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Since the dawn of recorded history, and probably even before, men and women have 
been grasping at the mechanisms by which they themselves exist. Only relatively 

recently, did this grasp yield anything of substance, and only within the last several 
decades did the proteins play a pivotal role in this existence. In this expose on the topic 
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Preface 

Protein structure is as wide a scientific field of research as any. The word protein 
comes from the Greek word for primary and indeed proteins serve as the primary 
machinery of all known living systems. Some of the earliest experiments on proteins, 
in the 1850's, were of growing protein crystals by solvating red blood cells and slowly 
evaporating the solution. These crystals were signalling that well-defined structure is 
an inherent aspect of the protein universe. However, it took more than a hundred 
years until the central role of the ordered structure in proteins gained a firm scientific 
position. 

Not only are structured proteins essential for life, and are being heavily studied using 
analytical tools because of that, the study of proteins is leading to answers for non-
organic matter. Indeed the lessons we have learned from structured proteins are 
showing up in various fields. As science and engineering explore the ever smaller, the 
borderline to the size of proteins is nearing. In that nano-scale the lessons learned from 
proteomics will be invaluable to the design and fabrication of nano-machines. 

What is the relationship between the amino-acid sequence of a protein and its three 
dimensional structure? Unfortunately, although the basic ideas behind proteins have 
been known for over fifty years, in many respects very little theoretical progress has 
been made on this fundamental question. The complexity of this problem is such that 
most of our analytical tools still seem either unsatisfactory or intangible. Fortunately, 
we are increasing our knowledge base, and in both the experimental and the 
phenomenological fronts significant advances have been made. 

In this collection of studies a sample of current protein research is given. It is 
organized in such a way that a non-expert can gain some appreciation for the 
intricacies involved and the current state of affairs. The expert, we hope, can gain a 
deep understanding of the topics discussed herein. 

The first section provides an introduction to the topic. The first chapter answers the 
basic question of relevance, describing the fundamental connection between medicine 
and proteins as exemplified by neurological disorders. Chapters two and three deal 
with the experimental techniques that are used to determine protein structure. 



XII Preface

In section two, questions in protein structure prediction are discussed. Chapter four 
discusses some of the numerical and predictive questions associated with experimental 
techniques. Chapters five and six discuss question associated with numerically defining 
the sequence and the structure. Specifically for alignment, indexing and retrieval. 

Section three of this collection is dedicated to question associated with the energetics 
of proteins in their dynamic environment. The first chapter in this section introduces 
the reader to the use of light in the study of proteins. The next chapter is an example 
on how light is used to study the hydrogen bond, the most significant interaction after 
the peptide bond in determining both the structure and the dynamics of a protein. The 
remaining chapters in the section discuss the relationship between solvent accessibility 
and thermal fluctuations, and other aspects in the stability of proteins. 

Section four discusses the interactions and functions that proteins are involved in 
living systems. Chapter twelve introduces the reader to the interaction of proteins with 
small molecules. Chapter thirteen summarizes the function difference between 
proteins in water and in heavy water. Chapter fourteen discusses particular protein 
functions associated with inflammation. 

The last three chapters comprise the fifth and last section of this book. This section 
presents some of the applications where protein structure comes into play. Chapter 
fifteen gives an example of a protein activity responsible for the removal of blood 
clots. In this case the source of these promising proteins is naturally occurring 
medicinal mushrooms. Chapter sixteen discusses another particular example of a 
protein pathway and ways of modifying it for pharmacological purposes. Finally, the 
last chapter is devoted to the medically pressing issue of designing new antibiotics. It 
shows that by combining new knowledge with new problems, new solutions may 
arise. That is, after all, the aim of most scientists. 

Dr Eshel Faraggi 
Department of Biochemistry and Molecular Biology, 

Indiana University School of Medicine,  
Indianapolis, Indiana, 

 USA 
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An Evolutionary Biology Approach to 
Understanding Neurological Disorders 

Azhari Aziz1, Jasmina Ilievska1,2,  
Paul R. Fisher2 and Naomi E. Bishop1,3  

1Cell Biology and Molecular Pathogenesis Laboratory, 
 2Molecular Cell Biology Laboratory, 

 Department of Microbiology, 
 3Olga Tennison Autism Research Centre, 

 La Trobe University, Melbourne, Victoria, 
 Australia 

1. Introduction 
Many common human neurological disorders, including epilepsy, Alzheimer’s disease, 
Parkinson’s disease, autism spectrum disorders, and schizophrenia show complex 
heritability and genetics. While studies of single-gene diseases typically provide a more 
straightforward opportunity to understand the underlying molecular mechanisms of 
disease, complex diseases are more common and inherently more difficult to study. 
Nonetheless, researchers have begun to make dramatic inroads into the study of complex 
human diseases, including many neurological disorders, in the post-human genome 
sequence era. This is largely due to new technologies and resources that are promoting our 
understanding of protein structure and function, thereby facilitating the association of 
disease phenotypes with genetic loci. The online Mendelian inheritance in man (OMIM) 
database lists those genes implicated in human disease, and this highlights progress made in 
this field, where around 10% of human genes have a known disease-association (Amberger 
et al., 2009).  

In the first few sections of this paper, we highlight the differences and similarities between 
simple and complex human genetic disorders, and key methods to study these disorders. 
We emphasize the key role comparative and evolutionary biology techniques play in 
increasing our understanding of the pathophysiology of complex human disorders, 
including in the assessment of the functional traits of gene products implicated in human 
disease. Several human neurological disorders are used to illustrate the power of this 
methodology. In the last sections of this paper, the significance and implications of 
comparative and evolutionary biology data are highlighted using schizophrenia, and autism 
as specific examples.  The surprising recent links between neurological disorders and cancer 
are discussed in the final section. We conclude that exploration of the evolutionary history 
of human genes, and comparison of protein structure, helps us understand how and why 
human neurological disorders originated, influences the choice of appropriate animal 
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models for human disorders, and informs our interpretation of data from model organisms, 
including the evaluation of novel therapeutics. We conclude that comparative and 
evolutionary biology, including techniques facilitating the prediction of protein function, 
has a major role in facilitating further understanding of human neurological disorders and 
in the development of therapeutic interventions. 

2. Classification of human genetic disorders 
A genetic disorder is a disease caused by an abnormality, or abnormalities, in genetic 
material or genome architecture. Genetic disorders are traditionally subdivided into four 
types: (i) single-gene disorders (often referred to as Mendelian or monogenic diseases), (ii) 
mitochondrial genome disorders; (iii) chromosomal disorders (where there are gross 
changes in chromosome structure, such as loss, duplication and/or translocation) diseases, 
and (iv) multigenic or complex diseases.  

Much progress has been made in the last few decades in identifying the molecular cause of 
many rare genetic diseases (Amberger et al., 2009). Most of these are highly-penetrant traits 
due to single-gene mutations, and therefore follow classical Mendelian inheritance patterns 
(Antonarakis & Beckmann, 2006). Good progress has also been made in understanding 
mitochondrial genome disorders, particularly in the 30 years since the publication of the 
reference sequence for human mitochondrial DNA (Anderson et al., 1981; Kumar, 2008; 
Tuppen et al., 2010). Furthermore, a wide variety of chromosomal disorders have been 
characterized, where defects can be visualised microscopically (Theisen A & Shaffer LG, 
2010). These three classes of genetic disorders are individually rare, although chromosomal 
disorders are being reported slightly more frequently in recent decades, due to factors such 
as increased parental age (Jones, 2008; Fonseka & Griffin, 2011), and technological advances 
facilitating detection of smaller deletions and duplications (Berg et al., 2010; Shaffer et al., 
2007; Slavotinek, 2008). Despite these broad categories frequently being used to classify 
human genetic disorders, it must be borne in mind that the phenotypic expression of genetic 
mutations varies, and this is discussed next, before we focus our attention on complex 
genetic disorders. 

2.1 The complexity of single-gene disorders 

It is now well-known, even for well-characterized Mendelian genetic disorders, that 
individuals with a specific mutation can display phenotypic differences. This includes 
variation in the age of onset, in the severity of disease symptoms, and/or in phenotypic 
characteristics. Indeed, phenotypic pleiotropy is the rule, rather than the exception, even for 
single-gene disorders (Nadeau, 2001). The variation in individual phenotype can be affected 
by environmental factors, allelic variation and/or ‘modifier’ genes. Modifier genes can affect 
transcription and levels of gene expression directly, or affect phenotype at the cellular, 
tissue, or organism-level (Nadeau, 2001). While increasing numbers of human modifier 
genes are being identified, most of the progress in understanding genetic modifiers is 
dependent on model organisms, such as mice, where gene targeting experiments can be 
carried out using inbred strains (Nadeau, 2001, 2003). One particularly relevant class of 
modifiers are referred to as protective alleles, as their presence prevents disease from 
occurring (Nadeau, 2001, 2003). These findings provide insights relevant to the development 
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of novel therapeutics, as therapeutics could be based on mimicking and/or possibly 
enhancing the effects of these protective alleles. This class of gene also means that the same 
genetic mutation can lead to a different disease phenotype depending on the genetic 
background (Lobo, 2008). Therefore, while genetic disorders are frequently classified as 
monogenic or complex (see below), the distinction between the two types is becoming 
increasingly blurred.  

Other emerging aspects of monogenic disorders overlapping with those of complex 
disorders, are those due to the multi-functional nature of many genes. This multi-
functionality can make it difficult to predict phenotype from genotype. This is illustrated by 
metabolic genes, where some gene products are referred to as ‘moonlighting proteins’ due 
to the multiple phenotypic effects of mutations (Jeffery, 2009; Sriram et al., 2005). Such 
multi-functionality also contributes to the observation that distinct phenotypes can be 
associated with different mutations in the same gene. For example, the LMNA gene encodes 
two proteins and is linked to five diseases (Vigouroux & Bonne, 2002), while mutation of the 
ERCC2 gene may cause xeroderma pigmentosum (XP), Cockayne syndrome with XP, or 
trichothiodystrophy, three phenotypically different disorders (Lehmann et al., 2001). In 
other cases, different mutations in a single gene can cause different diseases via 
mechanistically different pathways. For example, the FMR1 gene is considered 'a gene with 
three faces’ (Oostra & Willemsen, 2009). Mutation of FMR1 is best characterised as the cause 
of fragile X syndrome mental retardation, which is inherited in an X-linked dominant 
pattern, and is due to a lack of FMR1 mRNA and protein expression. However, mutations 
leading to high levels of FMR1 mRNA are linked to tremor/ataxia syndrome via mRNA 
‘toxicity’, while the gene is also linked to premature ovarian insufficiency via a third 
uncharacterized molecular pathway, possibly affecting the production of FMR1 mRNA 
isoforms (Oostra & Willemsen, 2009; Tassone et al., 2011). 

Another factor complicating the phenotype of Mendelian disorders is the finding that 
heterozygotes for some recessively inherited Mendelian disorders, whom show no 
symptoms of the homozygotic phenotype, are at risk of an apparently unrelated disorder 
(Sidransky, 2006; Sriram et al., 2005). For example, patients who are heterozygous for the 
gene deficient in Gaucher disease are at an increased risk of neurodegenerative 
synucleinopathies, such as Parkinson disease (Sidransky, 2006). An additional complication 
arises in patients who show clinical symptoms consistent with a single-gene defect in a 
metabolic pathway, but do not have a complete deficiency in any one enzyme, but rather 
have multiple partial defects. This phenomenon is referred to as synergistic heterozygosity 
(Vockley et al., 2000).  

Finally, while some genetic disorders are largely polygenic and complex in nature, a subset 
is inherited in a classical Mendelian manner (see Fig. 1). For example, with Alzheimer 
disease (ALZ) and Parkinson disease (PKD), a subset of the diseases (prefixed by the term 
‘familial’) are inherited in a Mendelian manner. With PKD, around 5% of cases are due to 
mutations in one of several specific genes with either autosomal dominant or recessive 
inheritance patterns (Gasser, 2009; Lesage & Brice, 2009; Shulman et al., 2011), but PKD-
associated genes with a more modest penetrance are now beginning to be identified 
(International Parkinson Disease Genomics Consortium, 2011; Liu et al., 2011; Shulman et 
al., 2011). With ALZ, around 0.1% of cases are inherited in an autosomal dominant manner, 
while one APOE allele, present in 2% of Caucasian populations, has recently been 
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reclassified from ‘risk gene’ status to being considered moderately penetrant with semi-
dominant inheritance (Blennow et al. 2006; Genin et al., 2011). Nonetheless, ALZ in most 
patients is influenced by a combination of multiple genetic risk factors and protective alleles 
(Sherva & Farrer, 201; Waring & Rosenberg, 2008). 

 
Fig. 1. Multiple genetic and evironmental variants in different combinations affect 
phenotypes. Common variants (left) or rare mutations (right), or alleles of medium 
penetrance (middle) can all cause human genetic disorders. Penetrance of a disease allele 
can be affected by so-called modifier alleles. 

Therefore, Mendelian disorders have more in common with multi-factorial diseases than 
originally thought, and both are affected by genetic background and environmental 
conditions. Furthermore, the rare Mendelian forms of common complex disorders are 
providing key insights about the pathogenesis of many complex diseases by highlighting 
cellular pathways perturbed in the disease state (discussed further in Section 4.4) and this is 
leading to testable hypothese about disease etiology (Peltonen et al., 2006). Complex genetic 
disorders are discussed next, emphasizing the importance of evolutionary and comparative 
biology, while the relevance of these areas of research to multifunctional genes will be 
discussed further in Section 4. 

2.2 Complex genetic disorders 

While most Mendelian disorders are rare, there are over 7000 such disorders, and so they 
collectively affect hundreds of millions of people worldwide (Amberger et al., 2009). By 
contrast, most of the common disorders of children and adults are complex diseases, and a 
single highly-penetrant gene is not causative of the disease phenotype (see Fig. 1). Indeed, 
the causes of such disorders are usually heterogeneous, and a combination of effects from 
more than one gene, combined with non-genetic factors (environment), play a role in 
disease development (Davey Smith et al., 2005). Such disorders in children include mental 
retardation, autism spectrum disorders, attention deficit/hyperactivity disorder, and cancer. 
In adults, common complex disorders include schizophrenia, bipolar disorder, diabetes, 
coronary heart disease, hypertension, obesity, and cancer. The complex, multigenic, nature 
of these diseases has made them inherently more difficult to study. However, in the next 

Common disease allele Medium-penetrance allele Mendelian disease mutation
Adverse modifier allele Positive modifier allele Environmental factors
Common disease allele Medium-penetrance allele Mendelian disease mutation
Adverse modifier allele Positive modifier allele Environmental factors
Common disease allele Medium-penetrance allele Mendelian disease mutation
Adverse modifier allele Positive modifier allele Environmental factors  
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section of this paper, we will discuss the key methods used to determine the genetic 
underpinnings of common complex disorders. Understanding the etiology of these 
multifactorial diseases is essential for the development of effective means of treatment 
and/or prevention. 

3. Studying complex human genetic disorders 
Complex disorders often cluster in families without clearly demonstrating Mendelian 
inheritance patterns. This makes it difficult to determine the genetic versus non-genetic 
contribution to the disease phenotype, and to calculate the heritable component of the 
disorder. Below we will discuss methods used to establish the heritability of human 
complex disorders, generation of the genetic variation that underpins these disorders, and 
discuss how to establish which genes are responsible for complex human disease. 

3.1 Heritability of complex human diseases 

Heritability is usually defined as the proportion of total phenotypic variation that can be 
attributed to genetic variability (Lee et al., 2011; Visscher et al., 2008). While the interaction 
of environment on phenotype makes heritability difficult to measure accurately in some 
cases (Ober & Vercelli, 2011), methods of obtaining unbiased estimates of heritability from 
various types of pedigree data are well established for both continuous phenotypes and 
complex human disorders (Lee et al., 2011; Visscher et al., 2008). Furthermore, animal 
models are invaluable in dissecting aspects of genetic and environmental interactions that 
are more difficult to assess in human studies (Complex Trait Consortium, 2004) and is 
discussed further in Section 4.5. 

For many human diseases, recent data suggest that the heritable component of many has 
previously been underestimated (Lee et al., 2011). This has been due to limitations of the 
methodology employed, as well as other factors, such as evidence demonstrating 
monozygotic twins are less genetically similar than once thought (Zwijnenburg et al., 2010). 
A further example is that of PKD, which was long considered a non-hereditary disorder 
(Shulman et al., 2011; Westerlund et al., 2010). Despite extensive efforts to find 
environmental risk factors for the disease, genetic variants now stand out as the major 
causative factor (Shulman et al., 2011; Westerlund et al., 2010; Wirdefeldt et al., 2011). This 
shift of focus away from environmental toxins, towards genetic contributions, is now 
leading to rapid progress in understanding PKD and in guiding the development of the next 
generation of therapeutics (Shulman et al., 2011). 

While it is clear that genetics underpins the pathophysiology of complex human disorders, 
the genetic alleles contributing to the disease phenotype are not always inherited. De novo 
mutations are increasingly being implicated in human disease and, by definition, these 
mutations are not present in the biological parents of the affected individual. Nonetheless, 
depending on the severity of the phenotype, and on any effects on fitness, these novel 
mutations may be transmitted to subsequent generations. Indeed, the rise of techniques such 
as intracytoplasmic sperm injection (ICSI), can facilitate transmission of de novo mutations 
even if they lead to infertility (Jiang et al., 1999). There is a wide variety in de novo human 
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de novo mutations in germ-line cells increases with parental age, and can also be caused by 
environmental factors such as radiation exposure (Sasaki, 2006), genotoxic chemicals 
(Phillips & Arlt, 2009), or congenital viral infections (Ansari & Mason, 1977; Fortunato & 
Spector, 2003; Nusbacher et al., 1967; Vijaya-Lakshmi et al., 1999).  

While de novo mutations typically occur in gametes, and are often defined as such, new 
mutations can also occur in the precursors of germ cells, leading to germline mosaicism 
(Arnheim & Calabrese, 2009), or occur post-fertilization, during embryonic/foetal 
development and somatic cells (Lupski, 2010). Indeed, new mutations can develop at any 
time, with cancer being the best-known example of a genetic disorder caused by somatic cell 
mutagenesis, while Proteus syndrome is a recently-identified disease linked to somatic 
mosaicism (Lindhurst et al., 2011). While mutations in the genome of somatic cells cannot be 
passed on to future generations, they may have detrimental effects. While de novo mutations 
are best-studied in cancer (see Section 6.2.3), a contributing role of somatic de novo 
mutations, such as those occurring during brain development, to neurological disorders (see 
Section 6.1.2) has not been explored. 

Mutation frequencies also vary widely across the genome, and often concentrate at certain 
positions or ‘hotspots’ (see also Sections 3.2, 6.1.2 & 6.2.3), which have structural and 
functional features affecting mutagenesis (Ananda et al., 2011; Arnheim & Calabrese, 2009; 
Carvalho et al., 2010; Rogozin & Pavlov, 2003). For example, CpG context elevates the 
mutation rate by an order of magnitude (Schmidt et al., 2008), non-B DNA structures 
induced by palindromic AT-rich repeats facilitate recurrent translocations on chromosomes 
11 and 22 at positions 11q23 and 22q11 (Kurahashi et al., 2006), while interspersed repetitive 
elements such as Alu, LINE, long-terminal repeats, and simple tandem repeats are 
frequently observed at breakpoints in the 9q34.3 subtelomere region (Yatsenko et al., 2009). 
However, at any given point, multiple mechanisms are acting, making prediction of 
mutational site and frequency difficult (Arnheim & Calabrese, 2009). 

Despite de novo mutations most typically being deleterious, rather than neutral or 
advantageous, their very existence is evidence for ongoing adaptive evolution. Therefore, 
genetic disorders can be considered ‘side-effects’ or manifestations of the fundamental 
mechanisms that provide the genetic variation necessary for evolution to occur. The 
interaction between the evolutionary past of the human genome and human genetic disease 
is discussed next. 

3.2 Human evolution and genetic disorders 

Duplicated regions of DNA play a key role in the evolution of novel gene functions (Conant 
& Wolfe, 2008; Lynch & Conery, 2000; Ohno, 1970), but are also a source of genetic 
instability, leading to mutations implicated in both rare and common human genetic 
disorders (Marques-Bonet & Eichler, 2009). It is therefore relevant to explore the origins of 
human duplicated sequences. Current evidence indicates that many segmental duplications 
occurred the hominid lineage and, more specifically, in the common ancestor of African 
great apes (chimpanzee, gorilla, humans) after divergence from the Ponginae or Asian great 
ape (orangutan) lineage (Bailey & Eichler, 2006; Carvalho et al., 2010; Koszul & Fischer, 2009; 
Marques-Bonet & Eichler, 2009). A considerable portion of duplicated human sequences 
have also been found to correspond to expanded gene families, some of which show 
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signatures of positive selection (Marques-Bonet & Eichler, 2009). Duplications specific to the 
Homo sapiens lineage have also been detected, and include duplications in gene families 
implicated in neurotransmission, and these may play a role in higher-order brain function in 
humans (Han et al., 2009). 

Different classes of repetitive DNA sequence have been identified (Bao & Eddy, 2002). 
Some, such as LINES (e.g. L1 family) or SINES (e.g. Alu family), are long and short 
retrotransposable elements, found interspersed throughout the genome. Others are 
concentrated in certain regions, such as centromeres and telomere-adjacent sequences. These 
latter regions are also sites of increased genomic instability, which are associated with 
disease-causing chromosomal breakpoints (Stankiewicz & Lupski, 2002). Alu elements have 
propagated to more than one million copies in primate genomes, and likewise contribute to 
human genomic diversity (Batzer & Deininger, 2002). Indeed, one in 50 individuals will 
carry a de novo L1 insertion, and one in 20 individuals a de novo Alu insertion (Collier & 
Largaespada, 2007). The active nature of many human retrotransposons is therefore linked 
to disease-causing somatic and germline mutations (Collier & Largaespada, 2007; Wallace et 
al., 1991; Oldridge et al., 1999; Claverie-Martin et al., 2003). Repeats may also contribute to 
DNA secondary structures that are more prone to breakage (Yatsenko et al., 2009). One 
novel aspect of our increased understanding of the role of repetitive DNA sequence in de 
novo mutations, and our ability to detect such sequences, is that this information can now be 
used to predict rearrangements that will contribute to genomic disorders (Carvalho et al., 
2010; Ou et al., 2011; Sharp et al., 2006).  

Therefore, while duplicated sequences in primate genomes predispose apes and humans to 
extensive genetic diversity and biological innovation, the downside is that many de novo 
genomic changes are mediated by recombination events between these duplications. This 
characteristic of hominids, and Homo sapiens in particular, makes humans particularly 
susceptible to genomic rearrangements. These rearrangements, in turn, then play a major 
role in human genetic disease pathogenesis (Inoue & Lupski, 2002; Marques-Bonet & 
Eichler, 2009). The evolutionary history of some specific genomic rearrangements is 
discussed next. 

