity profile between human MAO-A (co-crystalized with clorgyline) and human MAO-B (co-crystalized
with deprenyl), as calculated using PocketMatch. The horizontal black line indicates PMScore = 0.5. The vertical black
line indicates the distance from the ligand where the PMScore begins to be consistently greater than 0.5. Each point
corresponds to the PMScore.

As shown in Figures 8C and 8D, at a distance of 6.4 Å from the ligand, several amino acids
considered in the similarity determination are located outside the binding site.

Figure 8. Binding site residues surrounding the inhibitors clorgyline (blue) and deprenyl (pink) bound to human MAO-
A (HMAO-A), rat MAO-A (RMAO-A) or human MAO-B (HMAO-B). Figures 8A and 8B show the residues located at 4.5
Å from the ligand, while figures 8C and 8D show the residues located at 6.5 Å from the ligand
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Therefore, the similarity profile shown in Figure 7 indicates that human MAO-A and MAO-
B binding sites are less similar than those of rat and human MAO-A. It also shows that, al‐
though showing differences at their binding sites, human MAO-A and MAO-B exhibit a
high degree of global structural similarity (all PMScores obtained at distances longer than
6.5 Å were well over 0.5). Though both findings might be considered obvious from the anal‐
ysis of each protein sequence and function, they confirm the suitability of PocketMatch to
find and predict such characteristics, an aspect that could be particularly useful when com‐
paring proteins from which less functional information is available. In addition, our results
suggest that in some cases the determination of similarity profiles can be more informative
than point comparisons.

Figures 9 and 10 show the similarity profiles after comparing the homology models of
zMAO with those of human MAO-A and MAO-B, respectively. As mentioned, in all cases,
MeONIPA docked in each MAO structure was used as ligand.

Figure 9. Similarity profile between zMAO (in this case the model corresponds to that based on human MAO-A) and
human MAO-A, as calculated using PocketMatch. In both proteins, docked MeONIPA was used as ligand. The horizon‐
tal black line indicates PMScore = 0.5. The vertical black line indicates the distance from the ligand where the PMScore
begins to be consistently greater than 0.5. Each point corresponds to the PMScore.

As shown in Figures 9 and 10, PMScores indicative of similarity between the binding sites of
zMAO and human MAO-A or MAO-B (i.e., PMScore > 0.5) were consistently seen at distan‐
ces higher than 6 Å from the ligand. It should be noted that comparable values were ob‐
tained even though the zMAO model was built using either human MAO-A or MAO-B as
templates, and regardless of which human enzyme was used for the comparison. These re‐
sults suggest that the zMAO binding site is as different from those of both human isoforms
as the binding site of MAO-A differs from that of MAO-B. In addition, the similarity profiles
of zMAO against both human proteins indicate that global structural similarity is found
across these species, while the main differences are found at their binding sites. Since, to
perform the similarity determination, PocketMatch considers both the shape and the chemi‐
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cal nature of the residues forming the site (Yeturu & Chandra, 2008), these two factors are
likely involved in the differences detected between the MAO isoforms. Considering the se‐
quence identity between zebrafish and human enzymes, one may predict that conformation‐
al differences are more important when comparing zMAO and human MAO-A, while the
chemical features of the residues are more relevant to the differences between zMAO and
human MAO-B. Nevertheless, further analyses are necessary to determine the relative con‐
tribution of each aspect to the differences found.

4. Conclusion

In summary, results from biochemical evaluation, molecular simulation and similarity de‐
tection studies presented here add novel evidence to the notion that even though zMAO ex‐
hibits some functional and structural properties overlapping those of MAO-A and -B, the
zebrafish protein behaves quite distinctively from its mammalian counterparts. Therefore,
although still an attractive model for drug discovery, in our opinion zebrafish is not a useful
model for the identification of novel MAO inhibitors aimed for use in humans.
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1. Introduction

Even though we have several techniques, represented by the electron microscopy, to obtain
images of single molecules, in this chapter, we use ‘single-molecule imaging’ (SMI) for a lim‐
ited means—that is, imaging of fluorescently labeled biological molecules at work for ana‐
lyzing their behaviors. To observe biological molecules at work, imaging in aqueous
conditions is essential. Therefore, optical microscopy is the main technology in SMI. Fluores‐
cence labeling is good to use for imaging in optical microscopy, because it allows high con‐
trast and selective imaging of molecules that we are interested in. SMI provides information
of dynamics and kinetics of molecular reactions. In 1995, two groups firstly and independ‐
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development of this technology. After that, the application of SMI has been extended, and in
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the main subject of this chapter is the technical issue, these two examples of applications are
chosen to explain how to analyze single-molecule data to understand kinetics of molecular
interactions quantitatively in living cells. At the present time, we have several textbooks spe‐
cialized for the technologies and applications of SMI in a wide field [6-8]. Please refer to
these books for information lacking in this chapter.

2. Motivation of Single-molecule Imaging Measurements of Molecular
Interactions

2.1. Single-molecule versus ensemble-molecule measurements

Before considering about technological issues, it might be important to discuss why we need
SMI measurements of molecular interactions. The operation of biological molecular ma‐
chines is basically stochastic. Therefore, in ensemble average measurements, in which only
the averages over a huge number of reaction events are observed, details of the reaction
process are obscured. In SMI measurements, it is possible to virtually synchronize a particu‐
lar point in the reaction process for kinetic analysis. For example, imagine the observation of
an enzyme reaction. The substrate solution is added to the enzyme solution to start the reac‐
tion. In ensemble measurements, the time of the two solutions mixing is set to time 0, and
the concentration of the product is monitored with time. In the mixture, first, a substrate
molecule needs to diffuse and collide with an enzyme molecule to form an enzyme-sub‐
strate (ES) complex; then, a chemical reaction starts on the enzyme molecule. The time 0 in
ensemble measurements is not the time of ES complex formation. The time of ES complex
formation is different for each molecule due to the stochasticity of molecular reactions, and
this difference obscures the measurements of chemical reactions. In SMI measurements, the
time point of each ES complex formation is detected, and after the observation, all the time
points for individual molecules are aligned to time 0. Hence, in SMI measurements, we se‐
lectively extract the process of chemical reactions, removing the diffusion and collision for
kinetic analysis.

This principle of SMI measurements also allows separation of forward and backward reac‐
tions. Here, imagine an association-dissociation reaction between two species of molecules.
In the reaction mixture, both association and dissociation occur in parallel (on the different
molecules). Even if we monitor the initial process of complex formation soon after the mix‐
ing of the two solutions, it is impossible to separate forward and backward reactions com‐
pletely, and in the equilibrium, it is absolutely impossible to measure reaction kinetics, at
least when the numbers of molecules are large. In SMI measurements, each association or
dissociation event is detected individually; therefore, after the observations, association (or
dissociation) events can be selected for pure kinetic analysis of association (dissociation) re‐
actions. Because of this, kinetic analysis based on SMI, is possible, even in the equilibrium
(or steady state) conditions.

Structures of biological macromolecules, especially proteins, often show multiple metasta‐
ble points (this phenomenon is called polymorphism). Each single molecule is drifting among
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these metastable points in various timescales. post-translational modifications, such as phos‐
phorylation, may stabilize one or some of the metastable structures, according to each sin‐
gle molecule. SMI measurements are good to detect distributions and fluctuations of reactions
and  structures  caused  by  static  and  dynamic  polymorphisms  of  biological  macromole‐
cules [3,9-11]. In some cases, non-random reactions of proteins have been detected using
SMI [3,9,11].

2.2. Single molecule measurements in living cells

In a cellular context, it is difficult to perform long time-series analyses of the reaction on the
same single molecules due to high density and lateral movements of the molecules. Howev‐
er, SMI measurements still have advantages over conventional ensemble average measure‐
ments. SMI allows in situ, non-destructive quantitative measurements. SMI measurements
provide absolute values of the kinetic and dynamic parameters of the molecular reactions
and dynamics, including number, density, reaction rate constants, lateral diffusion coeffi‐
cient, and transport velocity, with the smallest disruption of the living cell systems [8,12,13].

As mentioned above, for the time-series analyses, SMI measurements do not require physi‐
cal synchronization, which is indispensable in ensemble molecule measurements. Synchro‐
nization, like concentration or temperature jumps, generally alters the condition of cell
cultures, possibly affecting many cellular reactions in addition to the subject of the experi‐
ment. Therefore, it sometimes becomes ambiguous if the changes of the measured value re‐
flect the reaction kinetics itself or the cellular dynamics triggered by the changed culture
conditions. SMI measurements allow kinetic analysis in steady state, avoiding changes of
culture conditions. For example, Hibino et al. [14] measured dissociation kinetics between
two protein species, Ras and RAF, using SMI in quiescent cells in a steady state.

SMI measurements can detect small numbers of reactions in a limited volume inside living
cells, because they are based on imaging with spatial resolution and possess the extreme
sensitivity to detect single molecules. Using SMI measurement, Ueda et al. [15] measured
the numbers and rate constants of the reactions between cAMP and its receptor, comparing
the front and rear halves of a single Dictyostelium amoeba during chemotaxis. Tani et al. [16]
analyzed reaction kinetics at the growth cone of nerve cells. These works have revealed that
kinetic parameters of the same reactions diverged according to the positions in single cells.
In addition, SMI measurements have directly revealed that cellular responses, such as neu‐
rite elongation [16] and calcium response [17], are caused by signaling of tens or hundreds
of protein molecules.

The range of application of SMI measurements is broad, covering various fields of biological
sciences of cells, including not only basic biochemistry and biophysics but systems biology,
pathology of genetic diseases, action points analyses in pharmacology, and toxinology. SMI
measurements provide absolute values of reaction parameters, which can be substituted in‐
to the reaction models described using mathematical equations. Since these values are deter‐
mined in live cell conditions, SMI measurements are good to use in combination with
mathematical modeling constructed to explain and predict dynamics of complex intracellu‐
lar reaction networks.
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3. Technologies of Single-molecule Imaging in Living Cells

3.1. Microscope and imaging equipment

SMI uses optical microscopy, and since most of the biological molecules are translucent for
visible light, some kind of labeling is required. For detection of single molecules, labeling
with fluorophore is effective, because it provides high-contrast imaging, which is essential
both for detection of small signals from a single molecule and for detection of specific spe‐
cies of molecules in crowded conditions of living cells. Labeling by fluorescent proteins has
expanded the application of SMI in living cells.

Fluorescence signal from single fluorophores is small but enough to be imaged individually
when recent high-sensitivity video cameras, like EM-CCD or CCD equipped with a multi-
channel plate image intensifier are used. Standard temporal resolution of SMI in living cells
is several tens of ms, and in some cases, under strong illumination, ms sampling has been
achieved gathering hundreds of photons from a single fluorophore per single video frame.

For detection of small signals from single molecules, background rejection is essential. Total
internal reflection [1] and oblique illumination [18] are useful technologies of wide-field flu‐
orescence microscopy to realize effective background rejection and can be used for SMI in
living cells (Figure 1) [19].

Figure 1. Single-molecule imaging in living cells.  Schemes of total internal reflection (A) and oblique illumination
(B)  microscope and a  single-molecule  image of  tetramethylrhodamine-labeled EGF on the surface of  living HeLa
cells  under an oblique illumination microscope (C) are shown. Bar in C:  10 μm. Detection of singlemolecules can
be examined by single-step photobleaching (D).

Figure 2 shows the optical setup of our TIR microscope for SMI, which was home-built
based on a commercial inverted fluorescence microscope. Solid-state continuous wave lasers
in different emission wavelengths are used for illumination according to the species of fluo‐
rophore. Between the lasers and the microscope, a two-dimensional beam scanning system
is constructed. This system is composed by a pair of diagonallypositioned Galvanometer-
scanning mirrors and a telescope that inserted between the two scanning mirrors. The two
scanning mirrors are moved sinusoidally with a π phase difference in a frequency higher
than the frame rate of imaging (30 Hz is the typical frame rate). Therefore, the specimen is
illuminated from every direction during the acquisition of single frames. Thus, the system
achieves pseudo-circular illumination.
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Circular illumination is better in TIR-microscopy than the illumination from a fixed single
direction that is usually used in commercial TIR system, especially for observations of bio‐
logical samples having anisotropic structure [19]. It also reduces effects of spatially inhomo‐
geneous illumination pattern often caused by the strong coherence of laser beams. There are
several methods to construct circular illumination path using only static optical elements or
a rotatory moving mirror with a fixed angle, however, using a pair of Galvanometer, the in‐
cident angle of the illumination beam to the specimen is easily adjusted to the best position
for each specimen by changing the amplitude of vibration of the scanner mirrors.

Figure 2. Optical path of a total internal reflection fluorescence microscope for single-molecule imaging.The illumina‐
tion laser beams are introduced into an inverted fluorescence microscope from the epi-illumination path. Between the
microscope and lasers, a two-demensional beam scanning system is inserted to achieve pseudo-circular illumination
(see text for details). The violet (405-nm) laser is used for photoconversion of fluorophores. BE: beam expander, DM:
dichroic mirror, FS: field stop, GM: Galvanometer scanner mirror, L: lens, λ/4: quarter wave plate, M: mirror, ND: neu‐
tral density filter, S: shutter.

3.2. Fluorophores

Both the chemical fluorophores and fluorescent proteins are applicable as the probes of SMI
in living cells. To obtain good contrast against autofluorescence of cells and optics, fluoro‐
phores with relatively longer wavelength emissions are generally better. As the chemical
fluorophores, tetrametylrhodamine (TMR), Cy3, Cy5, Alexa 488, and Alexa 594 are used fre‐
quently. Among the fluorescent proteins, as far as we know, eGFP is the best for SMI be‐
cause of relatively good photostability. As the red fluorescent protein in SMI, tag RFP is
applicable. Photoconvertible proteins, Eos and mKikGR, are good in photoactivation locali‐
zation microscopy (PALM), which is an application of SMI [20]. Protein tags, like HaLo and
SNAP, which can be conjugated covalently with chemical fluorophores after expression in
living cells, are useful, because chemical fluorophores are generally more photostable than
the fluorescent proteins, and colors of fluorescence emission can be changed according to
the purpose of the experiment. When an especially strong and stable (long observation time)
signal is required, Q-dot or other fluorescent beads will be used. In such cases, steric hin‐
drance and multivalency should be controlled carefully.
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3.3. Sample preparation

For SMI, cells are cultured on a coverslip and set on the microscope. Since contamination of
small dust on the coverslip prevents SMI, the coverslip must be washed thoroughly before
transfer of cells onto it [21]. Usage of glass coverslips (not conventional plastic cell culture
dishes) that has the high refractive index was necessary to achieve total internal reflection;
however, some cell culture dishes or chambers made of plastic with the refractive index sim‐
ilar to that of glass (1.52) can be purchased recently. One day or more before the observa‐
tion, the culture medium should be replaced to one that does not contain phenol red to
reduce background fluorescence. The culture medium used during observation should also
not contain phenol red.

When proteins tagged with fluorescent proteins, like GFP, are expressed and observed in
cells, conditions for the transfection of cDNAs should be carefully controlled to avoid over‐
expression that prevents SMI (see section 3.5). Similarly, when HaLo or SNAP tag is used,
staining should be carried out with a much lower concentration of fluorescent regents than
that recommended by the manufactures.

3.4. Image processing

The signal-to-noise ratio (S/N) in SMI is usually not good due to small signals and, especial‐
ly in cells, due to rather large background autofluorescence and scattering. Temporal aver‐
aging over successive video frames improves S/N under the sacrifice of temporal resolution.
Spatial filtering of the images is also used to improve image quality. But, one must be care‐
ful to use any temporal and spatial filtering, because they sometimes do not preserve the lin‐
earity of signal intensity. Background subtraction is usually carried out before quantification
of single-molecule signals. In cells, because background signals are highly inhomogeneous,
the background levels should be determined locally.

After the appropriate pretreatments, the position and signal intensity are determined for in‐
dividual single-molecule images. For this purpose, fitting with a two-dimensional Gaussian
distribution is usually used. Fitting functions can include background signals instead of the
pretreatment of background subtraction. We usually use a Gaussian distribution on an in‐
clined background plane as the fitting function [21]. Positions of the molecule can be deter‐
mined as the centroid of the distribution with sub-pixel spatial resolution. Signal intensity
can be calculated by integration of the distribution function. Accuracy of these parameters
depends on the measurement system and should be determined statistically from the re‐
peated measurements of the same single molecules.

There are several criteria to judge whether single molecules are really detected or not [4].
Single-step photobleach is the most convenient and used criterion (Figure 1D). To distin‐
guish photobleach from disappearance by the movements of molecules, like release into the
solution, illumination intensity should be changed. Photobleaching rate, but not the rate of
most of other phenomena, depends on the illumination intensity. Because the size of fluoro‐
phores is much smaller than the spatial resolution of the optical microscope, the profile of
single-molecule images must be the point spread function of the optics. The intensity distri‐

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

438

bution of single molecules should be Gaussian, because the photon emission from a fluoro‐
phore is a Poisson process; however, when the intensities are small, the distribution
becomes binominal or sometimes looks as a log-normal distribution.

3.5. Technical limitations specific for SMI

Photobleach of the fluorophore seems to be the most serious problem in SMI. This brings a
trade-off between S/N of the single-molecule measurments and the observation length of
each single molecule. By increasing the illumination power, the signals from single mole‐
cules increase to improve S/N, which in turn improves the temporal resolution and the accu‐
racy of position determination; however, at the same time, the observation length of each
single molecule must be decreased due to increased photobleacing rates. In typical condi‐
tions, the emission photon numbers from a single chemical fluorophore, including TMR and
Cy3, before photobleach is less than 1 million, and those from fluorescent proteins are sever‐
al times smaller. Since SMI in typical conditions requires thousands of photon emissions
from a fluorophore per frame (due to limited numerical aperture of the objective and tran‐
mittance of the optics, <10% of which reach to the camera), only hundreds of frames can be
acquired for each single molecule. If a video rate movie is taken, single molecules could be
observed only for about 10 s in average.

Signal intensity (photon flux) of single fluorophores is limited, because the fluorescence
emission cycle requires a finite time. The fluorescence lifetime, which is the rate-limiting pa‐
rameter under strong enough illumination, of typical fluorophores used in SMI is about 1
ns, meaning that the maximum photon flux is about 109 s-1. However, strong illuminations
that cause such high-rate emission induce higher-order excitation that could be the reason of
undesired photochemical reactions. Practical photon emission rate is no more than about 106

s-1. This means that because thousands of photons are required to acquire a snapshot of SMI,
temporal resolution of SMI is difficult to be improved to more than 1 ms. Accuracy of posi‐
tion detemination depends on the signal intensity. When more than 10,000 photons are ob‐
tained on the camera for a single frame, the centroid of a single-molecule image can be
determined with 1 nm of accuracy [22]. Such high accuracy cannot be obtained with a tem‐
poral resolution better than subseconds.

The special resolution of the optical microscopy is worse than 200 nm. This limits the densi‐
ties or the concentrations of the molecule to be observed, because in dense conditions, im‐
ages of molecules overlap to inhibit single-molecule detection. The practical limits of the
molecular density and concentration are about 10 μm-2 and 10 nM, respectively. Concentra‐
tions of most cell signaling proteins are thought to be within these limits, but those of struc‐
tural proteins could exceed these limits.
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dishes) that has the high refractive index was necessary to achieve total internal reflection;
however, some cell culture dishes or chambers made of plastic with the refractive index sim‐
ilar to that of glass (1.52) can be purchased recently. One day or more before the observa‐
tion, the culture medium should be replaced to one that does not contain phenol red to
reduce background fluorescence. The culture medium used during observation should also
not contain phenol red.

When proteins tagged with fluorescent proteins, like GFP, are expressed and observed in
cells, conditions for the transfection of cDNAs should be carefully controlled to avoid over‐
expression that prevents SMI (see section 3.5). Similarly, when HaLo or SNAP tag is used,
staining should be carried out with a much lower concentration of fluorescent regents than
that recommended by the manufactures.

3.4. Image processing

The signal-to-noise ratio (S/N) in SMI is usually not good due to small signals and, especial‐
ly in cells, due to rather large background autofluorescence and scattering. Temporal aver‐
aging over successive video frames improves S/N under the sacrifice of temporal resolution.
Spatial filtering of the images is also used to improve image quality. But, one must be care‐
ful to use any temporal and spatial filtering, because they sometimes do not preserve the lin‐
earity of signal intensity. Background subtraction is usually carried out before quantification
of single-molecule signals. In cells, because background signals are highly inhomogeneous,
the background levels should be determined locally.

After the appropriate pretreatments, the position and signal intensity are determined for in‐
dividual single-molecule images. For this purpose, fitting with a two-dimensional Gaussian
distribution is usually used. Fitting functions can include background signals instead of the
pretreatment of background subtraction. We usually use a Gaussian distribution on an in‐
clined background plane as the fitting function [21]. Positions of the molecule can be deter‐
mined as the centroid of the distribution with sub-pixel spatial resolution. Signal intensity
can be calculated by integration of the distribution function. Accuracy of these parameters
depends on the measurement system and should be determined statistically from the re‐
peated measurements of the same single molecules.

There are several criteria to judge whether single molecules are really detected or not [4].
Single-step photobleach is the most convenient and used criterion (Figure 1D). To distin‐
guish photobleach from disappearance by the movements of molecules, like release into the
solution, illumination intensity should be changed. Photobleaching rate, but not the rate of
most of other phenomena, depends on the illumination intensity. Because the size of fluoro‐
phores is much smaller than the spatial resolution of the optical microscope, the profile of
single-molecule images must be the point spread function of the optics. The intensity distri‐
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bution of single molecules should be Gaussian, because the photon emission from a fluoro‐
phore is a Poisson process; however, when the intensities are small, the distribution
becomes binominal or sometimes looks as a log-normal distribution.

3.5. Technical limitations specific for SMI

Photobleach of the fluorophore seems to be the most serious problem in SMI. This brings a
trade-off between S/N of the single-molecule measurments and the observation length of
each single molecule. By increasing the illumination power, the signals from single mole‐
cules increase to improve S/N, which in turn improves the temporal resolution and the accu‐
racy of position determination; however, at the same time, the observation length of each
single molecule must be decreased due to increased photobleacing rates. In typical condi‐
tions, the emission photon numbers from a single chemical fluorophore, including TMR and
Cy3, before photobleach is less than 1 million, and those from fluorescent proteins are sever‐
al times smaller. Since SMI in typical conditions requires thousands of photon emissions
from a fluorophore per frame (due to limited numerical aperture of the objective and tran‐
mittance of the optics, <10% of which reach to the camera), only hundreds of frames can be
acquired for each single molecule. If a video rate movie is taken, single molecules could be
observed only for about 10 s in average.

Signal intensity (photon flux) of single fluorophores is limited, because the fluorescence
emission cycle requires a finite time. The fluorescence lifetime, which is the rate-limiting pa‐
rameter under strong enough illumination, of typical fluorophores used in SMI is about 1
ns, meaning that the maximum photon flux is about 109 s-1. However, strong illuminations
that cause such high-rate emission induce higher-order excitation that could be the reason of
undesired photochemical reactions. Practical photon emission rate is no more than about 106

s-1. This means that because thousands of photons are required to acquire a snapshot of SMI,
temporal resolution of SMI is difficult to be improved to more than 1 ms. Accuracy of posi‐
tion detemination depends on the signal intensity. When more than 10,000 photons are ob‐
tained on the camera for a single frame, the centroid of a single-molecule image can be
determined with 1 nm of accuracy [22]. Such high accuracy cannot be obtained with a tem‐
poral resolution better than subseconds.

The special resolution of the optical microscopy is worse than 200 nm. This limits the densi‐
ties or the concentrations of the molecule to be observed, because in dense conditions, im‐
ages of molecules overlap to inhibit single-molecule detection. The practical limits of the
molecular density and concentration are about 10 μm-2 and 10 nM, respectively. Concentra‐
tions of most cell signaling proteins are thought to be within these limits, but those of struc‐
tural proteins could exceed these limits.
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4. Applications and DetaAnalysis

4.1. Single-molecule kinetic analysis

4.1.1. Principle

Durations and intervals of molecular interactions contain information about reaction kinet‐
ics. Hereafter, we call the durations of the colocalization of two molecules as ‘on-times’, and
the intervals from the dissociation of two molecules to the association of the next molecule
with one of the dissociated two molecules as ‘off-times’. On-times and off-times can be
measured for single events using SMI. Dual-color SMI (Figure 3) is possible to detect on-
times, but in practice, due to photobleach, it is difficult to detect successive multiple on-
times for a single molecule and not easy to detect even a single off-time.

Figure 3.  Dual-color  single-molecule  imaging of  TMR-labeled epidermal  growth factor  (EGF;  magenta)  and GFP-
Sos (green) in a living HeLa cell. Basal cell surface was observed using a dual-colour total internal reflection fluores‐
cence microscope. EGF receptors (EGFR) on the cell surface are activated by EGF binding. Then, Sos molecule,complexed
with Grb2, associates to the activated EGFR. White spots represent the EGF-EGFR-Grb2-Sos complexes in the plas‐
ma membrane.

More practical single-molecule measurements of on- and off-times are achieved for the in‐
teractions between a soluble molecule and a molecule stably attached on stationary struc‐
tures. Because of the rapid Brownian movements in solution, soluble molecules cannot be
observed as clear fluorescent spots and can only be imaged when they associate with fixed
or slowly moving molecules. Therefore, in vitro SMI measurements, interactions between
fluorescently labelled soluble molecules and a (non-labeled) molecule fixed on the substrate
are often observed [1, 11]. In such cases, because different soluble molecules interact with a
fixed molecule in turn, photobleach has minimal effect. Similar measurements can be ach‐
ieved in living cells when interactions are observed between a fluorescently labelled soluble
molecule (either in the extracellular solution or in the cytoplasm) and molecules in the mem‐
brane or cytoskeleton structures. Inside living cells, detection of the successive on-times as
well as the single off-time is difficult by this way because of the movements and/or high
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density of the non-labeled molecules. However, even in living cells, measurements of the
waiting times of the first association after some perturbation and measurements of off-times
are usually possible for kinetic analyses.

4.1.2. Estimation of the reaction parameters

Consider a reaction of state change,

A→
k

ϕ (1)

Here, A and ϕ represent association and dissociation states, respectively, for example, and
then k is the dissociation rate constant. The on-time distribution, which is the normalized
histogram to show the fraction of on-times observed in each time interval from t to t+Δt,
means changes of the nomarlized frequency to observe disappearance of the association
state as a function of time. In other words, the on-time distribution represents the reaction
rate to produce the dissociation state with time after the formation of the association state.
(Disappearance of A state is the appearance of ϕ state in the reaction equation (1).)

Hence, the on-time distribution is the reaction rate equation,

dϕ(t )
dt =kA(t). (2)

Here, the reaction is assumed to proceed according to a simple mass action model. Differ‐
ent  from the kinetic  analyses  in  conventional  biochemical  techniques that  deal  with the
concentration changes, the reaction rate equations in SMI describe state changes of a sin‐
gle molecule with time; i.e., in equation (2), A(t) and ϕ(t) do not mean the concentrations
but the probabilities with which each of the states is observed. Because every single mole‐
cule takes one of the two states in this reaction model, and because at the starting point of
each on-time the molecule takes A state, equation (2) has a conservation condition; A(t) +
ϕ(t) = 1, and the initial condition; A(0) = 1. Under these conditions, equation (2) is solved
as A(t)=exp (-kt). Then,

dϕ(t)
dt =kA(t)=k  exp(−kt). (3)

By fitting the on-time distribution with equation (3), the best-fit value for k is obtained.

This procedure is similar to that used in a conventional biochemical analysis based on en‐
semble-molecule measurements. However, there are two major different points between
SMI and ensemble-molecule analyses. First, the initial condition A(0) = 1 is not always appli‐
cable in ensemble-molecule analysis. Second, and more importantly, in SMI analysis, the for‐
ward and backward reactions can be analyzed completely separately. In the presence of
many molecules in the reactant, the association and dissociation reactions take place in par‐
allel; therefore, in ensemble molecules, the reaction equation should be
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are often observed [1, 11]. In such cases, because different soluble molecules interact with a
fixed molecule in turn, photobleach has minimal effect. Similar measurements can be ach‐
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well as the single off-time is difficult by this way because of the movements and/or high
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density of the non-labeled molecules. However, even in living cells, measurements of the
waiting times of the first association after some perturbation and measurements of off-times
are usually possible for kinetic analyses.

4.1.2. Estimation of the reaction parameters

Consider a reaction of state change,

A→
k

ϕ (1)

Here, A and ϕ represent association and dissociation states, respectively, for example, and
then k is the dissociation rate constant. The on-time distribution, which is the normalized
histogram to show the fraction of on-times observed in each time interval from t to t+Δt,
means changes of the nomarlized frequency to observe disappearance of the association
state as a function of time. In other words, the on-time distribution represents the reaction
rate to produce the dissociation state with time after the formation of the association state.
(Disappearance of A state is the appearance of ϕ state in the reaction equation (1).)

Hence, the on-time distribution is the reaction rate equation,

dϕ(t )
dt =kA(t). (2)

Here, the reaction is assumed to proceed according to a simple mass action model. Differ‐
ent  from the kinetic  analyses  in  conventional  biochemical  techniques that  deal  with the
concentration changes, the reaction rate equations in SMI describe state changes of a sin‐
gle molecule with time; i.e., in equation (2), A(t) and ϕ(t) do not mean the concentrations
but the probabilities with which each of the states is observed. Because every single mole‐
cule takes one of the two states in this reaction model, and because at the starting point of
each on-time the molecule takes A state, equation (2) has a conservation condition; A(t) +
ϕ(t) = 1, and the initial condition; A(0) = 1. Under these conditions, equation (2) is solved
as A(t)=exp (-kt). Then,

dϕ(t)
dt =kA(t)=k  exp(−kt). (3)

By fitting the on-time distribution with equation (3), the best-fit value for k is obtained.

This procedure is similar to that used in a conventional biochemical analysis based on en‐
semble-molecule measurements. However, there are two major different points between
SMI and ensemble-molecule analyses. First, the initial condition A(0) = 1 is not always appli‐
cable in ensemble-molecule analysis. Second, and more importantly, in SMI analysis, the for‐
ward and backward reactions can be analyzed completely separately. In the presence of
many molecules in the reactant, the association and dissociation reactions take place in par‐
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A
→
k+

←
k-L

ϕ. (4)

Then, the rate equation is

dϕ(t )
dt =k+A(t) - k-L ϕ(t). (5)

Here, L means the concentration of the ligand molecule, which can be thought of as a con‐
stant in the presence of excess amount of the ligand. The solution for A(t) under the same
conditions, A(t) + ϕ(t) = 1 and A(0) = 1, is

A(t)=
k+

k+ + k- L
exp{-(k+ + k-L )t} +

k- L
k+ + k- L

, (6)

indicating that the association (k+) and dissociation (k-) rate constants are never able to deter‐
mined independently by fitting to a timecourse describing the concentration change of A
state. (In ensemble-molecule measurements, obtaining multiple timecourses by changing the
ligand concentration, L, the association and dissociation rate constants can be determined
separately. However, in this case, there is an additional assumption that the rate constants
are independent of the concentration.)

Reactions are not always as simple as described in equation (1). Multi-component reactions,
described by a sum of exponential functions, are usual for proteins [11,15]. Also, reaction in‐
termediates are sometimes involved. Such reaction structures could be noticed from the
shape of the on(off)-time distributions. For example, sequential dissociations of two binding
sites in a single molecule are described by the tandem reaction model [14],

A→
k1

B→
k2

ϕ (7)

Here, ϕ state is the off state again,and the on-time distribution is

dϕ(t )
dt =k2B(t). (8)

At the same time,

dA(t )
dt = -k 1A(t), (9)

and
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dB(t )
dt =k1A(t) - k 2B(t). (10)

Solving the coupled differential equations (8-10) under the conditions A(t) + B(t) + ϕ(t) = 1,
A(0) = 1, and B(0) = ϕ(0) = 0,

dϕ(t )
dt =k2B(t)= -

k1k2

k1 - k2
{exp (-k1t) - exp (-k2t)}. (11)

This distribution is peaked; conversely, from the peaked distribution of on-times, presence
of a reaction intermediate (or multiple intermediates) can be noticed. By fitting the on-time
distribution by equation (11), two reaction rate constants can be determined. However, in
this case, even two values of the rate constants are obtained, it is impossible to assign which
one is the value of each rate constant, because k1 and k2 are interchangeable in equation (11).
Additional experiments or information is required for the assignment.

4.1.3. spFRET measurements for detection of molecular interactions

In some case,  more direct  evidence for interactions between two species of  single mole‐
cules should be required. Although the spatial resolution of optical microscopy is worse
than 200 nm, the position (centroid) of each single-molecule image can be determined at
nm-level resolution, if sufficient signal is obtained [22]. Dual-color SMI (Figure 3) allows
detection of colocalization within several tens of nm in typical conditions. More accurate
detection of direct molecular interactions is allowed by detecting single-pair FRET (spFRET)
signal [4,23]. spFRET has a power to detect molecular interactions in crowding conditions,
because FRET from sparsely distributed donors to dense acceptors yields sparse signal from
the acceptors, which can be detected in single molecules [24]. However, usage of spFRET is
limited due to its weakness to photobleach and difficulty to tuning labeling conditions to
obtain high FRET efficiency.

4.2. Interactions between epidermal growth factor (EGF) and EGF receptor, and receptor
dimerization

4.2.1. EGF and its receptor

Ligand-receptor interactions are one of the basic reactions in cell signaling systems. Here,
we used SMI for detection of interactions between an extracellular ligand and receptor on
the cell surface.

Epidermal growth factor, EGF, is a soluble cell signaling protein in the extracellular medi‐
um. EGF associates with its receptor, EGF receptor (EGFR), in the plasma membrane to
stimulate cell proliferation [25]. EGFR is a single membrane spanning protein expressed in
various types of animal cells. At the extracellular domain, an EGFR molecule associates with
a single molecule of EGF; then, the conformational change of EGFR is thought to induce di‐
merization of two EGF-associated EGFR molecules. In addition to monomers of vacant
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EGFR molecules, predimers of EGFR molecules (dimers without association of EGF mole‐
cules) are known to present on the cell surface. However, it is widely believed that only after
formation of doubly liganded dimers (signaling dimers), EGFR molecules are activated
through phosphorylation at the cytoplasmic domain. These phosphorylations are carried
out through the mutual phosphorylations in the signaling dimers using the kinase activity
in the cytoplasmic side of EGFR molecules (Figure 4). We tried to determine the kinetic
process of EGF-EGFR associations and formation of signaling dimers of EGFR using SMI
measurements [26,27].

Figure 4. A schematic model of associations between EGF and EGFR and formation of signaling dimers of EGFR.

4.2.2. Single-molecule imaging of EGF association

EGF can be conjugated with chemical fluorophores like TMR at the N-terminus without dis‐
ruption of its biological activity. After applications of nM orders of TMR-labeled EGF to the
culture medium of cells under an oblique illumination fluorescence microscope, associations
of single EGF molecules on the apical surface of living cells were observed in real time (Fig‐
ure 1C). Movies of EGF associations were acquired in 20 frames/s. In this experiment, a hu‐
man breast cancer cell line, MCF-7, was used. From the single-molecule movies, associations
of single EGF molecules were detected individually as the sudden appearance of fluorescent
spots on the cell surface (Figure 5A). When the association sites contained more than one
EGFR molecule, the second associations were observed at the same positions of the first as‐
sociation sites. Some of the double association sites could be predimers of EGFR, and others
could be two EGFR molecules presented in close proximity by accident. In our experimental
conditions, no association site showed more than double association.

The association kinetics between EGF and EGFR were analyzed from the distributions of the
waiting times for associations of single EGF molecules (Figure 5B,C). The waiting time dis‐
tribution for the EGF association for the first EGF molecules could be described by a 2-com‐
ponent exponential function with rate constants of k1 = 1.4 x 10-3nM-1s-1 and k2 = 3.8 x 10-2
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nM-1s-1. The difference between two types of EGF association sites in the association rate
constant of EGF has not been fully known, but it is possible that the latter (k2) is the associa‐
tion rate constant of the first EGF molecule to the predimers of EGFR, because the associa‐
tion rate constant for the single association sites was the same as k1 (Figure 5B).

The waiting time distributions for the second associations to the double association sites
were peaked (Figure 5C). The distributions were analyzed using the tandem reaction model
(equation 7). By changing the concentration of EGF, the rate constants for the intermediate
formation (k3) and for the association of the second EGF molecule (k4) were assigned: k3 was
independent of the EGF concentration, suggesting that it was the rate constant for a confor‐
mational change induced by the first EGF association, while k4 was proportional to EGF con‐
centration, suggesting they were the association rate constants for the second association of
soluble EGF molecules with the singly-liganded EGFR dimers. The values were k3 = 4.0 s-1

and k4/L = 2.4 nM-1s-1. The intermediate between the first and the second associations of EGF
molecules was first detected using SMI. These results suggest that the association rate con‐
stant with EGF is increased by the formation of predimer of EGFR and, after the association
of the first EGF molecule to the EGFR dimer, increased further. These properties of EGF-
EGFR interactions facilitate the formation of signaling dimers of EGFR. Similar results were
observed on HeLa cells [26] and other EGFR family members on MCF-7 cells [27].

Figure 5. Single-molecule measurement of the associations between EGF and EGFR. (A) Single-molecule detections of
the associations of EGF with EGFR are illustrated schematically. Waiting times of the association (appearance) of fluo‐
rescent spots on the cell surface (τ1) were measured individually after the application of TMR-EGF to the cell culture
medium. Second associations of TMR-EGF, which could be detected by a step-like increase of the fluorescence intensi‐
ty, were observed in some association sites. The waiting times of the second association after the first association (τ2)
were also measured. (B) The distributions of τ1 were measured for all association sites (red bars) and for the single
association sites (green bars) in the presence of 4 nM TMR-EGF. The numbers of events were 57 (red) and 31 (green).
Lines show the results of fitting with the reaction models. The red histogram was fitted with a two-component expo‐
nential function, suggesting the presence of two different association sites. The green histogram was fitted with a sin‐
gle-component exponential function. See text for the values of rate constants. (C) The distributions of τ2 were
measured in the presence of 2 nM (red bars) or 4 nM (green bars) of TMR-EGF. The numbers of events were 30 (red)
and 81 (green). The distributions were analyzed by the tandem reaction model. In this model, the first and second
steps are the state change and association of the second EGF molecule, respectively. Therefore, the reaction rate of
the first step is independent to the EGF concentration, but the second step should be proportional to the EGF concen‐
tration. The best-fit values of the first-order reaction rate constants for the second step were 4.7 and 4.7 s-1 (2 nM),
and 3.4 and 10 s-1 (4 nM), suggesting that the rate constant of the first step were 4.7 (2 nM) and 3.4 (4 nM) s-1, and the
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EGF can be conjugated with chemical fluorophores like TMR at the N-terminus without dis‐
ruption of its biological activity. After applications of nM orders of TMR-labeled EGF to the
culture medium of cells under an oblique illumination fluorescence microscope, associations
of single EGF molecules on the apical surface of living cells were observed in real time (Fig‐
ure 1C). Movies of EGF associations were acquired in 20 frames/s. In this experiment, a hu‐
man breast cancer cell line, MCF-7, was used. From the single-molecule movies, associations
of single EGF molecules were detected individually as the sudden appearance of fluorescent
spots on the cell surface (Figure 5A). When the association sites contained more than one
EGFR molecule, the second associations were observed at the same positions of the first as‐
sociation sites. Some of the double association sites could be predimers of EGFR, and others
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nM-1s-1. The difference between two types of EGF association sites in the association rate
constant of EGF has not been fully known, but it is possible that the latter (k2) is the associa‐
tion rate constant of the first EGF molecule to the predimers of EGFR, because the associa‐
tion rate constant for the single association sites was the same as k1 (Figure 5B).

The waiting time distributions for the second associations to the double association sites
were peaked (Figure 5C). The distributions were analyzed using the tandem reaction model
(equation 7). By changing the concentration of EGF, the rate constants for the intermediate
formation (k3) and for the association of the second EGF molecule (k4) were assigned: k3 was
independent of the EGF concentration, suggesting that it was the rate constant for a confor‐
mational change induced by the first EGF association, while k4 was proportional to EGF con‐
centration, suggesting they were the association rate constants for the second association of
soluble EGF molecules with the singly-liganded EGFR dimers. The values were k3 = 4.0 s-1

and k4/L = 2.4 nM-1s-1. The intermediate between the first and the second associations of EGF
molecules was first detected using SMI. These results suggest that the association rate con‐
stant with EGF is increased by the formation of predimer of EGFR and, after the association
of the first EGF molecule to the EGFR dimer, increased further. These properties of EGF-
EGFR interactions facilitate the formation of signaling dimers of EGFR. Similar results were
observed on HeLa cells [26] and other EGFR family members on MCF-7 cells [27].

Figure 5. Single-molecule measurement of the associations between EGF and EGFR. (A) Single-molecule detections of
the associations of EGF with EGFR are illustrated schematically. Waiting times of the association (appearance) of fluo‐
rescent spots on the cell surface (τ1) were measured individually after the application of TMR-EGF to the cell culture
medium. Second associations of TMR-EGF, which could be detected by a step-like increase of the fluorescence intensi‐
ty, were observed in some association sites. The waiting times of the second association after the first association (τ2)
were also measured. (B) The distributions of τ1 were measured for all association sites (red bars) and for the single
association sites (green bars) in the presence of 4 nM TMR-EGF. The numbers of events were 57 (red) and 31 (green).
Lines show the results of fitting with the reaction models. The red histogram was fitted with a two-component expo‐
nential function, suggesting the presence of two different association sites. The green histogram was fitted with a sin‐
gle-component exponential function. See text for the values of rate constants. (C) The distributions of τ2 were
measured in the presence of 2 nM (red bars) or 4 nM (green bars) of TMR-EGF. The numbers of events were 30 (red)
and 81 (green). The distributions were analyzed by the tandem reaction model. In this model, the first and second
steps are the state change and association of the second EGF molecule, respectively. Therefore, the reaction rate of
the first step is independent to the EGF concentration, but the second step should be proportional to the EGF concen‐
tration. The best-fit values of the first-order reaction rate constants for the second step were 4.7 and 4.7 s-1 (2 nM),
and 3.4 and 10 s-1 (4 nM), suggesting that the rate constant of the first step were 4.7 (2 nM) and 3.4 (4 nM) s-1, and the
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second-order rate constants were 4.7/2 (2 nM) and 10/4 (4 nM) nM-1s-1. The averages of the rate constants weighted
with the event number are 4.0 s-1 and 2.4 nM-1s-1.

4.3. Interaction between a small GTPaseRaf and a cytoplasmic kinase RAF

4.3.1. Ras and RAF

As the second example of SMI kinetic analysis, intracellular molecular reactions of RAF
were analyzed [14,28,29]. As a downstream signaling of EGFR, EGF stimulation induces ac‐
tivation of a small GTPase, Ras, on the cytoplasmic side of the plasma membrane. The active
form of Ras is recognized by a cytoplasmic serine/threonine kinase, RAF, which is the
MAPKKK of the RAF-MEK-ERK MAPK cascade; thus, RAF translocates from the cytoplasm
to the plasma membrane upon activation of Ras (Figure 6A). The active form of Ras induces
translocation of RAF but does not activate RAF directory. RAF activation was induced
though phosphorylations by still undetermined kinase(s) on the plasma membrane. RAF
contains two association sites for Ras (the Ras-binding domain RBD and the cysteine-rich
domain CRD). In addition, RAF has at least two conformations, open and closed. In the
closed form, due to intramolecular interactions, CRD and the catalytic domain (CAD) of
RAF are covered from Ras and the kinase(s), respectively (Figure 6B). Thus, the kinetics of
RAF activation in the ternary complex among Ras, RAF, and the kinase(s) should be compli‐
cated. Actually, the kinetics of RAF activation has not been known at all. It cannot be stud‐
ied in vitro, since the kinase(s) is(are) not determined. However, in living cells, SMI
measurement is applicable.

Figure 6. Translocation of RAF.(A) C-RAF1 and its fragments tagged with GFP at the N-terminus was expressed in He‐
La cells and observed in ensemble-molecules before (upper panel) and after (lower panel) stimulation of cells with
EGF. RAF (whole molecule) translocated from the cytoplasm to the plasma membrane. Translocation was not evident
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for RBD, CRD, and CRD-CAD fragments. RBD-CRD fragments accumulated on the membrane independent of EGF stim‐
ulation. (B) RAF contains two Ras-association domains (RBD and CRD) and has two conformations (open and closed).