3.2.1 Evolutionary history of specific human disease mutations 

Using an evolutionary perspective, we can use comparative genomic analyses to calculate 
the age of appearance of segmental duplications mediating specific disease-causing 
mutations. Such analyses have revealed that the segmental duplication flanking the 
Charcot–Marie–Tooth disease region on chromosome 17 (at position 17p12) has an origin in 
the hominoid ancestor after the divergence of chimpanzees and humans, those flanking the 
DiGeorge syndrome region on chromosome 22 (22q11.2) expanded after the divergence of 
hominoids from Old World monkeys, the duplications flanking the Angelman/Prader–Willi 
region on chromosome 15 (15q11–q13) began to expand before the divergence of the Old 
World monkeys, while the Smith-Magenis syndrome segmental duplications (17p11.2) date 
back to after the divergence of New World monkeys (Marques-Bonet & Eichler, 2009). 
These, and other similar data, have demonstrated that the predisposing genomic features 
contributing to many genomic disorders have emerged within the last 25 million years 
(Marques-Bonet & Eichler, 2009). 
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Using similar methodology, the evolutionary history of human genetic disorders where Alu 
elements are implicated, have also been dated. For example, Alu elements mediating 
lipoprotein lipase deficiency (LPL gene) are found in human, ape, and monkey genomes;  
those Alu-elements implicated in Lesch-Nyhan syndrome mutations (HPRT gene) are 
common to human, chimpanzee, and gorilla; while those implicated in ApoB deficiency are 
restricted to human and great ape genomes (Martinez et al., 2001). Of note, while Alu 
elements acted as ‘selfish DNA’ when they first inserted into primate genomes, many have 
subsequently gained regulatory function, a process known as exaptation (Hasler & Strub, 
2006). Therefore, despite contributing to the pathogenesis of human genetic disorders, Alu 
elements are thought to have played a role in the divergence of primates, and to have 
contributed to the regulatory and developmental complexity in primate lineages (Hasler & 
Strub, 2006). Therefore, Alu-depending human genetic diseases also date to primate 
lineages. Methods used to predict the different phylogenetic ages of genetic disorders 
instigated by DNA repeats and duplications can therefore being used to both predict and 
explain the different susceptibility of various primate species to genetic diseases (Martinez 
et al., 2001; Marques-Bonet & Eichler, 2009). 

3.3 Identifying and characterizing genetic determinants of human disease  

In the last few decades there has been rapid progress in human disease gene identification, 
due to recombinant DNA technologies, genome sequencing and analysis methods (Strachan 
& Read, 2010). With the vast range of resources now available, identification of novel 
disease genes is currently occurring on a weekly, if not daily, basis. There is no standard 
procedure for gene identification, however, and identifying the genes responsible for human 
disease requires information about both gene position and biological function. Functional 
data is proving a bottleneck for progress in understanding complex diseases in particular 
and, as outlined below, our understanding of evolutionary biology is of great benefit to 
studies aimed at identifying and characterizing the genetic determinants of human disease 
phenotypes. 

Genetic linkage- and association-based analyses have been very successful in identifying 
rare genetic variants with highly penetrant effects, such as those causing Mendelian 
diseases, and have also been used to investigate the genetics of complex disorders (Altshuler 
et al., 2008; Jordi, 2000; Ku et al., 2011). More recently, techniques such as genotyping arrays 
and next-generation DNA sequencing are facilitating the identification of mutations 
causative of the many as-yet-uncharacterised Mendelian disorders, and of the genetic 
variation contributing to complex genetic disorders (Kingsley, 2011; Kuhlenbäumer et al., 
2011; Roberts et al., 2010).  

Two key issues have been emerging from these recent genetic studies. The first is the finding 
that genome-wide association studies (GWAS) have not been particularly effective in 
identifying complex genetic disorder risk genes, and the numbers and impact of identified 
genetic risk factors has been ‘disappointing’ (Davey Smith et al., 2005; Manolio et al., 2010; 
Gandhi & Wood, 2010). If sample numbers are sufficiently great, however, GWAS may be 
better placed to unambiguously identify risk or protective loci for complex diseases 
(Sullivan, 2001; Wray et al., 2008). Secondly, there are great ongoing difficulties in 
differentiating disease-causing mutations from rare benign variants (Kuhlenbäumer et al., 
2011). These difficulties not only highlight the need for greater ‘power’ in GWAS, but also 
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the need for follow-through on genetic findings and the application of many aspects of what 
is referred to as ‘integrative genomics’ (Giallourakis et al., 2005). Below, we outline some of 
the varied ways in which our understanding of evolutionary biology is of vital importance 
to leveraging information obtained from genetic studies. The resulting information can 
provide key insights into the biological function of uncharacterised genes, can be used to 
predict candidate disease genes, to predict detrimental mutations, and can provide valuable 
information about biological pathways altered in different disease states, which may lead to 
novel therapeutics. 

3.3.1 Validating candidate disease genes 

GWAS and linkage studies generate large sets of potential disease genes. However, it 
remains difficult to identify the most likely disease-related genes. Various computational 
methods for disease gene identification have been described (Oti et al., 2011; Tiffin et al., 
2006), and many of these have as their basis data from the field of evolutionary biology. 
Many software tools apply some of this type of information to genetic datasets, and can be 
used to determined which genes are the most likely to be involved in the disease in 
question. The Gene Prioritization Portal website provides an up-to-date summary of web-
based candidate disease gene prioritization and prediction tools (Tranchevent et al., 2010). 
However, most gene prediction tools were designed to study Mendelian disorders, and not 
for the analysis of complex genetic disorders. The exceptions are the web-based tool, 
CANDID, specifically designed to prioritize genes implicated in complex human genetic 
traits (Hutz et al., 2008), and CAESAR, which is not web-based (Gaulton et al., 2007). Tools 
applicable to complex disorders can be expected to expand over the coming years, due to 
the large amount of data that will be generated using new genome analysis methods. 

A major drawback for the prediction and prioritization of disease genes is that most 
candidate gene identification tools are reliant on how well-characterized each human gene 
is, and whether its molecular and cellular function are known. Bear in mind, then, that: (i) 
over 98% of all gene ontology (GO) annotations are computationally inferred, have not been 
curated, and are considered by the GO consortium to be potentially unreliable (du Plessis L 
et al., 2011); (ii) errors in the sequence databases affect at least 1 in 6 sequences (Lagerstrom 
et al., 2006; Slater & Bishop, 2006; Haitina et al., 2009; Bishop, unpublished data), and this 
may affect the output from tools such as PROSPECTR (Adie et al., 2005) that use sequence 
features to rank genes in order of their likelihood of involvement in disease; (iii) while high-
throughput protein-protein interaction detection studies have great potential for increasing 
our understanding of complex genetic disorders, the paucity and unreliability of available 
data currently limit the power of these approaches (Chen et al., 2008; Chua & Wong, 2008; 
Kuchaiev et al., 2009); and (iv) many domains in proteins are of unknown function. Tools, 
such as SUSPECTS (Adie et al., 2006), which rely on detecting shared domains, annotation, 
and patterns of expression, are clearly limited by the incompleteness and inaccuracy of these 
data. Therefore the gaps in our knowledge about gene product function are greatly 
hampering our understanding of complex genetic disease. Computational techniques, many 
anchored by evolutionary understanding, are helping direct and accelerate our 
understanding of the biological function of human genes, and the effect of human gene 
mutation and variation. These techniques are discussed next. 
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3.3.2 Gene age-based candidate gene prioritization 

The first systematic study comparing the sequence characteristics of human disease genes 
(listed in OMIM) with genes not known to be involved in disease, found a subset of 
sequence-based features to be significantly different between the two sets of genes (Adie et 
al., 2005). These researchers created a web-based tool called PROSPECTR based on those 
features, which enriches lists for disease genes (Adie et al., 2005). Relevant DNA 
characteristics, more common in disease genes, include larger gene length and the presence 
of a mouse homologue (Adie et al., 2005). However, one limitation of this, and other, disease 
gene prediction algorithms is that they are developed on the basis of known disease genes, 
and many disease genes remain unidentified (reviewed by Ropers, 2007). 

While PROSPECTR examines whether murid orthologues of a gene exist (Adie et al., 2005), 
the evolutionary history of human ‘disease genes’ has subsequently been explored in greater 
depth. A comprehensive study on the evolutionary ‘age’ of genes mutated in human 
diseases compared to those not implicated, revealed that human disease genes are more 
likely to be ‘old’ genes (Domazet-Loso & Tautz, 2008). These so-called ‘old genes’ are 
classified on the basis that they have orthologues in urochordates and/or more anciently-
diverging lineages, and contrast with ‘recent genes’ where orthologues are restricted to 
chordate lineages. The over-representation of human disease genes among old genes is even 
more pronounced among those genes with tissue-specific expression profiles (Nagaraj et al., 
2010). The evolutionary history of Mendelian disease genes, compared to genes implicated 
in complex disease, has also been examined, and more recently-evolving genes also divided 
into ‘middle-aged’ and ‘young’ gene categories (Cai et al., 2009). This study found that 
Mendelian disease genes tend to be older than non-disease genes, while complex disease 
genes are typically middle-aged (Cai et al., 2009). Therefore, despite not being evolutionarily 
ancient, most complex disease genes originated during the emergence of vertebrates, and 
are not human- or primate-specific. 

4. Determining human disease gene function  
The function of many human gene products is unknown or very poorly understood, and 
this greatly hampers progress in all studies on complex human genetic disorders. Below we 
discuss key methods used to predict and understand gene function, where a thorough 
understanding of evolutionary biology is imperative. 

4.1 Sequence-based approaches to predicting gene function 

The main method for predicting the function of a gene product in the absence of 
experimental data is termed ‘homology-based transfer’ (Friedberg, 2006; Sleator & Walsh, 
2010). This approach is based on the detection of significant amino acid sequence similarity 
to a protein(s) of known function using programmes such as BLAST (Altschul et al., 1997). 
As sequence similarity suggests a common evolutionary origin, the function of the known 
protein is then transferred to the query protein. This method is not foolproof, however, and 
exceptions have been described at both ends of the similarity scale (reviewed by Sleator & 
Walsh, 2010). Understanding which residues are essential for protein function can be 
important in evaluating the relevance of similarities detected between proteins, such as 
those in conserved motifs. Furthermore, there are many proteins where homology-based 



 
Protein Structure 

 

12

3.3.2 Gene age-based candidate gene prioritization 

The first systematic study comparing the sequence characteristics of human disease genes 
(listed in OMIM) with genes not known to be involved in disease, found a subset of 
sequence-based features to be significantly different between the two sets of genes (Adie et 
al., 2005). These researchers created a web-based tool called PROSPECTR based on those 
features, which enriches lists for disease genes (Adie et al., 2005). Relevant DNA 
characteristics, more common in disease genes, include larger gene length and the presence 
of a mouse homologue (Adie et al., 2005). However, one limitation of this, and other, disease 
gene prediction algorithms is that they are developed on the basis of known disease genes, 
and many disease genes remain unidentified (reviewed by Ropers, 2007). 

While PROSPECTR examines whether murid orthologues of a gene exist (Adie et al., 2005), 
the evolutionary history of human ‘disease genes’ has subsequently been explored in greater 
depth. A comprehensive study on the evolutionary ‘age’ of genes mutated in human 
diseases compared to those not implicated, revealed that human disease genes are more 
likely to be ‘old’ genes (Domazet-Loso & Tautz, 2008). These so-called ‘old genes’ are 
classified on the basis that they have orthologues in urochordates and/or more anciently-
diverging lineages, and contrast with ‘recent genes’ where orthologues are restricted to 
chordate lineages. The over-representation of human disease genes among old genes is even 
more pronounced among those genes with tissue-specific expression profiles (Nagaraj et al., 
2010). The evolutionary history of Mendelian disease genes, compared to genes implicated 
in complex disease, has also been examined, and more recently-evolving genes also divided 
into ‘middle-aged’ and ‘young’ gene categories (Cai et al., 2009). This study found that 
Mendelian disease genes tend to be older than non-disease genes, while complex disease 
genes are typically middle-aged (Cai et al., 2009). Therefore, despite not being evolutionarily 
ancient, most complex disease genes originated during the emergence of vertebrates, and 
are not human- or primate-specific. 

4. Determining human disease gene function  
The function of many human gene products is unknown or very poorly understood, and 
this greatly hampers progress in all studies on complex human genetic disorders. Below we 
discuss key methods used to predict and understand gene function, where a thorough 
understanding of evolutionary biology is imperative. 

4.1 Sequence-based approaches to predicting gene function 

The main method for predicting the function of a gene product in the absence of 
experimental data is termed ‘homology-based transfer’ (Friedberg, 2006; Sleator & Walsh, 
2010). This approach is based on the detection of significant amino acid sequence similarity 
to a protein(s) of known function using programmes such as BLAST (Altschul et al., 1997). 
As sequence similarity suggests a common evolutionary origin, the function of the known 
protein is then transferred to the query protein. This method is not foolproof, however, and 
exceptions have been described at both ends of the similarity scale (reviewed by Sleator & 
Walsh, 2010). Understanding which residues are essential for protein function can be 
important in evaluating the relevance of similarities detected between proteins, such as 
those in conserved motifs. Furthermore, there are many proteins where homology-based 

 
An Evolutionary Biology Approach to Understanding Neurological Disorders 

 

13 

prediction cannot be used. Therefore, more recently, non-homology based computational 
approaches have begun to emerge (reviewed by Sleator & Walsh, 2010). These methods are 
based on a combination of sequence, structural prediction methods, evolutionary history, 
biochemical properties, and genetic and genomic knowledge. 

4.2 Predicting the effect of mutation on gene function 

A major problem in the search for disease-causing mutations is the fact that some of them 
are difficult to recognize. Tools to evaluate the functional impact of mis-sense mutations is 
limited by the few solved protein tertiary structures, and on the limitations of software to 
predict effects of mutations on protein domain function and/or protein conformation, much 
of which incorporates evolutionary conservation data (reviewed by Ropers, 2007). 
Complicating matters further, even silent mutations have been found to be pathogenically 
relevant (Kimchi-Sarfaty et al., 2006; Pagani et al., 2005). Furthermore, non-coding mutations 
may not be examined or detected and, even if they are, it is currently even more challenging 
to predict whether these have functional effects. For example, intronic changes may alter the 
splicing pattern (Richards et al,. 2007; Lenski et al., 2007) and promoter mutations may affect 
gene expression levels (Almeida et al., 2006; Borck et al., 2006). Unlike the situation found 
with Mendelian disease loci, an increasing proportion of the loci being associated with 
complex disorders are being found outside protein-coding regions of the genome 
(Pomerantz et al., 2010). The thousand genomes project will sequence the complete genome 
sequence of more than 1,000 humans, and will provide valuable information about variants 
normally present in the human population (Marth et al., 2011).  

Genetic mutations implicated in human disease are often mis-sense/nonsense mutations, or 
involve small duplications/deletions in coding regions. However, recent sequencing of 
multiple human exomes (coding regions of the genome) suggest that these types of 
mutation are actually quite common and such changes are frequently benign (Ng et al., 
2008; Ng et al,. 2009). One way of distinguishing disease-causing mutations, at least in 
Mendelian disease genes, is because they occur more frequently in evolutionarily well-
conserved amino acid residues, than in non-conserved ones, and these changes are expected 
to have a more severe impact on the function of the resulting protein. By contrast, the 
distribution of mutations, such as non-synonymous single nucleotide polymorphisms, 
(nsSNPs or cSNPs) contributing to complex human diseases, are often difficult to 
distinguish from the distribution for "normal" human variation (Thomas & Kejariwal, 2004). 
These results indicate that individual SNPs implicated in complex genetic disorders will 
have more subtle effects on function in isolation. This observation further suggests a disease 
architecture involving the concerted contribution of multiple genetic loci, each with a small 
individual effect. Indeed, this explanation is suggested to be the basis of a large proportion 
of common complex disorders, and is known as the common-variant common-disease 
(CVCD) model of complex genetic disease (Grady et al., 2003; Visscher et al., 2011). 
However, as discussed in Section 2.1 above, rare genetic changes can also be causative of a 
subset of common disorders, and is described as the RVCD (rare-variant common-disease) 
model. However, there is no cut-off point between these two models (see Fig. 1), and there is 
a broad variety in both the frequency of disease gene variation and in the penetrance of a 
given genetic change, which together combine to cause a given disease phenotype (Grady et 
al., 2003; Visscher et al., 2011). 
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Computational prediction of the effects of genetic variation utilizes evolutionary 
conservation of the resultant gene product, in combination with predictions of the changes 
to the physicochemical properties (Mooney, 2005; Ng & Henikoff, 2006; Ng et al., 2008; 
Tarpey et al., 2009). Computer-based tools are also used to predict conserved domains and 
motifs, and can be used to determine whether nsSNPs or other genetic changes are likely to 
contribute affect protein function. Examples of such databases include PROSITE (Hulo et al., 
2008), BLOCKS (Henikoff et al., 2000), and PRINTS (Attwood et al., 2003). Variation in the 
sequence of orthologues with conserved function can also be used to indicate the amino acid 
variation possible in a domain, or motif, which is still predicted to maintain some degree of 
functionality.  

Nonetheless, while sequence-based approaches provide a good basis for predicting the 
function of genes of unknown function, in many cases there may be little or no sequence 
similarity between an unknown gene product and any characterized gene product. 
Fortunately, due to evolutionary constraints, there is often still significant structural 
similarity between an uncharacterized protein and a characterized protein, and this can be a 
useful indicator of function (Shatsky et al., 2008; Todd et al., 2001; Watson et al., 2005). 
Therefore, recent developments are aimed at combining both sequence and structural 
information to increase the likelihood of a functional prediction (Laskowski et al., 2005; 
Pierri et al., 2010; Skolnick & Brylinski, 2009). However, there is much room for 
improvement to the currently available approaches for the prediction of protein function, as 
only ~1% of proteins on the UniProt database have experimentally-supported function, 
~65% have some functional annotation, and over one-third are uncharacterized or have no 
predicted function (Barrell et al., 2009; Erdin et al., 2011; Goldsmith-Fischman & Honig, 
2003; Laskowski et al., 2003; Magrane & Consortium, 2011). This may be particularly 
important for disease genes, as many intrinsically-disordered proteins, lacking stable 
secondary and tertiary structures, are being found associated with many complex human 
diseases, including cancer, diabetes, neurodegenerative diseases, and cardiovascular disease 
(Midic et al., 2009; Uversky, 2009; Uversky et al., 2008, 2009; Wang et al., 2011). 

4.3 Evolutionary pedigree and co-expression to leverage functional prediction 

Expression data can also provide information relevant to genetic disorders. For example, it 
is useful to know whether candidate genes are expressed in the tissue affected by the 
disease. Furthermore, genes involved in similar cellular processes are also more likely to be 
co-transcribed, hence the ‘guilt-by-association’ algorithm (Walker et al., 1999; Oliver, 2000). 
Not only can ‘power’ be added to the analysis of co-expression datasets, a better 
understanding of the evolutionary history of human genes may lead to novel ways to 
interpret sequence data and predict protein function (Eng et al., 2009; Thornton & DeSalle, 
2000). For example, proteins with a similar evolutionary pedigree, and emerging at the same 
‘point’ in the evolutionary history of the Eukaryota, are assumed to have evolved in parallel. 
This, in turn, indicates they are more likely to have a common function (Eisenberg et al., 
2000). The ‘guilt-by-association’ principle greatly informs our understanding of protein-
protein interaction networks, as it is known that most cellular functions are carried out by 
networks of interacting proteins (Qiu & Noble, 2008). Understanding protein-protein 
interaction networks is also informing computational approaches aimed at understanding 
the role of pathways affected in complex genetic diseases, and this is discussed next. 
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4.4 Network studies to leverage functional prediction 

Network-based models incorporating protein-protein interaction (PPI) data are a relatively 
new way for studying disease-related genes. Nonetheless, this approach has already been 
proved to be effective for the identification of complex disease genes, including those 
involved in colon cancer (Nibbe et al., 2009). Therefore, analyzing the functional networks of 
human genes is providing a key framework for prioritizing candidate disease genes. Such 
analyses may also lead to the identification of key cellular pathways common to complex 
diseases that may be amenable to therapeutic intervention. 

Based on large- and small-scale PPI studies, preliminary protein-protein interaction 
networks are being created (e.g. Fig. 2). These can be accessed and viewed using a number 
of web tools, such as STRING and BioGRID (Han, 2008). Proteins sharing a particular 
functional category cluster in the same location of PPI networks, and are referred to as 
functional modules, and placement of proteins in PPI networks can be used to inform 
protein function prediction studies (Dziembowski & Seraphin, 2004; Yook et al., 2004; 
Makino & Gojobori, 2006). Understanding networks of PPIs can be used to predict 
additional genes that, when mutated, may cause the same disease as that associated with 
mutations in interacting partners (McGary et al., 2010), and also explains why so many 
different mutated genes can cause the same or similar complex disease (Bill & Geschwind, 
2009; Bourgeron, 2009; Crespi et al., 2010; Gilman et al., 2011; Guilmatre et al., 2009).  

 
Fig. 2. Protein-protein interaction network example. Multiple lines of evidence from the 
STRING database (http://string-db.org/) demonstrate that the PTEN cancer gene product 
(red) is a hub-protein.  

Relating to the network-based nature of many gene products is the concept that some 
proteins interact with multiple other proteins, referred to as ‘hub’ genes (Fig. 2). Multi-
functional genes may impact on numerous pathways, while different mutations may cause 
different diseases (Gillis & Pavlidis, 2011). The encoded hub proteins have multi-functional 
cellular roles, and are typically annotated with multiple GO categories (Gillis & Pavlidis, 
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2011). The multi-functional nature of many proteins also contributes to phenotypic 
pleiotropy, where mutation(s) in a single gene can affect multiple phenotypic traits. Genes 
leading to pleiotropic phenotypes tend to be more evolutionarily conserved and are more 
likely to have essential functions (Eisenberg & Levanon, 2003; Feldman et al., 2008; Fraser et 
al., 2002; Gandhi et al., 2006; Goh et al., 2007; Jeong et al., 2001; Saeed & Deane, 2006). 
Overall, human disease-causing genes have an intermediate essentiality, being less than that 
of housekeeping genes, but greater than that of non-disease genes (Feldman I et al., 2008; 
Goh et al., 2007; Liao & Zhang, 2008; Tu et al., 2006). These findings are, to some extent, 
commonsense, as mutation of a housekeeping gene would be expected to lead to embryonic 
lethality.  

As gene products that are peripheral in protein-protein interacting networks are known to 
have a higher evolutionary rate than hub proteins, these data also suggest human disease 
genes differ in rates of evolutionary change compared to non-disease genes. However, 
current results on this topic are inconsistent, with some studies indicating disease genes are 
evolving more slowly than non-disease genes (Blekhman et al., 2008; Tu et al., 2006), and 
other studies suggesting disease genes are evolving faster than non-disease genes (Huang et 
al., 2004; Smith & Eyre-Walker, 2003). There are a number of confounding factors 
contributing to these inconsistencies in establishing the rate of evolution of human disease 
genes. Comparing proteins based on PPI network interactions, genes encoding proteins that 
are part of 'modules' tend to be more conserved, evolutionarily old, and ubiquitously 
expressed. By contrast, genes encoding proteins outside modules are less well-conserved, 
evolutionarily younger, and enriched with at least some degree of tissue-specific expression 
(Dezso et al., 2008). Therefore, there appear to be different classes of disease genes, with 
different evolutionary patterns and different PPI patterns, and this may relate to the 
evolutionary 'age' of the disease gene (Nagaraj et al., 2010). Characterization the differing 
traits or classes of disease genes may contribute to our understanding of the different 
functional 'style' of disease genes. It also appears that Mendelian disease genes and complex 
disease genes have different evolutionary profiles (see Section 3.2.3) and, of course, these 
studies are limited by our current knowledge of disease genes, which remains incomplete. 