4.3.2. Single-molecule imaging of RAF translocation

C-RAF, which is a ubiquitous isoform of RAF, was tagged with GFP (GFP-RAF) and ex‐
pressed in HeLa cells. GFP-RAF presented in the cytoplasm of quiescent cells and translo‐
cated to the plasma membrane upon activation of cells with EGF. The translocation of whole
molecules of RAF was observed in ensemble-molecule imaging. Only a small amount of the
RBD fragment of RAF showed translocation, and the RBD-CRD fragment bound to the plas‐
ma membrane independently of cell stimulation (Figure 6A). The RBD-CRD fragment with a
mutation to inactive RBD (CRD) and a mutant of RAF in the open form with inactive RBD
(CRD-CAD) did not show remarkable translocation to the plasma membrane in ensemble
molecules, even after EGF stimulation.

Reducing the expression levels of GFP-tagged molecules, single molecules of RAF and its
fragments were observed on the plasma membrane (Figure 7). For all molecules, transient
associations with the plasma membrane were observed in single molecules after EGF stimu‐
lation, and for the molecules containing RBD (RAF, RBD, and RBD-CRD), associations of a
small amount of molecules were observed, even in quiescent cells. The densities of mem‐
brane-associated molecules increased with overexpressions of Ras, suggesting Ras-specific
membrane interactions of RAF molecules.

Figure 7. Single-molecule images of RAF and RAF fragments in HeLa cells. These images were observed in a HeLa cells
2-5 min periods after stimulation with EGF.

4.3.3. Kinetic analysis of RAF activation

On-time distributions of RAF molecules were obtained in cells after EGF stimulation (Figure
8A). RBD and CRD showed single exponential on-time distributions with the decay rate
constants of 3.8 and 2.4 s-1, respectively. Because the decay of on-time distributions is deter‐
mined by both dissociation and photobleach as the reasons of disappearance of the fluores‐
cent spots, the decay rate constants are the sum of the rate constants for dissociation and
photobleach. After the corrections for the photobleaching rate constant, which was deter‐
mined by SMI in fixed cells, the dissociation rate constants for RBD (k1) and CRD (k2) were
determined as k1 = 3.7 and k2 =2.3 s-1, respectively. Corrections of photobleach were also car‐
ried out in the following analyses (see supplement information of [28] for details). The on-
time distribution of RBD-CRD was peaked, suggesting sequential dissociation of RBD and
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CRD from Ras. Association with Ras using both RBD and CRD could induce firm mem‐
brane anchoring of RBD-CRD, even in the quiescent cells. Applying the dissociation rate
constants of RBD and CRD, the on-time distributions of RBD-CRD could be described by the
following reaction model [29]:

RC
→
k1

←
k1-

 C→
k2

ϕ. (12)

In this scheme, RC or C represents the state in which the molecule associates with Ras using
both RBD and CRD, or only CRD, respectively. Since it is known that CRD of Ras molecules
associates with Ras very rapidly after the association of RBD to Ras [14], R state (in which
the molecule associates with Ras only with RBD) was neglected in this reaction scheme. Us‐
ing this scheme, k1- (the association rate constant between RBD and Ras from the C state)
was determined to be 1.0 s-1.

RAF and CRD-CAD interact with the kinase(s) on the plasma membrane as the substrate. In
addition, RAF contains open-close dynamics. Our previous study using spFRET [14] indicat‐
ed that the initial association form of RAF with the activated Ras (in our time resolution of
~0.1 s) is an open conformation. The reaction model (equation 12) was extended to include
the phosphorylation by the kinase.

                                                                                                                                                        (13)

Here, for simplification, phosphorylation of RAF was assumed to be a single Michaelis-
Menten type reaction. Suffixes X and p mean that each state forms complexes with the kin‐
ase(s) and is phospholylated, respectively. For the CRD-CAD fragment, RC, RCX, and RCp
are not applicable.
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Numerically solving the coupled differential equations for the time-dependent probability
changes of the molecular states, functions to describe the on-time distributions of RAF and
CRD-CAD were calculated and fitted simultaneously to the results of experiments to find the
best-fit values of the rate constants. The results are shown in Figure 8B. The deformation of
the RAF-kinese complex without enzymatic reaction was slow (k3< 10-4 s-1) and negligible, and
the complex formation mostly took place from the RCX state, not from the C state. The large
difference between the rates of complex formation with the kinase from the RC (47 s-1) and C
(0.6 s-1) states suggests that interactions with Ras at the RBD and CRD coordinately work for
effective presentation of RAF to the kinase. The very rapid association between RAF in the RC
state and the kinase to form the RCX complex suggests a preexisting complex between Ras
and the kinase. Simulation using the parameters determined by this analysis predicted that
once associated with Ras, 95% of RAF molecules are released to the cytoplasm in the phos‐
phorylated (active) form. Thus, efficiency of phosphorylation on the plasma membrane is high,
and the overall activation level of RAF in cells should be regulated by the translocation from
the cytoplasm to the membrane and/or dephosphorylation in the cytoplasm.

Figure 8. Single-molecule analysis of RAF activation. On-time distributions of RAF and fragments of RAF were ana‐
lyzed. Results of fittings with the kinetic models are shown (A). The best-fit values of the reaction rate constants (s-1)
were determined (B).

4.4. Applications in toxinology

Kinetic analysis of the protein-protein interactions using SMI is a general technology, and
there have already been several examples in toxinology. Staphylococcus aureus leukocidin fast
fraction (LukF) and γ-hemolysin second component (HS) assemble into hetro-oligomeric
pores of γ-hemolysin on the cell surface to induce cell lysis. Detecting spFRET between
LukF and HS, Nugyen et al. [24] have succeeded in determining equilibrium dissociation
constants between the molecules in the intermediate complexes during the pore formation.
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A hydrophobic environmental sensitive fluorophore, badan, labeling LukF, has also been
used to detect complex formation with HS in single molecules [30].

Groulx et al. [31] measured the stoichiometry of oligomerization of another pore-forming
toxin using SMI. Monomers of Bacillus thuringiensis toxin Cry1Aa were labeled with a fluo‐
rophore at a cysteine residue. After the complex formation, molecules were attached on a
coverslip to observe the photobleaching process. Counting the step number during the pho‐
tobleach, it was concluded that the toxin forms a tetramer.

Nabika et al. [32] used SMI for observation of lateral diffusion of cholera toxin B subunit
(CTX) on the artificial lipid bilayer containing GM1, which is the receptor of CTX. The diffu‐
sion coefficient was one order smaller than that of lipid molecules in the membrane, and
there were higher (0.4 μm2/s) and lower (< 0.1 μm2/s) diffusive fractions. This observation
was explained by assuming multivalent binding between CTX and GM1 molecules.

On the contrary, toxin has been used for single-molecule measurement. Since direct fixation
of molecules to a substrate possibly induces artifacts in the measurements, single molecules
are sometimes entrapped into fixed tiny liposomes in which the molecules can move more
freely. In this case, however, the solution around the molecules cannot be changed during
the experiment, limiting experimental conditions. Okumus et al. [33] used liposomes, recon‐
stituting pore-forming toxin, to allow exchange of inside solutions.

5. Conclusions

As shown in this chapter, SMI can be used to detect molecular interactions between proteins
and other biological molecules. In addition to detections of static oligomerization states, SMI
allows characterization and analysis of dynamic reaction processes, including association-
dissociation kinetics and enzymatic reactions.

Kinetic analyses based on SMI measurements have several advantages over analyses using
conventional biochemical and ensemble-molecule imaging measurements: SMI allows quan‐
titative measurements with minimal disruption of the system integrity. Actually, SMI is ap‐
plicable to complex systems, like living cells, and avoids perturbations for synchronization.
Measurements in complex systems are useful in analyses of the reaction kinetics between
unknown elements, as shown in the case of RAF and the undetermined kinase(s). SMI meas‐
urements have often found novel reaction intermediates. This is because virtual synchroni‐
zation at the reaction steps and complete separation between the forward and backward
reactions are allowed.

These advantages of SMI measurements make them effective in quantitative analysis of bio‐
logical reaction kinetics, providing basic information required in system-level analyses in re‐
cent molecular cell biology. In the near future, SMI measurements will be expanded to be
used in pharmacology to provide novel drug screening methods and analyses of the sites of
action for medical drugs, in pathology to detect currently undetermined dysfunctions of
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pathological mutant molecules, and in toxinology for the analyses of molecular mechanisms
of toxic functions.
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1. Introduction

Saccharides on the cell surfaces play important roles in the living systems. For example, it
mediate the cell-cell adhesion, fertilization, protein transportation, infection of pathogens
and cancer metastasis etc [1, 2]. The saccharide-protein interactions also involve the various
biological events (Table 1). Actualy, the saccharides are the model compounds of some of
the medicines like oseltamivir [3]. The interaction between galactose and asialoglycoprotein
receptor is a possible mechanism for the hepatocyte-specific drug delivery systems [4].
Therefore, it has been pointed out that the saccharide-protein interaction can be utilized for
the novel bio-functional mateials such as cell cultivation, medicine target, and drug deliver‐
ly systems.

Target Saccharide structure

Lectin Concanavalin A (ConA) α-Man/α-Glc

Wheat germ agglutinin (WGA) GlcNAc, Neu5Ac

Cell Hepatocyte β-Gal/β-GalNAc

Pathogen Shiga toxin

(from E. coli O-157etc)

Gb3: Gal1α-4Galβ1-4GlcCer

Cholera toxin GM1:Galβ1-3(NeuAcα2-3)GalNAcβ1-4Galβ1-4GlcCer

Influenza Type A

for human

Neu5Acα2-6Galβ1-4(3)GlcNAcβ1-,

Neu5Acα2-6Galβ1-3GalNAcβ1

Table 1. The saccharide recognition of proteins, cells and pathogens.

© 2013 Miura et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Miura et al.; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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The saccharide-protein interactions are also important in terms of protein analyses (pro‐
teome), because the interaction is important to clarify the biological function of proteins. [5]
The saccharide immobilized substrates are investigated for the saccharide-microarray. In ad‐
dition, the saccharide-protein interactions is a potential markar of various diseases like in‐
fection of pathogens (e.g. viruses, bacteria, Cholera, and Shiga toxin) and cancer. Therefore,
the saccharide-protein interactions are also utilized for the biosensor of diseases.

In  this  chapter,  we  describe  the  materials  with  molecular  recognition  ability  of  sugars.
Section  2  reviews  the  multivalent  interaction  between  sugar  and  proteins.  Section  3
presents  the  phisycal  chemical  properties  of  glycopolymers.  Section 4  presents  the  graft
of glycopolymers and the biomaterial fabrication. Section 5 presents the glycopolymer in‐
terface with dendrimer.

2. Multivalent interaction

The  saccharide-protein  interaction  plays  important  roles  in  the  living  system,  and  the
novel  biomaterial  fabriction  is  expected  using  the  interaction.  However,  the  saccharide-
protein interaction is  basically  weak,  and it  is  difficult  to  utilize  and detect  the interac‐
tions. It has been reported that the saccharide-protein interaction can be amplified by the
multivalency [6, 7, 8]. Actually, saccharides on the cell-surfaces are displayed in a multi‐
valent manner.  The glycolipids form densely saccharide structures of  lipid-rafts  [9],  and
glycoproteins usually have multivalent saccharide structures, which provies the multiva‐
lent saccharide-protein interactions.

Figure 1. Schematic illustration of multivalent saccharide compounds.

The artificial multivalent saccharide displays also enables the multivalent interaction be‐
tween saccharide and protein. Various artificial compounds with multivalent saccharides
have been reported (Figure 1). Proteis are commonly used as carries for the multivalent pre‐
sentation of antigens, and bovine serum albumin (BSA) is the representative [10]. Peptides
are used as a scaffold of saccharide display [11]. Saccharide conjugates with DNA [12], cy‐
clodextrin [13] and polymers have been also reported to exhibit multivalent interactions.
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Saccharide conjugtes with peptides and proteins are appropriate structure for phamaceuti‐
cal substances because of the biocompatibility and the fine structures. The glycopeptides to‐
ward shiga toxins (toxins from E.coli O-157 and enterohemorrhagic E.coli), influenza virus
[14] and lectins [15] were reported.

2.1. Glycopolymer

There have been various multivalent saccharide derivatives as we described in the above
section. Glycopolymers have been reported to exhibit larger multivalent effect comparing to
other multivalent saccharides, because glycopolymers form large multivalent cluster [16].
The glycopolymers are the interesting compounds with large molecular weights and diverse
structures. The glycopolymers are prepared by saccharide addition to polymer via polymer
reaction, or by polymerization of saccharide monomers. The technique of synthetic polymer
enables the preparation of versatile biomaterials. Especially, living radical polymerization is
applicable to various saccharide monomers and provides the facile strategy for functional
material preparation [17].

Figure 2. Chemical structure of monomers for glycopolymer preparation for (a) living radical polymerization, (b) ring-
opening metathesis polymerization and (c) polymerization with saccharide addition.
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The various saccharide monomers have been reported, which were shown in Figure 2. There
are various saccahride vinyl compounds. Styrene [18, 19], methacrylate [20], acrylate [21],
acrylamide [22] and methacryl amide [23] with saccharide were reported. Living radical pol‐
ymerizations were reported with them. Norbornene saccharide derivatives were also report‐
ed, which provides the fine-tuned polymers via ring opening metastasis polymerization
(ROMP) [24]. Reactive functional monomers were also utilized for glycopolymer synthesis.
Monomers with acetylene [25] and active ester [26] were reported, where glycopolymers
were obtained by polymerization and successive sugar addition.

Saccharide recognition proteins are called lectin, which basically have multiple domain
structures [27]. The multivalent saccharides gain in enthalpy due to multiple binding to sug‐
ar recognition sites, and gain in entropy due to the various binding modes. The glycopoly‐
mers are large sugar cluster to gain the Gibbs free energy in both enthalpy and entropy, and
lectins have multiple and valuable structure, which is advantage for binding. The distance
of sugar binding sites is different with each lectin, which is easily tuned by copolymeriza‐
tion. The density, distance, and the size of multivalent compounds can be easily adjusted by
copolymerization, which can be applied to variable lectins.

The glycopolymers are water soluble polymers, which can be utilized as artificial polymeric
ligands or polymer drugs. Choi et al reported polyacrylic acid with sialic acid, and the poly‐
mer efficiently inhibited the sialidase of Influenza virus [6] Kobayashi et al reported the var‐
ious glycopolymers. The lactose substituted polystyrene (poly(N-vinylbenzyl-O-β-D-
galactopyranosyl-(1-4)-D-gluconamide (PVLA)) strongly interacted with lectin, and it was
applied for hepatocyte culture [18]. Polystyrene with sialyl lactose showed the strong bind‐
ing to influenza virus A [28]. Gestwicki et al prepared various glycopolymers via metastasis
reaction, and reported the glycopolymers to bind lectin and E. coli [29]. Nishimura reported
the glycopolymers interacting with glycosyl transferases to synthesize oligosaccharides, and
they developed the oligosaccharide synthesizer with glycopolymers [30].

2.2. Amphiphilic property of glycopolymer

We defined glycopolymers as polymers with pendant saccharides. As we described above,
the glycopolymers showed the strong multivalent effect based on the multivalency, with lec‐
tins, cells, viruses and bacteria. Another interesting property of glycopolymer is amphiphi‐
licity. Glycopolymers via addition polymerization have hydrophobic backbones with C-C
bond, and are amphiphilic due to the hydrophilic side chain. The side chain of glycopoly‐
mer is bulky structure, and so the glycopolymer easily form the self-assembling structure.
The structure of PVLA in aqueous solution was analyzed by small angle X-ray scattering
[31], and it was found that PVLA formed rod-like structure, where the rod had the structure
with long axis 10 nm and shot axis 5 nm.The rod-structure was similar to some polysacchar‐
ides of amylose and sizofiran.

It  has  been  known  that  amylose  is  a  host  of  hydrophobic  compound  as  it  is  known
starch-amylose  complex.  PVLA also  became a  host  compound of  hydrophobic  substan‐
ces.  We investigated  the  supramolecular  polymer  complex  of  PVLA.  PVLA formed su‐
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pramolecular complex with various hydrophobic fluorophore and π-conjugate poymer of
polythiophen [32].

Figure 3. Chemical structure and properties of lactose-carrying polystyrene.

Self-assembling properties of amphiphilic polymers were used in order to organize the gly‐
copolymer interface. The glycopolymer, PVLA, had amphiphilic structure and adsorbed to
the hydrophobic interface [33]. PVLA adsorbed the hydrophobic polystyrene culture dish,
and the culture dish was used as hepatocyte culture [34]. The adsorption of PVLA was in‐
vestigated with hydrophobic self-assembled monolayer (SAM) of octadecyltrimethoxysilane
[35]. PVLA selectively adsorbed onto the hydrophobic substrate, exhibiting the lectin and
hepatocyte affinity. We utilized the adsorption process to fabricate the micropatterned cell
cultivation system and protein display.

On the other hand, the self-assembling properties were expanded to the complex and mi‐
cropatterned  cell  cultivation  systems.  We  fabricated  the  micropatterned  substrate  with
hydrophobic and cationic SAM The micropatterned substrates were fabricated by the for‐
mation of  SAM and micropatterning with  photolithography.  The orthogonal  self-assem‐
bly  was  performed  with  PVLA  and  anionic  polysaccharide  of  heparin.  PVLA  and
heparin bound to hydrophobic and cationic  part,  respectively.  PVLA showed affinity to
hepatocyte,  and heparin  binds  to  bFGF that  has  affinity  to  fibroblast  cell.  The  multiple
cell  cultivation was accomplished with PVLA/hepatocyte and heparin/bFGF/fibroblast  in
a self-assembling manner [36].

3. Grafted glycopolymers

Glycopolymer-coated substrates were facilely prepared by self-assembly of hydrophobic in‐
teraction. However, it is difficult to control the density of glycopolymer by self-assembling
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pramolecular complex with various hydrophobic fluorophore and π-conjugate poymer of
polythiophen [32].

Figure 3. Chemical structure and properties of lactose-carrying polystyrene.
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a self-assembling manner [36].
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process. In addition, the physical adsorbed polymers were fragile in a specific solvent condi‐
tion. The coatings with spin-coat and Langmuir-Blodgett (LB) technique also provide the
well-defined coating, but they are also fragile.

On the other hand, the surface-attached polymers are robust and practical to various pur‐
poses. In order to attach the polymer to the substrate, the covalent bond formation between
polymers and substrates was necessary. The polymers with functional groups on the side
chain and the polymer terminal were subjected to covalent bond formation with substrate.
Those method is called “grafting-to” process. The grafting of the polymer was also reported
via surface-initiated polymerization, which is called “grafting-from” method. The polymeri‐
zation was possible to start from the substrate by surface activation with γ-beam, VUV and
plasma irradiation, and by the radical initiator immobilization. The properties of the sub‐
strates depend on the polymer density, thickness and flatness. The grafting polymers are
categorized as “pancake”, “mushroom”, and “brush”. Generally, the grafting to method
provides the non-dense grafting substrate like “pancake” or “mushroom” and the grafting
from method enables “polymer brush” structure [37].

3.1. Glycopolymer-grafted nanoparticle via RAFT polymerization

In order to prepare the polymer-grafted materials, the living radical polymerizations are ac‐
tively utilized by many groups. Living radical polymerization provides the uniform poly‐
mer, and polymer terminals can be modified. Atom-transfer-radical-polymerization (ATRP)
enabled the dense-polymer brush. Since living radical polymer has active terminal end, the
polymer terminal is possible to be modified. Specially, the polymers via RAFT process have
the active terminal end with dithio- or trithioester. The polymer terminal with reversible-ad‐
dition-fragmentation chain-transfer polymerization (RAFT) is converted to thiol by reduc‐
tion or hydrolysis. Thiol is highly reactive and relates to various reaction like thiol-ene
reaction, thiol-maleimide coupling, and Au-S interaction [38].

The glycopolymer conjugates have been synthesized via RAFT polymerization. Mancini et
al reported a protein with glycopolymer via RAFT polymerization and disulfide bond for‐
mation [39]. Narain et al reported the prepration of particle by RAFT polymerization and
subsequent Au-S bond formation [40].

We prepared the glycopolymer with p-amidophenyl glycosides (α-Man, β-Gal and β-
GlcNAc) and acrylamide via RAFT process with (thiobenzoyl)thioglycolic acid [41]. The pol‐
ydispersities were below 1.5 in spite of random copolymer. The obtained glycopolymers had
dithioester terminal, which was reduced thiol by addition of NaBH4. The thiol-terminated
glycopolymers were mixed with gold nanoparticle solution. The gold nanoparticle (40 nm)
was successfully modified by glycopolymer, which was confirmed by TEM observation and
zeta-potential measurement. The glycopolymer modified gold nanoparticle was water solu‐
ble and stably dispersed for more than half a year.
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Figure 4. Prepration of a glycopolymer modified nanoparticle via RAFT living radical polymerization. (a) Properties and
(b) a synthetic scheme of particle with a color change image of nanoparticle.

A glycopolymer modified gold nanoparticle stained pink color with peak top at 520 nm.
ConA (α-Man recognition protein) was added to the α-Man-moidified nanoparticle solution,
and the glycopolymer-gold nanoparticle showed the lectin recognition property. The color
of the particle solution changed to blue, and the spectra showed the red-shift (Figure 4). The
color changed occured based on the aggregation of nanoparticle by α-Man-lectin binding.
The nanoparticle showed the affinity to a sugar recognition protein, and bacterium. The sug‐
ar recognition E.coli (ORN 178) was also added to the solution with glycopolymer-modified
gold nanoparticle. The nanoparticle was adsorbed onto the periphery of E.coli, which was
observed by TEM observation. On the other hand, E.coli without sugar recognition property
(ORN 258) didn’t show the change. The color change slowly occurred in 8 hours, while the
color change with protein occurred quickly for 1-3 min. The color change occurred specifi‐
cally with the corresponding lectin and glycopolymer.

Sugar modified gold nanoparticles were reported by other groups. Otsuka et al reported lac‐
tose substituted gold nanoparticles with PEG linker [42]. The gold nanoparticle also showed
red-shift by addition of lactose-recognition lectin. Narain et al reported nanoparticle of gly‐
copolymer having biocompatibility [43].