Networks of PPIs are also informing efforts aimed at understanding whether human 
evolution is heading towards, or away from, susceptibility to a particular disease. One 
crucial aspect of this discussion, is the presence of alleles that increase the risk of one 
disorder, while simultaneously decreasing the risk for another. For example, multiple 
sclerosis and rheumatoid arthritis, or ankylosing spondylitis and multiple sclerosis, are 
negatively correlated (Sirota et al., 2009). By contrast, other alleles can increase the 
susceptibility to more than one complex disorder. This leads to multiple sclerosis and 
autoimmune thyroid disease, or type 1 diabetes and coeliac disease, commonly co-occurring 
(reviewed by Sirota et al., 2009). While these studies indicate the complexities of disease 
susceptibility, tools are being developed to leverage PPI data to predict such disease 
interactions (Chen et al., 2008; Chua & Wong L, 2008).  

Overall PPI networks are crucial for the development of testable hypotheses regarding the 
underlying pathogenic mechanisms of many complex genetic disorders. However, PPI 
networks are incomplete and include both false-positive and false-negative interactions 
(Chen et al., 2008; Gandhi et al., 2006; Kuchaiev et al., 2009). Development of a reliable and 
complete human PPI network will provide an invaluable framework to study the 
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contribution of multiple genes to complex genetic disorders, and will require both 
computational and experimental data to achieve accuracy and completeness. 

4.5 Role of animal models 

Animal research, including animal models of disease, has been responsible, at least in part, 
for every major medical advance made during the last century (Müller & Grossniklaus, 
2010). The reason why model organisms are able to contribute so effectively to our 
understanding of human diseases lies in the high degree of molecular conservation found 
between metazoan species, and in the conserved nature of protein-protein, and other, 
networks (Gandhi et al., 2006). Indeed, even bacteria, plants, protists, and fungi are being 
exploited to explore differing aspects of biology relevant to human disease (Annesley & 
Fisher, 2009; Ilievska et al., 2011; McGary et al., 2010; Spradling et al., 2006). 

As discussed above, a huge number of susceptibility alleles for a range of complex human 
genetic disorders have now been identified, but the function of many of these genes is 
poorly understood. Therefore, while risk-associated loci are being successfully identified 
(Easton et al., 2007; Hindorff et al., 2009; Jia et al., 2009), these findings are rarely followed 
up and the contribution of the allele to the molecular basis of disease rarely evaluated 
(McCarthy & Hirschhorn, 2008). That this failure is leading to a bottleneck in our 
understanding of complex disorders was highlighted by a recent Nature Genetics editorial, 
which suggested that significant investment in functional characterization of risk loci is 
needed (Axton, 2010). There are a number of ways to investigate the molecular and cellular 
function of a gene and its alleles, and these include in vitro studies, cell culture systems, and 
the use of whole animal models. These tools can be used to test hypotheses gained from 
thorough in silico studies. In this section we will discuss the role of animal models, as this is 
of greatest relevance to the topic of this paper. Although in vitro and cell culture studies can 
be of great benefit, ultimately good animal models provide the best biological models for 
complex disease. 

High-throughput phenotypic screens of RNAi knockdowns in Caenorhabditis elegans and 
Drosophila melanogaster often provide the first inkling of the biological function of an 
uncharacterized human gene (Buckingham et al., 2004). Efforts are also underway to 
systematically knockout all the genes in the mouse genome to facilitate phenotypic and 
functional screening (Guan et al., 2010). Animal models also provide a vital system 
amenable for dissection of the contributions of genetic, environmental and developmental 
components to the etiology of complex human disorders, and for evaluation of novel 
therapeutics, which can be achieved in no other way (Complex Trait Consortium, 2004; 
Iwata et al., 2010).  

Many recent advances relevant to studying complex disorders have also been made. This 
includes the development of a well-defined collection of recombinant inbred mice with 
different genetic backgrounds (Complex Trait Consortium, 2004). Studies from many 
organisms indicate that the phenotype of some gene knockouts only becomes apparent 
upon inactivation of another gene (Barbaric et al., 2007), indicating genetic background can 
be very important. An alternative, but related, approach to investigating human disease 
mechanisms, is to study animals that already have a disease-related phenotype of interest. 
These orthologous phenotypes, or phenologs, can be used to predict novel genes associated 
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with a disease. This approach has been used to predict genes for angiogenesis, breast cancer, 
autism spectrum disorder, and Waardenburg syndrome, among others, in many diverse 
model organisms (Gilby, 2008; McGary et al., 2010; Pearson et al., 2011). Finally, while 
models were previously limited to studying one variant/gene at a time, efforts are now 
being made to investigate the cooperative interactions of multiple genes. For example, 
quintuple knockout mice have been used to study the role of multiple immune system genes 
in asthma (Dahlin et al., 2011). Therefore, new resources and tools are being developed to 
study complex diseases more effectively in model organisms. 

However, care must be taken in extrapolating data from animal models to the human 
situation, as no model organism can exactly reproduce the disease of another. It is as 
important to understand the differences, as it is to highlight the similarities, between the 
animal model and the human disease. The ability to gain a thorough understanding of the 
key differences and similarities between species will minimize misinterpretation of data 
gleaned from model organisms, and lead to the improved use of animal models to both 
understand and develop treatments for human genetic disorders. The importance in 
understanding the differences between human and animal gene expression and physiology 
will be discussed below, using autism spectrum disorder as an example. 

5. Human evolution and disease susceptibility 
Evolutionary analysis has been applied to many aspects of human disease. As discussed in 
Section 3.3.2 above, one of the earliest findings revealed that Mendelian disease-associated 
nsSNPs are more frequently found in conserved amino acid positions, and these positions 
can be conserved even in more distantly-related proteins, while complex disease-associated 
SNPs are frequently not (Miller & Kumar, 2001; Ng & Henikoff, 2002; Thomas et al., 2003; 
Thomas & Kejariwal, 2004). Some other aspects of evolutionary biology, increasing our 
understanding of human genetic disease, are discussed next. 

Over the last 100,000 years, humans have adapted to many changes in environment as they 
moved out of Africa and modified both diet and lifestyle, factors which influence the incidence 
of common genetic variants by positive selection of those alleles that prove advantageous 
(Sabeti et al., 2006). This theory is supported by the finding that complex disease-associated 
gene variants show heterogeneity in allelic frequency among different human populations, 
leading to a non-homogeneous world-wide distribution of disease alleles (Ioannidis et al., 
2004). These findings have implications for GWAS, as disease variants differ between human 
populations (e.g. between Hispanics and those of African descent, Asian descent or European 
descent), and will affect the reproducibility of results from genetic studies of complex disease 
depending on the ethnic mix studied (Marigorta et al., 2011). Therefore, the recent 
evolutionary history of humankind affects the present global patterns of susceptibility to 
disease. The classic example of this is the mutation in the Hemoglobin B gene, undergoing 
positive selection in African populations as it promotes malaria resistance, while 
simultaneously being causative of sickle cell anaemia (Currat et al., 2002; Williams TN, 2006). 
Another example is a mutation in a regulatory region of the lactase gene (LCT) that mediates 
adult tolerance to lactose. Evidence suggests this particular variant was selected in parts of 
Europe after the domestication of cattle (reviewed by Sabeti et al., 2006). However, identifying 
and understanding traits that have been targets of selection is a challenging task. It took forty 
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years of effort, by a succession of researchers, to unravel the association between malaria and 
the sickle cell mutation and, even now, there is still work to be done on understanding exactly 
how the sickle-cell state inhibits malaria pathogenesis (Sabeti et al., 2006). 

A recent study examined Mendelian-disease genes and found these genes are under 
widespread negative (‘purifying’) selection (Blekhman et al., 2008). By contrast, in this 
study (Blekhman et al., 2008), genes contributing to an increased risk of complex genetic 
disease showed little signs of evolutionary conservation, and may be targets of both 
positive and purifying selection. This latter conclusion was supported by a subsequent 
study by Corona and colleagues (2010). In their study of genes contributing to seven 
complex genetic diseases, only genes affecting three diseases showed signs of recent 
positive selection; those increasing susceptibility to Crohn disease, rheumatoid arthritis, 
and diabetes (Corona et al., 2010). Of note, alleles decreasing susceptibility to Crohn 
disease also showed signs of positive selection (Corona et al., 2010). Overall, they found 
evidence for an evolutionary trajectory towards a decreasing risk of Crohn disease, but an 
increasing risk of type 1 diabetes. 

Therefore, we may need to ‘think outside the box’ about why some complex disorders occur 
in the human population, and look not only for the disadvantages of a disease-causing 
mutation, but also consider unthought-of selective advantages. Furthermore, an allele 
increasing susceptibility to disease in the modern era, may have increased fitness in an 
earlier human environment. For example, rheumatoid arthritis susceptibility alleles are 
thought to enhance resistance to tuberculosis (Mobley, 2004; Rothschild et al., 1992), while 
the type 1 diabetes risk gene IFIH1, helps protect against enterovirus infection (Nejentsev et 
al., 2009). Therefore, for polygenic disorders, not only can the same polymorphisms 
contribute to more than one disease, some alleles may increase the risk for one disorder 
while simultaneously decreasing the risk for another (Sirota et al., 2009). Progress in our 
understanding of these complexities will be facilitated by an increased understanding of the 
function of disease genes and risk alleles, and rigorous studies examining natural selection 
in human disease-risk genes. 

6. Applications of evolutionary biology to the study of human neurological 
disorders 
Below, how knowledge from evolutionary biology-based analyses are providing us with 
crucial information impacting greatly on our understanding of neurodevelopmental 
disorders, and a surprising link to cancer, will be illustrated. 

6.1 Neurodevelopmental disorders 

Both schizophrenia (SCZ) and autism spectrum disorder (ASD) are considered common 
neurodevelopmental disorders (~1% of the population affected), which are typically 
diagnosed in early adulthood (SCZ) or childhood (ASD) (Bale et al., 2010; Costa e Silva, 
2008; Lewis & Levitt, 2002; Owen et al., 2005). Both ASD and SCZ are behaviourally-based 
diagnoses, with the diagnostic criteria outlined in DSM-IV (American Psychiatric 
Association, 1994) and ICD-10 (World Health Organization, 1993). Briefly, SCZ is diagnosed 
on the presence of a collection of positive symptoms, negative symptoms, and cognitive 
deficits, while ASD is diagnosed on the basis of a triad of behavioural manifestations: social 
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deficits, impaired communication skills, together with repetitive behaviours and/or 
restricted interests (see Fig. 3). 

 
Fig. 3. Diagnostic criteria for (A) schizophrenia and (B) autism spectrum disorder. 

Both ASD and SCZ are considered complex genetic disorders, with heritability estimates of 
around 80% for both (Ronald & Hoekstra, 2011; Sullivan et al., 2003). While some genetic 
disorders with Mendelian inheritance lead to syndromic forms of ASD (i.e. a phenotype of 
which ASD is typically one part), and while some alleles of intermediate penetrance appear 
to contribute, a large proportion of ASD cases fit the CVCD model (Eapen, 2011). As 
predicted by the CVCD model, parents of children with ASD share a subset of phenotypic 
traits, without having the ‘full’ ASD phenotype (Bernier et al., 2011; Robinson et al., 2011). A 
further 5-10% of ASD is caused by de novo mutations (reviewed by Eapen V, 2011), and this 
is discussed further below. For SCZ, the CVCD model of inheritance also dominates, as 
individuals with SCZ are less likely to pass on their genes to the next generation (Crow, 
2011). Both ASD and SCZ are large, active areas of scientific research, and below we 
highlight those aspects where evolutionary biology is relevant. 

6.1.2 Recurrent rearrangements in neurodevelopmental disorders 

Recurrent microdeletions at 1q21.1, 15q11.2, 16p11.2, 16p13.11 and 22q11.2 are found in 
patients with a broad spectrum of neurospsychiatric conditions, including developmental 
delay, SCZ, psychotic disorder, ASD, or mental retardation (Brunetti-Pierri et al., 2008; 
Kumar et al., 2008; Sahoo et al., 2011; Stankiewicz & Lupski, 2010). Of note, recurrent 
rearrangements in synaptic and neuro-developmental genes affect shared biologic pathways 
contributing to the risk of developing several disorders, including SCZ, ASD, and mental 
retardation (Guilmatre et al., 2009; Sahoo et al., 2011).  

Certain structural features make some chromosomal regions more prone to rearrangements, 
such as deletion, duplication or translocation (Smith et al., 2010), and this is discussed 
further in Section 6.2.3 below. For example, the 16p11.2 microdeletion linked to ASD is 
mediated by segmental duplications (Kumar et al., 2007), while deletions at 15q11-13 occur 
during meiosis and are caused by a number of repeated DNA elements in this chromosomal 
region. The 15q duplication syndrome is the result repetitive sequences mediating unequal 
but homologous recombination and, of note, also causes ASD (Chamberlain & Lalande, 
2010). This indicates that duplication or deletion of some genes can cause an overlapping 
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deficits, impaired communication skills, together with repetitive behaviours and/or 
restricted interests (see Fig. 3). 

 
Fig. 3. Diagnostic criteria for (A) schizophrenia and (B) autism spectrum disorder. 
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phenotype. However, this is not a universal phenomenon. Deletion of 16p11.2 leads to a 
phenotype of ASD with macrocephaly, while duplication to leads to SCZ and microcephaly 
(Brunetti-Pierri et al., 2008; McCarthy et al., 2009; Shinawi et al., 2010). A further example is 
duplication of 1q21.1, which is implicated in ASD with macrocephaly. Deletion of this 
region causes SCZ and microcephaly (Dumas & Sikela, 2009; Crespi et al., 2010). This is not 
restricted to neurodevelopmental disorders, as the most common locus affected in Charcot-
Marie-Tooth (CMT) neuropathy, PMP22, when deleted causes a different neurological 
phenotype to that associated with gene gain (Chance, 2006). Duplication of PMP22 leads to 
CMT type 1A, while PMP22 deletion leads to a disease known as hereditary neuropathy 
with liability to pressure palsies (HNPP). Therefore, CNV gain, versus CNV loss, at identical 
loci can mediate similar or distinct phenotypes. 

6.1.3 Phylostratigraphy of neurodevelopmental genes 

As might be expected for neurodevelopmental disorders, many ASD- and SCZ-implicated 
gene products participate in protein-protein interaction networks implicated in neuron 
function (Bourgeron, 2009; Bill & Geschwind, 2009; Gilman et al., 2011; Sun et al., 2010; 
Torkamani et al., 2010; Voineagu et al., 2011). These genetic and PPI studies are supported 
by pathological findings, as structural alterations of dendritic spines are associated with 
both SCZ and ASD (reviewed by Penzes et al., 2011). 

In addition to furthering our understanding of the evolution of human disease, model 
organisms play a major part in developing an understanding of the etiology of human genetic 
disorders. As discussed above, model organisms play a key role in characterisation of the 
normal and abnormal functions of risk genes (Aitman et al., 2011). Therefore, it is important to 
determine whether the genes implicated in SCZ and ASD are conserved in model organisms. 
Phylostratigraphy is a term applied to the application of phylogenetic methods to evaluate the 
evolutionary origin of disease genes and/or the origin of genes contributing to major 
evolutionary adaptations (Domazet-Loso et al., 2007; Domazet-Loso & Tautz, 2008). Such an 
approach has not yet been applied to any neurodevelopmental disorder. However, some data 
are available relating to the conservation of key PPI networks implicated in SCZ and ASD. Of 
relevance to SCZ and ASD, as well as other neurological disorders, is evidence that the core 
components of the nervous system and immune system are conserved in vertebrates. Indeed, 
the core components of the synapse are found in cnidarians, which form primitive nerve 
networks, and evolved around 680 million years ago (Galliot et al., 2009; Grimmelikhuijzen & 
Westfall, 1995). Furthermore, many synaptic genes are found in sponges, the oldest-surviving 
metazoan phyletic lineage, which actually lack synapses (Kosik et al., 2008; Srivastava et al., 
2010). These data suggest many of the genes involved in neurological disorders have a more 
ancient evolutionary origin than previously thought. 

A contributing role of the adaptive and innate immune systems, to ASD or SCZ etiology has 
also been suggested by some studies (Ashwood et al., 2006; Muller et al., 2000; Sun et al., 2010; 
Voineagu et al., 2011). This role would need to be studied in vertebrate models (possessing 
adaptive and innate immune systems), as non-vertebrate species only have an innate immune 
system. Nonetheless, a comparison of phenotypes between vertebrates and non-vertebrate 
may provide vital information about the relative contributions of immune dysfunction to the 
ASD or SCZ phenotype. A similar logic has been used to explore novel cell-death pathways, 
where regulated cell death processes are examined in species lacking classical caspase 
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enzymes (Degterev & Yuan, 2008; Guisti et al., 2010; Smirlis & Soteriadou, 2011). A thorough, 
systematic analysis of differences in key disease networks is also required to gain the best 
insights into the strengths and weaknesses of each specific model organism. As the genomes of 
all currently used model organisms have been sequenced, accurate network analyses and 
disease network analyses are now imperative if we are to understand disease evolution and 
the limitations and/or benefits of various model organisms for disease. 

6.1.4 Evolution of common neurodevelopmental disorders 

A number of hypotheses regarding the evolution of autistic and schizotypal traits have been 
proposed, promoting controversy and debate. For example, it has been proposed that the 
intense focus and repetitive behaviours of ASD may have been beneficial to hunters and 
gatherers (Reser, 2007). This hypothesis suggests that, subsequent to the ascendance of 
agriculture and the development of complex community-based lifestyles, these alleles have 
become increasingly disadvantageous, and the common alleles responsible for ASD traits 
only remain in the human gene pool because they previously had adaptive function (Reser, 
2011). Alleles contributing to SCZ have likewise been hypothesized to have prior adaptive 
function, and contributed to a fitness advantage in the ancestral human environment, such 
as providing physiological and behavioural characteristics increasing survival in conditions 
of nutritional paucity and stress (Reser, 2007). The clinical ASD or SCZ diagnosis would 
then ensue when individuals with subclinical phenotypes mate (Del Giudice et al., 2010), 
following the CVCD model.  

Potential evolutionary advantages afforded by sub-clinical phenotypes of other psychiatric 
disorders have likewise been proposed, based on data indicating that a large proportion of 
these disorders are due to the inheritance of multiple copies of low-risk gene variants, which 
are present in the parents and siblings of affected individuals (Bernier et al., 2011; Hoffman 
& Stat, 2010; Robinson et al., 2011). Providing more direct evidence for these hypotheses is 
difficult. Indeed, the debate over the amount of adaptive evolution occurring in the genome 
itself is far from resolved (Amos & Bryant, 2011; Eyre-Walker, 2006). Furthermore, little 
evidence supports adaptive evolution in genes linked to brain development (Voight et al., 
2006). Finally, as the genetic and molecular pathways underpinning both ASD and SCZ 
remain very poorly understood, this adds to these difficulties.  

Inverse comorbidity, a concept introduced in Section 5, may also be relevant to ASD and 
SCZ, and the example of sickle cell anaemia gene selection occurring due to protection of 
carriers from malaria (Currat et al., 2002; Williams TN, 2006), was provided. Recent data 
supporting immune system differences in individuals with ASD or SCZ (Cohly & Panja, 
2005; Müller & Schwarz, 2010), suggests that other selective pressures may be involved for 
risk genes for these disorders. Of relevance, there is much stronger evidence for adaptive 
evolution in genes with known immune-system function (reviewed by Eyre-Walker, 2006). 
Another possible selective pressure is found in recent studies supporting a lower than 
expected occurrence of cancer in patients with SCZ (Tabares-Seisdedos et al., 2011), and 
cancer will be discussed further later in this paper. Understanding the molecular pathways 
underpinning these disorders will help us clarify these issues further. However, these 
emerging findings suggest the selective pressure on ASD or SCZ disease alleles may not be 
related to the behavioural phenotype. 
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6.1.5 Model organisms for neurodevelopmental disease 

Many professionals were initially sceptical whether phylogenetically ‘lower’ species could be 
successfully used to study the molecular and cellular mechanisms of human brain disorders. 
Surprisingly, many animal species are emerging as excellent model systems for such disorders, 
and their tractable nature, plus the ability to control for environment and genetic background, 
has already led to far-reaching advances in our understanding of many neurological diseases 
(Chesselet, 2005; Shah et al., 2010; Tayebati, 2006). For example, many recent reviews discuss 
how animal models are proving their usefulness in improving our understanding of the 
pathophysiology of SCZ and in the development of novel therapeutic strategies (Arguello et 
al., 2010; Feifel & Shilling, 2010; Lazar et al., 2011; Powell, 2010; Young et al., 2010). A greater 
understanding of the genetics underlying SCZ will also inform the development of future 
animal models. Likewise, for ASD, there are a wide variety of animal models available, which 
are becoming increasingly well characterized (Patterson, 2011; Tordjman et al., 2007). These 
include naturally-bred rodents (Gilby, 2008; Pearson et al., 2010) and transgenic mouse models 
(Minshew & McFadden, 2011; Robertson & Feng, 2011). Some wide-reaching findings have 
already been made based on results from these model systems. For example, multiple studies 
indicate neurodevelopmental disorders may be treatable, even in adults (Ey et al., 2011; Silva 
& Ehninger, 2009). Furthermore, rodent models are replicating some of the co-morbidities 
associated with an ASD diagnosis, such as immune abnormalities (Heo et al., 2011) and 
epilepsy (Gilby, 2008; Peñagarikano et al., 2001).  

Despite the progress and potential that animal models of disease provide, caution must be 
exercised with the interpretation of data from such model systems, particularly when 
considering disorders affecting the central nervous system (CNS). Factors to consider when 
evaluating animal model data include the developmental trajectories unique to humans. The 
most dramatic of these is in the timing of maturation and pruning of the CNS during 
childhood (reviewed by Dean, 2009). Regulation of gene expression differs between animal 
species, with differences in microRNAs (Berezikov et al., 2006), DNA methylation patterns 
(Enard et al., 2004) and, as discussed next, mRNA splicing, also being detected. 

Understanding the role of alternative isoforms is vitally important, as aberrant gene splicing 
is emerging as a key contributor to a variety of neurological diseases (Anthony & Gallo, 
2010) and cancers (Ward & Cooper, 2010). Alternative splicing is considered a major 
mechanism underpinning metazoan biological complexity, including the increasingly-
complex brain function of metazoa, with neurons having specific systems for regulating 
mRNA splicing and generating brain-specific isoforms (Ule & Darnell, 2007). Indeed, 
increasing numbers of splice site mutations are being implicated in the etiology of ASD and 
SCZ (Glatt et al., 2011). However, differences in splicing occur, even between closely-related 
species such as humans and chimpanzees (Calarco et al., 2007; Blekhman et al., 2010; Lin et 
al., 2010). Therefore, conservation of splice variation may be relevant to disease etiology, 
and different profiles should be assessed in animal models of disease. Current best-practice 
guidelines for preclinical studies for neurological disease in animal models, have recently 
been published (Shineman et al., 2011).  

6.1.6 Evolution of the Deleted In Autism 1 gene 

DIA1 (Deleted In Autism 1) is implicated in an autosomal recessive form of ASD (Morrow et 
al., 2008; Aziz et al., 2011a). An evolutionary biology-based approach to understanding the 
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role of this gene in ASD has illustrated the importance of many of the principles outlined 
above. While DIA1 is conserved from cnidaria to humans, it is not detected in nematodes, 
suggesting C. elegans is not a suitable model in which to study the cellular role of this gene. 
Strikingly, a related gene was found in humans using phylogenetic-based analyses, DIA1R, 
which localizes to the X chromosome (Aziz et al., 2011b). DIA1R is vertebrate-specific and, 
as with DIA1, is implicated in ASD (Aziz et al., 2011a, 2011b). Of possible relevance to the 
ASD phenotype, DIA1R had been ‘lost’ in fish of a solitary nature, while those retaining the 
gene are ‘social’ schooling fish (Aziz et al., 2011b). Of further relevance to the use of animal 
models, DIA1R was found to be X-inactivated in mouse, but not in humans (Aziz et al., 
2011b; Yang et al., 2010), and splicing may be species-specific. Indeed, we have preliminary 
evidence for brain-specific splicing of DIA1 that is primate-specific, and not found in other 
vertebrate lineages (Aziz & Bishop, unpublished data). This type of evolutionary-based 
evidence facilitates an educated approach to the choice of model organism for functional 
studies, and highlights issues that may arise from studies in mice or fish. 

6.2 Cancer 

Natural selection and evolution is dependent on genetic variability and the occurrence of 
new mutations in the germ-line. However, mutation occurs in both germinal and somatic 
cell lineages and, over a human lifespan, somatic mutations accumulate and may lead to 
cancer (Greaves, 2007). Therefore, as with other genetic disorders, carcinogenesis is another 
manifestation of the biological processes on which evolution depends. Cancer is considered 
a probabilistic disease, and is inevitable in long-lived organisms such as humans, where the 
lifetime risk is around one in three (Greaves, 2007; Simpson & Camargo, 1998). In most, but 
not all, cases this is due to multiple genetic changes accumulating in cells (Maffini et al., 
2004; Stratton et al., 2009; Touw & Erkeland, 2007).  

Genes contributing to cancer are often divided into two broad groups: caretakers and 
gatekeepers (Kinzler & Vogelstein, 1997; Macleod, 2000; Michor et al., 2004; Russo et al., 
2006). Mutations affecting caretaker genes promote neoplasia indirectly, increasing genetic 
instability and mutation rates, which leads to defects in many genes including gatekeeper 
genes. Mutations affecting gatekeeper genes directly promote cancer progression, and have 
roles in cell differentiation, growth and/or death. Gatekeeper genes may be further divided 
into oncogenes and tumour-suppressor genes. Well-known caretaker genes include BRCA1, 
BRCA2, ATM and FANCA; gatekeeper genes include TSC1, TSC2, Rb, NF1, NF2 and PTEN 
(see Fig. 3); while some genes are multifunctional and can act as gatekeepers and/or 
caretakers, including p53 and ARF (Dominguez-Brauer et al., 2010; Rubbi & Milner, 2005; 
Russo et al., 2006).  

6.2.1 Cancer and neurological disorders 

One surprising recent finding is the emerging link between a number of human disorders 
and cancer. Recent data indicate a lower than expected occurrence of cancer in patients with 
SCZ, Down syndrome, Parkinson disease, Alzheimer disease and multiple sclerosis 
(Tabares-Seisdedos et al., 2011). What is striking, is that most of the disorders found to 
protect against cancer, and which lead to an inverse cancer morbidity in humans, are 
neurological disorders. This is thought to occur due to the genetic and molecular 
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connections between cancer and these complex human diseases (Tabares-Seisdedos et al., 
2011). Of greater concern, is a higher incidence of certain cancers in patients with ASD 
(Crespi, 2011). This is likewise due to shared molecular pathways (Crespi, 2011), and ASD 
also shares genetic connections with SCZ and Alzheimer disease (Crespi et al., 2010; Sokol et 
al., 2011). Indeed, some lines of evidence suggest that ASD and SCZ involve diametric 
etiology (Crespi et al., 2010).  Exploring these links will have far-reaching implications. 

6.2.2 Evolution of cancer genes 

A link between cancer formation and the evolution of multicellularity was predicted, and 
this hypothesis was recently explored (Domazet-Loso & Tautz, 2010). Using a 
phylostratigraphic strategy, Domazet-Loso and Tautz (2010) found different evolutionary 
origins for gatekeeper, compared to caretaker, human cancer genes. Genes with a caretaker 
function have an evolutionary origin in the first cellular organisms, and are also found in 
bacteria and/or archaea (Domazet-Loso & Tautz, 2010). By contrast, only genes with 
gatekeeper functionality correspond to the origin of metazoa, and are detected in Porifera 
and/or Cnidaria and subsequently diverging phyla (see Fig. 4). For example, genes 
encoding the ESCRT (endosomal sorting complex required for transport) proteins, are 
essential for the downregulation of many cell-surface signalling molecules (reviewed by 
Ilievska et al., 2011). Not only do many of the genes encoding ESCRT subunits appear to 
have caretaker functions, with mutations being linked to both cancer and neurological 
disorders, these genes also have an origin pre-dating the metazoan lineage (reviewed by 
Ilievska et al., 2011). Model organisms, such as the amoeba, Dictyostelium discoideum 
(Annesley & Fisher, 2009; Williams RS et al., 2006), can therefore be used to study the 
fundamental molecular roles of these proteins (Blanc et al., 2009; Mattei et al., 2006). Overall, 
the evolutionary age of cancer genes parallels their role in human cancer etiology (Fig. 4). 

6.2.3 Heritability of cancer and co-heritability with neurological disease 

Most tumour gene mutations can be inherited as well as acquired, although inherited cancer 
syndromes are quite rare. The cancer syndromes are inherited in a dominant Mendelian 
manner and are often associated with developmental defects and benign tumours 
(Knudson, 1971, 1993; Ponder, 2001). Single genes and deletions of multiple genes can both 
cause syndromes of which cancer is one part. For example, deletions of multiple genes at 
position 11p13, is clinically associated with WAGR syndrome and patients have a collection 
of symptoms including mental retardation, aniridia and kidney tumours (Fischbach et al., 
2005). Mutations in TSC1 or TSC2 cause tuberous sclerosis, a disease characterised by non-
malignant hamartoma formation in many organs, with epilepsy, ASD and/or mental 
retardation being frequent comorbidities (de Vries, 2010), while PTEN mutations are 
identified in human cancers, and also in the germline of patients with hamartoma tumour-
related syndromes (PHTSs). In addition to harmatomas, ASD is a common comorbidity in 
individuals with PTEN mutations (Rodríguez-Escudero et al., 2011). Molecular network 
analyses (e.g. Fig. 2) are being used to establish the molecular pathways leading to the 
multiple phenotypes caused by mutation a single ‘cancer gene’ (de Vries, 2010; Rodríguez-
Escudero et al., 2011). Genetic and functional studies are also being used, with current data 
indicating that different mutations in the PTEN gene can cause cancer alone, or cancer with 
ASD (Rodríguez-Escudero et al., 2011).  
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Fig. 4. The evolutionary age of cancer genes parallels their role in carcinogenesis (adapted 
from Michor & Tautz, 2010). 

6.2.4 Recurrent genome rearrangements and cancer 

Both somatic-cell chromosome rearrangements and germ-line rearrangements are 
implicated in both human variation and disease, including the development of cancers 
(Hanahan & Weinberg, 2000; Kidd et al., 2008; Inoue & Lupski, 2002; Stankiewicz & Lupski, 
2002). On an evolutionary timescale, chromosome rearrangements have also played a key 
role in the divergence of species and differences in chromosomal arrangements between 
species (Drosophila 12 Genomes Consortium, 2007; Kehrer-Sawatzki & Cooper, 2007; 
Pevzner & Tesler, 2003; Peng et al., 2006). Furthermore, the evolutionary chromosome 
breakpoints and chromosome breakpoints found in diseases, including cancer and 
developmental disorders, overlap (Darai-Ramqvist et al., 2008; Lindsay et al., 2006; Murphy 
et al., 2005). Therefore, understanding the mechanisms of chromosome breakage and 
rearrangement is an active field of biological research. 

Initially, genomic rearrangements were thought to occur randomly at non-specific, 
independent sites (Nadeau & Taylor, 1984; Ohno, 1970). However, subsequent studies, 
including those on cancer breakpoints, found non-random patterns (Cohen et al., 1996; 
Larkin et al., 2003; Pevzner & Tesler G, 2003; Sankoff et al., 2002), leading to the fragile-site 
model, where specific regions in the genome are ‘hot spots’ for genome rearrangements. 
Since that time, the most highly-fragile spots in the human genome have been mapped 
(Smith CL et al., 2010). The fragile-site model leads to various testable hypotheses as to the 
nature of these hot spots, and factors such as DNA sequence and chromosome structure 
were proposed. Since then, evolutionary breakpoints have been shown, for example, to be 
gene-rich regions with significantly more segmental duplications and/or repetitive elements 
than expected, which may facilitate homologous recombination (Bailey et al., 2004; Bulazel 
et al., 2007; Everts-van der Wind et al., 2004, 2005; Kehrer-Sawatzki & Cooper, 2008; Murphy 
et al., 2005; Schibler et al., 2006). These regions also encompass genes with higher densities 
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Fig. 4. The evolutionary age of cancer genes parallels their role in carcinogenesis (adapted 
from Michor & Tautz, 2010). 
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including those on cancer breakpoints, found non-random patterns (Cohen et al., 1996; 
Larkin et al., 2003; Pevzner & Tesler G, 2003; Sankoff et al., 2002), leading to the fragile-site 
model, where specific regions in the genome are ‘hot spots’ for genome rearrangements. 
Since that time, the most highly-fragile spots in the human genome have been mapped 
(Smith CL et al., 2010). The fragile-site model leads to various testable hypotheses as to the 
nature of these hot spots, and factors such as DNA sequence and chromosome structure 
were proposed. Since then, evolutionary breakpoints have been shown, for example, to be 
gene-rich regions with significantly more segmental duplications and/or repetitive elements 
than expected, which may facilitate homologous recombination (Bailey et al., 2004; Bulazel 
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of copy number variation and SNPs (Larkin et al., 2009). Understanding chromosomal 
‘hotspots’ will not only inform our understanding of evolutionary biology, but such studies 
will also increase our understanding of the etiology of human genetic disorders caused by 
chromosomal rearrangements. 

7. Conclusion 
Genetic disorders are an inescapable component of evolution. However, comparative and 
evolutionary biology methodologies also play an important role in developing and 
improving our comprehension of many aspects of complex human genetic disorders 
including schizophrenia and autism spectrum disorder. Thorough in silico analyses of 
disease genes, the encoded proteins, their structure and function, are fundamental tools for 
evaluating differences and similarities between human genes and genetic pathways, and the 
comparison of these with equivalents in animal models. Such explorations of the 
evolutionary conservation of human genes, proteins, protein structures, and resulting 
cellular networks enables us to: (i) understand how and why human diseases originated; (ii) 
predict disease genes; (iii) best predict the impact of genetic variation on cellular function; 
(iv) choose appropriate animal models for human diseases; (v) better interpret data obtained 
in studies using model organisms; and (vi) evaluate more accurately the validity of 
therapeutics. Therefore, comparative and evolutionary biology is of major relevance to our 
understanding of, and in the development of treatments for, many human neurological 
disorders. 
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1. Introduction 
Nuclear Magnetic Resonance (NMR) spectroscopy has become an indispensable tool in the 
characterization of structure and dynamics of biological macromolecules such as proteins. In 
recent years, NMR spectroscopy has contributed to our understanding of protein 
biophysics, especially when considering time-averaged dynamical events spanning various 
time scales. It has also played an important role in structural genomics and protein structure 
initiatives. The main focus of this chapter is to introduce the NMR phenomenon by 
providing a broad description of NMR spectroscopy and its contribution to the 
characterization of structure and dynamics of proteins. 

2. Traditional experimental approaches to structure determination of proteins 
Traditional experimental approaches to structure determination include X-ray 
crystallography and solution-state NMR spectroscopy. Presently, X-ray crystallography 
continues to be the most applied technique for the structural characterization of proteins 
and protein complexes at atomic resolution (Sali et al., 2003); as is evidenced by the Protein 
Data Bank (PDB), which currently reports approximately 87% of their structures as being 
acquired by this particular method (Berman et al., 2000). Crystallography begins with the 
expression and purification of the protein or proteins of interest. The subsequent step is to 
produce crystals of sufficient quality (at least 2.5Å), in order to obtain high-resolution data 
for structure determination (Liu & Hsu, 2005; Sali et al., 2003). Typical X-ray diffraction 
experiments require only a small single crystal sample (of a few micrometers) in order to 
physically interrupt the flow of X-rays from a source and cause them to scatter or diffract 
(Ooi, 2010). Diffracted X-rays are then identified by a detector (Ooi, 2010). The way in which 
X-rays are diffracted depends on the structure of the crystal; therefore the diffraction pattern 
that results is unique to each structure (Ooi, 2010). Data collected by the detector is then 
processed so as to create a visual image of the information. This allows for the direct 
inference of the types and arrangements of atoms, molecules and/or ions, as well as bond 
lengths and angles within the crystal (Ooi, 2010). Crystallization is often regarded as a slow 
and resource-intensive method (Liu & Hsu, 2005). What's more, since crystallization 
conditions cannot be predetermined, it is often necessary to screen a wide range of 
conditions related to pH, salt, protein concentration, and cofactors (Liu & Hsu, 2005; Sali et 
al., 2003). Although recent technologies allowing for the use of smaller sample volumes has 
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led to the automation of high-throughput crystallization, most structures will still require a 
great deal of time (sometimes as long as days or weeks) in order to produce a high-
resolution structure (Abola et al., 2000; Ooi, 2010; Sali et al., 2003). This includes the iterative 
process of refinement, in which the molecular model is continually compared to the 
experimental data utilizing statistical methods (Ooi, 2010). Except for the exceptionally rare 
case of well-ordered crystals from rigid molecules, disorder (which is commonly modeled as 
part of the refinement process) is a common phenomenon that occurs when some of the 
atoms in the structure adopt different orientations within different unit cells in the crystal 
(Ooi, 2010). Disorder may take on the form of discrete conformational sub-states for side 
chains or surface loops, or even small changes in the orientation of entire molecules 
throughout the crystal (Adams et al., 2003; Wilson & Brunger, 2000). In addition, crystal 
structures of multi-component systems and membrane proteins are still limited and 
refractory for structure determination (Liu & Hsu, 2005). Despite these limitations, X-ray 
crystallography represents a mature approach (Adams et al., 2003) and continues to be 
regarded as the 'gold standard' for structure determination (Sali et al., 2003). 

The field of NMR, on the other hand, is still relatively young and constantly evolving 
(Markley et al., 2003). In fact only about 12% of the total structures deposited at the PDB are 
determined by NMR (Berman et al., 2000). Since NMR does not require crystals in order to 
produce a three-dimensional structure, samples appropriate for structure determination can 
be identified relatively quickly (Liu & Hsu, 2005). In addition, NMR experiments can be 
conducted in aqueous solutions under conditions that are physiologically similar to those in 
which the protein normally functions (Liu & Hsu, 2005; Montelione et al., 2000). Protein 
NMR methods have advanced to the point that small to medium sized protein domain 
structures may be determined rather routinely (Markley et al., 2003). Conventional protein 
NMR experiments first require successful expression and preparation (purification, isotopic 
labeling, sample concentration and stability) (Christendat et al., 2000; Markley et al., 2003). 
NMR methods resolve signals from 1H, 15N, and 13C nuclei of a protein and assign them to 
specific nuclei in the structure of a molecule (Markley et al., 2003). The assigned chemical 
shifts are then able to provide reliable information, which reveal the secondary structure of 
the protein (Markley et al., 2003; Wishart & Nip, 1998; Wishart & Sykes, 1994; Wishart et al., 
1991, 1992). Similar to X-ray crystallography, refinement continues iteratively until a self-
consistent set of experimental constraints produces a collection of structures that also 
satisfies standard covalent geometry and steric overlap considerations (Markley et al., 2003). 
Additional structural restraints may be acquired by evaluating data from one or more 
different classes of NMR experiments. For example, NOE spectra provide 1H-1H distance 
constraints; three-bond J coupling experiments specify torsion angle restraints; and residual 
dipolar couplings from partially ordered proteins provide both distance and spatial 
constraints for pairs of coupled nuclei (Markley et al., 2003). NMR spectroscopy is capable of 
performing structural studies of small proteins which display any one of the following 
characteristics: partial disorder, multiple stable conformations, weak interactions with 
important ligands or cofactors, or do not crystallize readily (Markley et al., 2003). Moreover, 
it is a method that can also reveal critical information with regard to overall protein-folding, 
the existence of multiple-folded conformations, protein-ligand or protein-protein 
interactions, and even local dynamics (Markley et al., 2003). In fact, the clear advantage of 
NMR methods is that they are able to deliver the timescale of transitions (from picoseconds 
to seconds) at atomic resolution in steady-state conditions (Henzler-Wildman & Kern, 2007). 
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3. A brief introduction to NMR spectroscopy 
NMR spectroscopy is a technique that relies on the magnetic precession that is observed when 
the nuclei of certain atoms are immersed in a magnetic field (Berg et al., 2002; Hornak, 1997). A 
limited number of isotopes display this property; the most biochemically common isotopes for 
experiments with proteins and nucleic acids include hydrogen-1 (1H), carbon-13 (13C), 
nitrogen-15 (15N), and phosphorous-31 (31P) (Berg et al., 2002). Protons, electrons, and neutrons 
possess quantum spin, which are described in multiples of ½ and can be either positive or 
negative (Hornak, 1997). For simplicity's sake we discuss NMR concepts using the hydrogen 
nucleus, which contains one proton, as an example. The spinning of a proton produces a 
magnetic moment, which can take on one of two orientations or spin states (referred to as  
and ) when a magnetic field is applied (Berg et al., 2002). The energy difference between the 
two states is proportional to the strength of the magnetic field (Berg et al., 2002). Because the α 
state is aligned with the field, it is slightly more populated and therefore has a slightly lower 
energy (Berg et al., 2002). By providing a pulse of electromagnetic radiation that corresponds to 
the energy difference between the α and β states, a spinning proton in the α state can be raised 
to a β or excited state, allowing a resonance to be acquired (Berg et al., 2002). A resonance 
spectrum can be obtained for any molecule either by altering the amount of electromagnetic 
radiation while the magnetic field stays constant, or by changing the magnetic field while the 
frequency of electromagnetic radiation remains constant (Berg et al., 2002). These properties 
can then be used to analyze the chemical environment of the hydrogen nucleus (Berg et al., 
2002). The flow of electrons around a magnetic nucleus produces a small magnetic field which 
opposes that of the externally applied field (Berg et al., 2002). The electron density around each 
nucleus in a molecule varies as a result of the type of nuclei and bonds in the molecule 
(Hornak, 1997). Nuclei in different environments will also resonate at slightly different field 
strengths or radiation frequencies (Berg et al., 2002). Nuclei of a perturbed sample absorb 
electromagnetic radiation at a frequency which can be measured (Berg et al., 2002). The 
difference between the resonance frequency of the nucleus and a standard, relative to the 
standard is referred to as a chemical shift and is reported in parts per million (ppm, 
symbolized by δ), usually with values between 0 and 9 (Berg et al., 2002; Hornak, 1997). For 
example, when using the water-soluble derivative of tetramethylsilane (TMS) as the standard 
compound, the chemical shift of a CH3 proton usually exhibits a chemical shift of 1ppm 
compared to that of an aromatic proton which is typically 7ppm (Berg et al., 2002). The manner 
in which chemical shifts are calculated allows for NMR spectra, obtained using spectrometers 
at differing field strengths, to be compared (Hornak, 1997). Fig. 1 provides an example of a 
one-dimensional NMR spectrum of Galactose penta-acetate (C16H22O11) with chemical shifts 
for the hydrogens clearly resolved. Nuclei experiencing the same chemical shift are referred to 
as equivalent, while those experiencing different environments or having different chemical 
shifts are considered nonequivalent (Hornak, 1997). Nuclei which are close to one another 
have an influence on each other's magnetic field; this effect, referred to as J coupling, is 
observable in the NMR spectrum when the nuclei are nonequivalent and their distance is less 
than or equal to three bond lengths (Hornak, 1997).  

Utilizing the one-dimensional NMR technique, it is possible to resolve most protons for a 
few proteins; using the obtained information, we may then deduce changes to a particular 
chemical group under different conditions (Berg et al., 2002). However, in instances where 
one-dimensional NMR spectra are far too complex for interpretation due to the overlapping 
of signals (refer to Fig. 2), the introduction of additional spectral dimensions is not only 
helpful but necessary for resolving individual resonances in larger proteins.  
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Fig. 1. Example of a one-dimensional NMR spectrum of Galactose penta-acetate with clearly 
resolved hydrogens. [Figure courtesy of John Glushka, Complex Carbohydrate Research 
Center, The University of Georgia.] 

 

Fig. 2. Example of a one-dimensional NMR spectrum of a small protein (Rubredoxin) with 
overlapping proton resonances. [Figure courtesy of John Glushka, Complex Carbohydrate 
Research Center, The University of Georgia.] 
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Fig. 1. Example of a one-dimensional NMR spectrum of Galactose penta-acetate with clearly 
resolved hydrogens. [Figure courtesy of John Glushka, Complex Carbohydrate Research 
Center, The University of Georgia.] 

 

Fig. 2. Example of a one-dimensional NMR spectrum of a small protein (Rubredoxin) with 
overlapping proton resonances. [Figure courtesy of John Glushka, Complex Carbohydrate 
Research Center, The University of Georgia.] 
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Fig. 3. Example of a two-dimensional HSQC spectrum of protein G. [Figure courtesy of John 
Glushka, Complex Carbohydrate Research Center, The University of Georgia.] 

In order to analyze NMR data, it is important to establish which chemical shift corresponds 
to which atom. This task is often referred to as resonance assignment, and is dependent 
upon the protein being isotopically labeled. Standard methods usually begin with two-
dimensional 1H-15N Heteronuclear Single Quantum Coherence (2D HSQC) experiments, 
serving as the initial reference spectrum for signal identification (Markley et al., 2003). In this 
experiment, magnetization is transferred from the Hydrogen attached to 15N via J coupling; 
the chemical shift is then evolved on the Nitrogen with the magnetization being transferred 
back to the Hydrogen for detection (Cavanagh et al., 1995). This particular experiment, 
illustrated in Fig. 3, reveals all 1H-15N correlations, which are mainly backbone amide 
groups (Cavanagh et al., 1995). From this experiment, one can determine whether other 
experiments would be useful before spending the time and resources required for their 
implementation. In cases where significant degeneracy is present in the 2D HSQC, three-
dimensional spectrum (such as HNCO or HNCA) may prove useful in resolving spin 
systems which overlap (Markley et al., 2003). The HNCO experiment can be used to predict 
secondary structure, and does so by correlating the amide 1H and 15N chemical shifts of one 
residue with the 13CO chemical shift of the preceding residue (Grzesiek & Bax, 1993; Kay et 
al., 1990; Muhandiram & Kay, 1994). Here, magnetization is passed from 1H to 15N and to 
the 13C by way of the 15N_13CO J coupling and then passed back via 15N to 1H for detection 
(refer to Fig. 4a); the chemical shift is evolved on all 3 nuclei which results in a three-
dimensional spectrum (Grzesiek & Bax, 1993; Kay et al., 1990; Muhandiram & Kay, 1994). 
HNCA, on the other hand, correlates the intraresidue 13Cα chemical shift with the amide 1H 
and 15N shifts (Farmer et al., 1992; Grzesiek & Bax, 1993; Kay et al., 1990). For this particular 
experiment, magnetization is passed from 1H to 15N and to 13Cα via the 15N-13Cα J coupling 
and then passed back to the 15N and 1H hydrogen for detection as demonstrated in Fig. 4b 
(Farmer et al., 1992; Grzesiek & Bax, 1993; Kay et al., 1990). In addition, this experiment 
provides sequential connectivities by transferring the magnetic coherence from 15N to 13Cα of 
the previous amino acid (Cavanagh et al., 1995). Because the amide Nitrogen is coupled to 
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both the Cα of its own residue and that of the preceding residue, peaks for both Cα's will be 
visible in the spectrum; peaks with a greater intensity, usually correspond to the Cα's that 
are directly bonded to the amide Nitrogen (Farmer et al., 1992; Grzesiek & Bax, 1993; Kay et 
al., 1990). The chemical shift is then evolved for 1H, 15N and 13Cα, resulting in a 3-
dimensional spectrum (Farmer et al., 1992; Grzesiek & Bax, 1993; Kay et al., 1990). 