Advantage  of  the  glycopolymer-modified  materials  is  the  specific  recognition  and  bioi‐
nert  property.  The detailed protein affinity was investigated with surface plasmon reso‐
nance  of  glyco-polymer-modified  gold  substrate.  The  glycopolymer-modified  gold
substrate  had  affinity  constants  of  107  (M-1)  order,  which  was  much  stronger  than  the
monovalent sugar of  103  (M-1)  order.  At the same time,  the glycopolymer-modified sub‐
strate  showed the  highly  specificity  to  proteins.  The amount  of  specific  protein  bounds
(α-Man-ConA) was more than 15 times larger than that of non-specific binding (BSA, fi‐
brinogen,  and  lysozyme)  [44].  Interestingly,  the  glycopolymer-interface  showed  much
better  protein  specificity  than  the  artificial  glycoplipid  monolayers  of  self-assembled
monolayer  (SAM)  and  LB  membrane.  The  hydrophilicity  of  the  glycopolymer-modified
gold substrate contributed the bioinert property.
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GlcNAc) and acrylamide via RAFT process with (thiobenzoyl)thioglycolic acid [41]. The pol‐
ydispersities were below 1.5 in spite of random copolymer. The obtained glycopolymers had
dithioester terminal, which was reduced thiol by addition of NaBH4. The thiol-terminated
glycopolymers were mixed with gold nanoparticle solution. The gold nanoparticle (40 nm)
was successfully modified by glycopolymer, which was confirmed by TEM observation and
zeta-potential measurement. The glycopolymer modified gold nanoparticle was water solu‐
ble and stably dispersed for more than half a year.
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3.2. Biosensing with glycopolymer-modified nanoparticles

We investigated the biosensing of the glycopolymer-modified gold nanoparticles.

First, the gold nanoparticles have been applied for biotechnology as a marker. We applied
the glycopolymer-modified gold nanoparticle for lateral flow assay (immune-chromatogra‐
phy), where we tested the properties of particle with target analyte of lectin (ConA) [45].
Anti-ConA antigen was immobilized on the nitrocellulose strip, and the detection of target
ConA was investigated with glycopolymer-modified gold nanoparticle.

Target protein of ConA was detected by the pink color of gold nanoparticle. We tested the
glycopolymer with varying sugar ratio of 0, 6, 12 and 50 %. In terms of red-shift, the glyco‐
polymer with higher sugar ratio (50 %) exhibited more red-shift. However, the nanoparticle
with higher sugar ratio (50 %) was not appropriate for lateral flow assay. The gold nanopar‐
ticle with higher sugar ratio aggregated at the bottom line with addition of ConA. The gly‐
copolymer with modest sugar content (6 %) exhibited the best indicator of ConA. The
glycopolymer with modest sugar content was more flexible than that with higher sugar con‐
tent, which improves the sensitivity in lateral flow assay. What is interesting about lateral
flow assay is the biosensing with naked eye, using a simple device. The detection of ConA
was possible from 1 nM level with naked eye.

Electrochemical biosensing was also conducted with glycopolymer-modified gold nanopar‐
ticle [46]. The gold nanoparticle was assembled on anti-ConA antigen immobilized elec‐
trode. The amount of protein bound was estimated by the electrohemical signal of gold
nanoparticle, where the gold nanoparticle was electrochemically reduced in differential
pulse voltammetry. The amount of ConA bounds were more sensitively monitored than that
with lateral flow assay. The detection limit was around 0.1 nM.

These  experiments  were  conducted  using  the  model  target  of  ConA.  Since  the  protein-
saccharide interactions are involved in various infection diseases, the detection of serious
disease  like  influena  and  cancer  will  be  realizable  with  the  corresponding  saccharide
modified particle.

3.3. Protein separation with glycopolymer materials

The glycopolymer-modified interface showed specific affinity biomolecules, which can be
applied not only for biosensing but also for protein purification devices. We modified the
porous filter membrane with glycopolymer grafting, and prepared protein purification de‐
vice. Basically, the purification and removal of specific biomacromolecules are mainly con‐
ducted by the size-exclusion process. For example, bacteria are able to be removed by
filtration, which are called "sterile filtration“. The size of bacteria was μm order, and so the
porous materials with μm order pore are applied for sterilization. However, the size of pro‐
teins and viruses are nm level, which is difficult to apply the size-exclusion way. In addi‐
tion, the filtration speed is strongly dependent on the radius of porous materials, and the
flux speed of nano-level porous materials were too slow to use it practically. Therefore, it is
almost impossible to attain the protein purification by nm porous membrane, and the affini‐
ty purification is appropriate to the purification and removal of protein and viruses [47].
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Figure 5. (a) Schematic Illustration of glycopolymer brush for protein and pathogen removal. (b) The amount of pro‐
tein adsorbed on the glycopolymer brush.

We synthesized the glycopolymer with α-Man and trimethoxysilane units, and the glyco‐
polymer  was immobilized onto the porous siliceous materials via Si-O-Si bond [48] (Fig‐
ure 5).  The radius of  the porous materials  was 2  μm, which was much larger  than the
size of proteins and viruses. The porous membrane was connected to flow channel,  and
the protein solutions (ConA and BSA) was injected to the flow. ConA was selectively ad‐
sorbed  onto  the  porous  membrane,  but  BSA  passed  through  the  membrane  due  to  α-
Man-ConA interaction.  On the  other  hand,  the  porous  membrane adsorbed proteins  by
non-specific  interaction.  The amount  of  ConA bound was 34 nmol/m2,  and that  of  BSA
was 4.2nmol/m2.  The modification of  glycopolymer provides the affinity to specific  pro‐
tein and the bioinert properties to other proteins.

Li et al reported the filter preparation with sialyl-lactose modified chitosan [49]. The modi‐
fied chitosan took up the influenza virus. The solution containing influenza virus A was
passed through the filter, and the amount of virus was reduced about 1/200. The chitosan
filter without sialyl –lactose didn’t remove influenza virus. The influenza virus showed the
affinity to sialyl-lactose via hemagglutinin. Muschin et al also reported the virus removal by
sulfated curdlan modified filter.

Bio-separation with nanomaterials was investigated. Nagatsuka et al reported the protein
separation with glycopolymer-modified magnetite. The glycopolymer with lactose modified
magnetite was prepared by biotin-streptavidin reaction. The toxic protein of ricin solution
was mixed with lactose-substituted nanoparticle [50]. The ricin was separated with maginet‐
ic. El-Boubbou et al separated sugar recognition E.coli with a similar manner [51].

4. Glyco-interface with precise structure

The affinity between saccharide and protein was strongly affected by multivalency. There‐
fore, the precise multivalent compound is useful to fabricate the efficient ligand and to clari‐
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tion, the filtration speed is strongly dependent on the radius of porous materials, and the
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was mixed with lactose-substituted nanoparticle [50]. The ricin was separated with maginet‐
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fy the protein function. For example, the precise mulrivalent sugars were reported with a
starfish like compound carrying globotriose to exhibit the strong neutralizer of Shiga-toxin
[52]. Matsuura et al reported the multivalent sugar with DNA template [12]. The multivalent
sugar with precise sugar distance clarified the multivalent interaction based on the sugar
distance.

Glycopolymer shows the strong multivalent effect, but generally the structure was not uni‐
form. Dendrimer is regularly branched polymer with precise structure. Glycopolymer with
dendrimer is useful to display saccharide in a precise manner [53]. For example, Roy et al
reported various glycodendrimers with sialic acid [54]. The efficient ligand fabrication is ex‐
pected with glycodendrimers.

The precise structure of glycol-dendrimers is applicable to the saccharide microarray, where
the multivalent saccharide structure provides the various information. Those saccharide ar‐
ray can reveals the properties of proteins like multivalency, distance of saccharide, and the
saccharide binding site.

Figure 6. (a) Saccharide microarray with dendrimers. (b) The morphology control of Amyloid beta peptide with sulfo‐
nated glyco-dendrimer-interfaces.

The fan-type dendrimers with saccharide terminal was prepared by click chemistry of Huis‐
gen reaction. The saccharide dendrimer with azide-core was immobilized via click reaction
onto the acetylene-immobilized SAM. The protein-saccharide interaction of α-Man, β-Gal
and β-GlcNAc was measured with surface plasmon resonance. The corresponding lectin
showed the remarkable multivalency with higher generation of dendrimer array. Especially,
the combination of α-Man and ConA was much affected by dendrimer generation increase
[55].

Then, we prepared the glycol-dendrimer interface with 6-sulfo-GlcNAc, which is represen‐
tative structure in glycosaminoglycans (GAGs) [56] (Figure 6). GAGs have been reported to
relate the various biological events. We prepared mono-, di- and tri-valent 6-sulfo-GlcNAc,
and the interaction with Alzheimer amyloid β(1-42) (Aβ(1-42)). First, the interaction was
measured with SPR, where the divalent and trivalent 6-sulfo-GlcNAc showed the stronger
interaction than monovalent one due to the multivalent effect. Interestingly, the morphology
of Aβ was strongly affected by the multivalent array. In case of monovalent array, Aβ
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formed nanofiber with 8-12 nm width and 1-2 mm long. On the other hand, Aβ on the diva‐
lent and trivalent induced spherical objects. In the case of trivalent array, Aβ formed spheri‐
cal objects with 500-600 nm diameter. The cytotoxicity of Aβ was depend on the microarray
used, and Aβ showed the strong cytotoxicity on the trivalent 6-sulfo-GlcNAc array, where
the cytotoxity of Aβ was related to the morphology of peptide.

Suda et al reported the dendrimer sugar chip with sulfonated trisaccharide of heparin (Suda
et al., 2006). They synthesized mono-, tri- and tetravalent sugar chip with as SAM

They investigated the saccharide-protein interaction with hemostatic proteins. They ana‐
lyzed the affinity of the protein quantitatively. They found the multivalent sugar chip with
dendrimer was a useful tool to investigate the protein-saccharide interaction.

5. Conclusion

The molecular recognizable materials were prepared with glycopolymer immobilized sub‐
strates. Since the saccharides interact with sugar recognition proteins, cells and viruses, the
glycopolymer immobilized substrates exhibited the biomolecules recognition. The substrate
were applicable for the biomaterials.

Generally, the saccharide-protein interaction was weak. Therefore, the multivalent saccha‐
ride ligands of glycopolymer showed the strong affinity to proteins. Glycopolymers were
amphiphilic polymers, and formed self-assembling structure in aqueous solution based on
the hydrophobic interaction. The glycopolymer coating by hydrophobic interactionwas also
possible in a self-assembling manner, and was used as hepatocyte culture.

The glycopolymers were also prepared via polymer grafting. The glycopolymer grafting
was accomplished via both of “grafting to” and “grafting from”methods. The living radical
polymerization of glycopolymers was important in both grafting methods. The glycopoly‐
mers were immobilized by “grafting to method”via RAFT living radical polymerization.
The RAFT polymer terminal was converted to thiol, which modified gold nanoparticle with
Au-S bondo formation. The modified gold nanoparticle had both properties of nanoparticles
and glycopolymers. The color of the modified gold nanoparticle was basically pink, and the
color showed red-shift by addition of the corresponding lectin, and bacterium. The modified
gold nanoparticle was applied for the biosensing with lateral flow assay and electrochemis‐
try as a marker. The glycopolymer grafted porous materials were prepared, and the porous
materials were selectively filtered the saccharide recognition protein. The glycopolymer-
modified materials showed the specific binding properties to the corresponding lectin based
on the molecular recognition ability and the bio-inert surface property.

The glycopolymer substrates with glycol-dendrimers were also investigated. The glycol-
dendrimers were applied to quantitatively measure the saccharide-protein and the multiva‐
lent interaction. These interfaces were useful to measure the detailed interaction and
mechanism with pathogens or signal proteins.
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et al., 2006). They synthesized mono-, tri- and tetravalent sugar chip with as SAM

They investigated the saccharide-protein interaction with hemostatic proteins. They ana‐
lyzed the affinity of the protein quantitatively. They found the multivalent sugar chip with
dendrimer was a useful tool to investigate the protein-saccharide interaction.

5. Conclusion

The molecular recognizable materials were prepared with glycopolymer immobilized sub‐
strates. Since the saccharides interact with sugar recognition proteins, cells and viruses, the
glycopolymer immobilized substrates exhibited the biomolecules recognition. The substrate
were applicable for the biomaterials.

Generally, the saccharide-protein interaction was weak. Therefore, the multivalent saccha‐
ride ligands of glycopolymer showed the strong affinity to proteins. Glycopolymers were
amphiphilic polymers, and formed self-assembling structure in aqueous solution based on
the hydrophobic interaction. The glycopolymer coating by hydrophobic interactionwas also
possible in a self-assembling manner, and was used as hepatocyte culture.

The glycopolymers were also prepared via polymer grafting. The glycopolymer grafting
was accomplished via both of “grafting to” and “grafting from”methods. The living radical
polymerization of glycopolymers was important in both grafting methods. The glycopoly‐
mers were immobilized by “grafting to method”via RAFT living radical polymerization.
The RAFT polymer terminal was converted to thiol, which modified gold nanoparticle with
Au-S bondo formation. The modified gold nanoparticle had both properties of nanoparticles
and glycopolymers. The color of the modified gold nanoparticle was basically pink, and the
color showed red-shift by addition of the corresponding lectin, and bacterium. The modified
gold nanoparticle was applied for the biosensing with lateral flow assay and electrochemis‐
try as a marker. The glycopolymer grafted porous materials were prepared, and the porous
materials were selectively filtered the saccharide recognition protein. The glycopolymer-
modified materials showed the specific binding properties to the corresponding lectin based
on the molecular recognition ability and the bio-inert surface property.

The glycopolymer substrates with glycol-dendrimers were also investigated. The glycol-
dendrimers were applied to quantitatively measure the saccharide-protein and the multiva‐
lent interaction. These interfaces were useful to measure the detailed interaction and
mechanism with pathogens or signal proteins.
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1. Introduction

1.1. Cyclodextrins

A cyclodextrin (CyD) is a cyclic oligomer of α-D-glucose formed by the action of certain
enzymes,  Bacillus  amylobacter,  on  starch.  The  first  reported  reference  to  a  cyclodextrin
was published by Villiers in 1891 [1]. Three cyclodextrins are readily available: α-CyD, β-
CyD and γ-CyD having  six,  seven and eight  glucose  units  respectively.  They are  com‐
monly referred to as the native CyDs. For a long time, only the three parent CyDs were
known, but during the past decade many covalently modified CyDs have been prepared
from the native forms [2].

The glucose units are connected through glycosidic α-1,4 bonds. As a consequence of the 4C1

conformation of the glucopyranose units, all secondary hydroxyl groups are situated on one
of the two edges of the ring, whereas all the primary ones are placed on the other edge. The
ring, in reality, is a conical cylinder, which is frequently characterized as a doughnut or wreath-
shaped truncated cone. It is, of course, the possession of this cavity that makes the CyDs
attractive subjects for study. The most notable feature of cyclodextrins is their ability to form
inclusion complexes (host–guest complexes) with a very wide range of solid, liquid and
gaseous compounds. Complex formation is a dimensional fit between host cavity and guest
molecule [3]. This phenomenon bears the name molecular recognition [4].

1.2. Inclusion complex formation

The lipophilic cavity of cyclodextrin molecules provides a microenvironment into which
appropriately sized non-polar moieties can enter to form inclusion complexes [5]. No covalent
bonds are broken or formed during formation of the inclusion complex [6]. The first driving
force of complex formation is release of enthalpy-rich water molecules from the cavity. The
second critical factor is the thermodynamic interactions between the different components of

© 2013 Khalafi and Rafiee; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Khalafi and Rafiee; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



[48] Seto H, Ogata Y, Murakami T, Hoshino Y, Miura Y., Selective protein separation us‐
ing siliceous materials with a trimethoxysilane-containing glycopolymer. ACS Appl.
Mater. Interfaces. 2012; 4(1), 411-417.

[49] Li X, Wu P, Gao G F, Cheng S., Carbohydrate-functionalized chitosan fiber for influ‐
enza virus capture. Biomacromolecules.2011;12(11): 3962-3969.

[50] Nagatsuka T, Uzawa H, Ohsawa I, Seto Y, Nishida Y., Use of lactose against the
deadly biological toxin Ricin. ACS Appl Mater. Interfaces. 2010; 2(4): 1081-1085.

[51] El-Boubbou K, Gruden C, Huang X., Magnetic glycol-nanoparticles: a unique tool of
rapid pathogen detection, decontamination, and strain differentiation. J. Am. Chem.
Soc. 2007; 129(44): 13392-13393.

[52] Kitov P I, Sadowska J M, Mulvey G, Armstrong G D, Ling H, Pannu N S, Read R J,
Bundle D R., Shiga-like toxin are neutralized by tailored multivalent carbohydrate li‐
gands. Nature. 2000; 403: 669-672.

[53] Wolfenden M L, Cloninger M J., Mannose/glucose-functionalizied dendrimers to in‐
vestigate the predictable tenability of multivalent interactions. J. Am. Chem. Soc.
2005; 127(35): 12168-12169.

[54] Carbre Y M, Roy R., Design and creativity in synthesis of multivalent neoglycoconju‐
gates. Adv. Carbohydr. Chem. Biochem. 2010; 63(10), 165-393.

[55] Fukuda T, Onogi S, Miura Y., Dendritic sugar-microarrays by click chemistry. Thin
Solid Films. 2009; 518(2): 880-888.

[56] Fukuda T, Matsumoto E, Onogi S, Miura Y., Aggregation of Alzheimer amyloid β
peptide (1-42) on the multivalent sulfonated sugar interface. Bioconjugate Chem.
2010; 21(6):1079-1086.

[57] Suda Y, Arano A, Fukui Y, Koshida S, Wakao M, Nishimura T, Kusumoto S, Sobel
M., Immobilization and clustering of structurally defined oligosaccharides for sugar
chips: an improved method for surface plasmon resonance analysis of protein-carbo‐
hydrate interactions. Bioconjugate Chem. 2006; 17(5): 1125-1135.

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

470

Chapter 19

Cyclodextrin Based Spectral Changes

Lida  Khalafi and Mohammad  Rafiee

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/52824

1. Introduction

1.1. Cyclodextrins

A cyclodextrin (CyD) is a cyclic oligomer of α-D-glucose formed by the action of certain
enzymes,  Bacillus  amylobacter,  on  starch.  The  first  reported  reference  to  a  cyclodextrin
was published by Villiers in 1891 [1]. Three cyclodextrins are readily available: α-CyD, β-
CyD and γ-CyD having  six,  seven and eight  glucose  units  respectively.  They are  com‐
monly referred to as the native CyDs. For a long time, only the three parent CyDs were
known, but during the past decade many covalently modified CyDs have been prepared
from the native forms [2].

The glucose units are connected through glycosidic α-1,4 bonds. As a consequence of the 4C1

conformation of the glucopyranose units, all secondary hydroxyl groups are situated on one
of the two edges of the ring, whereas all the primary ones are placed on the other edge. The
ring, in reality, is a conical cylinder, which is frequently characterized as a doughnut or wreath-
shaped truncated cone. It is, of course, the possession of this cavity that makes the CyDs
attractive subjects for study. The most notable feature of cyclodextrins is their ability to form
inclusion complexes (host–guest complexes) with a very wide range of solid, liquid and
gaseous compounds. Complex formation is a dimensional fit between host cavity and guest
molecule [3]. This phenomenon bears the name molecular recognition [4].

1.2. Inclusion complex formation

The lipophilic cavity of cyclodextrin molecules provides a microenvironment into which
appropriately sized non-polar moieties can enter to form inclusion complexes [5]. No covalent
bonds are broken or formed during formation of the inclusion complex [6]. The first driving
force of complex formation is release of enthalpy-rich water molecules from the cavity. The
second critical factor is the thermodynamic interactions between the different components of

© 2013 Khalafi and Rafiee; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 Khalafi and Rafiee; licensee InTech. This is a paper distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



the system (cyclodextrin, guest, solvent). The cavity size of the toroidally shaped CyDs and
the structural confrmation and size of the guest molecule are the other parameters that mostly
affect the formation of a guest-CyD complex [2]. As the results of this inclusion, changes of the
chemical or physical properties of both host and guest molecules are generally observed;
opening a wide field of applications in many areas and allowing one to monitor the process
by several experimental techniques [2,7-9].

Figure 1. Structure of α-CyD, β-CyD and γ-CyD

2. Results

2.1. Cyclodextrin based spectral changes

As the result of inclusion complexes formation, the guest molecule is surrounded by the
hydrophobic microenvironment of the CyD cavity. This environmental changes cause to some
considerable changes in chemical properties of guest molecule such as equilibria and kinetic
parameters and some changes in physical properties such as absorption coefficient or quantum
yield, these changes strongly depend on the difference between CyD cavity and the outer
medium.

Spectroscopic techniques are the most frequent ones which have been used for the study of
these changes. Although it should be noted that the phase-solubility is one of the simplest
techniques which have been used other than spectroscopy [10].
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Some of the spectroscopic techniques such as UV-Visible, fluorescence, and NMR spectroscopy
are compatible for the spectral study of the complexes that obtained in solution [11]. But the
infrared spectroscopy, X-ray diffraction, scanning electron microscopy techniques [12,13] and
differential scanning calorimetry [14], are suitable for the inclusion compounds that obtained
in the solid state.

Figure 2. NMR spectra of the trans-1,4-bis[(4-pyridyl)ethenyl]benzene ( BPEB) bridged ligand as function of time for
the self-assembling {[Fe(CN5)]2(BPEB.β-CyD)}6– rotaxane, upon addition of 2 equivalents of β-CyD to the dimer in D2O:
(a) 0 min, (b) 5 min, (c) 30 min, (d) 60 min and (e) 24 hours.
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Among the above techniques some of them such as X-ray diffraction and NMR are prop‐
er  for  obtaining  qualitative  information  about  the  inclusion  complex.  For  example  1H
NMR spectra can give us some information about the host to guest mole ratios and sta‐
bility constant and even the orientation of the guest in the host cavity in solution which
no other technique can give.

This section provides a condensed overview of the quantitative applications of host-guest
interactions and molecular recognition which are well-matched with more quantitative
techniques such as UV-Vis absorption and fluorescence.

2.2. UV. Vis. Spectral changes

In spite of the small effects encountered in absorption, peak shifts of the order of a few nm and
changes of the absorption coefficients less than ten percent, UV-Vis spectrometry is an easily
performed first test of the occurrence of complexation in particular in nonfluorescing systems.
Moreover, the power of modern chemometric techniques allows valuable analytical applica‐
tions of small effects of CyD inclusion on UV-Vis spectra. The emphasis of absorption changes
and absorption studies will be on the apparent changes in the chemical properties of guest
molecules, such as acid–base equilibrium. The most distinguished work in this field is report
by Taguchi [15]. He has demonstrated that upon the binding of phenolphthalein to β-CyD
cavity in aqueous solution at pH 10.5, the red-colored dianion form is rapidly transformed into
a colorless lactonoid form.