 
 

Fig. 4. Visualization of magnetization transfer in the Triple-resonance HNCO (a) and HNCA 
(b) experiments. 

4. A brief discussion of Nuclear Overhauser Effect (NOE) and its implication 
in modern NMR spectroscopy 
Even more structural information can be acquired by examining how the spins of different 
protons affect neighboring protons (Berg et al., 2002). This is possible through the Nuclear 
Overhauser Effect (NOE) observed by NMR spectroscopy, which states that an interaction 
between nuclei is proportional to the inverse sixth power of the distance between them 
(Berg et al., 2002). Therefore, the distance between nuclei is determined according to the 
intensity of the peak. By inducing a transient magnetization in a sample through radio-
frequency pulse, it is possible to both alter the spin of one nucleus and examine the effect on 
the spin of a neighboring nucleus (Berg et al., 2002). NOE differs from J coupling in that it 
identifies pairs of protons that are within close proximity relative to the protein's three-
dimensional structure, even if they are not close together with regard to the primary 
sequence (Berg et al., 2002). J coupling, on the other hand, is only observed when atoms are 
connected by 2 to 3 covalent bonds, as mentioned in section three. The two-dimensional 
spectrum acquired by Nuclear Overhauser Enhancement SpectroscopY (NOESY) 

(b) (a) 
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protons affect neighboring protons (Berg et al., 2002). This is possible through the Nuclear 
Overhauser Effect (NOE) observed by NMR spectroscopy, which states that an interaction 
between nuclei is proportional to the inverse sixth power of the distance between them 
(Berg et al., 2002). Therefore, the distance between nuclei is determined according to the 
intensity of the peak. By inducing a transient magnetization in a sample through radio-
frequency pulse, it is possible to both alter the spin of one nucleus and examine the effect on 
the spin of a neighboring nucleus (Berg et al., 2002). NOE differs from J coupling in that it 
identifies pairs of protons that are within close proximity relative to the protein's three-
dimensional structure, even if they are not close together with regard to the primary 
sequence (Berg et al., 2002). J coupling, on the other hand, is only observed when atoms are 
connected by 2 to 3 covalent bonds, as mentioned in section three. The two-dimensional 
spectrum acquired by Nuclear Overhauser Enhancement SpectroscopY (NOESY) 
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graphically displays pairs of protons that are close in proximity within the three-
dimensional structure of the protein (Berg et al., 2002). As long as nuclei are within ~5Å, the 
magnetization from an excited nucleus is transferred to that of an unexcited nucleus (Berg et 
al., 2002). Fig. 5 provides an example of a one-dimensional NOESY spectrum. The diagonal 
corresponds to a one-dimensional spectrum, whereas the off-diagonal peaks identify the 
pairs of protons that are within 5Å of each other (Fig. 5). Similarly, in a two-dimensional 
NOESY spectrum, off-diagonal peaks reveal short proton-proton distances (refer to Fig. 6). 

 

Fig. 5. Example of a one-dimensional NOESY spectrum. The five diagonal peaks correspond 
to the five protons in the image to the left.. The peaks above the diagonal and the 
symmetrically related one below reveal that proton H18 is close to proton H3.  

 
Fig. 6. Example of a two-dimensional NOESY spectrum of the Rubredoxin protein. Each off-
diagonal peak corresponds to a short proton-proton separation. This spectrum reveals 
hundreds of such short proton-proton distances, which can be used to determine the three-
dimensional structure of this protein. [Figure courtesy of John Glushka, Complex 
Carbohydrate Research Center, The University of Georgia.] 
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Three-dimensional protein structures may be calculated nearly uniquely if a sufficient 
number of distance constraints are applied, and are reconstructed such that proton pairs 
identified from NOESY spectra are close to one another in the three-dimensional structure 
(Berg et al., 2002). Families of related structures may also be generated in cases where: not 
enough constraints are experimentally accessible to fully describe the structure; distances 
obtained from NOESY analysis are only approximate; as opposed to utilizing a single 
molecule, experimental observations are made on a number of molecules in solution which 
may have slightly different structures at any given moment (Berg et al., 2002). It is important 
to note that the efficient and accurate assignment of NOEs for structure determination is 
highly dependent upon the completeness and precision of the chemical shift assignments 
(Markley et al., 2003). 

5. NMR approaches for the study of internal dynamics 
The investigation of protein dynamics relies mostly upon the use of NMR techniques. This is 
due to the fact that biological functions span a range of timescales for which various NMR 
experiments are sensitive. Here we briefly introduce a number of NMR methods, and 
summarize for each the timescales for which they are capable of acquiring experimental 
data (refer to Fig. 7).  

 

 
Fig. 7. Timescale of protein dynamic events, and the appropriate experimental methods that 
can be used to detect them. Acronyms for NMR methods: RDC – Residual Dipolar Coupling; 
RT NMR - Real Time NMR; NSR – Nuclear Spin Relaxation; RF RD – Rotating Frame 
Relaxation Dispersion; CPMG RD – Carr-Purcell Meiboom-Gill Relaxation Dispersion; EXSY – 
Exchange SpectroscopY; and PRE – Paramagnetic Relaxation Enhancement. 

Real-Time NMR (RT NMR) – encompasses slower dynamic processes in the seconds range 
(Kleckner & Foster, 2011) and was originally developed as a method to follow protein 
folding, combining the availability of high resolution data with kinetics experiments to 
allow for detailed examination of protein structure during different steps of the folding 
process (Zeeb & Balbach, 2004). The experiment consists of physically initiating a process of 
interest and subsequently acquiring a sequence of NMR spectra, which typically 
demonstrate a progressive weakening of an initial set of signals along with a gradual 
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strengthening of a new set of signals – the result of time-dependent changes from differing 
conformations and or local structures (Kleckner & Foster, 2011).  

EXchange SpectroscopY (EXSY) – is used to quantify exchange kinetics for dynamic processes 
in the 10 millisecond to 5 second timescale (Kleckner & Foster, 2011) and encompasses slow 
conformational changes such as domain movements (Key et al., 2009) and ligand binding 
(Demers & Mittermaier, 2009). In this experiment, kinetic information is obtained from a 
quantitative analysis of the magnetization transfer and spectral broadening that results from 
the exchange between bound and free states in a partially ligand-saturated sample (Demers 
& Mittermaier, 2009).  

Lineshape Analysis – is another approach reporting exchange events that take place roughly 
between 10 milliseconds and 0.1 seconds (Kleckner & Foster, 2011). In this experiment, 
chemical exchange processes are identified by characteristic changes of the NMR line shape 
(Jeener et al., 1979), which are typically the result of spectra acquired along a titration 
coordinate (in the form of ligand concentration, temperature or pH for example) allowing 
for the observation of their incremental effect upon the NMR observables (Kleckner & 
Foster, 2011). 

Carr-Purcell Meiboom-Gill Relaxation Dispersion (CPMG RD) – is a technique used to obtain 
kinetic, thermodynamic, and structural information and applies to exchange processes 
occurring in the 0.3 to 10 millisecond time frame (Kleckner & Foster, 2011; Loria et al., 2008). 
The purpose of this particular experiment is to use a series of spin echo pulses to transverse 
magnetization during a relaxation delay in order to refocus exchange broadening (Kleckner 
& Foster, 2011). 

Rotating Frame Relaxation Dispersion (RF RD) - may be used to study exchange processes that 
occur within the 20 to 100 microsecond range (Kleckner & Foster, 2011; Loria et al., 2008). 
This particular experiment is very similar to that of CPMG, the only difference is in the 
range of the spin echo pulses used (25-1200 Hz for CPMG and 1-50kHz for RFRD), this 
allows RF RD to study exchange events via the same principles as CPMG, but on a faster 
timescale (Kleckner & Foster, 2011). 

Paramagnetic Relaxation Enhancement (PRE) – is a method which allows for the study of protein 
dynamics within the microsecond timescale and is most appropriate for the examination of 
non-specific interactions and complexes between binding partners (Clore & Iwahara, 2009; 
Kleckner & Foster, 2011). This approach results from the identification of the magnetic dipole 
interaction between a nucleus and an unpaired electron (Kleckner & Foster, 2011). 

Nuclear Spin Relaxation (NSR) – may be used to study the details of protein dynamics on fast 
timescales (picoseconds to nanoseconds) and is made possible by the presence of NMR 
probes throughout the molecule (Case, 2001). This experiment is based on the weak 
coupling between spin variables and molecular motion which are then manifested into 
much slower relaxation of the spins which can be readily studied (Case, 2001). 

Full characterization of inter-molecular dynamics has been limited to NMR spectroscopic 
study of the protein (or complex of proteins) of interest and are typically performed in 
separate steps – with the protein’s structure determined first under the assumption of 
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rigidity, and its motion characterized later. Although structure determination protocols 
based on the assumption of molecular rigidity will produce a single structure, the degree of 
similarity between the static model of a protein structure and the many conformations of the 
dynamic model is not always clear and is poorly investigated. Another source of data 
capable of studying both structure and dynamics on timescales ranging from picoseconds to 
microseconds is that of Residual Dipolar Couplings or RDCs, which we discuss in further 
detail in the section that follows.  

6. Emerging methods in simultaneous study of structure and dynamics of 
proteins 
Recent advances in NMR spectroscopy have enabled the acquisition and analysis of data 
other than the traditional distance constraints. These new sources of data include Residual 
Dipolar Couplings (RDC), Pseudo Contact Shifts (PCS), and Paramagnetic Relaxation 
Enhancement (PRE), which provide orientational restraints as well as distance restraints. 
The introduction of orientational restraints has produced a shift in paradigm of structure 
determination that has necessitated alternative approaches to the analysis of NMR data. In 
this section the utility of orientational restraints has been discussed with references to the 
software development track that has been the subject of additional investigations. Finally, 
the focus of this section will be aimed at RDC data.  

Historically, the use of RDCs has been limited by two factors: data acquisition, and data 
analysis. The introduction of a variety of alignment media, combined with advances in 
instrumentation and data acquisition have mitigated the experimental limitations in 
obtaining RDCs. The major bottleneck in utilization of RDC data in recent years has been 
attributed to a lack of powerful and yet user-friendly RDC analysis tools capable of 
extracting the pertinent information embedded within this complex source of data.  

6.1 Residual Dipolar Couplings (RDCs) 

Residual dipolar couplings (RDCs) have been observed as early as 1963 (Saupe & Englert, 
1963) in nematic environments. A number of recent applications (Al-Hashimi & Patel, 2002; 
Bax et al., 2001; Blackledge, 2005; de Alba & Tjandra, 2002; Prestegard et al., 2000; Tolman, 
2001; Zhou et al., 1999) have reignited their wide use in application to a broad spectrum of 
biomolecules. RDCs arise from the interaction of two magnetically active nuclei in the 
presence of the external magnetic field of an NMR instrument (Bax et al., 2001; Prestegard et 
al., 2000; Tjandra et al., 1996; Tolman et al., 1995). This interaction is normally reduced to 
zero, due to the isotropic tumbling of molecules in their aqueous environment. The 
introduction of partial order to the molecular alignment, by minutely limiting their isotropic 
tumbling, will resurrect the RDC observable. This partial order can be introduced by either 
magnetic anisotropy of the molecule (Prestegard et al., 2000), a crystalline aqueous solution 
(Prestegard & Kishore, 2001), or incorporation of artificial tags with magnetic anisotropy 
susceptibility such as Lanthanide (Nitz et al., 2004). RDCs are measured relatively easily and 
represent an abundant source of highly precise information, such as the relative orientations 
of different inter-nuclear vectors within a molecule. Equation 1 describes the time average 
observable of the RDC interaction between a pair of spin ½ nuclei. 
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Here, Dij denotes the residual dipolar coupling in units of Hz between nuclei i and j, γi and 
γj are nuclear gyromagnetic ratios of the two interacting nuclei, r is the internuclear distance 
(assumed fixed for directly bonded atoms) and θij(t) is the time dependent angle of the 
internuclear vector with respect to the external magnetic field. The angle brackets signify the 
time average of the quantity.  

Residual dipolar couplings serve as an abundant source of orientational information for the 
inter-nuclear vectors within a molecule (Bax et al., 2001; Prestegard et al., 2000; Tolman et al., 
1995). They may also be acquired very rapidly and accurately by a number of techniques 
including, direct measurement of splittings in coupled heteronuclear single quantum 
coherence spectra (HSQC) (Bax et al., 1994; Bodenhausen & Ruben, 1980; Cavanagh et al, 
1995; Tolman & Prestegard, 1996). RDCs provide structural (Bax et al., 2001; Cornilescu et al., 
1999; Delaglio et al., 2000) and motional (Al-Hashimi et al., 2002b; Bax, 2003;Bernardo & 
Blackledge, 2004a, 2004b; Blackledge, 2005; Clore & Schwieters, 2003; O'Neil-Cabello et al., 
2004; Tolman, 2001; Yi et al., 2004) information in a biologically relevant timescale and have 
been used in studies of carbohydrates (Adeyeye et al., 2003; Azurmendi & Bush, 2002; 
Azurmendi et al., 2002; Tian et al., 2001a), nucleic acids (Al-Hashimi et al., 2000a, 2002a, 
2002b; Tjandra et al., 2000; Vermeulen et al., 2000) and proteins (Andrec et al., 2001; Assfalg et 
al., 2003; Bertini et al., 2003; Clore & Bewley, 2002; Cornilescu et al., 1999; Fowler et al., 2000; 
Tian et al., 2001b). The use of RDCs as the main source of structural information has led to a 
significant reduction in data collection and analysis, while providing the possibility of 
simultaneous resonance assignment, structure determination, and identification of 
dynamical regions (Bernado & Blackledge, 2004b; Prestegard et al., 2005; Shealy et al., 2011; 
Tian et al., 2001b; Valafar et al., 2005). As a result, the impact of these developments has 
enabled direct investigation of protein backbone structures (Bernado & Blackledge, 2004b; 
Clore et al., 1999; Fowler et al., 2000; Tian et al., 2001b; Valafar et al., 2005). Applications of 
RDCs have also extended into the structural elucidation of traditionally complex proteins 
such as membrane proteins (Opella & Marassi, 2004; Park et al., 2009) and homo-multimeric 
proteins (Wang et al., 2008). In fact, the utility of RDCs has extended well beyond the 
community of NMR spectroscopists. In several instances, RDCs have been used to validate 
and refine X-ray protein structures (Bansal et al., 2008; Langmead & Donald, 2003; Valafar & 
Prestegard, 2003, 2004) as well as modeled protein structures (Bansal et al., 2008; Raman et 
al., 2010a; Rohl & Baker, 2002; Valafar & Prestegard, 2003, 2004).  

6.2 Molecular frame, alignment frame and order tensor 

Proper understanding and interpretation of the Order Tensor Matrix (OTM) is central to the 
study of structure and dynamics of biological macromolecules from orientational restraints, 
and therefore requires a brief discussion. Upon successful determination of a structure, its 
atomic coordinates are described within some arbitrarily selected coordinate system. Since 
this structure is independent of any rotation or displacement within a given frame, the 
selection of a coordinate system is inconsequential. This arbitrary coordinate system is 
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denoted as the “molecular frame” (MF). On the other hand, since RDC data are capable of 
describing the preferred alignment of a molecule, a more descriptive frame can be selected 
in which the atomic coordinates of the molecule of interest are described in the appropriate 
orientation. This more descriptive frame is defined as the “principal alignment frame” 
(PAF). Rotation of the molecule within this frame is consequential in the representation of its 
order tensor while any translation in space is not. Alignment properties of a molecule can be 
described in the form of a Saupe order tensor matrix (Saupe & Englert, 1963; Valafar & 
Prestegard, 2004). Reformulation of Equation 1 in the matrix form collects and defines the 
Saupe order tensor matrix (or OTM for short) as represented by S in Equation 2. The entity v 
in this equation, represents the Cartesian coordinates of the normalized vector, and 
describes the relationship between a pair of interacting nuclei. Jacobi transformation (Press 
et al., 2002) of this symmetric and traceless matrix can separate two important information 
contents of the molecular alignment as shown in Equation 3. In this equation, a 3×3 order 
tensor represented by the elements sij can be decomposed to produce the diagonal form of 
the order tensor matrix and a corresponding rotation matrix denoted by R.  The three 
elements of the resulting diagonal matrix (Sxx, Syy and Szz also referred to as the order 
parameters) represent the strength of alignment along each of the principal axes x, y and z 
within the PAF. Comparison of the order parameters obtained from different regions of a 
macromolecular complex can provide information regarding their rigidity with respect to 
each other. Analysis of the R matrix in turn can provide the preferred direction of 
orientation with reference to the starting molecular frame. The preferred alignment can be 
identified through the decomposition of the rotation matrix R (shown in Equation 3) into 
three distinct rotational operators along z, y and z axes of the PAF. These three rotations 
denoted by , β, and γ fully define the orientational relationship between the arbitrary MF 
and the PAF, and can be used to assemble molecular complexes. In summary, an order 
tensor encapsulates five independent pieces of information (α, β, γ, Syy, Szz and Sxx=- Syy- Szz). 
Careful study of the order tensor matrix can provide the preferred alignment of the 
molecule with respect to the molecular frame (, β, γ) and strength of alignment (Syy, Szz) 
along each of the principal axes of alignment within the PAF. When RDC data are assigned 
to specific locations in a given structure, the elements of the order tensor can be obtained 
(Blackledge, 2005; Clore et al., 1998; Dosset et al., 2001; Losonczi et al., 1999; Valafar & 
Prestegard, 2004). Equally as well, given a structure and the elements of the order tensor, 
theoretical RDC data can be calculated easily.  
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The attainment of an order tensor is an important requisite step in extracting structural 
information from RDC data. 
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6.3 Structure determination by RDCs 

Structure determination approaches from RDC data utilize the rotational component of 
order tensor matrices in order to assemble a protein from rigid structural elements. The 
rigid structural elements can consist of units as small as peptide planes (Bernado & 
Blackledge, 2004a; Bryson et al., 2008) or as large as individual structural domains (Delaglio 
et al., 2000; Fowler et al., 2000). Nearly all of the existing NMR data analysis packages such as 
Xplor-NIH (Schwieters et al., 2003), and CNS (Brunger, 2007) have been modified to 
incorporate orientational restraints as part of their analysis. However, this shift in paradigm 
from distance-based to orientation-based structure determination, has necessitated the 
development of appropriate analyses. A number of such software packages have been 
introduced in recent years such as REDCAT (Valafar & Prestegard, 2004), REDCRAFT 
(Bryson et al., 2008) and others (Delaglio et al., 2000; Fowler et al., 2000).   

The prospect of structure determination of macromolecules from orientational restraints has 
many advantages. First, a carefully selected set of RDC data originating from the backbone of a 
protein can be used to directly investigate structural parameters such as the backbone torsion 
angles. For example, backbone N-H and Cα-Hα RDCs can be used to directly restrain the 
backbone structure of a protein (Bryson et al., 2008; Marassi & Opella, 2002, 2003; Prestegard et 
al., 2005; Tian et al., 2001b; Tjandra et al., 1997; Valafar et al., 2005; Wang & Donald, 2004). 
However, in order to address degeneracies (Al-Hashimi et al., 2000b) and variable sensitivity 
of RDC data (Bryson et al., 2008), it is necessary to acquire orientational restraints from two or 
more independent alignment media. Therefore it can be argued that in theory, the structure of 
any protein can be determined with as little as two RDC data per residue from two alignment 
media. The main reason for this reduction in the data requirement is based on independent 
investigation of backbone structure from investigation of the side chains. This significant 
reduction in the amount of required data is of paramount importance in reducing the cost 
(temporal and financial) of structure determination, and extending the applicability of NMR 
spectroscopy to challenging proteins such as membrane proteins. Nearly 30% of the human 
proteome is predicted to consist of membrane proteins. Despite their functional importance 
and frequency of occurrence, only ~100 unique membrane proteins have been structurally 
characterized and included in the PDB database (Berman et al., 2000). Their low level of 
inclusion is because they neither crystallize for X-ray crystallography nor produce the 
conventional NOE data (12-15 NOEs per residue) through NMR spectroscopy that has been 
required for successful structure determination. On the other hand, acquisition of two or three 
RDC data per residue for membrane proteins or large deuterated proteins is feasible with 
today's technology. Furthermore, because of the direct relationship between the RDC data and 
backbone conformation of proteins, it is easy to theoretically support the sufficiency of two or 
three RDC data points per residue for meaningful structure determination. 

6.4 Simultaneous study of structure and dynamics 

Study of internal dynamics of macromolecules has been one of the long standing challenges 
in structural and molecular biology. While the importance of elucidating the structure of 
pharmaceutical targeted proteins is widely accepted, the importance of understanding their 
associated internal dynamics is less widely recognized. This neglect is due, in part, to a lack 
of experimental methods capable of probing dynamics on biologically relevant timescales. 
Although, various techniques for the study of internal dynamics exist (Henzler-Wildman & 
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Kern, 2007), they usually apply to faster timescales or provide little information regarding 
conformational changes for slower dynamics.  

Traditionally, full characterization of inter-molecular dynamics by NMR spectroscopy is 
separated from structure elucidation, increasing the cost of these studies. Furthermore, 
conceptually, it is difficult to separate structure from dynamics since the two are intimately 
related and any attempt in structure elucidation that disregards the dynamics (or vice versa) 
can produce faulty results. A structure that has been determined from data perturbed by 
internal dynamics, is likely to produce a compromised structure. Relying on a false structure 
to study internal dynamics is likely to produce an inaccurate model of the internal motion. 
Disregarding internal dynamics during the course of structure determination may have 
catastrophic effects. Fig. 8 demonstrates the effects of structure determination of a mobile 
terminal helix while disregarding internal dynamics (Bryson et al., 2008). Although the 
entire helix maintains its secondary structure, the recovered structure from traditional 
methods does not bear any resemblance to the actual structure (Fig. 8 green). 

 

Fig. 8. The structure of a mobile terminal helix (red) that has been determined by 
conventional approaches (green).  

As discussed in section 6.3, proper analysis of RDC data can reveal information regarding 
the relative stability of various internal regions of a protein. This information can be 
obtained by comparing the order parameters that are obtained independently from each 
suspect region. Similar order parameters reported from different regions of a protein imply 
internal rigidity, while dissimilar order parameters can be interpreted as presence of 
internal dynamics. In this regard, RDCs prove to be exceptional probes for the inspection of 
dynamics in biomolecules on timescales that are biologically relevant (Bouvignies et al., 
2005). Therefore proper investigation of structure and dynamics of proteins from RDC data 
should theoretically be possible. However, proper treatment of RDCs requires analysis 
software packages that are specifically designed for this purpose. Study of structure and 
dynamics of RDCs with traditional software packages such as Xplor-NIH (Schwieters et al., 
2003) or CNS (Brunger, 2007) can be very daunting. Here we utilize the membrane bound 
form of the bacteriophage Pf1 protein (mbPf1) to illustrate the point. The structure of the 
mbPf1 protein consists of two helices, a longer transmembrane helix and a short 
amphipathic helix. A two-state jump model of motion has been applied to the amphipathic 
helix of this protein. Appropriate averaged RDC data have been generated to reflect the 
effect of the modeled internal dynamics. Fig. 9 provides an illustration of the two states of 
the amphipathic helix in red and green. An attempt to recover the structure of this protein 
from RDC data after insisting on helical secondary structural elements and using 
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conventional analysis methods, produces the ensemble of structures shown in cyan in Fig. 
9a. A recently introduced RDC analysis method named REDCRAFT, has demonstrated the 
possibility of successful study of structure and dynamics of proteins. Application of 
REDCRAFT analysis to the two-state jump problem successfully recovers the structure and 
orientation of the two states as shown in Fig. 9b in cyan. Note that the reconstructed states 
in Fig. 9b exhibit less than 1.3Å bb-rmsd. 

 

Fig. 9. Structure of the membrane bound form of the bacteriophage coat protein pf1 with a 
hypothetical and simulated model of dynamics. The two states of the amphipathic helix are 
illustrated in red and green. Attempts to recover the structure of this protein from RDC data 
using conventional analysis methods produces an ensemble of cyan structures (a) while 
REDCRAFT  successfully recovers the structure and orientation of the two states in cyan (b). 

7. A comparison of NOE versus RDC based approaches to study structure 
and dynamics of proteins 
Over the past few years, the utility of residual dipolar couplings (RDCs) for structure 
determination has increased precipitously. This explosion can be attributed to its distinct 
advantages over the traditional distance constraints (Bryson et al., 2008; Prestegard et al., 
2005, 2001; Valafar et al., 2005). Generally, RDC data are more precise, easier to measure, and 
are capable of providing informative structural and dynamic information. The direct 
relationship between a carefully selected set of RDC data and structural parameters, such as 
backbone torsion angles, is another notable advantage of RDC data over NOE data. Given 
the alignment of an unknown protein, a single RDC datum can limit the orientation of the 
corresponding vector to within two symmetrical cones as illustrated by Tjandra and Bax 
(Tjandra & Bax, 1997; Tjandra et al., 1996, 1997). In addition, the number of NOE 
requirements for an unambiguous recovery of a structure is heavily related to structural 
complexity of the protein, which is unknown a priori to structure determination. Fig. 10 
illustrates the tertiary structure of two proteins (3LAY and 1A1Z) of similar sizes, which 
clearly require disparate amounts of NOE data for successful description of their structures. 
Even the assembly of their secondary structural elements will require a different number of 
distance constraints. The lack of an understanding, as to the amount of data that is required, 
will have a direct impact on the cost and success of protein structure characterization. RDC 
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data, on the other hand, are more suitable for theoretically understanding data-
requirements, independent of structural complexity. As mentioned previously, strategically 
collected data can directly constrain a related torsion angle. Therefore, it is of no surprise 
that 2-3 RDC data points per residue should suffice for successful determination of a 
protein's backbone structure, regardless of the structural complexity. A priori knowledge of 
data requirements is helpful for many reasons. Proper understanding of data requirements 
allows establishing the completeness of the acquired data prior to analysis. 

 
 

 
 

(a) (b) 

Fig. 10. Two helical proteins 3LAY (a) and 1A1Z (b) of nearly the same size and different 
structural complexity. 

Another advantage in using RDCs is that the collected data from one portion of a structure, 
can act as a constraint on any other part of the structure, since all measurements are made 
with respect to a global point of reference (the common order tensor of the molecule). RDC 
data collected from the N-terminus of a protein must report the same order tensor as that 
described by the C-terminus of that protein. This underlying, global relationship between all 
RDCs significantly enhances their efficacy as global structural constraints. Furthermore, any 
discrepancy in the assumption regarding the rigidity of a protein can at least be evaluated. 
This is not the case with NOE data. For example, referring to Fig. 10, once the helical 
fragments are folded with the measured short-range NOEs, they do not infer any structural 
restraints for other parts of the molecule. 

Piecewise structure determination from NOE data is not always possible, and is often very 
unlikely, since NOE interactions are normally observed between two atoms that may be 
anywhere along the backbone of a protein. Therefore, the structure of the entire protein, 
including that of the side chains, needs to be addressed simultaneously. Simultaneous 
investigation of the entire protein leads to an exponentially expanding search space that is 
riddled with many local minima. Although simulated annealing approaches can in theory 
resolve entrapment in local minima, in practice this requires a large number of redundant 
structure determination sessions in the hopes of discovering a more suitable structure. The 
use of RDCs enables the construction of a protein's backbone structure incrementally, 
through the addition of one amino acid at a time. This progressive strategy is 
computationally more convenient and allows the direct investigation of the backbone with 
reduced risk of entrapment in local minima. Addition of the side chains can take place after 
structure determination of the backbone, thereby benefiting from significant reduction in 
complexity of the solution-space. 
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Fig. 11 provides direct evidence of the functional importance of RDC data in high-resolution 
structure determination. Here we have utilized the solution state structure of Ubiquitin/UIM 
fusion protein (2KDI) to generate precise NOE and RDC (backbone N-H and Cα-Hα) data 
using typical order tensors. The computed data were then corrupted through the addition of 
uniformly distributed noise. The original 2KDI structure was also used to generate 5000 
random derivative structures with 0-23Å of deviation, as measured over the backbone atoms 
with respect to 2KDI. Fig. 11 illustrates the fitness to the simulated data of the 5000 randomly 
generated structures, versus their backbone deviation (bb-rmsd) from the 2KDI structure. 
Fitness to the experimental data (RDC in blue and NOE in magenta) is plotted on the vertical 
axes while bb-rmsd to the high-resolution structure is plotted on the horizontal axis. This 
figure can be used to ascertain the information content of NOEs versus RDCs in guiding any 
protein folding strategy. Several conclusions can be made from Fig. 11. First, this figure 
suggests that backbone N-H and Cα-Hα RDCs are sufficient enough to obtain a protein 
structure. Second, Fig. 11 suggests that NOEs tend to plateau (lose sensitivity) as the calculated 
structure approaches the actual structure, while RDCs become more sensitive. Therefore, 
NOEs may be indiscriminate probes when operating in the range of 0-3.5Å from the actual 
structure. In contrast, the use of RDC data may very well provide structures within less than 
1.0Å from the actual structure. This observation is in agreement with the community wide 
consensus that X-ray structures fit RDC data better than the NOE based NMR structure of 
proteins. The final conclusion is that RDCs may be an indispensable source of data in high-
resolution structure determination by NMR spectroscopy. 

 

Fig. 11. NOE and RDC fitness of 5000 structures generated randomly from a known 
structure versus their backbone rmsd to the actual structure. 

8. The role of NMR spectroscopy in the era of Computational Biology 
Structure determination utilizing traditional NMR techniques, relies on the measurement of 
Nuclear Overhauser Effects (NOEs) and scalar couplings in order to derive distance and 
torsion angle constraints, respectively (Montelione et al., 2000). Although NOE constraints 
will continue to be important for high-throughput structure determination, the 
measurement of residual dipolar couplings (RDCs) will prove valuable in structure 
genomics efforts (Montelione et al., 2000). By providing new structural information in 
qualitative form (Montelione et al., 2000), RDC experiments result in orientational 
constraints that are complementary to the distance-based constraints available through 
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NOEs (Prestegard, 1998). Exceptionally challenging proteins, such as membrane 
bound/associated or glycosylated proteins, are refractory for structure determination by 
traditional approaches (NMR and X-ray crystallography). This can be attributed to either an 
insufficient number of the required conventional (distance or NOE) constraints in the case of 
NMR spectroscopy, or the failure to produce a diffraction-quality crystal for X-ray 
crystallography. Residual Dipolar Couplings (RDC), are a new type of data that have been 
anticipated to be instrumental in structural characterization of large proteins, membrane 
proteins or homo-multimeric protein complexes, to name a few. This is in part due to their 
rich information content. RDCs also possess the potential for integrating structure 
determination by NMR spectroscopy (Bryson et al., 2008; Park et al., 2009; Prestegard et al., 
2005; Tian et al., 2001b; Valafar et al., 2005), X-ray crystallography (Bansal et al., 2008; Ulmer 
et al., 2003; Valafar & Prestegard, 2003), and computational modeling (Bansal et al., 2008; 
Raman et al., 2010b; Valafar & Prestegard, 2003) methods into one unified approach for 
structural elucidation of biological macromolecules. Because RDCs may be used to 
characterize the structure and dynamics of challenging proteins, it presents a viable, cost-
effective method with the benefit of producing rapid, comprehensive and automated results 
(Al-Hashimi et al., 2002b; Bailor et al., 2007; Liu et al., 2010; Park et al., 2009; Prestegard et al., 
2000; Tian et al., 2001a; Wang et al., 2007). 

Another important development to consider, is the automated analysis of NMR data. Many 
of the interactive tasks related to spectral analysis which are currently performed by experts 
could, in principle, be performed more efficiently using computational systems (Montelione 
et al., 2000). This has in fact been demonstrated with proteins ranging from 50 to 200 
residues in length (Moseley & Montelione, 1999). 

9. Concluding remarks 
Here we conclude by summarizing some of the limitations related to modern NMR 
spectroscopy and briefly describe a method which may help to mitigate the limitations of 
NMR spectroscopy with respect to large molecules and macromolecular assemblies. 

9.1 Limitations of modern NMR spectroscopy 

Similar to other methods of structure determination, the accuracy of protein structures 
determined by NMR are dependent upon the extent and quality of the data that can be 
obtained (Liu & Hsu, 2005; Montelione et al., 2000). NMR spectroscopy is considered 
relatively insensitive, typically requiring samples of about 1mM protein concentration; 
preventing studies of proteins with very low solubilities, thereby limiting certain 
experimental designs (Montelione et al., 2000). Limitations such as these effect constraints on 
pulse sequence design and sample stability (Montelione et al., 2000). Although multiple 
samples may be utilized for the process of structure determination, each sample must be 
stable (with regard to precipitation, aggregation, and other types of degradation) for any 
amount of time ranging from days to weeks (Montelione et al., 2000). Furthermore, manual 
analyses of these multiple NMR datasets are not only laborious and time-consuming, but 
require expertise (Montelione et al., 2000). Although recent developments hold great 
promise in reducing the amount of time in structure determination using automated 
analysis of NMR assignments and 3-dimensional structure (Moseley & Montelione, 1999), 
general methods for automated analysis of side chain resonance assignment are not yet well 
developed (Liu & Hsu, 2005; Montelione et al., 2000).  
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Yet another limitation of NMR analysis is that the density of constraints is occasionally 
insufficient for accurate structural analysis (Montelione et al., 2000). More specifically, 
general methods for cross-validation similar to the free R-factor (a statistical measurement 
used in crystallographic studies for evaluating how well a structure model fits the 
diffraction data) are not currently available (Montelione et al., 2000). With regard to Residual 
Dipolar Couplings (RDCs), current limitations include: the efficient identification of 
alignment media (Montelione et al., 2000), available methods for data extraction and analysis 
(Jung & Lee, 2004),  

The major challenge of NMR spectroscopy, however, is in reducing the amount of time in 
data collection for structure determination (Liu & Hsu, 2005). The construction of new high-
field magnets for enhanced sensitivity, exemplify technological advancements that are of 
particular interest, yet it is the performance of the NMR probe (used to detect NMR signals) 
for which the sensitivity of the acquired NMR data depends (Montelione et al., 2000). This 
can be improved through the introduction of new probes, but is also dependent upon 
advancements in partial deuteration, which can improve the signal to noise ratios that result 
from sharper linewidths and longer transverse relaxation times (Gardner & Kay, 1998; 
Montelione et al., 2000). Transverse Relaxation-Optimized SpectroscopY (TROSY) is another 
novel technique that may provide significant sensitivity for large proteins by slowly relaxing 
NMR transitions (Montelione et al., 2000; Pervushin et al., 1997; Wider & Wüthrich, 1999; 
Wüthrich, 1998). Finally, the proper combination of various sources of data can be very 
beneficial in overcoming some of the fundamental challenges in NMR spectroscopy. Based 
on results shown in Fig. 11, it can be concluded that NOE data are much more effective in 
guiding the protein structure from an extended state to near its native conformation. 
However, NOE data alone seem to lose structural sensitivity around 3Ǻ from the native 
structure. RDCs on the other hand seem to provide the needed sensitivity as the structure 
determination converges toward the native conformation. It is therefore reasonable to 
speculate that the most effective approach to protein folding from NMR data consists of 
initial rounds of structure determination by NOE data, followed by structure refinement 
guided by RDC data in the absence of NOE constraints.  

9.2 Contribution of TROSY in mitigating limitations of NMR spectroscopy 

Many biologically relevant macromolecules and macromolecular complexes are simply too 
large for traditional NMR spectroscopy studies, with molecular masses beyond the practical 
range (Fernandez & Wider, 2003). In fact, conventional NMR based techniques often identify 
two main problems associated with the solution state study of large molecules and 
macromolecular assemblies: 1. the large number of acquired resonances causes signals to 
overlap, making spectral analysis very difficult; and 2. because NMR signals of larger 
molecules relax faster, it often results in line broadening, poor spectral sensitivity, and 
eventually no NMR signals (Fernandez & Wider, 2003). TROSY is a technique that has 
profoundly extended the size limit of macromolecules able to be investigated by NMR, 
making the analyses of molecular systems of up to 1 kDa possible (Fiaux et al., 2002; Riek et 
al., 2002). The application of this particular technique has made a wide range of novel 
applications possible (Fernandez & Wider, 2003) by providing much better sensitivity and 
line width for large proteins by reducing transverse nuclear spin relaxation during chemical 
shift evolution (Pervushin et al., 1997). This makes the critical step of resonance assignment 
possible and allows backbone assignment and secondary structure to be obtained, as first 
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demonstrated with a homo-octameric protein of 110 kDa (Salzmann et al., 2000). In addition, 
applications of TROSY for side chain resonance assignments have also been demonstrated 
(Hilty et al., 2002). TROSY has even been incorporated into experimental studies which focus 
on the dynamics of macromolecules (Zhu et al., 2000). Moreover, TROSY has proven 
successful in determining structures for some of the most difficult of proteins - membrane 
proteins (Fernandez et al., 2001a, 2001b). Because TROSY also provides a wide range of 
NMR measurements with regard to the functional properties of larger macromolecular 
complexes, it demonstrates great potential for providing clues to the physiological roles of 
novel proteins and may prove beneficial for drug discovery (Fernandez & Wider, 2003). 
Other practical applications of TROSY include: the discovery of scalar spin-spin couplings 
across hydrogen bonds (Cordier & Grzesiek, 1999; Dingley & Grzesiek, 1998; Pervushin et 
al., 1998), which can be utilized for structure refinement; the measurement of dipolar 
couplings in large molecules, to determine much larger 3D structures by NMR (Evenäs et al., 
2001; Lerche et al., 1999; Yang et al., 1999); and increasing the sensitivity of some triple-
resonance experiments for 13C and 15N labeled nucleic acids, so as to increase the range of 
their functionality to even bigger oligonucleotides (Brutscher & Simorre, 2001; Fiala et al., 
2000; Riek et al., 2001; Simon et al., 2001).  

In short, the many applications of TROSY and the data made available by its experiments, 
will contribute significantly by providing important information aimed at solving both 
future and present biological problems related to the structure and function of large and 
complex biological molecules. 
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1. Introduction  
High-resolution crystallography provides information on the precise 3D structure of 
proteins or other (bio)macromolecules, including ligands and several water molecules. In 
the case of small proteins, NMR techniques may be equally purposive. Reconstructions from 
cryo-electron microscopy may also supply precise anhydrous models. The most intimate 
structural details of proteins can be visualized from application of these high-resolution 
techniques (Creighton, 2010a, 2010b; Serdyuk et al., 2007). 

In general, however, only a small fraction of preferentially bound water molecules is 
identified by crystallographic techniques, owing to insufficient resolution and hydrogen 
bond network building. Discrete waters should have hydrogen bonded contact(s) to other 
solvent molecules or to protein; poorly placed waters tend to drift away during refinement 
(Rupp, 2010). Further deficiencies/errors in crystallographic work are due to missing parts 
(amino acid (AA) residues) and the occurrence of various radiation damages (Ravelli & 
Garman, 2006). 

By contrast, the data from low-resolution solution techniques, such as small-angle X-ray 
scattering (SAXS) and hydrodynamics (analytical ultracentrifugation, viscometry etc.), 
inherently contain hydration and yield hydrated protein models (Durchschlag et al., 2007; 
Zipper & Durchschlag, 2010b). For many reasons, knowledge of hydration is essential for 
understanding the behaviour of proteins in solution and manifold interactions.  

Water is important for structure, stability, dynamics, and function of native proteins; it is 
also involved in guiding protein folding, and, consequently, needs to be involved in protein 
structure predictions and modelling of folding pathways (Levy & Onuchic, 2006; Papoian et 
al., 2004). Minimizing the number of hydrophobic side-chains exposed to aqueous solvent is 
a major driving force behind protein structure formation. In a typical protein, a tightly 
packed core contains more than 80 % of the non-polar side chains and water molecules are 
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generally excluded from protein interiors. There is a clear correlation between the 
hydrophobicities of AA residues and their tendency to occur in the interior (Creighton, 
2010b). Water soluble proteins have all ionized groups on the surface, exposed to the 
solvent. Polar groups tend to be paired in hydrogen bonds. Fixed, preferentially bound 
water molecules occur in positions where they can build hydrogen bonds to polar groups. 
Overall, to some extent both bound and free waters are of relevance for the structure of 
proteins and their formation. Only the existence of water leads to the distinction between 
hydrophobic and hydrophilic parts. Water is the 'lubricant of life'.  

Biophysically relevant hydration details are mandatorily required in certain cases: 
understanding protein interactions as precondition for flexibility, dynamics and 
functionality (Creighton, 2010a, 2010b; Serdyuk et al., 2007); very precise comparisons of 
high-resolution 3D structures and molecular parameters with data from solution techniques 
(Durchschlag et al., 2007; Durchschlag & Zipper, 2008; Zipper & Durchschlag, 2010b); 
gaining insight into radiation damage events (Durchschlag et al., 2003; Durchschlag & 
Zipper, 2007); construction of tailor-made nano-compounds in context with drug-design 
projects and the development of functionalized surfaces and polymers by mimicking 
proteins (Durchschlag & Zipper, 2008); improvement/check of crystallographic/NMR data 
with regard to hydration waters (Durchschlag & Zipper, 2003).  

Experimental determinations of volume, surface, and hydration properties of proteins by 
SAXS or other low-resolution techniques turned out to be rather inaccurate, whereas the 
hydration numbers for individual AA residues, derived from NMR spectroscopy or 
thermodynamic considerations, seem to be rather precise (Durchschlag & Zipper, 2001, 
2008). For different pH values, of course, different hydration numbers for the AA residues 
have been found.  

Unlike experimental data, calculations of volume and surface properties of simple and 
complex proteins proved to yield reliable results, if based on the properties of the molecular 
constituents and the coordinates (Durchschlag & Zipper, 2005, 2008). Modern analytical 
procedures and programs yield the anhydrous volume (van der Waals volume), summing 
up the contributions of the constituents. For analyzing the surface area of proteins, rolling-
ball mechanisms were most effective, characterizing either an anhydrous or a hydrated 
protein. Prediction of the values for hydrated volume and surface requires 
assumptions/estimations/findings for the amount of water bound to the protein, e.g. 
application of a shell model, blowing up (surface) AA residues, and use of individual 
waters. For the precise prediction of structural and hydrodynamic parameters (volume, 
surface, radius of gyration, sedimentation and diffusion coefficients, intrinsic viscosity etc.) 
realistic assumptions or estimations are sufficient, whereas visualization of biophysically 
realistic hydrated protein models obviously necessitates more sophisticated, advanced 
modelling techniques.  

A critical inspection of anhydrous and hydrated protein models obtained by crystallography 
with models derived from quite different experimental techniques and calculation 
approaches allows a scrutinized comparison of the models under analysis. Among a variety 
of problems, the amount of hydration and the position of the individual water molecules 
turned out to be the most crucial points. To meet this challenge, a variety of techniques and 
approaches were examined and both models and molecular parameters were analyzed: (i) 
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Conventional and ab initio modelling approaches signify satisfactory agreement between 
crystal- and SAXS-based protein models, provided hydration contributions and other 
precautions are taken into account (Durchschlag et al., 2007). (ii) Recourse to 
crystallographic or model data also allows scattering and hydrodynamic modelling; in the 
case of multibead structures novel modelling refinements (e.g., efficient bead reductions) 
have to be adopted (Zipper et al., 2005; Zipper & Durchschlag, 2007, 2010a, 2010b). (iii) The 
creation of hydrated models from cryo-electron microscopy data necessitates qualified 
assumptions regarding hydration, e.g. in terms of voxel densities (Zipper & Durchschlag, 
2002b). (iv) Combining the exact surface topography (molecular dot surface; derived from 
atomic or amino acid coordinates of proteins or appropriate models) and our recent 
hydration algorithms (program HYDCRYST) allows the prediction of individual water 
molecules preferentially bound to certain amino acid residues (Durchschlag & Zipper, 2001, 
2002a, 2002b, 2003, 2004, 2005, 2006, 2008; Zipper & Durchschlag, 2002a, 2002b).  

2. Methods 
2.1 Coarse-grained models 

Sphere (S), prolate and oblate ellipsoids of revolution (PE, OE) of different axial ratios, and 
hollow spheres (HS) of different hollowness may serve as approximations for simple 
anhydrous protein structures. Selected structures were modelled by assemblies of equal-
sized densely packed beads (Zipper & Durchschlag, 2010a). By variation of the bead radius 
(rb), the number of beads (Nb), i.e. the extent of the reduction process, can be varied 
systematically. The coordinates of the beads were generated by an in-house program.  

2.2 Proteins: Recourse to experimental results and data banks 

SAXS experiments yield scattering intensity profiles, I(h), and pair-distance distribution 
functions, p(r), in addition to a variety of molecular parameters such as radius of gyration, 
RG, hydrated volume, V, and maximum particle diameter, dmax (Glatter & Kratky, 1982). 
Shape reconstructions may be obtained by conventional modelling or advanced ab initio 
modelling approaches, preferably by programs based on simulated annealing or on a 
genetic algorithm (Zipper et al., 2005). Hydrodynamic properties such as sedimentation 
coefficient, s, translational diffusion coefficient, D, and intrinsic viscosity, [], are 
determined by analytical ultracentrifugation and viscometry, respectively. Atomic 
coordinates and masses of proteins were obtained from the PDB and SWISS-PROT data 
banks (Berman et al., 2000; Boeckmann et al., 2003). For hydration predictions by 
HYDCRYST, only the coordinates of the protein were taken, i.e. in this case all 
crystallographically found waters were discarded.  