Figure 3. Proposed mechanism for the colour change of phenolphetalein in the presence of β-CyD.

This effect and some other similar spectral changes may reflect the altered polarity of the cavity
microenvironment and preferential or specific guest–host interactions and stabilization of the
preferred form and suppression of the other form in equilibrium. This is not a comprehensive
review but is mainly intended to provide illustrative examples.

The absorption spectrum of mycophenolate mofetil (MMF) at mild acidic solutions shows an
absorption band which has an absorption maximum at 302 nm for its acidic form (HMF). With

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

474

the increasing of pH, the absorption at 302 nm gradually decreased whereas the absorption
with the 340 nm maximum, for the basic (MF−) form, increased, Fig.4. These spectral changes
and presence of an isobestic point indicate the presence of acid base equilibrium for this
immunosuppressant drug.

The spectra of MMF in the presence of varying amounts of β-CyD at constant pH that both
acidic and basic forms are presented in solution are shown in Fig. 5. The spectral change by
increasing the β-CyD concentrations at constant pH is similar to the decreasing the pH of
aqueous MMF solution. These spectral changes indicate suppression of the basic form and
dominance of acidic form in the presence of β-CyD cavity.

Figure 4. The absorption spectra for 4.0×10−4 mol L-1MMF at various pH values. The pH values are (a) 5.0, (b) 6.5, (c)
7.0, (d) 7.5, (e) 8.0, (f) 8.5, (g) 9.0 and (h) 9.5. [Reprinted from Khalafi L, Rafiee M, Mahdiun F, Sedaghat S. / Spectro‐
chim. Acta Part A., 2012; 90 45-49 with permission from Elsevier Science.]
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Figure 5. The absorption spectra for 4.0×10−4 mol L-1MMF in the presence of different concentrations of β-CyD at pH
8.0. The concentrations of β-CyD are: (a) 0.0, (b) 1.0×10-3, (c) 2.0×10-3, (d) 4.0×10-3and (e) 8.0×10-3 M. [Reprinted from
Khalafi L, Rafiee M, Mahdiun F, Sedaghat S. / Spectrochim. Acta Part A., 2012; 90 45-49 with permission from Elsevier
Science.]

Rank Annihilation Factor Analysis (RAFA) is used as an efficient chemometrics algorithm for
the analysis of spectrophotometric data and the conditional acidity constant of MMF and the
stability constant of its acidic and basic forms were obtained in the absence and presence of
β-CyD. Based on these results with increasing β-CyD concentration the acidic form stabilized
and the equilibrium of the system driving to produce acidic form. Consequently the condi‐
tional acidity constant decrease with increasing the β-CyD concentration [16]. The spectro‐
photometric study of neutral red and 4-nitrophenol in the presence of β-CyD are the other
examples of spectral changes with different preferential complexation.

In the case of neutral red the increase in the acidity constants as a function of β-CyD is indicative
of more stabilization of basic (neutral) form rather than positively charged acidic form.
Whereas the study of acid-base equilibrium of 4-nitrophenol show that 4-nitrophenolate (the
negatively charged basic form) has more affinity than the acidic (neutral) form. It has been
claimed that the driving force of more stable inclusion complex of 4-nitrophenolate with β-
CyD is the hydrogen bonding [17, 18].

The above results and some other comprehensive studies show the effect of interaction of guest
molecules with microenvironment of β-CyD cavity. The CyD nanocavity has the characters
similar to an 80% dioxane/water solution and provides a slightly alkaline environment [19].
There are four possible interactions including; hydrophobic, hydrogen binding, Van der Waals
forces and donor-acceptor for the cavity that affect the favored interaction, equilibrium shift
and spectral changes in the presence of β-CyD [20-22].
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2.3. UV. Vis. based Molecular recognition:

The spectral change of an indicator may not be important in molecular recognition itself, but
there is an important concept named as “indicator displacement assay” and/or “spectral
displacement” which have been developed considering theses spectral changes. Spectral
displacement method involves the color changes upon addition of competitive guest mole‐
cules; the dye moiety was excluded from the CyD cavity and located in the aqueous media. In
that state, by environmental changes around the dye moiety, the dye moiety shows its normal
color changes resulting from pH changes [23].

Figure 6. p-Methyl red appended β-CyD chemical sensor

A spectroscopic displacement method is used to determine association constants or the
concentrations of the compounds that are spectroscopically transparent. Each application may
be divided into two classes, the first one is based on competitive inclusion of guest and
indicator in the solution, and the second one is the competition of dissolved guest with the
CyD bonded indicators.

The success of the visible spectral displacement technique involving methyl red, in bonded form,
as the competing reagent applied for the construction of molecular sensor for adamanetanccar‐
boxylic acid, adamantanol, borneol, cyclaxtanol, cyclohexanol and same structures [24, 25].
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The spectrophotometric technique involving phenolphthalein as the competing reagent
appears to be the most promising one. It is based on the fact that in alkaline solutions a
colourless 1:1 complex is formed between phenolphthalein and β-CyD that the red phenolph‐
thalein dianion is partially displaced by a competing reagent to an extent depending upon its
affinity to form a complex with the CyD host. Phenolphthalein-modified β-CyD was synthe‐
sized for the purpose of developing a new type of guest-responsive color change indicator and
the guest-induced absorption changes were used for molecule sensing [26, 27].

Figure 7. Absorption spectra for 4.8×10-5 mol L-1 phenolphthalein in the presence (a) 0.0, (b) 1.0×10-4, (c) 2×10-4, (d)
4×10-4, (e) 7×10-4, and (f) 1.0×10-3 mol L-1 of β -CyD at pH 10.5. [Reprinted from Afkhami A, Madrakian T, Khalafi L. /
Anal. Lett, 2007; 40 2317-2328 with permission from Taylor & Francis.]

Several attempts have been also made on color changes based on competitive complexa‐
tion  of  some  important  chemicals  with  phenolphthalein-CyD  inclusion  complex.  These
chemical  sensors  are  relatively  inexpensive,  rapid  and  simple  for  determination  of  de‐
sired compounds,  such as  pharmaceuticals,  surfactants  and fatty  acids  which are  trans‐
parent in the visible range [28-34]. The sensing abilities of for various guests are roughly
parallel to the binding constants.  Fig. 8 shows that by addition of ibuprofen to the phe‐
nolphthalein-β-CyD complex solution,  the absorbance at  554 nm increases.  This increase
in the absorbance is due to the decomposition of phenolphthalein- β-CyD inclusion com‐
plex by displacement of ibuprofen by phenolphthalein. This phenomenon indicates com‐
petition  of  the  ibuprofen  with  phenolphthalein  in  the  formation  of  inclusion  complex
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with β-CyD. The amount of increase in the absorbance at 554 nm was found to be pro‐
portional with the ibuprofen concentration over a certain concentration range.

Figure 8. Absorption spectra for 4.8 ×10-5 mol L-1 phenolphthalein at pH 10.5 in the presence of (a) 1.0×10-4 mol L-1 β-
CyD and 2.0×10-4 mol L-1ibuprofen, (b) 1.0×10-4 mol L-1 β-CyD and (c) in the absence of β-CyD and ibuprofen. [Reprint‐
ed from Afkhami A, Madrakian T, Khalafi L. /Anal. Lett, 2007; 40 2317-2328 with permission from Taylor & Francis.]

Color change chemical sensors of CyD derivatives carrying dyes such as nitrophenol [35] and
alizarin yellow [36] were reported that relies on direct measurements of some analytes.

Also there is an example of color and spectral change of metal ion-indicators that affect‐
ed by β-CyD. Recently it has been demonstrated that the addition of β-CyD to the solu‐
tion containing the complex of  calcium and magnesium with Eriochrome Black T (EBT)
caused decomposition of the 1:1 metal complex and increase in EBT concentration in sol‐
ution due to the formation of EBT-β-CyD inclusion complex.  At a given pH, the values
of metal ion conditional formation constant (K'f)  decreased by increasing β-CyD concen‐
tration based due to the formation of an inclusion complex between the desired form of
EBT and β-CyD. The amount of decrease in K'f with increasing β-CyD concentration and

Cyclodextrin Based Spectral Changes
http://dx.doi.org/10.5772/52824

479



The spectrophotometric technique involving phenolphthalein as the competing reagent
appears to be the most promising one. It is based on the fact that in alkaline solutions a
colourless 1:1 complex is formed between phenolphthalein and β-CyD that the red phenolph‐
thalein dianion is partially displaced by a competing reagent to an extent depending upon its
affinity to form a complex with the CyD host. Phenolphthalein-modified β-CyD was synthe‐
sized for the purpose of developing a new type of guest-responsive color change indicator and
the guest-induced absorption changes were used for molecule sensing [26, 27].

Figure 7. Absorption spectra for 4.8×10-5 mol L-1 phenolphthalein in the presence (a) 0.0, (b) 1.0×10-4, (c) 2×10-4, (d)
4×10-4, (e) 7×10-4, and (f) 1.0×10-3 mol L-1 of β -CyD at pH 10.5. [Reprinted from Afkhami A, Madrakian T, Khalafi L. /
Anal. Lett, 2007; 40 2317-2328 with permission from Taylor & Francis.]

Several attempts have been also made on color changes based on competitive complexa‐
tion  of  some  important  chemicals  with  phenolphthalein-CyD  inclusion  complex.  These
chemical  sensors  are  relatively  inexpensive,  rapid  and  simple  for  determination  of  de‐
sired compounds,  such as  pharmaceuticals,  surfactants  and fatty  acids  which are  trans‐
parent in the visible range [28-34]. The sensing abilities of for various guests are roughly
parallel to the binding constants.  Fig. 8 shows that by addition of ibuprofen to the phe‐
nolphthalein-β-CyD complex solution,  the absorbance at  554 nm increases.  This increase
in the absorbance is due to the decomposition of phenolphthalein- β-CyD inclusion com‐
plex by displacement of ibuprofen by phenolphthalein. This phenomenon indicates com‐
petition  of  the  ibuprofen  with  phenolphthalein  in  the  formation  of  inclusion  complex

An Integrated View of the Molecular Recognition and Toxinology - From Analytical Procedures to Biomedical
Applications

478

with β-CyD. The amount of increase in the absorbance at 554 nm was found to be pro‐
portional with the ibuprofen concentration over a certain concentration range.

Figure 8. Absorption spectra for 4.8 ×10-5 mol L-1 phenolphthalein at pH 10.5 in the presence of (a) 1.0×10-4 mol L-1 β-
CyD and 2.0×10-4 mol L-1ibuprofen, (b) 1.0×10-4 mol L-1 β-CyD and (c) in the absence of β-CyD and ibuprofen. [Reprint‐
ed from Afkhami A, Madrakian T, Khalafi L. /Anal. Lett, 2007; 40 2317-2328 with permission from Taylor & Francis.]

Color change chemical sensors of CyD derivatives carrying dyes such as nitrophenol [35] and
alizarin yellow [36] were reported that relies on direct measurements of some analytes.

Also there is an example of color and spectral change of metal ion-indicators that affect‐
ed by β-CyD. Recently it has been demonstrated that the addition of β-CyD to the solu‐
tion containing the complex of  calcium and magnesium with Eriochrome Black T (EBT)
caused decomposition of the 1:1 metal complex and increase in EBT concentration in sol‐
ution due to the formation of EBT-β-CyD inclusion complex.  At a given pH, the values
of metal ion conditional formation constant (K'f)  decreased by increasing β-CyD concen‐
tration based due to the formation of an inclusion complex between the desired form of
EBT and β-CyD. The amount of decrease in K'f with increasing β-CyD concentration and

Cyclodextrin Based Spectral Changes
http://dx.doi.org/10.5772/52824

479



the  color  changes  due to  complex  decomposition depends  on the  stability  of  the  inclu‐
sion complex between EBT and β-CyD [37].

There is a large volume of published studies reporting the affinities and even selective affinity
of secondary hydroxyl side of CyDs for metal ion binding and complexation [38]. This
complexation ability improves considerably by structural and functional groups modification.
The secondary hydroxyl groups are deprotonated and coordinated to bind Pb(II) ions forming
a hexadecanuclear lead(II) alkoxide [39]. Two amino groups introduced on the primary
hydroxyl side of β-CyD can chelate a platinum ion [40]. 6-amino-glucopyranose analogue of
β-CyD had binding affinity for metal ions with Cs+ selectivity [41]. In 2010, Pitchumani et al.
reported a per-6-amino-β-CyD as a supramolecular host and p-nitrophenol as a spectroscopic
probe as a novel colorimetric and ratiometric sensor for transition metal cations, Fe3+ and
Ru3+ in water. Binding of these cations causes an appreciable change in the visible region of
the spectrum which can be detected by naked-eye and is insensitive to other metal ions namely
Ag+, Cu+, Mn2+, Fe2+, Cu2+, Zn2+, Cd2+, Hg2+, Pb2+, Cr3+, La3+ and Eu3+. The color change and
consequent sensing ability is significant at equimolar ratio of host and guest and also at very
low concentration [42].

Figure 9. The spectra of Ca-EBT complex (1.0 ×10-3 mol L-1 Ca2+ and 4.0 × 10-5 mol L-1 EBT) in the presence of (a) 0.0, (b)
3.0 × 10-3, (c) 6.0 × 10-3, (d) 9.0 × 10-3, (e) 1.2 × 10-2 and (f) 1.5 × 10-2 mol L-1 of β-CyD at pH 9.5. [Reprinted from Afkha‐
mi A, Khalafi L. / Supramol. Chem., 2008; 19 579-586 with permission from Taylor & Francis.]
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Figure 10. UV–Vis spectra of per-6-amino-β-CyD/p-nitrophenol (5×10−5 M) upon addition of Ru3+ (5×10−6M to 5×10−5

M). [Reprinted from Suresh P. Abulkalam Azath I, Pitchumani K. / Sens. Actuators, B 2010; 146 273-277 with permis‐
sion from Elsevier Science.]

Numerous studies have attempted to explain the possibility of incorporation of CyDs and
modified CyDs in the structures of ternary complexes as ligand. In some of them the whole
complex act as a guest and the metal ion has no direct contact with CyD [43]. In some other
complexes the CyD appears as a coordinating ligand [44-49]. For example the Imidazole-
appended β-CyD forms a ternary complex with a Cu2+ ion and l-tryptophanate [50]. The 6-
amino and imidazolyl groups of the host molecule and the carboxyl and amino groups of l-
tryptophanate are coordinated to the Cu2+ ion.

Moreover the cavity microenvironment of CyDs may alter the rate constant of reactions for
the guest molecules depend on the reaction, substrate and the differences between cavity and
solvent environments [51-53]. The changes in reaction rate cause to spectral time profile of the
substrate and may be applicable in selective kinetic measurement of substrates and their
recognition [54, 55].

2.4. Luminescence based molecular recognition

CyD inclusion is a means for protection of an excited state luminescent guest from the solvent
environment that frequently shows a marked increase of luminescence due to increase in
quantum yield and lifetime [56]. It have been mentioned even in some textbook that addition
of CyD in solution is an efficient way in attaining the room temperature phosphorescence. This
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effect is usually much larger than that observed in absorption, and has therefore been used
more efficiently and sensitively for luminescencing substrates. 6-bromo-2-naphthol is a good
example that exhibited room temperature in the presence of β-CyD owing to protection from
O2 quenching in a nondeoxygenated solution, although nitrogen purging increased the
emission intensity 13-fold [57].

For 2-chloronaphthalene solutions containing both d-glucose and α-CyD, the room-tempera‐
ture phosphorescence of 2-chloronaphthalene has been observed. The 2:1 inclusion complex
is responsible for the room-temperature phosphorescence. The quantum yield of the room-
temperature phosphorescence from the 2:1 inclusion complex has been determined to be 19%
of alcoholic solution at 77 K. When KI is added an enhancement is observed in phosphores‐
cence intensity due to the formation of a ternary inclusion complex with iodide. Also the
intensity reduction at higher concentrations of KI seems to be due to the formation of a
nonphosphorescent ternary inclusion complex containing two iodides [58]. The notion of
“turn-on” fluorescent sensor is used for this molecular recognition mechanism.

For the crown ether fluoroionophore/ β-CyD complex, the dimerization of the fluoroionophore
inside the β-CyD is found to be selectively promoted by alkali metal ion binding, thereby
resulting in metal-ion-selective pyrene dimer emission in water. This supramolecular function
is successfully utilized in the design of a podand fluoroionophore/β-CyD complex for sensing
toxic lead ion in water [59, 60].
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Figure 11. Response mechanism of benzo-15-crown-5 fluoroionophore /γ-CyD complex for K+ in water.

A further interesting application of fluorescence spectroscopy is its potential enantioselectiv‐
ity. Chiral discrimination has been demonstrated for CyD inclusion of camphorquinone [61].
The measurement of fluorescence anisotropy has been proposed as a method to determine the
enantiomeric composition of samples [62].

As well as UV-Visible spectroscopy; competition of desired analyte with CyD-bonded or
dissolved fluorophore yields a significant change in the fluorescence signal that will be useful
in molecular recognition. Various “turn-off” fluorescent chemical sensors, in which fluores‐
cence intensity was decreased by complexation with guest molecules, were reported.
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Figure 12. The mechanism of action for a turn-off fluorosensors.

A comprehensive example molecular recognition based on both decrease and increase in
fluorescence intensity is the dansyl bonded CyD with diethylenetriamine spacer (CyD-dien-
DNS) which have been reported by Corradini et al. In the presence of lipophilic organic
molecules, CyD-dien-DNS showed sensing properties due to competitive inclusion of the
guest and “in-out” movement of the dansyl group. CyD-dien-DNS was found also to be a
fluorescent chemosensor for copper(II) ion, with a linear response and good selectivity,
suggesting that a more flexible conformation of the linker and the presence of additional
binding sites allow binding of the metal ion by the amino and sulfonamidate groups.

Figure 13. Spectral change of dansyldiethylenetriamine modified cyclodextrin in the presence of copper ion. [Reprint‐
ed with permission from Corradini R, Dossena A, Galaverna G, Marchelli R, Panagia A, Sartor G. / J. Org. Chem., 62,
6283 (1997). Copyright 1997, American Chemical Society.]

The CyD-dien-DNS copper(II) complex was shown to behave as a chemosensor for bifunc‐
tional molecules, such as amino acids. In fact, upon addition of alanine, tryptophan, and
thyroxine, the negligible fluorescence intensity of Cu(CyD-dien-DNS) complex was “switched
on”, with a response dependent on the amino acid side chain [63]. Fluorescent indolizine
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modified CyD were studied in aqueous solution to evaluate their potentialities as molecular
chemosensors for volatile organic compounds (VOCs) such as adamantanol, benzene, toluene,
phenol and p-cresol as guest. The formation constant values measured using a spectral
displacement method and also some specific algorithm treatments are reported for their
quantitative analysis. [64, 65]. Some phenylseleno derivatives of CyD have been synthesized
as chiral molecular sensors. These modified cyclodextrins can recognize both the size and
chirality of the guest molecules despite of this fact that their stability constants with aliphatic
alcohols are generally smaller than those for native β-CyD [66].

Moreover some chiral amino acid modified CyDs have been synthesized as chiral molecular
sensors. N-dansyl-L-Phe-modified β-CyD showed high D-selectivity for norbornane deriva‐
tives and N-dansyl-D-Phe-modified β-CyD showed high L-selectivity for menthol [67]. Time-
resolved fluorescence studies showed that the fluorescence of the dansyl group was completely
quenched in the ternary complexes formed, and that the residual fluorescence was due to
uncomplexed ligand. The enantioselectivity in response was found to be due to the formation
of diastereomeric ternary complexes [68,69]. Fluorophore-amino acid-CyD were synthesized
and characterized as fluorescent indicators of molecular recognition [70]. A novel boronic acid
fluorophore 1/β-CyD complex sensor for sugar recognition in water has been designed [71].

2.5. Recognition of toxins based on spectral changes

There are also some successful applications of CyDs based spectral changes which have been
used for the recognition of biologically important toxins.

Cyanotoxins are potent toxic compounds produced by cyanobacteria during algal blooms,
which threaten drinking water supplies. These compounds can poison and kill animals and
humans. The host−guest interactions of CyDs with problematic cyanotoxins were investigated
to demonstrate the potential application of CyDs for the removal of these toxins from drinking
water or applications related to their separation or purification. The complexation of these
cyanotoxins with CyDs was monitored by nuclear magnetic resonance (NMR). The observed
changes in chemical shifts for specific protons and competitive binding experiments demon‐
strate a 1:1 inclusion complex between γ-CyD and microcystins and nodularin, and the results
suggest that CyD-type substrates are useful hosts for their complexation [72].

The fluorescence properties of the aflatoxins, as the most important mycotoxins, and the effect
of various CyDs on their fluorescence emission were studied. The complex formation constant
(Kf) of these compounds with β-CyD was chromatographically determined, and from the
results obtained, it has been concluded that Kf cannot be used alone to explain the fluorescence
increase [73].

An example of determination of biological toxins is a highly sensitive and rapid strategy for
characterizing aflatoxins and the cholera toxin based on capillary electrokinetic chromatogra‐
phy with multiphoton-excited fluorescence. The aflatoxins are a highly mutagenic multiple-
ringed heterocycles produced by aspergillus fungi and cholera toxin a-subunit is the catalytic
domain of the bacterial protein toxin from Vibrio cholera. The anionic carboxymethyl-β-CyD,
used to chromatographically resolve the uncharged aflatoxins, enhances emission from these
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compounds without contributing substantially to the background [74]. Also the determination
of aflatoxin B1 (AFB1) in wheat has been accomplished by enhanced spectrofluorimetry in the
presence of β-CyD. The method is based on the enhanced fluorescence of AFB1 by β-CyD in
10% (w/w) methanol–water solution. The adopted strategy combined the use of parallel factor
analysis (PARAFAC) for extraction of the pure analyte signal and the standard addition
method, for a determination in the presence of matrix effect caused by wheat matrix [75].

Figure 14. Contour plots (excitation–emission) for an original wheat sample and four AFB1 standard additions; (a) the
original sample, (b) plus 2.0 µg kg−1, (c) plus 3.8 µg kg−1, (d) plus 5.7 µg kg−1, (e) plus 7.4 µg kg−1. [Reprinted from Ha‐
shemi J, Asadi Kram G, Alizadeh N. / Talanta, 2008; 75 1075-1081 with permission from Elsevier Science.]
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2.6. Interaction and recognition of natural compounds

Finally the spectral change and interaction of some natural compounds such as alkaloids and
peptides with CyDs is discussed.

Complex formation of the glutathione and some of its derivatives with bridged β-CyD such
as 2,2′-diseleno-bridged β-CyD were determined by UV-Vis. absorption and 1H-NMR
spectroscopy [76]. Polymerization of the amyloid beta-peptide (Abeta) has been identified as
a major feature of the pathogenesis of Alzheimer's disease (AD). Inhibition of the formation
of these toxic polymers of Abeta has emerged as an approach for developing therapeutics for
AD. NMR and circular dichroism (CD) spectra were used to investigate the interaction between
CyD and Abeta. CD spectral analyses show that β-CyD inhibits the aggregation of Abeta.
Analysis of the one-dimensional proton NMR spectra of the mixture of Abeta with β-CyD
clearly indicates that there are chemical shift changes in the aromatic ring and the methyl
groups in the peptide [77].

A series of CyDs –cinchona alkaloid inclusion complexes were prepared from β-CyD and some
of its derivaties and four cinchona alkaloids, and their inclusion complexation behavior was
investigated by means of fluorescence, UV/Vis and 2D NMR spectroscopy. The results showed
that the cinchona alkaloids can be efficiently encapsulated in the CyD cavity in an acidic
environment and sufficiently released in a neutral environment, which makes these CyD
derivatives the potential carriers for cinchona alkaloids [78,79]. Using colorimetry and 1H-
NMR and UV spectroscopy, together with solubility methods,the interaction of natural and
hydroxylpropylated CyDs with xanthine, theophylline, theobromine, and caffeine in aqueous
solution have been studied [80].

Combination of the spectrophotometric methods and some separation methods such as capilla‐
ry electrophoresis (CE) and micellar electrokinetic chromatography (MEKC) in the presence of
CyDs have been used successfully for the quantitative analysis of natural alkaloids [80,81].

3. Conclusion

CyDs are a versatile tool in the molecular recognition and sensing. Formation of inclusion
complex cause to some spectral changes which have been used successfully for the study of
host-guest interactions. Additionally the desired spectral changes as the results of complex
formation have been used for promote analyte detection and continue to inspire creative
applications. The most sensible spectral changes were reported for chemical and fluorescence
indicators. These considerable changes have been used for the study and better detection of
many absorbing and especially fluorescent species. Moreover many spectrochemically silent
organic and some inorganic compounds cause color/fluorescence change in CyD and indicator
solutions, because of their competition to form inclusion complex. These changes cause to
recognition of the target competitive hosts. On this basis some "indicator modified cyclodex‐
trin" in which indicator is linked to cyclodextrin via a spacer, was synthesized that change
color/fluorescence in response to the presence of molecules, ions and many biologically
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important compounds. The guest-induced changes that are roughly parallel to its binding
constants were used for molecule sensing. These are valuable for qualitative and quantitative
chemical analysis. Sensitivity and selectivity improved by appropriate designing of the dye
moiety or spacer.
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1. Introduction

Recently one could observe a continuous increase of scientific interest in host-guest chemistry,
and more specifically in the intermolecular recognition processes occurring at liquid-liquid
interface [1-3, 7, 8]. The fundamental chemical processes occurring in liquid membrane of
potentiometric sensor are guest- induced selective changes in the charge separation across the
interface between the liquid membrane and aqueous sample solution. The organic/aqueous
interface, often named as “the third phase”, possesses unique properties, which are very
different from the properties of the bulk phases. In this particular place, many of biological
processes of intermolecular recognition occur, demonstrating extremely high selectivity and
sensitivity. Numerous instrumental methods were applied for study this phenomenon.
Electrochemical one have a significant share in this research.

Potentiometry with using of ion selective electrodes (ISEs) is one of the most popular techni‐
ques enable to observe the recognition processes between the ligand and cationic or anionic
species occurring in the liquid/liquid interface. The mechanism of potentiometric signal
generation relies on the charge separation between two phases, which is the result of a perm
selective transfer of analyte ions from the aqueous to the organic phases at the liquid /liquid
interface with high sensitivity and selectivity [9, 10]. This type of sensors have some outstand‐
ing advantages including simple design and operation, wide linear dynamic range, relatively
fast response and rational selectivity and because of these parameters there are particularly
interesting from the perspective of the supramolecular chemist. The potentiometric sensors
could be applied as a tool for observation of molecular recognition processes at the border of
two phases.

In pioneering paper written by Umezawa and co-workers the possibilities of potentiometric
signals generation of polymeric membrane modified with permanently charged ligand such

© 2013 Radecki and Radecka; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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as quaternary ammonium salts [4] and lipophilic polyamines [5, 6] after their stimulation with
uncharged phenol derivatives were described the first time. According to authors the mech‐
anism of signal generation by membrane modified with quaternary ammonium salts consist
of two processes.

First is the complexation of extracted ArOH and Q+X- leading to a net movement of anionic
species (X-) from the aqueous to the membrane phase. In second step there is proton dissoci‐
ation of complexed ArOH and simultaneous ejection of HX to aqueous phase, involving a net
movement of cationic species (H+) from membrane to the aqueous phase [4].

Being inspired by this paper, we have done systematic study on potentiometric signals
generated by membranes modified with electrically neutral host molecules and stimulated
with uncharged guest molecules [11-25].

As a receptors (host) molecules for recognition of uncharged phenol derivatives, corroles,
calix[4]pyrroles, calix[4]phyrins and metalloporphyrines we have applied. Whereas, for
recognition of unprotonated aniline derivatives we have used: p-tert-butylthiacalix[4]arene
(BTC[4]ene), tetrabromodialkoxythiacalix[4]arene (BATC[4]ene), tetra-undecylcalix[4]resor‐
cinarene (UDC[4]Rene), tetra-undecyl-tetra-p-nitrophenylazocalix[4]resorcinarene
(UDAC[4]Rene), tetra-undecyl-tetra-hydroxycalix[4]resorcinarene (UDHC[4]Rene), tetra-
undecyl-tetra-bromocalix[4]resorcinarene (UDBC[4]Rene.

2. Potentiometric response of tetrapyrrolic macrocyclic compounds liquid
membrane electrode towards neutral chloro- and nitrophenols

The calix[4]pyrroles, calix[4]phyrins and corroles are tetrapyrrolic macrocyclic compounds.
All of them belong to very large group of porphyrin analogs and they are well known as
sensitive and selective receptors for anions [26-32].

The main differences between corroles, calix[4]pyrroles and calix[4]phyrins are the following.
The corroles are almost planar, aromatic macrocycles. Imine nitrogen atoms from the corrole
cavity can be protonated at low pH [33-36].

This is not expected in the case of calix[4]pyrrole and calix[4]phyrins. The calix[4]phyrins
(porphodimethenes) demonstrate partly conjugated character similar to porphyrins and partly
the non conjugated character of calix[4]pyrroles. Calix[4]pyrroles possess in their structure the
relatively dip cavity [26, 32]. Only the individual pyrroles rings have some aromatic character.

Figure 1 illustrates the structures of calix[4]pyrroles, calix[4]phyrins and corroles being applied
for this research.

In Table 1 the values of responses of membrane modified with particular host molecules after
stimulation with nitrophenols derivatives are collected.
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The results presented indicate that generally, the membrane incorporating calix[4]pyrrole
generated the higher potential changes after stimulation with nitrophenols in comparison to
calix[4]phyrin and the corrole-containing membrane.

Guests

ΔEMF = EMF0-EMFf *

Calix[4]pyrrole Calix[4]phyrin Corrole

pH=4.0 pH=6.0 pH=3.0 pH=6.0 pH=3.0 pH=6.0

ortho-nitrophenol -3.0 -3.0 -0,7 ---- -4.3 -6.0

meta-nitrophenol -25.9 -24.0 -2,8 ---- -9.7 -9.9

para-nitrophenol -25.9 -35.0 -4,1 ---- -14.1 -10.3

*EMF0 – potential measured in buffer free of analyte

*EMFf – potential measured in buffer with analyte at final concentration

Table 1. The potentiometric responses of ISEs incorporating of calix[4]pyrrole, calix[4]phyrin,corrole towards of
nitrophenols isomers

The potentiometric signal generated by membranes modified with corrole and calix[4]phyrin
and stimulated with nitrophenol derivatives are very week and comparable. In spite of
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as quaternary ammonium salts [4] and lipophilic polyamines [5, 6] after their stimulation with
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the non conjugated character of calix[4]pyrroles. Calix[4]pyrroles possess in their structure the
relatively dip cavity [26, 32]. Only the individual pyrroles rings have some aromatic character.

Figure 1 illustrates the structures of calix[4]pyrroles, calix[4]phyrins and corroles being applied
for this research.

In Table 1 the values of responses of membrane modified with particular host molecules after
stimulation with nitrophenols derivatives are collected.
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significant differences of signal magnitude for each type of membranes, generally all of them
displayed the same signal magnitude sequence:

para −nitrophenol ≥meta −nitrophenol >ortho −nitrophenol

This sequence is in good order with the lipophilicity and acidity of the nitrophenolic deriva‐
tives (see Table 2)

Guest compound pKa Log Poct

Neutral form [%]

pH = 2.0 pH = 4.0 pH = 6.0 pH = 8.0

Para-nitrophenol 7.16 1.91 99.99 99.93 93.54 12.63

Meta-nitrophenol 8.39 2.00 99.99 99.99 99.6 71.05

Ortho-nitrophenol 7.21 1.79 99.99 99.94 94.25 13.95

2.4-dinitrophenol 4.11 1.54 99.23 56.31 1.27 0.01

2.5-dinitrophenol 5.22 1.75 99.94 94.32 14.24 0.16

2.6-dinitophenol 4.15 1.25 99.30 58.54 1.39 0.01

Table 2. Acidity and lipophilicity of nitrophenol derivatives. Log Poct/water – logarithm of partition coefficient between n-
octanol and water [36,37] pKa – acidity constants [35,36]

The weak response of the membranes studied towards ortho-nitrophenol probably is a
consequence of formation of an intramolecular hydrogen bond because of adequate closeness
of two functional groups – OH and – NO2 [14,16].

The relationship between the magnitude of the potentiometric response of the polymeric
membrane modified with calix[4]pyrrole and the acidity of the undissociated phenolic guests
we have although confirmed by the study of isomers of chloro- and fluorophenols [20].
Generally, the sequence of the magnitude of signal generated by discussed phenol derivatives
follow their acidity sequence and is as follow:

nitrophenols >> chlorophenols >>fluorophenols

Presented results indicate that the acidity of the guest molecules is one of the most important
parameters decisive about quality of potentiometric signal generation by membranes modified
with ligands under discussion. An increase of the acidity of guest molecules causes an increase
of the potentiometric response. The magnitude sequence of the signal generated by the
isomeric chlorophenols was the same as in the case of nitrophenols:

para −chlorophenol  >meta −chlorophenol > >ortho −chlorophenol

Again, the response of ortho-chlorophenol was the weakest, because the intermolecular
hydrogen bounds formed between –OH and –Cl groups hamper the recognition process of
host (calix[4]pyrrole ) molecule and guest (ortho-chlorophenol ). In consequence this leads to
decrease of membrane potential changes [20].
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Because the potentiometric signals of calix[4]phyrins and corrole modified membranes were
very weak towards nitrophenols, the dinitrophenol isomers as strongest acids were selected
as the guest molecules [14].

Guests
Calix[4]phyrin Corrole

pH=3.0 pH=6.0 pH=3.0 pH=6.0

2,4-dinitrophenol -77.1 -4.7 -36.2 -22.8

2,5-dinitrophenol -22.2 -14.9 -7.8 -19.6

2,6-dinitrophenol -54.6 -17.3 -6.1 -13.1

Table 3. The potentiometric responses of ISEs incorporating of calix[4]phyrin and corrole towards of dinitrophenol
isomers.

The responses of both of investigated membranes towards dinitrophenols were stronger than
observed for mono – nitrophenols [14].

The sequence of signal magnitude in account of host molecules was as follow:

calix 4 phyrin> corrole

in account of isomer of dinitrophenol (for calix[4]phyrin host) was as follow:

2.4 –dinitrophenol > 2.6- dinitrophenol > 2.5- dinitrophenol

Again the results obtained support our previous hypothesis that the acidity of target phe‐
nol derivatives is crucial for the potentiometric signals of liquid membrane incorporated
with host molecules such as calix[4]pyrrole [19],  calix[4]phyrin or corrole [14].  The lipo‐
philicity  of  analytes  is  rather  a  secondary  parameter.  Similar  results  were  reported  for
polyamines [5, 6, 38-40].

The nitrophenol guests might interact with calix[4]phyrin, corrole or calix[4]pyrrole via
“sinking” into the host cavity with the phenolic OH pointed towards the NH units of macro‐
cycles. This was confirmed by NMR measurements [14]. Taking into account this mechanism
of interaction, we can explain the good correlation between the signal magnitude sequences
for all type of membranes and steric hindrance around the OH group present in guest molecule.

3. Elucidation of the mechanism of the potentiometric signal generation of
calix[4]pyrrole, calix[4]phyrin and corrole –ISEs upon stimulation by
undissociated phenol derivatives

The results we have obtained for calix[4]pyrrole [ 16, 17, 19, 20 ], calix[4]phyrin or corrole [14,
15] modified membranes and the results reported for macrocyclic polyamines [5, 6, 38-40]
suggest that the intermolecular recognition processes between the ligands investigated and
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consequence of formation of an intramolecular hydrogen bond because of adequate closeness
of two functional groups – OH and – NO2 [14,16].

The relationship between the magnitude of the potentiometric response of the polymeric
membrane modified with calix[4]pyrrole and the acidity of the undissociated phenolic guests
we have although confirmed by the study of isomers of chloro- and fluorophenols [20].
Generally, the sequence of the magnitude of signal generated by discussed phenol derivatives
follow their acidity sequence and is as follow:

nitrophenols >> chlorophenols >>fluorophenols

Presented results indicate that the acidity of the guest molecules is one of the most important
parameters decisive about quality of potentiometric signal generation by membranes modified
with ligands under discussion. An increase of the acidity of guest molecules causes an increase
of the potentiometric response. The magnitude sequence of the signal generated by the
isomeric chlorophenols was the same as in the case of nitrophenols:

para −chlorophenol  >meta −chlorophenol > >ortho −chlorophenol

Again, the response of ortho-chlorophenol was the weakest, because the intermolecular
hydrogen bounds formed between –OH and –Cl groups hamper the recognition process of
host (calix[4]pyrrole ) molecule and guest (ortho-chlorophenol ). In consequence this leads to
decrease of membrane potential changes [20].
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Because the potentiometric signals of calix[4]phyrins and corrole modified membranes were
very weak towards nitrophenols, the dinitrophenol isomers as strongest acids were selected
as the guest molecules [14].
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2,6-dinitrophenol -54.6 -17.3 -6.1 -13.1

Table 3. The potentiometric responses of ISEs incorporating of calix[4]phyrin and corrole towards of dinitrophenol
isomers.

The responses of both of investigated membranes towards dinitrophenols were stronger than
observed for mono – nitrophenols [14].

The sequence of signal magnitude in account of host molecules was as follow:

calix 4 phyrin> corrole

in account of isomer of dinitrophenol (for calix[4]phyrin host) was as follow:

2.4 –dinitrophenol > 2.6- dinitrophenol > 2.5- dinitrophenol

Again the results obtained support our previous hypothesis that the acidity of target phe‐
nol derivatives is crucial for the potentiometric signals of liquid membrane incorporated
with host molecules such as calix[4]pyrrole [19],  calix[4]phyrin or corrole [14].  The lipo‐
philicity  of  analytes  is  rather  a  secondary  parameter.  Similar  results  were  reported  for
polyamines [5, 6, 38-40].

The nitrophenol guests might interact with calix[4]phyrin, corrole or calix[4]pyrrole via
“sinking” into the host cavity with the phenolic OH pointed towards the NH units of macro‐
cycles. This was confirmed by NMR measurements [14]. Taking into account this mechanism
of interaction, we can explain the good correlation between the signal magnitude sequences
for all type of membranes and steric hindrance around the OH group present in guest molecule.

3. Elucidation of the mechanism of the potentiometric signal generation of
calix[4]pyrrole, calix[4]phyrin and corrole –ISEs upon stimulation by
undissociated phenol derivatives

The results we have obtained for calix[4]pyrrole [ 16, 17, 19, 20 ], calix[4]phyrin or corrole [14,
15] modified membranes and the results reported for macrocyclic polyamines [5, 6, 38-40]
suggest that the intermolecular recognition processes between the ligands investigated and
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undissociated nitrophenol isomers occurring at the organic/aqueous interface, leading to the
potentiometric signal generation, is a general phenomenon.

The results show a higher potentiometric response in all of discussed membranes for the more
acidic guest. This fact confirms the influence of the acidity and the lipophilicity of the neutral
guest on the signal generation process by membranes incorporating calix[4]phyrin, corrole or
calix[4]pyrrole derivatives.

A comparison of the results for investigated host molecules shows that calix[4]pyrrole
modified membranes are the considerably more sensitive towards phenolic guests that the
calix[4]phyrin or corrole [15, 17, 19]. While calix[4]pyrrole, calix[4]phyrin and corrole modified
membranes do not respond towards the dissociated form of phenol derivatives, the polyamine
modified membranes do respond [38-40].

Investigated membranes displayed the signal magnitude sequence as follow:

calix 4 pyrrole >calix 4 phyrin > corrole

The generation of membrane potential changes after stimulation with undissociated isomers
of phenols derivatives could be explained as follows. In the first step, a supramolecular
complex between the host molecules located at the surface of liquid membrane phase, and the
neutral phenol guest placed at the surface of the aqueous phase is formed. This interaction
relays on the hydrogen bond creation between the OH group of nitrophenol and pyrrole NH
groups from the macrocyclic hosts. This was proved by NMR measurements [14].

The formation of such a supramolecular complex, according to mesomeric and inductive
effects, causes an increase of acidity of the phenol OH function. This may decrease the pKa of
the phenol derivatives at the surface of the polymeric phase. This leads to the dissociation of
OH group and finally to proton ejection from the interface to the aqueous layer adjacent to the
organic phase. The energy gained from the proton solvation process is probably the driving
force allowing for the dissociation of phenol derivatives at the aqueous/organic membrane
interface. This event is responsible for the generation of an anionic response of calix[4]pyrrole,
calix[4]phyrin and corrole incorporating membranes after their stimulation with undissociated
phenols.

ArOH(aq)   ↔   ArOH(mem) extraction ( i)

Host(membrane) + ArOH(mem)  ↔   Host---ArOH(membrane) complexation (ii)

Host---ArOH(membrane)  ↔   Host---ArO- + H+dissociation and proton ejection to water surface (iii)

The increase of the proton concentration in the very thin aqueous layer containing 1.0 x 10-2 M
para-nitrophenol in 1.0 x 10-2 M of KCl (pH 4.0), adjacent to the calix[4]pyrrole or corrole
membrane surface, supported this assumption [14, 17]. According to the mechanism proposed,
the lack of the potential changes of calix[4]pyrrole, calix[4]phyrin and corrole ISEs observed
in the presence of phenolic guests at alkaline pH could be explained as follows.

At this pH the concentration of OH- in the water phase is high enough to block the cavity of
all investigated host molecules by creation of host –OH- complex [14, 17]. Thus, the formation
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of a supramolecular complex with phenolic guests is not possible. To confirm that such
complex could block the cavity of the calix[4]pyrrole, in our previous investigation we have
tested the membrane modified with a calix[4]pyrrole substituted with bromine atoms at the
β - carbons. The lack of any response towards nitrophenol isomers of a membrane incorpo‐
rating bromine derivatives of calix[4]pyrrole, even in strong acid solution supports this
assumption [14, 17]. The electron withdrawing bromine atoms increase the affinity of cal‐
ix[4]pyrrole towards OH-. Such a complex could be created even in acidic medium. Therefore,
in this case the cavity of calix[4]pyrrole is blocked and the supramolecular ligand – phenol
complex based on hydrogen bonds can not be created [14, 17].

The lack of any response of the membrane modified with calix[4]phyrin or corrole towards
dinitrophenol isomers and very low response towards nitrophenol isomers in alkaline medium
(Table 1) could be explained as follow. The consequence of host-OH - complex creation is the
negatively charged surface of polymeric membranes. Dinitrophenols in such circumstances
also exist in the anionic forms. Thus, the host-guest electrostatic repulsion force is probably
the main reason preventing interaction between them.

The magnitude sequence of the potentiometric signals observed for calix[4]pyrrole, cal‐
ix[4]phyrin and corrole membranes suggests that the acidity of the target molecules is one of
the important factors affecting the process of potentiometric signal generation. A similar
relation was observed in the case of macrocyclic polyamine-ISEs [5, 6]. In Table 2 the values
of pKa and logPoct of target molecules investigated were collected.

On the other hand, the recognition of phenol derivatives by calix[4]pyrrole calix[4]phyrin and
corrole is such that guests respectively bury themselves into the host cavity or are perpendic‐
ular to the macrocycle, with (in both cases) the phenolic OH pointed toward the pyrrole end,
where the hydrogen bonds with NH units are formed [14, 17, 42 ]. Because of this, the sensitivity
sequences observed for nitrophenol as well dinitrophenol isomers reflect also the magnitude
of the steric obstacle, which is the lowest in the case of para-nitrophenol and 2,4-dinitrophenol.
Therefore, for these two guests, the strongest potentiometric responses of ISEs studied were
observed. A comparison of the results we have obtained for calix[4]pyrrole and [16, 17]
calix[4]phyrin and corrole [14, 21, 42] and the results reported for macrocyclic amines [5, 6,
38-40] showed that the potential generation by the membranes modified with nitrogen-
containing macrocyclic compounds after stimulation with phenol derivatives is a general
phenomenon. The most important parameters governing this phenomenon are the differences
between the acidity of the OH group of the target molecules and the ability of the NH group
of the macrocyclic ligands to create the hydrogen bonds with OH group of the phenol
derivatives.

The signal magnitude sequence based on the host molecules incorporated into the membranes
is as follows:

polyamines > calix 4 pyrroles > calix 4 phyrins >corroles

This sequence reflects the sequence of availability of hydrogen atoms coming from NH or NH
+ group of ligand for OH group of phenol derivatives. This availability is crucial for host –guest
complex creation.
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relays on the hydrogen bond creation between the OH group of nitrophenol and pyrrole NH
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phenols.
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para-nitrophenol in 1.0 x 10-2 M of KCl (pH 4.0), adjacent to the calix[4]pyrrole or corrole
membrane surface, supported this assumption [14, 17]. According to the mechanism proposed,
the lack of the potential changes of calix[4]pyrrole, calix[4]phyrin and corrole ISEs observed
in the presence of phenolic guests at alkaline pH could be explained as follows.