2.3 Model construction, data reduction, and prediction of structures and molecular 
parameters 

Size, shape and properties of simple and complex proteins can be calculated by bead 
modelling procedures: in context with solution techniques, but also in the case of 
crystallographic and EM data (Zipper et al., 2005; Byron, 2008). Pilot tests applying whole-
body approaches yield rough estimates of scattering and hydrodynamic molecular 
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parameters and allow estimates of partial specific volume, molecular volume and overall 
hydration (Durchschlag & Zipper, 2005). Among the more advanced approaches applied, 
Debye modelling (Glatter & Kratky, 1982) and the program CRYSOL (Svergun et al., 1995) 
may be used for the calculation of scattering profiles from (atomic) coordinates. For 
hydrodynamic modelling, the HYDRO program suite (consisting of several programs and 
many modern adaptations; e.g., programs HYDRO++ and HYDROPRO) (García de la Torre 
et al., 1994, 2000, 2007, 2010; Ortega et al., 2011a, 2011b), and ZENO (Kang et al., 2004; 
Mansfield & Douglas, 2008) should be emphasized. Filling-model strategies (instead of shell 
models usually applied for hydrodynamic modelling) have to be used for analyzing both 
scattering and hydrodynamic quantities.  

In a broad range of circumstances, models composed of a multitude of beads have to be 
handled, in particular when resorting to (atomic) coordinates of huge macromolecules or if 
the biophysically relevant fine structure of hydrated models is required. Various programs, 
e.g. AtoB (Byron, 1997), SOMO (Brookes et al., 2010a, 2010b; Rai et al., 2005), PDB2AT, 
PDB2AM, and MAP2GRID (Zipper & Durchschlag, 2007) have been developed to transform 
crystallographic/NMR data information to bead models (unreduced initial models based on 
atoms, atomic groups, or amino acid residues, and reduced models at certain reduction 
levels). The hydration program HYDCRYST allows the efficient prediction of individual 
water molecules preferentially bound to proteins provided the accessible surface area has 
been calculated previously by a surface calculation program. Several complementary tools 
may be required, e.g., for conversion between data formats, calculation of scattering 
functions, or for a correct visualization of reduced and/or hydrated structures by RASMOL 
(Sayle & Milner-White, 1995).  

2.4 Calculation of volumes and surfaces 

Volume and surface properties of protein molecules can be calculated using crystallographic 
data sets as those deposited in the PDB. The molecular volumes thus obtained are either 
anhydrous volumes or, because of scarce waters, poorly hydrated volumes (Durchschlag & 
Zipper, 2008). Surface characteristics of proteins are obtained by using analytical surface 
calculation programs such as SIMS based on the rolling-ball strategy (Vorobjev & Hermans, 
1997), yielding molecular surface and solvent-accessible surface areas (i.e. anhydrous and 
hydrated surfaces), in addition to a smooth 'molecular dot surface' required for values for 
the solvent-excluded volume and appliance of advanced hydration modelling strategies. 
The program SIMS may be applied either to the atomic coordinates or newly-created 
coordinates (e.g., gravity centres of AA residues) (Durchschlag & Zipper, 2008). 

2.5 Calculation of hydration 

The water molecules bound preferentially to proteins have properties different from those of 
the bulk water (higher order, lower mobility, higher density) (Durchschlag & Zipper, 2003). 
For roughly estimating the overall hydration (Durchschlag & Zipper, 2004, 2008), the 
hydration numbers found for the individual AA residues (Kuntz, 1971) may be used.  

Knowledge of the exact anhydrous surface topography in terms of dot surface points, as 
obtained by SIMS, however, enables usage of advanced hydration algorithms. The normal 
vectors at these anhydrous dot surface points allow the creation of a huge amount of 
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hypothetical points for potential positions of water molecules; these waters are located at the 
normal distance above the anhydrous protein surface, i.e. at a distance usually 
corresponding to the water radius (probe radius). For the selection of preferential positions 
for bound water molecules, a new version of our in-house program HYDCRYST (now 
including also essentials of the related program HYDMODEL) is applied (creation of models 
based on the initial atomic coordinates of the protein or reduced models derived from the 
coordinates of AA residues) (Durchschlag & Zipper, 2001, 2002a, 2003). The selected waters, 
assigned to the accessible AA residues, are then attached to the dry protein models. Overall, 
the method is based on geometrical and energetic constraints, owing to the placing of 
definite hydration numbers to definite AA residues. The extent of hydration can be 
modulated step by step by several input parameters, in particular by variation of the dot 
density and a scaling factor acting on the hydration numbers used. Thereby different extents 
of water binding (minimum, medium, and maximum hydration) may be simulated.  

2.6 Calculation of SAXS functions and of structural and hydrodynamic parameters 

Radius of gyration, RG, and the pair-distance distribution function, p(r), of the protein 
models were calculated from the radii and coordinates of the constituent beads and the bead 
volume as statistical weight. The p(r) function gives the relative number of distances of two 
points inside a particle as a function of the distance r. Calculation approaches and the 
prediction of structural and hydrodynamic parameters have been described in detail 
previously (Zipper et al., 2005).  

3. Results  
In the first instance, whole-body models of different shape were selected, to test the 
applicability of the reduction and calculation approaches applied. Based on these findings, 
anhydrous models for many proteins were constructed and their predicted structural and 
hydrodynamic properties were compared to experimental data. Because of obvious 
deficiencies of the anhydrous (dry) protein models, sophisticated hydration strategies had to 
be developed in the following, to account for the hydration contributions of the protein 
structures in solution. Application of our advanced hydration algorithms to various proteins 
revealed the effectiveness of the approaches applied. 

3.1 Coarse-grained models 

Models of quite different shape were selected, to prove the effectiveness of the approaches 
under consideration. Fig. 1 depicts a few illustrative examples: a sphere (S), a hollow sphere 
(HS), a prolate ellipsoid (PE) and an oblate ellipsoid (OE), composed of a multitude of 
beads, together with a set of the reduced models. As may be expected, the distance 
distribution functions, p(r), of the different model structures vary considerably (Fig. 2), with 
respect to their form, position of maximum, and particle diameter. However, the profiles of 
unreduced and reduced models coincide nearly completely, proving the applicability of the 
model reduction process applied. As may be taken from the structural and hydrodynamic 
parameters presented in Table 1, the comparison of whole-body and multibead models 
indicates good accordance (data for RG, D (and therefore also for s), and []). As shown 
previously (Zipper & Durchschlag, 2010a), choice of []RVC represents a reasonable 
approximation for the value of the intrinsic viscosity.  
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         S (5:5:5)           HS (5:5:5; 0.75)      PE (5:5:15)            OE (15:15:5) 

   
              Nb = 7391                               Nb = 4248                            Nb = 7375                             Nb = 7177 

    
              Nb = 941                                 Nb = 530                               Nb = 951                                  Nb = 901  
Fig. 1. Selected space-filling multibead models for sphere (S), hollow sphere (HS) with ri/ro 
= 0.75, and prolate and oblate ellipsoids of revolution (PE, OE). Each model is represented 
by a number of beads (Nb), depending on size, hollowness and axial ratio of the model 
under consideration. By increasing the bead radius of the model, Nb can be reduced 
considerably.  
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Fig. 2. Distance distribution functions p(r) of the multibead models (S, HS, PE, OE) shown in 
Fig. 1. The profiles represent initial and reduced numbers of beads (high and low Nb); their 
integral values are proportional to the overall model volumes.  



 
Protein Structure 

 

74

         S (5:5:5)           HS (5:5:5; 0.75)      PE (5:5:15)            OE (15:15:5) 

   
              Nb = 7391                               Nb = 4248                            Nb = 7375                             Nb = 7177 

    
              Nb = 941                                 Nb = 530                               Nb = 951                                  Nb = 901  
Fig. 1. Selected space-filling multibead models for sphere (S), hollow sphere (HS) with ri/ro 
= 0.75, and prolate and oblate ellipsoids of revolution (PE, OE). Each model is represented 
by a number of beads (Nb), depending on size, hollowness and axial ratio of the model 
under consideration. By increasing the bead radius of the model, Nb can be reduced 
considerably.  

r  (nm)
0 10 20 30

p(
r)

  (
re

l.u
.)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

S HS

OE

PE

high Nb
low Nb

 
Fig. 2. Distance distribution functions p(r) of the multibead models (S, HS, PE, OE) shown in 
Fig. 1. The profiles represent initial and reduced numbers of beads (high and low Nb); their 
integral values are proportional to the overall model volumes.  
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3.2 Anhydrous and hydrated protein models 

Bovine pancreatic trypsin inhibitor (BPTI), a nonconjugated protein, was chosen as a small 
model protein, to demonstrate different types of anhydrous models and descriptions of 
reduction procedures to be applied in scattering and hydrodynamic modelling.  

Fig. 3 compares the initial anhydrous model, the unreduced BPTI model based on atomic 
coordinates (A), with several approaches for reduced models (B-E). The most straightforward 
types of reduced models are based on AA residue coordinates, either on the entire residue or 
on parts of it (such as main chain and side chain, a concept adopted from SOMO). Procedures, 
such as SOMO and AtoB, are used in the program UltraScan II (Brookes et al., 2010a, 2010b; 
Demeler, 2005). An inspection of the p(r) functions (Fig. 4) clearly proves that the 
straightforward procedures result in perfect agreement with the initial model, while the 
applied versions of SOMO, and in particular of AtoB, lead to remarkable discrepancies. This is 
partly due to the fast, but unprecise modus operandi for calculation of p(r) in the present 
versions of UltraScan II (the errors caused by neglecting the bead radii increase with 
decreasing bead numbers). However, part of the disagreement of the p(r) functions of SOMO 
and AtoB models with those of the initial and straightforward reduction procedures seems to 
be caused by the models themselves. The models created by SOMO and AtoB tend to be rather 
artificial and far from space-filling (Fig. 3) because of avoidance of overlapping beads. Our 
straightforward approaches, on the other hand, do not prevent the occurrence of bead 
overlaps. Even overlapping unequal-sized beads can be used for hydrodynamic modelling, 
either by applying a special expression for the interaction tensor in HYDRO (Zipper & 
Durchschlag, 1997, 1999) or by using ZENO. However, in principle, all types of anhydrous 
model constructions may be used as starting points for the creation of hydrated models. For 
obvious reasons, however, in the following we will restrict our considerations to our 
straightforward in-house approaches for the model reduction process. 

The 30 S ribosomal subunit of Thermus thermophilus was used as a representative of a 
conjugated protein. It is a nucleoprotein composed of protein and ribonucleic acid moieties. 
As may be taken from Fig. 5, also in this case modelling may be achieved on the level of 
atomic coordinates (unreduced model: 51792 beads) and by applying AA and nucleotide 
residue coordinates (reduced model: 3917 beads) as well. Different approaches for the 
reduction process (running mean and grid reductions) and varying input parameters were 
applied, to test the applicability of the reduction procedures. The overall impression of the 
images obtained for all the models is satisfactory (Fig. 6). The comparison of the p(r) 
functions, however, reveals that use of the cubic grid approach and equal-sized beads on 
lattice points (CLE) may fail (Fig. 7). And the same conclusion can be drawn from a 
meticulous inspection of the molecular parameters listed in Table 2. Again, the CLE variant 
rather leads to erroneous predictions of structural and hydrodynamic parameters. 

Fig. 8 illustrates the steps of the hydration approach HYDRCRYST, again applied to the 
model protein BPTI. Starting from the anhydrous protein model (A), a myriad of dot surface 
points is created (B). The normal vectors at these points are used for the localization of 
potential water points (C). Selecting water molecules on the protein surface by HYDCRYST 
yields the water molecules to be tracked on the protein surface, eventually establishing a 
realistic hydrated protein model, revealing, however, no complete water shell (D). In 
comparison to this calculated model, the structure based on crystal data demonstrates only a 
few bound water molecules (E).  
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(A) Nb = 454, V = 7.781 nm3, RG = 1.103 nm 

  
(B) Nb = 58, V = 7.781 nm3, RG = 1.106 nm (C) Nb = 110, V = 7.781 nm3, RG = 1.107 nm 

  
(D) Nb = 110, V = 3.666 nm3, RG = 1.220 nm (E) Nb = 84, V = 2.358 nm3, RG = 1.129 nm 

 
Fig. 3. Different types of anhydrous models for bovine pancreatic trypsin inhibitor (4PTI), 
created by different approaches: (A) Unreduced model for the protein based on atomic 
coordinates; the basic atoms are given in CPK colors, (B) Reduced model based on whole 
AA residues, (C) Reduced model based on AA residues split into a main-chain and a side-
chain moiety, (D) SOMO model created by UltraScan II, (E) AtoB model created by 
UltraScan II. The given values for V and RG were calculated from the coordinates and radii 
of beads.  
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Fig. 4. Distance distribution functions p(r) of the different types of anhydrous models for 
bovine pancreatic trypsin inhibitor (4PTI) shown in Fig. 3. The black line and the dotted red 
and green curves are the profiles obtained for the unreduced model and the models reduced 
to whole (red) or split (green) AA residues; the blue and pink lines represent the profiles 
calculated for the SOMO (blue) and AtoB (pink) models created by UltraScan II. These 
profiles were calculated by means of in-house programs from the coordinates and radii of 
the beads. The circles illustrate the p(r) profiles of the unreduced model (black) and of the 
SOMO (blue) and AtoB (pink) model as provided directly by UltraScan II; these profiles 
were calculated from the coordinates of the beads only. 

Unreduced model: 
Use of atom coordinates 
Nb (Protein + RNA) =  
51792 (19284 + 32508) 

          PROTEIN                                RNA                          NUCLEOPROTEIN

  

Reduced model: 
Use of amino acid and 
nucleotide residues 
Nb (Protein + RNA) =  
3917 (2404 + 1513) 

 
Fig. 5. Anhydrous models for the Thermus thermophilus 30 S ribosomal subunit (1FJG), a 
nucleoprotein composed of protein and RNA. The principle constituents (protein moiety in 
bluetint, and nucleic acid moiety in pinktint) are shown in backbone and space-filling 
formats, while the nucleoprotein is shown in space-filling format only. The images in the 
upper row represent the models based on atomic coordinates, while the lower row signifies 
the models based on the coordinates of AA and nucleotide residues. 
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A: RM 
   PDB2AT     PDB2AM 

     BD = 0  Nb = 51792    ICOM = 1  Nb = 3917 

 BD = 0.75 nm  Nb = 3473   ICOM = 2  Nb = 1966 

 BD = 1.0 nm  Nb = 1515   ICOM = 3  Nb = 1315 

 BD = 1.25 nm  Nb = 790 ICOM = 5  Nb = 796   

B: MAP2GRID 
CG    CLU   CLE 

VS = 0.5 nm  Nb = 9356 

VS = 0.75 nm  Nb = 3626 

VS = 1.0 nm  Nb = 1779 

VS = 1.25 nm  Nb = 1033   

Fig. 6. Selected bead models for the Thermus thermophilus 30 S ribosomal subunit (1FJG), 
obtained by various approaches. (A) Running mean (RM) reductions to the crystal structure, 
applying different bead diameters BD (program PDB2AT) or compression indices ICOM 
(program PDB2AM) when transforming the original crystallographic information to various 
kinds of bead models. The models obtained with BD = 0 or ICOM = 1 correspond to the 
original crystal structure in atomic coordinates or residue coordinates, respectively. (B)  Grid 
reductions (program MAP2GRID), mapping a given structure into a 3D cubic grid (C) of 
chosen voxel size (VS) and placing the unequal-sized (U) or equal-sized (E) beads at local 
centres of gravity (G) or on lattice points (L). Note that CG implicitly means CGU since the 
G approach is only applicable together with unequal-sized beads. 

 
Model Parameter Nb V a RG a  b D  107 c s  1013 d  e 
Method/mode   (nm3) (nm)  (cm2/s) (s) (cm3/g) 
Crystal structure,  
anhydrous 

Initial 51792 800.49 
485.1 

6.652 
6.652 

  
2.70 

 
31.1 

 
4.20 

PDB2AT BD (nm)        
 0.5 10484 800.49 

571.5 
6.650 
6.654 

0.0044  
2.70 

 
31.1 

 
4.20 

 1.0 1515 800.49 
692.3 

6.647 
6.650 

0.0079 
 

 
2.71 

 
31.3 

 
4.15 

 1.5 465 800.49 
676.5 

6.626 
6.633 

0.0374  
2.75 

 
31.7 

 
3.99 

PDB2AM ICOM        
 1 3917 800.62 

664.5 
6.651 
6.661 

0.0050  
2.70 

 
31.1 

 
4.21 
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 3 1315 800.62 
699.7 

6.646 
6.650 

0.0080  
2.71 

 
31.2 

 
4.15 

 5 796 800.62 
691.9 

6.638 
6.647 

0.0189  
2.72 

 
31.4 

 
4.10 

MAP2GRID VS (nm)        
  CG 0.5 9356 800.49 

664.0 
6.651 
6.649 

0.0032  
2.69 

 
31.0 

 
4.24 

 1.0 1779 800.49 
728.6 

6.650 
6.643 

0.0097  
2.69 

 
31.0 

 
4.25 

 1.5 678 800.49 
751.9 

6.640 
6.635 

0.0222  
2.70 

 
31.1 

 
4.21 

  CLU 0.5 9356 800.49 
730.5 

6.656 
6.668 

0.0111  
2.64 

 
30.4 

 
4.49 

 1.0 1779 800.49 
776.9 

6.682 
6.685 

0.0388  
2.58 

 
29.8 

 
4.77 

 1.5 678 800.49 
790.4 

6.717 
6.721 

0.0767  
2.52 

 
29.1 

 
5.16 

  CLE 0.5 9356 800.49 
779.7 

6.658 
6.744 

0.0753  
2.60 

 
30.0 

 
4.71 

 1.0 1779 800.49 
799.3 

6.679 
7.013 

0.286  
2.50 

 
28.8 

 
5.27 

 1.5 678 800.49 
800.7 

6.711 
7.451 

0.584  
2.38 

 
27.4 

 
6.09 

 
 
Nb: number of beads, V: total volume, RG: radius of gyration, : goodness of the fit, D: translational 
diffusion coefficient, s: sedimentation coefficient, []: intrinsic viscosity; PDB2AT: program generating 
running-mean models by merging as many atoms in sequential order as fit into a bead of given diameter 
BD, PDB2AM: program generating running-mean models by merging a given number (compression index 
ICOM) of AA and nucleotide residues in sequential order to one bead, MAP2GRID: program generating 
bead models by mapping a given model onto a cubic or hexagonal grid of given edge length (voxel size) 
VS; CG, CLU, CLE: cubic grid models composed of unequal-sized beads placed on local centres of gravity 
(CG) or on lattice points (CLU) or of equal-sized beads placed on lattice points (CLE). 
a The values given in the first line were obtained from the reduction program, the values given in the 
second line were obtained by the ZENO approach. Discrepancies in V are mainly due to the overlap of 
beads; the discrepancies in RG for the models reduced with MAP2GRID (calculation mode CLE) result 
from the neglect of the special weights of the beads of these models by the ZENO approach.  
b The values were obtained by comparing the calculated p(r) function of the reduced models with the p(r) 
function of the initial model. For computing the p(r) functions weighting by volume was assumed 
throughout.  
c The values are accurate to about ± 0.03 x 10-7 cm2/s. 
d The values are accurate to about ± 0.3 x 10-13 s. 
e The values are accurate usually to about ± 0.06 cm3/g, except for the models reduced by MAP2GRID 
where broader error bands are encountered (for mode CLU up to ± 0.08 cm3/g, for mode CLE up to ± 0.09 
cm3/g). 

Table 2. Comparison of structural and hydrodynamic parameters of anhydrous bead models 
for Thermus thermophilus 30 S ribosomal subunit (1FJG), generated by various reduction 
approaches. 
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0.0189  
2.72 

 
31.4 

 
4.10 

MAP2GRID VS (nm)        
  CG 0.5 9356 800.49 

664.0 
6.651 
6.649 

0.0032  
2.69 

 
31.0 

 
4.24 

 1.0 1779 800.49 
728.6 

6.650 
6.643 

0.0097  
2.69 

 
31.0 

 
4.25 

 1.5 678 800.49 
751.9 

6.640 
6.635 

0.0222  
2.70 

 
31.1 

 
4.21 

  CLU 0.5 9356 800.49 
730.5 

6.656 
6.668 

0.0111  
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4.49 

 1.0 1779 800.49 
776.9 

6.682 
6.685 

0.0388  
2.58 

 
29.8 

 
4.77 

 1.5 678 800.49 
790.4 

6.717 
6.721 

0.0767  
2.52 

 
29.1 

 
5.16 

  CLE 0.5 9356 800.49 
779.7 

6.658 
6.744 

0.0753  
2.60 

 
30.0 

 
4.71 

 1.0 1779 800.49 
799.3 

6.679 
7.013 

0.286  
2.50 

 
28.8 

 
5.27 
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Nb: number of beads, V: total volume, RG: radius of gyration, : goodness of the fit, D: translational 
diffusion coefficient, s: sedimentation coefficient, []: intrinsic viscosity; PDB2AT: program generating 
running-mean models by merging as many atoms in sequential order as fit into a bead of given diameter 
BD, PDB2AM: program generating running-mean models by merging a given number (compression index 
ICOM) of AA and nucleotide residues in sequential order to one bead, MAP2GRID: program generating 
bead models by mapping a given model onto a cubic or hexagonal grid of given edge length (voxel size) 
VS; CG, CLU, CLE: cubic grid models composed of unequal-sized beads placed on local centres of gravity 
(CG) or on lattice points (CLU) or of equal-sized beads placed on lattice points (CLE). 
a The values given in the first line were obtained from the reduction program, the values given in the 
second line were obtained by the ZENO approach. Discrepancies in V are mainly due to the overlap of 
beads; the discrepancies in RG for the models reduced with MAP2GRID (calculation mode CLE) result 
from the neglect of the special weights of the beads of these models by the ZENO approach.  
b The values were obtained by comparing the calculated p(r) function of the reduced models with the p(r) 
function of the initial model. For computing the p(r) functions weighting by volume was assumed 
throughout.  
c The values are accurate to about ± 0.03 x 10-7 cm2/s. 
d The values are accurate to about ± 0.3 x 10-13 s. 
e The values are accurate usually to about ± 0.06 cm3/g, except for the models reduced by MAP2GRID 
where broader error bands are encountered (for mode CLU up to ± 0.08 cm3/g, for mode CLE up to ± 0.09 
cm3/g). 

Table 2. Comparison of structural and hydrodynamic parameters of anhydrous bead models 
for Thermus thermophilus 30 S ribosomal subunit (1FJG), generated by various reduction 
approaches. 
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Fig. 7. Comparison of distance distribution functions p(r) of selected unreduced and reduced 
bead models for the Thermus thermophilus 30 S ribosomal subunit (1FJG) as explained and 
shown in Fig. 6. The term 'V weighting' means that in the calculation of p(r) the beads are 
weighted according to their volume. This kind of weighting is correct for grid models of 
type CG and CLU, but obviously not for type CLE . 

 

 
 

               A                       B                       C                       D                       E  
Fig. 8. Space-filling models for anhydrous and hydrated bovine pancreatic trypsin inhibitor 
(4PTI), together with central slabs: (A) Model for the anhydrous protein based on atomic 
coordinates; the basic atoms are given in CPK colors. (B) The anhydrous model and dot 
surface points (in black) created for the anhydrous contour. (C) The anhydrous model and 
surface points created by HYDCRYST for the contour of potential water points (in black) 
located at a certain distance from the initial surface points. (D) Model for the hydrated 
protein as obtained by HYDCRYST; bound waters are displayed in cyan. (E) Model for the 
hydrated protein as obtained by crystallography; waters are shown in cyan. 

Some characteristics of BPTI and the model under discussion are outlined in Table 3, 
together with the properties of some other selected proteins discussed later on. In the 
following, our hydration approaches were applied to several proteins differing in size and 
complexity.  