At this pH the concentration of OH- in the water phase is high enough to block the cavity of
all investigated host molecules by creation of host –OH- complex [14, 17]. Thus, the formation
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complex based on hydrogen bonds can not be created [14, 17].
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(Table 1) could be explained as follow. The consequence of host-OH - complex creation is the
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also exist in the anionic forms. Thus, the host-guest electrostatic repulsion force is probably
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observed. A comparison of the results we have obtained for calix[4]pyrrole and [16, 17]
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38-40] showed that the potential generation by the membranes modified with nitrogen-
containing macrocyclic compounds after stimulation with phenol derivatives is a general
phenomenon. The most important parameters governing this phenomenon are the differences
between the acidity of the OH group of the target molecules and the ability of the NH group
of the macrocyclic ligands to create the hydrogen bonds with OH group of the phenol
derivatives.

The signal magnitude sequence based on the host molecules incorporated into the membranes
is as follows:
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This sequence reflects the sequence of availability of hydrogen atoms coming from NH or NH
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Calix[4]pyrrole changes its conformation upon complexation of target molecules, and this
macrocycle adopts a cone conformation with the four pyrrole NH groups forming hydrogen
bonds with OH group of phenol derivatives. The similar reorganization of the calix[4]pyrrole
cavity upon complexation with halide anions was reported [26, 27, 29]. In the case of corrole,
such conformational change is not possible because of its rigid structure [41]. As a consequence
a strong four-center hydrogen bond can not be created. This is probably the explanation of the
weaker potential signal generated by the membrane modified with corrole stimulated with
nitrophenols in comparison to membranes modified with calix[4]pyrrole. This statement is
supported by results obtained for membranes modified with protonated macrocyclic polya‐
mines, which because of their highest flexibility and ionic character are able to create the
strongest supramolecular complex based on hydrogen bonds [40]. This leads to the strongest
polarization of O-H bond of phenol derivatives. Such membranes generated the strongest
signal for nitrophenol derivatives and only these types of membranes are able to recognize
dihydroxybenzene isomers, which are very weak acids [6, 40]. The relationship between acid
–base properties of guest is in good agreement with the proposed mechanism. The dissociation
of the O-H group at the liquid /liquid interface from the phenol – ligand complex is necessary
for the generation of membrane potential changes. In the case of macrocyclic polyamines, the
hydrogen bond between the N-H and OH phenolic group is the strongest, and as a conse‐
quence, this causes the highest increase of the acidity of proton from –OH. In the case of
calix[4]pyrrole and corroles, the hydrogen bonds are weaker than macrocyclic polyamines.
Therefore, the increase of the acidity of OH group from phenolic guest upon creation of
supramolecular complexes with calix[4]pyrrole and corrole are lower in the comparison to this
observed for polyamines.

The response properties of ISEs based on ion carriers are strongly influenced by the membrane
composition, in particular by the presence of ionic sites in the organic membrane [44-46]. The
type of ionic sites depends on the charge of ionophore. In the case of ISEs based on neutral
host molecules, ionic sites with the charged sign opposite to that of primary ions are necessary
to obtain a Nernstian response, to decrease the membrane resistance, to reduce the ion
interference, and to improve the detection limit and selectivity. On the other hand, in ISEs
based on electrically charged host, ionic sites with the same charge sign as the primary ions
are recommended. In case of potentiometric sensors destined for the detection of neutral
compounds there is no general knowledge about the influence of ionic sites on response
property.

The calix[4]pyrroles are neutral molecules. On the contrary, the corroles could exist in the three
forms: cationic, neutral or anionic [32]. Therefore, two types of ionic sites (anionic and cationic)
were used for additional modification of liquid membrane electrodes incorporating both hosts.

The membranes containing corrole and lipophilic cationic salt, tridodecylmethyl -ammonium
chloride (T-DDMACl), demonstrated a better sensitivity and a wider dynamic range of
potentiometric response towards mono- and dinitrophenol isomers in comparison to mem‐
branes containing only corrole [14]. On the other hand, the corrole membranes additionally
incorporating an anionic lipophilic salt, potassium tetrakis(p-chlorophenyl)borate (K-TpCPB),
gave no response towards phenolic guests.
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A similar influence of both type of lipophilic salts were observed for calix[4]pyrrole liquid
membrane electrodes [17].

The addition of a lipophilic anion-exchanger into calix[4]pyrrole or corrole-incorporating
membranes induces the increase of their pH and phenol response.

This supports the hypothesis, that in the mechanism of their potentiometric response towards
pH or phenol derivatives, the reversible hydroxide transport form aqueous to organic phase
is involved [17].

4. Potentiometric responses of Mn(III)-porphyrin and dipyrromethene
Cu(II) containing sensors toward paracetamol

The potentiometric responses of these sensors toward paracetamol were measured in 0.01 M
phosphate buffer at pH = 5.5 [22]. Under these conditions, paracetamol (pKa= 9.5) exists as the
undissociated compound in solution. The polymeric liquid membrane and carbon paste based
sensor were tested toward paracetamol. Both of the sensors contain Mn(III)-porphyrin as the
host molecule.

The generation of membrane potential changes after stimulation with undissociated parace‐
tamol molecules could be explained as follows. In the first step, chloride ligated Mn(III)-
porphyrin creates an aqua-complex via simple binding of water as a sixth ligand. The creation
of such a complex was described by Meyerhoff et al. [47]:

( ) ( )2 2 Mn TPP Cl + H O          Mn TPP ClH O « (1)

( ) ( )
( )

2 2

2

Mn TPP ClH O + paracetamol    Mn TPP ClH O---paracetamol 
Mn TPP Cl---paracetamol complexation +H O

«
(2)

( ) ( ) - +Mn TPP Cl---paracetamol           Mn TPP Cl---paracetamol  + H
dissociation of paracetamol and ejection of proton to water phases

«
(3)

In the next step, a second-sphere supramolecular complex of paracetamol molecules with
Mn(TPP)ClH2O is created. The existence of such a complex at the surface of a polymeric liquid
membrane modified with metalloporphyrins was postulated by Kibbey et al. [48]. This second-
sphere interaction with paracetamol molecules occurs probably at a low sample concentration.
When the concentration of paracetamol increases, an exchange of second-sphere coordinated
paracetamol for inner-sphere water ligands occurs, and, as a consequence, a complex between
the Mn(III) centers and paracetamol, via the oxygen atom from the amide group is created.
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host molecules, ionic sites with the charged sign opposite to that of primary ions are necessary
to obtain a Nernstian response, to decrease the membrane resistance, to reduce the ion
interference, and to improve the detection limit and selectivity. On the other hand, in ISEs
based on electrically charged host, ionic sites with the same charge sign as the primary ions
are recommended. In case of potentiometric sensors destined for the detection of neutral
compounds there is no general knowledge about the influence of ionic sites on response
property.

The calix[4]pyrroles are neutral molecules. On the contrary, the corroles could exist in the three
forms: cationic, neutral or anionic [32]. Therefore, two types of ionic sites (anionic and cationic)
were used for additional modification of liquid membrane electrodes incorporating both hosts.

The membranes containing corrole and lipophilic cationic salt, tridodecylmethyl -ammonium
chloride (T-DDMACl), demonstrated a better sensitivity and a wider dynamic range of
potentiometric response towards mono- and dinitrophenol isomers in comparison to mem‐
branes containing only corrole [14]. On the other hand, the corrole membranes additionally
incorporating an anionic lipophilic salt, potassium tetrakis(p-chlorophenyl)borate (K-TpCPB),
gave no response towards phenolic guests.
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membranes induces the increase of their pH and phenol response.

This supports the hypothesis, that in the mechanism of their potentiometric response towards
pH or phenol derivatives, the reversible hydroxide transport form aqueous to organic phase
is involved [17].

4. Potentiometric responses of Mn(III)-porphyrin and dipyrromethene
Cu(II) containing sensors toward paracetamol

The potentiometric responses of these sensors toward paracetamol were measured in 0.01 M
phosphate buffer at pH = 5.5 [22]. Under these conditions, paracetamol (pKa= 9.5) exists as the
undissociated compound in solution. The polymeric liquid membrane and carbon paste based
sensor were tested toward paracetamol. Both of the sensors contain Mn(III)-porphyrin as the
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The generation of membrane potential changes after stimulation with undissociated parace‐
tamol molecules could be explained as follows. In the first step, chloride ligated Mn(III)-
porphyrin creates an aqua-complex via simple binding of water as a sixth ligand. The creation
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In the next step, a second-sphere supramolecular complex of paracetamol molecules with
Mn(TPP)ClH2O is created. The existence of such a complex at the surface of a polymeric liquid
membrane modified with metalloporphyrins was postulated by Kibbey et al. [48]. This second-
sphere interaction with paracetamol molecules occurs probably at a low sample concentration.
When the concentration of paracetamol increases, an exchange of second-sphere coordinated
paracetamol for inner-sphere water ligands occurs, and, as a consequence, a complex between
the Mn(III) centers and paracetamol, via the oxygen atom from the amide group is created.
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In the measuring condition (pH = 5.5), paracetamol molecules exists in undissociated form
(pKa =9.5). The formation of the above mentioned complex, according to a combination of
mesomeric and inductive effects, causes an increase of the acidity of the phenolic OH function
from paracetamol molecule. As a consequence, this leads to a more facile dissociation of the
OH group and finally to H+ ejection from the interface to the aqueous layer adjacent to the
organic phase.

This event is responsible for the generation of an anionic response of the polymeric liquid
membranes modified with metalloporphyrins after their stimulation with undissociated
paracetamol.

The reaction of the metalloporphyrin complex with paracetamol was confirmed by spectro‐
scopic measurements at the border between water and the polymeric membrane. The UV-Vis
absorption spectrum of a thin membrane film containing Mn(III)-porphyrin deposited onto
glass slides conditioned in 0.01 M phosphate buffer solution (pH = 5.5) exhibited one main
band at 470 nm and two weaker bands at 376 and 400 nm. After conditioning in phosphate
buffer with an increasing concentration of paracetamol, the absorbance maximum decreased
and shifted to shorter wavelength. This blue shift was expected due to the increase in electron
density around the Mn(III) centers by the coordinated amide. These data confirm the creation
of a complex between the Mn(III)-porphyrin and paracetamol [22].

The electrochemically active Cu(II) dipyrromethene complex immobilized on the surface of
gold electrodes previously modified with a dodecanethiol monolayer was successfully applied
for voltammetric determination of paracetamol [23]. The interaction of paracetamol with Cu(II)
redox centers was a base of analytical signal generation. The presence of human plasma in the
measuring solution influence very little on the sensor performance. Its linear dynamic range
( 0.2-3.2 mM) was sufficient for controlling the toxic level of paracetamol in human plasma [23].

5. Potentiometric response of membranes modified with undecylcalix[4] –
resorcinarene derivatives towards of unprotonated diaminobenzene
isomers

According to presented mechanism of anionic potentiometric signal generation by membranes
modified with nitrogen containing macromolecules as host molecules and stimulated with
neutral form of phenol derivatives the crucial phenomenon is transfer of protons from the
membrane surface to surface of water phase. From this point of view it was logical and
interesting to check if generation of cationic potentiometric signal by membranes modified
with macrocycles containing the phenolic group stimulated with unprotonated derivatives of
aniline would be possible [25, 52]

There are summarization of systematic research results of the intermolecular recognition
processes at the water/polymer membrane border between some derivatives of undecylca‐
lix[4]resorcinarene (Figure 2) and neutral (unprotonated) forms of aniline and its derivatives
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such as: aminoaniline, chloroaniline, hydroxyaniline, methylaniline, methoxyaniline and
nitroaniline obtained with using potentiometry.
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In the measuring condition (pH = 5.5), paracetamol molecules exists in undissociated form
(pKa =9.5). The formation of the above mentioned complex, according to a combination of
mesomeric and inductive effects, causes an increase of the acidity of the phenolic OH function
from paracetamol molecule. As a consequence, this leads to a more facile dissociation of the
OH group and finally to H+ ejection from the interface to the aqueous layer adjacent to the
organic phase.

This event is responsible for the generation of an anionic response of the polymeric liquid
membranes modified with metalloporphyrins after their stimulation with undissociated
paracetamol.

The reaction of the metalloporphyrin complex with paracetamol was confirmed by spectro‐
scopic measurements at the border between water and the polymeric membrane. The UV-Vis
absorption spectrum of a thin membrane film containing Mn(III)-porphyrin deposited onto
glass slides conditioned in 0.01 M phosphate buffer solution (pH = 5.5) exhibited one main
band at 470 nm and two weaker bands at 376 and 400 nm. After conditioning in phosphate
buffer with an increasing concentration of paracetamol, the absorbance maximum decreased
and shifted to shorter wavelength. This blue shift was expected due to the increase in electron
density around the Mn(III) centers by the coordinated amide. These data confirm the creation
of a complex between the Mn(III)-porphyrin and paracetamol [22].

The electrochemically active Cu(II) dipyrromethene complex immobilized on the surface of
gold electrodes previously modified with a dodecanethiol monolayer was successfully applied
for voltammetric determination of paracetamol [23]. The interaction of paracetamol with Cu(II)
redox centers was a base of analytical signal generation. The presence of human plasma in the
measuring solution influence very little on the sensor performance. Its linear dynamic range
( 0.2-3.2 mM) was sufficient for controlling the toxic level of paracetamol in human plasma [23].

5. Potentiometric response of membranes modified with undecylcalix[4] –
resorcinarene derivatives towards of unprotonated diaminobenzene
isomers

According to presented mechanism of anionic potentiometric signal generation by membranes
modified with nitrogen containing macromolecules as host molecules and stimulated with
neutral form of phenol derivatives the crucial phenomenon is transfer of protons from the
membrane surface to surface of water phase. From this point of view it was logical and
interesting to check if generation of cationic potentiometric signal by membranes modified
with macrocycles containing the phenolic group stimulated with unprotonated derivatives of
aniline would be possible [25, 52]

There are summarization of systematic research results of the intermolecular recognition
processes at the water/polymer membrane border between some derivatives of undecylca‐
lix[4]resorcinarene (Figure 2) and neutral (unprotonated) forms of aniline and its derivatives
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In Table 4 the values of potentiometric response of PVC supported liquid membranes incor‐
porated with calixarene host generated in the presence of aniline derivatives are collected. The
measurements for all membranes studied were done at pH 7. At this pH investigated aniline
derivatives exist in water almost entirely as neutral (unprotonated) compounds (see Table 5).

As it is seen from results introduced from Table 4, all types of membranes generate cationic
response towards aniline derivatives

Guests pK1 Log Po/w

ΔE[mV]

Lig 1

ΔE[mV]

Lig 2

ΔE[mV]

Lig 3

ΔE[mV]

Lig 4

ΔE[mV]

Lig 5

p-aminoaniline 6.22 -0.26 148.9 138.4 88,4 86.9 41.5

p-anisidine 5.36 1.15 118.6 68.9 53,9 59.4 37.4

m-anisidine 4.20 1.32 92.6 62.2 55,1 20.1 28.4

o-aminoaniline 4.61 0.37 66.8 57.2 64,2 31.0 31.5

m-aminoaniline 5.01 0.03 36.2 42.1 35,8 13.8 7.6

p-toluidine 5.08 1.43 92.3 36.2 44.1 27.0 30.2

p-chloroaniline 3.98 1.81 31.5 24.2 22,8 -0.6 6.2

o-anisidine 4.53 1.65 62.7 20.1 35,7 19.8 7.8

p-hydroxyaniline 5.48 -0.24 27.6 15.5 25,2 -2.1 2.4

aniline 4.87 1.24 57.7 12.8 34,5 10.7 13.1

m-toluidine 4.71 1.59 84.2 9.7 32,9 14.9 22.0

o-toluidine 4.45 1.61 75.8 9.4 20,8 10.7 7.7

p-nitroaniline 1.02 1.19 4.7 3.0 - - 2.4

m-chloroaniline 3.52 1.88 19.8 0.7 2 - 9.2

o-chloroaniline 2.66 2.02 8.6 -4.5 1,2 - 1.9

ΔE[mV] = E0 -Ei E0 – potential recorded in buffer solution, Ei – potential record in the presence of analyte at is final
concentration

Table 4. Potentiometric response of PVC supported liquid membranes incorporated with host undodecylcalix[4]
resorcinarene derivatives generated in the presence of aniline derivatives. Log Poct/water – logarithm of partition
coefficient between n-octanol and water [36, 37] pKa – acidity constants [35, 36]
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Analyte pK1 pK2

pH 7.0

RNH2 (%) RNH3 + (%)

1 p-nitroaniline 1.02 100.0 0.0

2 o-chloroaniline 2.66 100.0 0.0

3 m-chloroaniline 3.52 100.0 0.0

4 p-chloroaniline 3.98 99.9 0.1

5 m-anisidine 4.20 99.8 0.2

6 o-toluidine 4.45 99.7 0.3

7 o-anisidine 4.53 99.7 0.3

8 o-aminoaniline 4.61 1.81 99.6 0.4

9 m-toluidine 4.71 99.5 0.5

10 aniline 4.87 99.3 0.7

11 m-aminoaniline 5.01 2.56 99.0 1.0

12 p-toluidine 5.08 98.8 1.2

13 p-anisidine 5.36 97.8 2.2

14 p-hydroxyaniline 5.48 97.1 2.9

15 p-aminoaniline 6.22 2.99 85.8 14.2

Table 5. Percentage of protonated and neutral species at pH 7 [25]

The comparison of the results we have got for all of guest molecules showing the following
general tendency: with increase of analyte basicity the response increases. This is truth for all
of modified membranes. In most of the cases the isomer para generate the highest response.
For another isomers is difficult to estimate with one generate higher signal. In some cases it is
isomer ortho, in another meta.

Explanation of weak response of membranes after stimulation with ortho isomers is the
possibility to form intramolecular hydrogen bonds.

The correlation between the partition coeffiction of guest (Table 4) and value of potentiometric
response is very week. And this suggests that this parameter is rather less important for
observed phenomena.

The weakest response we have observed for nitro- and chloro- derivatives of aniline. They are
the strongest acids between the investigated compounds.

The main differences between the host molecules under study are structure of upper rim.
Ligand 1 poses in their upper rim dihydroxybenzene substituents in which the OH groups are
in position 1, 3 in relation to each other. Because of this distance the intramolecular hydrogen
bounds are very week [43]. Additionally this ligand is substituted in position 2 with azonitro‐
benzene. The presence of this substituent, because of its inductive and rezonance effect causing
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In Table 4 the values of potentiometric response of PVC supported liquid membranes incor‐
porated with calixarene host generated in the presence of aniline derivatives are collected. The
measurements for all membranes studied were done at pH 7. At this pH investigated aniline
derivatives exist in water almost entirely as neutral (unprotonated) compounds (see Table 5).

As it is seen from results introduced from Table 4, all types of membranes generate cationic
response towards aniline derivatives
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m-toluidine 4.71 1.59 84.2 9.7 32,9 14.9 22.0

o-toluidine 4.45 1.61 75.8 9.4 20,8 10.7 7.7
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m-chloroaniline 3.52 1.88 19.8 0.7 2 - 9.2

o-chloroaniline 2.66 2.02 8.6 -4.5 1,2 - 1.9

ΔE[mV] = E0 -Ei E0 – potential recorded in buffer solution, Ei – potential record in the presence of analyte at is final
concentration

Table 4. Potentiometric response of PVC supported liquid membranes incorporated with host undodecylcalix[4]
resorcinarene derivatives generated in the presence of aniline derivatives. Log Poct/water – logarithm of partition
coefficient between n-octanol and water [36, 37] pKa – acidity constants [35, 36]
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Analyte pK1 pK2

pH 7.0

RNH2 (%) RNH3 + (%)

1 p-nitroaniline 1.02 100.0 0.0

2 o-chloroaniline 2.66 100.0 0.0

3 m-chloroaniline 3.52 100.0 0.0

4 p-chloroaniline 3.98 99.9 0.1

5 m-anisidine 4.20 99.8 0.2

6 o-toluidine 4.45 99.7 0.3

7 o-anisidine 4.53 99.7 0.3

8 o-aminoaniline 4.61 1.81 99.6 0.4

9 m-toluidine 4.71 99.5 0.5

10 aniline 4.87 99.3 0.7

11 m-aminoaniline 5.01 2.56 99.0 1.0

12 p-toluidine 5.08 98.8 1.2

13 p-anisidine 5.36 97.8 2.2

14 p-hydroxyaniline 5.48 97.1 2.9

15 p-aminoaniline 6.22 2.99 85.8 14.2

Table 5. Percentage of protonated and neutral species at pH 7 [25]

The comparison of the results we have got for all of guest molecules showing the following
general tendency: with increase of analyte basicity the response increases. This is truth for all
of modified membranes. In most of the cases the isomer para generate the highest response.
For another isomers is difficult to estimate with one generate higher signal. In some cases it is
isomer ortho, in another meta.

Explanation of weak response of membranes after stimulation with ortho isomers is the
possibility to form intramolecular hydrogen bonds.

The correlation between the partition coeffiction of guest (Table 4) and value of potentiometric
response is very week. And this suggests that this parameter is rather less important for
observed phenomena.

The weakest response we have observed for nitro- and chloro- derivatives of aniline. They are
the strongest acids between the investigated compounds.

The main differences between the host molecules under study are structure of upper rim.
Ligand 1 poses in their upper rim dihydroxybenzene substituents in which the OH groups are
in position 1, 3 in relation to each other. Because of this distance the intramolecular hydrogen
bounds are very week [43]. Additionally this ligand is substituted in position 2 with azonitro‐
benzene. The presence of this substituent, because of its inductive and rezonance effect causing
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the increase of acidity of phenol groups from upper ring. Ligand 2 contains in its structure
dihydroxybenzene with OH groups in positions 1 and 3.

Next host, number 3, in its upper rim contains the dihydroksybromobenzene. The OH groups
are in position 2, 6 in relation to azabenzene substituent. This substituent, because of its
inductive and mesomeric effect, increased the acidity of phenols in relation to previous one.

The upper rim of ligand 4 contains the bromo- 2, 5 hydroksybenzene. The close vicinity of OH
groups creates the very good conditions for creation of intramolecular network of hydrogen
bonds [43]. The last ligand (no 5) posses in upper rim trihydroksybenzene. Similarly as in
previous one this system allows to create the intramolecular hydrogen bound network.

Comparison of value of potentiometric response we have got for each ligand showing the
general tendency which is as follow:

Ligand 1 > ligand 2 > ligand 3, ligand 4 > ligand 5

This indicates that increase of the acidity of phenols groups in upper rim causing the increase
of response value.

The strongest response we have observed for membrane modified with ligand 1 containing in
its structure dihydroxybenzene substituted with azonitrobenzene. Acidity of these OH groups
is the highest.

Next in this sequence is ligand 2 substituted with dihydroxybenzene. In this case the acidity
of OH groups is lower in relation to the previous one, but the accessibility of them for guest is
much easier. As consequence the creation of hydrogen bound (H…O…H…N) between host
and guest is relatively easy. The next ligand in the discussed sequence, ligand 3 contained in
its structure dihydroxybenzene substituted with azobenzene. This causing the increase the
acidity of phenolic group in upper rim, but at the same time presence of rather large substituent
makes the hindrance in accessibility of OH groups for guest molecules. The value of generated
potentiometric signal is the consequence of these two opposite effects.

Membrane modified with host containing the bromo-derivatives of dihydrobenzene in its
structure (no 4) is next in sequence of response value. In this case from one side the inductive
effect bromine atom causing increase of acidity of phenolic group and from another one large
atom of bromine constitute hindrance in accessibility of phenols groups for guest.

The lowest answer we have got for membrane modified with ligand 5, which poses in its
structure trihydroksybenzene. In this ligand the network of intramolecular hydrogen bounds
is the strongest. And because of this the formation of supramolecular complex with guest is
the most difficult between the ligand under study.

The comparison of lipophilicity of investigated guest molecules showing that there is no direct
relation between the lipophilicity of amines and values of signal generated by them.

In order to confirm the supramolecular complex formation between undecylcalix[4]resorci‐
narene and aniline derivatives at the border of organic/aqueous interface UV-Vis measure‐
ments were performed according to procedure reported [52].
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Upon complexation of para–diaminobenzene, the absorbance decrease at 214 nm, characteristic
for UDC[4]Rene was observed. The absorbance at 239 nm characteristic for para–diaminoben‐
zene also decrease and shifted towards red. Additionally, new peak was visible at 267 nm.
These absorbance changes clearly indicated that a supramolecular complex UDC[4]Rene-
para-diaminobenzene is formed at the membrane surface.

Therefore, it might be concluded that the cationic potentiometric signals observed in the study
presented were generated as a result of the supramolecular recognition phenomenon occurring
at the organic/aqueous interface.

Based on obtained results and literature data we have proposed the following mechanism of
cationic potential signal generation by membranes modified with derivatives of undecylca‐
lix[4]resorcinarene after stimulation with unprotonated derivatives of aminobenzene. In the
first step, which is going during the membrane conditioning some of phenolic groups of
derivatives of undecylcalix[4]resorcinarene located at the surface of polymeric membranes
dissociated and membranes became minus charged. Such type of dissociation of OH groups
of upper rim of undecylcalix[4]resorcinarene was described in [53, 54]. In next step, the
network of hydrogen bonds between the derivatives of aminobenzene and phenolic groups is
formed. In such situation the amino groups are donors of hydrogen atoms and polarity of them
are correlated with acidity of phenol groups. The formation of such network is described in
[49-51]. As a result of this, the supramolecular complex of undecylcalix[4]resorcinarene –
aminobenzene derivatives located at the interface is formed. As a consequence of above
complex formation the density of electrons on nitrogen of aminobenzene increases. The
measurements were carried out at pH 7. In this condition all of investigated amines exist in
solution mostly as unprotonated compounds (Table 5). The increase of the density of electrons
at amine nitrogen atoms causing the increase of their basicity. Because of this, they became
protonated in spite of pH condition in bulk solution. This protonation is done by means of
transfer of proton from surface of water face to surface of organic one. The transfer of proton
leading to the increase of plus charge of membrane and we can observe the generation of
potentiometric cationic signal.

Proposed mechanism is based on the three steps:

The first one concerns dissociation of some phenolic groups from upper rim of investigated
ligands.

i. HostOHmembrane+ H2O↔  HostO-+ H3O
+

Next step consist of transfer of analyte from bulk solution to the interface and formation of
supramolecular complex ligand –analyte through hydrogen bonds.

ii. HostO-
interface

+ NH2-AR    ↔    HostO-----H---NH-ARinterface

The consequence of this is the increase of basicity on nitrogen atom from supramolecular
complex and its protonation.

iii. HostO-----H---NH-ARinterface + H3O
+ ↔HostO-----H---NH2-AR+

interface
+ H2O
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The formation of such complex at the border we confirmed by means of spectroscopic method.
The conformation of first step is based on result we have got for membrane modified with
ligand 1 in which the acidity of phenolic groups is the highest.

The results we observed for bromo- and azobenzo- derivatives of investigated undecylca‐
lix[4]resorcinarene showing that the accessibility of phenols groups is very important param‐
eter for intermolecular recognition processes which are going between investigated ligands
and analytes.

The weakest response we have observed in case of membranes modified with ligand which
has in its structure trihydroxybenzene was explained by possibilities to form the network of
intramolecular hydrogen bonds. This is a relatively strong energetic barrier for the described
phenomenon.

The second step of proposed mechanism relays on transfer of protons from water phase to
organic one. This is supported by fact that independently on the host structure, the strongest
signal we have observed for the strongest base between guest compounds under study. The
results we have got showed that lipophilicity of analytes it is not crucial parameter.

6. Conclusions

We have presented the systematic research on the potentiometric response of membranes
modified with macrocyclic compounds containing in their structures amino groups stimulated
by the undissociated phenol derivatives and membranes modified with macrocycles contain‐
ing the phenolic groups stimulated by unprotonated derivatives of aniline.

The results showed that membranes modified with calix[4]pyrrole, calix[4]phyrin and corrole
derivatives are able to generate an anionic potentiometric response after stimulation with
undissociated forms of phenols derivatives, whereas the membranes modified with undecyl‐
calix[4]resorcinarene derivatives are able to generate the cationic potentiometric response after
stimulation with unprotonated aniline derivatives. Our experimental date indicated that in
two types of membranes the movement of protons across the interface is responsible for
potentiometric signal generation.

The general mechanism of the potentiometric signal generated by membranes modified with
discussed host molecules stimulated by uncharged guest relies on:

• the formation of supramolecular host -guest complex at the liquid membrane/water
interface

• the transfer of protons from water surface to organic phase surface generated cationic
response, whereas transfer of proton from surface of organic phase to the surface of water
generate of anionic response.

In both of cases the acidity of host and basicity of guest are crucial parameters for course of
processes under discussion.
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• The sensitivity and selectivity of these processes are governed by the acidity of the target
molecules studied as well as the ability of host molecules for creation of hydrogen bonds.
The lipophilicity of analytes it the secondary parameter.

The described phenomena open the totally new and very promising field of analytical
application of potentiometric method.
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1. Introduction

Schiff base is one of the most popular ligands in the field of coordination chemistry [1-5].
Conventionally, transition metal complexes having Schiff base ligands have been investigat‐
ed about stereochemistry and corresponding electronic properties mainly. For example, sol‐
ution paramagnetism of Ni(II) complexes, structural phase transition of Cu(II) complexes,
chiral catalysts, and some types of molecule-based magnets and other interesting facts about
correlation between structures and properties are known and these facts are cooperative ef‐
fect involving intermolecular interactions and molecular recognition. Because of developing
importance as functional chiral materials, many researchers have investigated crystal struc‐
tures (including thermally-induced structural phase transition and polymorphism by sol‐
vents) of trans-type chiral Schiff base metal complexes and extract important features of
chiral molecular recognition in the solid states.

As mentioned in Abstract section, we have tested observation of some novel phenomena as‐
sociated with chirality or CD spectroscopy based on intermolecular interactions. Induced
CD on various nano-scaled (inorganic) materials from chiral Schiff base metal complexes is
one of them and not only electronic and magnetic dipole moments but also molecular recog‐
nition between chiral compounds and nano-scaled materials are important factors for these
phenomena [6, 7]. For example, we have observed induced CD peaks from chiral Schiff base
Ni(II) complexes at d-d region for achiral or chiral Schiff base Cu(II) complexes (without ex‐
changing ligands) [8], at d-d and CT regions for Cu(II)-coordinated metallodendrimers (PA‐
MAM), and surface plasmon region for Cu-clusters prepared in PAMAM by irradiation of
UV light for the first time [9, 10]. In this way, we have also reported on induced CD peaks of
metal complexes (both achiral and chiral ones), organometallics (ferrocene) [11], metalloden‐
drimers, metal nano-clusters, and nano-particles [9, 10] of metal-semiconductors [12]. Addi‐

© 2013 Akitsu and Kominato; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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tionally, we have successfully observed size-dependence of wavelengths of induced CD
peaks from chiral Schiff base Zn(II) complexes involving azo-groups at surface plasmon re‐
gion on colloidal gold particles [13].

As for the induced CD between chiral Schiff base Ni(II) or Zn(II) complexes and Cu-clusters
prepared in PAMAM, we have also investigated the role of chiral ligands for molecular rec‐
ognition. For example, naphtylgroups are appropriate for induced CD, while more flexible
groups are not [14] (Figure 1). Therefore, several examples indicated that supramolecular or
molecular recognition must be a key reason for specific intermolecular interactions. In this
review article, we have summarized several examples of crystal structures and optimized
structures (as a model of them in solutions) of trans-type chiral Schiff base Ni(II), Cu(II), and
Zn(II) complexes. In order to derive important steric factors for molecular recognition, we
will point out characteristic features of molecular shapes or their conformational changes in
silico.

Figure 1. Examples of suitable [left] and unsuitable [center] ligands for induced CD based on experiments [9, 10, 14].
[Right]Important (bold circles) and unimportant (broken circle)moieties of ligands for induced CD.

2. Computation

According to a CCDC database [15], we selected some crystal structures of trans-type Schiff
base metal complexes. As modeling conformational changes in solutions, we obtain opti‐
mized structures and their heat of formation by using MM2. We will search appropriate fea‐
tures of molecular shapesfor induced CD.

3. Results and discussion

12 examples of trans-type Schiff base complexes investigated are mentioned below, molecu‐
lar structures [top], crystal structures [middle], and optimized structures [bottom] as space-
filling models with comments.
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Figure 2. CCDC MIMTOS01 [16].The compound has a formula C34H52CuN4O4
2+, 2(NO3

-). Novel feature mentioned is
that attaching dialkylaminomethyl arms to commercial phenolic oxime copper extractants yields reagents which
transport base metal salt vary efficiently by forming neutral 1:1 or 1:2 complexes with zwitterionic forms of the li‐
gands. Apparently conformational changes were from a square planar geometry to an umbrella form and twist form
(about 45 degree).
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Figure 3. CCDC MAHYEA [17].The compound has a formula C30H28CuN2O2. Novel feature mentioned is that it adopts
a stepped conformation and displays a square-planar trans-[CuN2O2]coordination geometry. The asymmetric unit con‐
tains two independent half molecules and each Cu atom is located on acenter of symmetry.
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Figure 4. CCDC MAJNIV [18].The compound has a formula C34H36CuN2O4. Novel feature mentioned is that com‐
pressed tetrahedral coordination geometry with an (R,R)-absolute configuration. These complexes differ from one an‐
other with respect to the 1-phenylethylamine moieties, the direction of the benzene rings being inside and outside of
the molecules. Apparently conformational changes were from an umbrella and twist (about 45 degree) form to same
and twist (about 90 degree) form. The extended conformation of the phenethylimine pendant groups results in crys‐
tal packing formed by weakly aggregated planar molecules. Apparently conformational changes were from a relative‐
ly flat step form to a significantly sharp step form.
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Figure 5. CCDC MIZGIM [19].The compound has a formula C30H24CuN2O4. Novel feature mentioned is that the coordi‐
nation geometry around the copper atom in the complex is intermediate between square-planar and tetrahedral with
two salicylaldimine ligands in trans arrangement. The molecular chains are linked via additional C-H⋅⋅⋅⋅O hydrogen
bonds to form a three-dimensional supramolecular network. Apparently conformational changes were from a moder‐
ately umbrella and slightly twist form to a twist (about 90 degree) form.
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Figure 6. CCDC IBHBCU01 [20].The compound has a formulaC34H34Cl2CuN2O2. Novel feature mentioned is that the
isobutyl complex exists in two distinct crystalline forms, green and red. The green isomerhas the isobutyl groups point‐
ing to the same side of the approximate [CuO2N2] plane. The red isomer of the isobutyl complex contains two crystal‐
lographically independent molecules having the isobutyl groups. Apparently conformational changes was from a step
form to an umbrella and twist (about 90 degree) form.
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Figure 7. CCDC DPESCU11 [21].The compound has a formula C30H28CuN2O2. Novel feature mentioned is that cop‐
per(II) complexes of three chiral enantiomeric pairs of o-hydroxy Schiff bases derived from (R)-(+)-1-phenylethylami‐
neand/or (S)-(-)-1-phenylethylamine, were prepared and characterized.The geometry around the metal atom is
distorted square planar. Apparently conformational change was from a twist (about 45 degree) form to a twist (about
90 degree) form.
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Figure 8. CCDC MSACOP12 [22].The compound has a formula C16H16CuN2O2. Novel feature mentioned is that a di‐
meric molecule in which monomeric halves is joined by two Cu-O bondsto complete a square-pyramidal configuration
about each copper atom. Distortions in the molecule are evidentlydue to the close approach of non-bonding regions.
It is now seen that this compound displays three differentcoordination arrangements in its three polymorphic forms.
Apparently conformational change was from a step form to an umbrella and twist (about 45 degree) form.
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Figure 9. CCDC MAJCUW [23].The compound has a formula C22H24Cl4CuN2O2. Novel feature mentioned is that it has a
compressed tetrahedral trans-[CuN2O2] coordination environment with an umbrella conformation of the overall mole‐
cule.The absolute configuration is found to be (S,S) for the crystalexamined.Molecular recognition for the chiral mole‐
cules could not be carried out using hydrogen bonding because of no possible hydrogen bonding sites in the crystal
packing. Apparently conformational change was from an umbrella and twist form to a twist (about 45 degree) form.
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Figure 10. CCDC KUPBIH [24].The compound has a formula C30H32CuN2O2. Novel feature mentioned is that correla‐
tion between the bulkiness of the imine nitrogensubstituent, deformation of the copper coordination sphere is impor‐
tant and tBu group in the N-tBu derivative prevents such dynamic action. In the crystal, this N-tBu complex changes
upon DFT geometry optimization to a more tetrahedralconfiguration. Apparently conformational change was from an
umbrella and slightly twists form to an umbrella and twist (about 90 degree) form.
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Figure 11. CCDC KUPBON [24].The compound has a formula C26H24CuN2O2. Novel feature mentioned is that the coor‐
dination sphere of the N-ethyl derivative has a flat-tetrahedral geometry. TheN–Cu–Nand O–Cu–O angles and the di‐
hedral angle betweenthe planes N–Cu–O and N–Cu–Oin the solid state found by X-ray diffraction in this study are
affected by crystalpacking forces according to these DFT calculations. Apparently conformational change was from a
flat and square planar form to an umbrella and V-shaped form drastically.
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Figure 12. CCDC YUBLAJ [23].The compound has a formula C66H88Br2Cu3N6O2. Novel feature mentioned is that it ap‐
pears that problematic deprotonation of the phenol to give a chelating or bridging ligand is the primary reason for
the observed instability based on the stability of related copper NHC–aryl oxide compounds (including mixed valence
Cu(I)/Cu(II) centers Cu(I) sites in ligands) Apparently conformational change was from a step and slightly twist form to
an umbrella and twist (about 90 degree) form.
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Figure 13. CCDC METSUZ [24].The compound has a formula C30H26N4O6Zn. Novel feature mentioned is that it crystalli‐
zes in the noncentrosymmetric space groups. The geometry around the Zn(II) metalcenter is pseudo-tetrahedral with
two oxygen and two nitrogen atoms from the ligands and has the Λ absoluteconfiguration. Apparently conformation‐
al change was slight, namely it remained a twist (about 90 degree) from.

In principle, induced CD is caused by non-contact interactions between (electric) dipole mo‐
ments of chiral additives and achiral materials. Because it is an electromagnetic phenomen‐
on essentially, contact intermolecular interactions, in other words molecular recognition,
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may not be an important factor for it. However, the experimental facts that only complexes
with specific ligands or metal ions (which determine their coordination geometries) suggest‐
ed that induced CD appears under appropriate steric (as well as stereochemical) conditions
for metal complexes. One of the important factors of steric factors for metal complexes may
be distance between (electric) dipole moments at the surface achiral materials which keep
their shapes rigidly. The reason for this assumption is that both metallodendrimers metal
and nanoparticles have approximately spherical shapes essentially even surrounded in
softmaters.

As for biomolecules such as proteins, however, CD spectra are used for monitoring folding
or unfolding of peptide chains after binding small molecules of metal complexes [25]. This
different phenomenon is not classified into the induced CD mentioned in this article. By in‐
cluding small molecules into proteins with weakly supramolecular forces, molecules of pro‐
teins change their molecular conformation, which attributed to shift of strong π−π* bands of
C=O moieties electronic or CD spectra. This docking mechanism is directly molecular recog‐
nition accompanying with conformational changes of proteins as well as small molecules,
which is also confirmed by quenching of fluorescence intensity due to energy transfer.

In contrast, non-contact interactions of (electric) dipole moments for CD spectra have com‐
plicated problems. Our preliminary results of CD spectra of chiral Schiff base metal com‐
plexes in viscous solutions dissolved a certain protein exhibited concentration dependence
of so-called artifact peaks of solid-state CD spectra [26]. The artifact CD peaks are attributed
to anisotropic molecular orientation and removed in matrix environment which permits mo‐
lecular rotation isotropically accompanying with (magnetic) dipole moments of chiral mole‐
cules [27]. Therefore,not only CD spectra of chiral molecules in anisotropically oriented
matrix such as biomolecules but also induced CD bands involving softmaters is still an open
question.

4. Conclusion

As summarized in Figure 1[right], according to chemical structures, Zn(II) center and naph‐
tylgroups are suitable factors for induced CD, while 3,5-dichlorosalycilaldehyde moieties
are not regardless of common factors. Previous study [11] revealed that in optimized struc‐
ture, naphtylgroups act as largely spread planar parts outside of a molecular face, which
plays an important role in induced CD for this case. In the present study, compounds hav‐
ing identical features were also investigated in view of optimized structures. According to
not only3,5-dichlorosalycilaldehyde moieties (IBHBCU01 and MAJCUW) but also tert-Bu-
groups (MIMTOS01 and YUBLAJ), EtO- groups (MAJNIV), and NO2- groups (METSUZ)
gave significantly large steric hindrance resulting in steric repulsion between ligands. How‐
ever, specific geometry could not be induced by bulky groups. Generally, Zn(II) complexes
afford a tetrahedral coordination geometry, which prevents from forming flatten planar mo‐
lecular shapes in view of ligands. Therefore, these two factors may not be definitive factors
solely. On the other hand, besides in amine parts (Figure 1), naphtylgroups in aldehyde
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Figure 13. CCDC METSUZ [24].The compound has a formula C30H26N4O6Zn. Novel feature mentioned is that it crystalli‐
zes in the noncentrosymmetric space groups. The geometry around the Zn(II) metalcenter is pseudo-tetrahedral with
two oxygen and two nitrogen atoms from the ligands and has the Λ absoluteconfiguration. Apparently conformation‐
al change was slight, namely it remained a twist (about 90 degree) from.

In principle, induced CD is caused by non-contact interactions between (electric) dipole mo‐
ments of chiral additives and achiral materials. Because it is an electromagnetic phenomen‐
on essentially, contact intermolecular interactions, in other words molecular recognition,
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be distance between (electric) dipole moments at the surface achiral materials which keep
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different phenomenon is not classified into the induced CD mentioned in this article. By in‐
cluding small molecules into proteins with weakly supramolecular forces, molecules of pro‐
teins change their molecular conformation, which attributed to shift of strong π−π* bands of
C=O moieties electronic or CD spectra. This docking mechanism is directly molecular recog‐
nition accompanying with conformational changes of proteins as well as small molecules,
which is also confirmed by quenching of fluorescence intensity due to energy transfer.

In contrast, non-contact interactions of (electric) dipole moments for CD spectra have com‐
plicated problems. Our preliminary results of CD spectra of chiral Schiff base metal com‐
plexes in viscous solutions dissolved a certain protein exhibited concentration dependence
of so-called artifact peaks of solid-state CD spectra [26]. The artifact CD peaks are attributed
to anisotropic molecular orientation and removed in matrix environment which permits mo‐
lecular rotation isotropically accompanying with (magnetic) dipole moments of chiral mole‐
cules [27]. Therefore,not only CD spectra of chiral molecules in anisotropically oriented
matrix such as biomolecules but also induced CD bands involving softmaters is still an open
question.

4. Conclusion

As summarized in Figure 1[right], according to chemical structures, Zn(II) center and naph‐
tylgroups are suitable factors for induced CD, while 3,5-dichlorosalycilaldehyde moieties
are not regardless of common factors. Previous study [11] revealed that in optimized struc‐
ture, naphtylgroups act as largely spread planar parts outside of a molecular face, which
plays an important role in induced CD for this case. In the present study, compounds hav‐
ing identical features were also investigated in view of optimized structures. According to
not only3,5-dichlorosalycilaldehyde moieties (IBHBCU01 and MAJCUW) but also tert-Bu-
groups (MIMTOS01 and YUBLAJ), EtO- groups (MAJNIV), and NO2- groups (METSUZ)
gave significantly large steric hindrance resulting in steric repulsion between ligands. How‐
ever, specific geometry could not be induced by bulky groups. Generally, Zn(II) complexes
afford a tetrahedral coordination geometry, which prevents from forming flatten planar mo‐
lecular shapes in view of ligands. Therefore, these two factors may not be definitive factors
solely. On the other hand, besides in amine parts (Figure 1), naphtylgroups in aldehyde
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parts (KUPBIH and KUPBON) are also keeping appropriate conditions, namely largely
spread planar parts outside of a molecular face. As far as in the sense of molecular recogni‐
tion, it has advantage for penetrating into inside of dendrimer as well as contacting to the
surface of metal nano-particles. Further experimental and/or theoretical investigation in‐
cluding electric factors will be necessary to understand deeply.
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