Carbonmonoxide myoglobin has been used as an example of a liganded protein (ligands 
haem and carbonmonoxide CMO). The hydration approach is demonstrated both for the 
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unreduced model based on atomic coordinates and the reduced model utilizing AA residue 
coordinates (Fig. 9). Evidently, the approach works in both cases. 
 

Protein PDB  
entry 

M 
(kg/mol) 

NAA Type of 
coordinates 
(AT or AM) 

Nb 
(anhydrous 
model) 

Nw 
(HYDCRYST) 

Nb 
(hydrated 
model) 

Nw 
(crystal) 

BPTI 4PTI 6.5 a 58 AT 454 125 579 60 
Apoferritin 2W0O 464.7 b 4080 AM 4080 6519 10599 5352 
Aquaporin 1 1J4N 26.2 c 249 AT 1852 345 2197 114 
Aquaporin Z 2O9D 47.3 d 464 AT 3356 577 3933 96 

Symbols and abbreviations: M: molar mass; NAA: number of AA residues; Nb: number of beads used for 
modelling; Nw: number of water molecules (of radius rw = 0.145 nm in the case of HYDCRYST); AT: 
atomic coordinates; AM: AA residue coordinates. 
a Composed of one chain. 
b Contains 24 identical chains. 
c Asymmetric unit containing one chain. 
d Asymmetric unit containing two nearly identical chains. 

Table 3. Properties of selected proteins and models used for hydration calculations. 

A representative of large proteins, apoferritin, is shown in Fig. 10, highlighting some further 
aspects of particular interest. Water molecules are bound both to the outer and inner surface 
of this hollow protein; in addition, a few waters seem to occur also in some channels 
between interior and outside. Again, the number of waters predicted by HYDCRYST 
exceeds the number found by crystallography (Table 3). 

A comparison of structural and hydrodynamic parameters of anhydrous and hydrated 
models for apoferritin (Table 4) reveals that the properties of the hydrated protein (V, RG, D, 
s, []) considerably deviate from those of the anhydrous one. It is quite obvious that a 
critical comparison of crystallographic data with the findings of solution techniques requires 
strict consideration of hydration contributions. 

There is compelling evidence that water molecules can also be visualized in typical water 
channels of membrane proteins. The aquaporins shown in Fig. 11 are illustrative examples 
showing that the existence of a water channel as predicted by HYDCRYST is in full 
agreement with the crystallographic waters found in this case (Table 3). Some pilot tests 
also showed that the width of channels can be determined by variation of the probe 
radius.  

Quantifying the results of anhydrous and hydrated proteins in terms of distance 
distribution functions p(r) again demonstrates that the properties of hydrated models differ 
significantly from anhydrous models. For the proteins selected (BPTI, apoferritin, aquaporin 
1, aquaporin Z), this is shown in Fig. 12. The profiles for the proteins plus the HYDCRYST 
waters deviate significantly from those of the anhydrous proteins. This effect is most 
pronounced in the case of small proteins (such as BPTI), whereas, due to the size ratio 
between protein and waters, the difference is rather insignificant with large molecules (such 
as apoferritin). For a given protein, owing to the scarce numbers of waters in the crystal data 
set, generally the functions obtained on the basis of the proteins plus crystal waters rather 
resemble the anhydrous proteins. 
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unreduced model based on atomic coordinates and the reduced model utilizing AA residue 
coordinates (Fig. 9). Evidently, the approach works in both cases. 
 

Protein PDB  
entry 

M 
(kg/mol) 

NAA Type of 
coordinates 
(AT or AM) 

Nb 
(anhydrous 
model) 

Nw 
(HYDCRYST) 

Nb 
(hydrated 
model) 

Nw 
(crystal) 

BPTI 4PTI 6.5 a 58 AT 454 125 579 60 
Apoferritin 2W0O 464.7 b 4080 AM 4080 6519 10599 5352 
Aquaporin 1 1J4N 26.2 c 249 AT 1852 345 2197 114 
Aquaporin Z 2O9D 47.3 d 464 AT 3356 577 3933 96 

Symbols and abbreviations: M: molar mass; NAA: number of AA residues; Nb: number of beads used for 
modelling; Nw: number of water molecules (of radius rw = 0.145 nm in the case of HYDCRYST); AT: 
atomic coordinates; AM: AA residue coordinates. 
a Composed of one chain. 
b Contains 24 identical chains. 
c Asymmetric unit containing one chain. 
d Asymmetric unit containing two nearly identical chains. 

Table 3. Properties of selected proteins and models used for hydration calculations. 

A representative of large proteins, apoferritin, is shown in Fig. 10, highlighting some further 
aspects of particular interest. Water molecules are bound both to the outer and inner surface 
of this hollow protein; in addition, a few waters seem to occur also in some channels 
between interior and outside. Again, the number of waters predicted by HYDCRYST 
exceeds the number found by crystallography (Table 3). 
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There is compelling evidence that water molecules can also be visualized in typical water 
channels of membrane proteins. The aquaporins shown in Fig. 11 are illustrative examples 
showing that the existence of a water channel as predicted by HYDCRYST is in full 
agreement with the crystallographic waters found in this case (Table 3). Some pilot tests 
also showed that the width of channels can be determined by variation of the probe 
radius.  

Quantifying the results of anhydrous and hydrated proteins in terms of distance 
distribution functions p(r) again demonstrates that the properties of hydrated models differ 
significantly from anhydrous models. For the proteins selected (BPTI, apoferritin, aquaporin 
1, aquaporin Z), this is shown in Fig. 12. The profiles for the proteins plus the HYDCRYST 
waters deviate significantly from those of the anhydrous proteins. This effect is most 
pronounced in the case of small proteins (such as BPTI), whereas, due to the size ratio 
between protein and waters, the difference is rather insignificant with large molecules (such 
as apoferritin). For a given protein, owing to the scarce numbers of waters in the crystal data 
set, generally the functions obtained on the basis of the proteins plus crystal waters rather 
resemble the anhydrous proteins. 
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   Unreduced model         Reduced model 
   Use of atom coordinates        Use of amino acid coordinates 
   Nb (Protein + HOH)  1632 (1262 + 370)   Nb (Protein + HOH)  498 (155 + 343)  

Fig. 9. Space-filling models for anhydrous and hydrated carbonmonoxide myglobin (1VXC), 
together with central slabs: (A-C) Unreduced model for the anhydrous protein based on 
atomic coordinates plus dot surface points (A) or surface points created by HYDCRYST (B) 
or for the hydrated protein as obtained by HYDCRYST (C). The basic atoms of the protein 
and the ligand CMO are given in CPK colors and the ligand haem in purple; dot surface 
points and potential water points are shown in black, and the bound waters are displayed in 
cyan. (D-E) Reduced model for the anhydrous protein based on AA residue coordinates plus 
dot surface points (D) or surface points created by HYDCRYST (E) or for the hydrated 
protein as obtained by HYDCRYST (F). AA residues are shown in gray, and the ligands 
haem and CMO in purple and red, respectively. 

 

              A                            B                            C  
Fig. 10. Space-filling model for anhydrous and hydrated apoferritin (2W0O), together with 
illustrative central slabs. (A) Model for the anhydrous protein based on AA residue 
coordinates; AA residues are given in gray. (B) Model for the hydrated protein as obtained 
by HYDCRYST; bound waters are displayed in cyan. (C) Model for the hydrated protein as 
obtained by crystallography; waters are shown in cyan. 
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            A                          B                                C                          D  

Fig. 11. Space-filling models and slabs for the asymmetric units of aquaporin 1 (1J4N; A, B) 
and aquaporin Z (2O9D; C, D), together with illustrative central slabs. Models for the 
anhydrous proteins are based on atomic coordinates; the atoms of hydrophobic AA residues 
are drawn in bluetint, those of polar residues in yellow and those of charged residues in 
orange. Models for the hydrated proteins refer to proteins plus waters predicted by 
HYDCRYST (A, C) or found by crystallography (B, D); bound waters are displayed in blue 
(A,C) and red (B,D), respectively. Water channels are indicated by arrows. 
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Fig. 12. Comparison of distance distribution functions p(r) of space-filling multibead models 
for the selected anhydrous and hydrated proteins: BPTI (4PTI), apoferritin (2W0O), 
aquaporin 1 (1J4N), aquaporin Z (2O9D). ○: anhydrous model; ───: hydrated model: 
protein plus waters predicted by HYDCRYST; − − −:  hydrated model: protein plus waters 
found by crystallography. 
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Fig. 12. Comparison of distance distribution functions p(r) of space-filling multibead models 
for the selected anhydrous and hydrated proteins: BPTI (4PTI), apoferritin (2W0O), 
aquaporin 1 (1J4N), aquaporin Z (2O9D). ○: anhydrous model; ───: hydrated model: 
protein plus waters predicted by HYDCRYST; − − −:  hydrated model: protein plus waters 
found by crystallography. 
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Model fK Nw Nb V RG D  107 a s  1013  a b 
Method/mode    (nm3) (nm) (cm2/s) (s) (cm3/g) 
Crystal structure, anhydrous   32736 c 564.0 5.305 3.45 d 18.2 d  3.21 d 
Anhydrous RM models:         
  AT, BD = 1.0 nm   1056 564.0 5.289 3.52 18.64 3.23 
  AM, ICOM = 1   4080 564.0 5.292 3.49 18.48 3.25 
      3.45 d 18.2 d 3.21 d 
  AM, ICOM = 10   408 564.0 5.282 3.54 18.72 3.26 
Anhydrous CG models:         
  AT, VS = 1.0 nm   1082 564.0 5.296 3.48 18.38 3.36 
  AM, VS = 1.0 nm   854 564.0 5.303 3.51 18.56 3.29 
Hydrated models:         
  AM, SC0 (low hydration) 1.0 6519 10599 723.0 5.323 3.33 17.64 3.71 
      3.31 d 17.5 d 3.62 d 
  AM, SC0, CG, VS = 1.0 nm   1235 723.0 5.324 3.40 17.96 3.63 
  AM, EC0 1.0 [6519] 4080 723.0 5.318 3.42 18.09 3.48 
      3.37 d 17.8 d 3.44 d 
  AM, SC9 (high hydration) 4.0 8347 12427 c 767.6 5.365 3.29 d 17.4 d 3.72 d 
  AM, SC9, CG, VS = 1.0 nm   1262 767.6 5.360 3.37 17.83 3.72 
  AM, EC9 4.0 [8347] 4080 767.6 5.361 3.39 17.92 3.59 
      3.34 d 17.6 d 3.55 d 

fK: hydration factor acting on the hydration numbers, Nw: number of water molecules, Nb: number of 
beads, V: total volume, RG: radius of gyration, D: translational diffusion coefficient, s: sedimentation 
coefficient, []: intrinsic viscosity; AT: models based on atoms or atomic groups, AM: models based on 
AA residues, BD: bead diameter, ICOM: compression index, VS: voxel size, SC: hydration is expressed 
by attachment of Nw discrete beads to the anhydrous model, EC: hydration is expressed by 
appropriately increased dimensions of the solvent-accessible beads of the anhydrous model, CG: 
models obtained by mapping a given model onto a cubic grid (edge length VS) and placing the 
resulting unequal-sized beads on local centres of gravity. 
a If not stated otherwise the data were obtained by means of program HYDRO. 
b If not stated otherwise the data represent []RVC obtained by means of program HYDRO applying the 
approach of reduced volume correction. 
c Too many beads for prediction of hydrodynamic parameters by means of program HYDRO. 
d The data were obtained by means of program ZENO; the limits of error typically amount to ± 0.04 x 
10-7 cm2/s for D, ± 0.2 x 10-13 s for s, and ± 0.05 cm3/g for []. 

Table 4. Comparison of structural and hydrodynamic parameters of anhydrous and 
hydrated models for apoferritin (2W0O). 

The multidrug resistance transporter Sav1866 is another example of a membrane protein. In 
this case crystallography was able to identify only very few water molecules, while our 
calculative approach HYDCRYST reveals many waters (Fig. 13). In context of membrane 
proteins, it has to be mentioned, however, that the preferential water molecules identified only 
indicate that at these positions individual waters could exist in principle, provided that they 
have contact with water. On the other hand, the model also shows that waters are 
preferentially bound to charged and polar residues, while hydrophobic residues are avoided.  
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Finally, modelling of the giant protein Lumbricus terrestris haemoglobin calls for tough 
measures. Fig. 14 demonstrates SAXS-based experimental scattering intensities, I(h), and 
distance distribution functions, p(r), of the native HBL complex and of its dodecameric 
subunit, respectively. The two profiles render information of the molecules under 
investigation in the reciprocal space and real space, respectively. The two profiles also show 
impressively the inverse relation between particle size (real space) and the decay of 
scattering intensity (reciprocal space) by reflecting the different size of the subunit and the 
complex. 

Modelling of the anhydrous and hydrated HBL complexes requires consideration of several 
measures and precautions regarding model reduction and careful attention of AA residues 
missing in the crystal structure. Additional, appropriately located beads may serve as 
substitutes for the missing residues. Figs. 15 and 16 demonstrate that all structural features 
are retained through the reduction process, and the possibility to generate hydrated objects 
in both cases.  

         A                         B                          C                          D 

   
   Crystallographic model        HYDCRYST model 

 
Fig. 13. Space-filling models and slabs for the hydrated multidrug resistance transporter 
Sav1866 (2ONJ), based on crystallographic data (A, B) and HYDCRYST modelling 
procedures (C, D). Groups of special AA residues are highlighted in bluetint (hydrophobic 
residues), yellow (polar residues), or orange (charged residues). Waters localized by 
crystallography are shown in red, and waters identified by HYDCRYST are displayed in 
blue. 

Advanced 3D reconstructions of the HBL complex, obtained from cryoelectron microscopy 
(Krebs et al., 1998), yield a voxel density distribution that can be interpreted in terms of 
anhydrous and hydrated protein volumes (Fig. 17). Thus, the EM-based data allow 
construction of anhydrous protein models and hydrated models as well (Fig. 18). The 
resemblance between the crystallography-based and EM-based protein models is striking.  
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Fig. 13. Space-filling models and slabs for the hydrated multidrug resistance transporter 
Sav1866 (2ONJ), based on crystallographic data (A, B) and HYDCRYST modelling 
procedures (C, D). Groups of special AA residues are highlighted in bluetint (hydrophobic 
residues), yellow (polar residues), or orange (charged residues). Waters localized by 
crystallography are shown in red, and waters identified by HYDCRYST are displayed in 
blue. 

Advanced 3D reconstructions of the HBL complex, obtained from cryoelectron microscopy 
(Krebs et al., 1998), yield a voxel density distribution that can be interpreted in terms of 
anhydrous and hydrated protein volumes (Fig. 17). Thus, the EM-based data allow 
construction of anhydrous protein models and hydrated models as well (Fig. 18). The 
resemblance between the crystallography-based and EM-based protein models is striking.  
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Fig. 14. Experimental scattering profiles of the HBL complex of Lumbricus terrestris haemo-
globin (blue, dashed lines) and its dodecameric subunit (red, solid lines). (A) Scattering 
intensities, I(h), normalized to I(0)=1; (B) distance distribution functions, p(r), with areas 
under the p(r) functions proportional to the particle masses. 

                          A                                                     B 

    

    
 
        Anhydrous model        Hydrated model 
        Nb = 28908          Nb = 81544 (Nw = 52636) 

 
Fig. 15. Space-filling models for anhydrous and hydrated HBL complexes of Lumbricus 
terrestris haemoglobin (2GTL), together with illustrative central slabs. (A) Model for the 
anhydrous protein based on AA and substitute residue coordinates. AA residues are 
displayed in gray and haem groups in black; 24 additional large beads (in gray) are 
substitutes for the AA residues missing in the crystal structure at the N and C termini of the 
linker chains. (B) Model for the hydrated protein as obtained by HYDMODEL; bound 
waters are displayed in cyan.  
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                          A                                                     B 

    

    
 
        Anhydrous model        Hydrated model 
        Nb = 6958          Nb = 9280  

Fig. 16. Space-filling reduced models for anhydrous and hydrated HBL complexes of 
Lumbricus terrestris haemoglobin (2GTL), together with illustrative central slabs. The models 
were generated by means of MAP2GRID, by mapping the anhydrous and hydrated models 
shown in Fig. 15 onto hexagonal grids of edge length 1.05 nm and placing the resulting 
unequal-sized beads on local gravity centres. (A) Model for the anhydrous protein. (B) 
Model for the hydrated protein. 
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Fig. 17. Voxel density distribution of a 3D reconstruction of the HBL complex of Lumbricus 
terrestris haemoglobin as obtained from cryoelectron microscopy. The density peak between 
115 and 255 is caused by the protein; the threshold at 171 is compatible with the anhydrous 
protein volume, while lower thresholds correspond to hydrated volumes.  
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Lumbricus terrestris haemoglobin (2GTL), together with illustrative central slabs. The models 
were generated by means of MAP2GRID, by mapping the anhydrous and hydrated models 
shown in Fig. 15 onto hexagonal grids of edge length 1.05 nm and placing the resulting 
unequal-sized beads on local gravity centres. (A) Model for the anhydrous protein. (B) 
Model for the hydrated protein. 
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Fig. 17. Voxel density distribution of a 3D reconstruction of the HBL complex of Lumbricus 
terrestris haemoglobin as obtained from cryoelectron microscopy. The density peak between 
115 and 255 is caused by the protein; the threshold at 171 is compatible with the anhydrous 
protein volume, while lower thresholds correspond to hydrated volumes.  
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A                                                       B 

    

 
Fig. 18. Top and side views of EM models for the HBL complex of Lumbricus terrestris 
haemoglobin. The different colors represent the anhydrous and hydrated models (shown in 
gray and cyan, respectively) as given by the thresholds and color codes in Fig. 17. 

4. Discussion  
Several classes of coarse-grained models and biologically relevant proteins of different size 
and complexity have been used, to test the applied approaches concerning bead reduction 
and hydration algorithms, and to compare protein structures and molecular parameters 
obtained by quite different high-resolution and low-resolution techniques in the crystal, 
solid state or solution. 

With all models and proteins, the bead reduction steps applied were successful, provided 
the reduction process was not too excessive and grid approaches with beads on lattice 
points are avoided. Reductions by a factor of 10 provided parameter predictions identical to 
the initial models, while reductions exceeding this factor can lead to slight deviations.  

In the case of proteins, usage of precise anhydrous 3D models (derived from atomic or amino 
acid coordinates or appropriate models) along with computation of the exact surface 
topography (molecular dot surface) and our recent hydration approaches (program 
HYDCRYST) allow the prediction of discrete water molecules preferentially bound to 
particular residues. In this context, various approaches and procedural methods were tested: 
sequence of assignment to accessible residues, atomic vs. amino acid coordinates, original vs. 
coarse-grained models, fine-tuning of input parameters, variation of channel characteristics 
(e.g., width), rugosity effects. A critical comparison of the water sites on the surface, in active 
centres, ligand binding sites, interior, crevices, channels, contact areas etc. proves far-reaching 
identity of crystallographic data, if available, and our predictions. Examples presented include 
proteins ranging from simple to complex, multisubunit, liganded proteins and water-channels 
in membrane proteins (e.g., aquaporins) as well. Our hydration algorithms allow the 
prediction of the number and position of discrete water molecules, even in those cases where 
no or scant crystallographic waters or water channels have been identified. Our approaches 
may be used in the future as useful tools for improving crystal data. 

The good agreement of the results found for hydrated models by crystallography, SAXS, 
and other techniques offers the possibility to complement different techniques and to 
predict details such as the localization of potential water sites - even in those cases where no 
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or insufficient amounts of waters, water clusters or water channels have been identified by 
crystallography. Variation of input parameters (such as probe radius) should also allow the 
width and type of channels (other than water channels) to be established. Visualization of 
protein sites of special concern (charged, hydrophilic and hydrophobic residues and 
patches, radiosensitive groups, active centres of enzymes, ligand binding sites, docking sites 
and contact areas) together with individual waters provides the basis for a much deeper 
understanding of the mechanisms of biological action and effective biotechnological 
application. 

Considering quite different proteins, it can be stated that the majority of waters is bound to 
polar AA residues, located primarily outside. Some hydrophobic patches on the protein 
surface prevent the formation of a perfect, uniform water shell. The hydrated models also 
reveal that some water molecules can be found in the protein interior (e.g. in crevices, clefts, 
cavities or between subunits).  

Both structural and hydrodynamic parameters and scattering profiles proved good 
agreement between observed and predicted quantities. In conclusion, about two water 
molecules were found per AA residue, corresponding to about 0.35 g of water per g of 
protein. Anhydrous and hydrated models differ substantially in their volume-to-mass ratios 
(1.2 vs. 1.6-1.7). Detailed data on various proteins may be found in previous papers  
(Durchschlag et al., 2007; Durchschlag & Zipper, 2001, 2002a, 2002b, 2003, 2004, 2005, 2006, 
2008; Zipper & Durchschlag, 2002a, 2002b, 2010b). 
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1. Introduction 
Modelling protein structure seems a challenging enterprise because the number of structure 
parameters required ordinarily exceeds the amount of independent data points available 
from experimental observations. Expressing the predominant conformation of a protein in 
terms of a geometry model, a polypeptide chain consisting of N atoms would command 3N – 6 
Cartesian coordinates be fixed. Even for small proteins, this becomes a daunting number. 
Fortunately, so-called holonomic constraints limit the number of variables, leaving 
substantially fewer, truly relevant parameters for folding the polypeptide chain into its 
native tertiary structure. For example, adjusting bond lengths and the many angles between 
the covalent bonds connecting the atoms is of little concern and appropriate standard values 
can be inserted from tableworks (Pople & Gordon, 1967; Engh & Huber, 1991, 2006). Table 1 
exemplifies for the 147-residue protein Desulfovibrio vulgaris flavodoxin how the number of 
truly independent internal rotational degrees of freedom amounts to less than one-tenth of the 
Cartesian coordinate set size.  

IUPAC-IUB conventions (1970) define three mainchain torsions for the polypeptide 
backbone. Protein structure determination primarily seeks to adjust the values of those two 
mainchain torsion angles that chiefly determine the fold of the chain, that is,  and  in each 
amino-acid residue. Peptide-bond geometry, as described by mainchain torsion angle , is 
normally assumed to be trans- or cis-planar, fixed at 180° or 0° angles, respectively, and thus 
does not give rise to rotational variability. In a next instance, the sidechain torsion angle 1 is 
of interest.  

Nuclear magnetic resonance (NMR) spectroscopy is uniquely positioned to help determine 
internal orientational constraints in a molecule, be these atom-atom distances (Wüthrich, 
1986; Neuhaus & Williamson, 1989), relative bond orientations (Reif et al., 1997, 2000; 
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Schwalbe et al., 2001), relative protein domain orientations (Tjandra & Bax, 1997; Fischer et 
al., 1999) or rotational states of torsion angles (Pachler, 1963, 1964; Hansen et al., 1975; 
Bystrov, 1976; Ejchart, 1999). Especially powerful at measuring short-range interaction, 
NMR thus complements X-ray crystallography that is stronger at determining correlations 
over longer distances.  
 

Approach Parameters Items Coord’s 
    
top-down Cartesian coordinates (3N – 6)  6411 
    
 less bond length constraints (N – 1) – 2138 4273 
 less bond angle constraints   
 – at tetrahedral centers (5 bond angles to fix) – 417×5 2188 
 — N-terminus (1)  
 — mainchain C (all residues) (147)  
 — sidechain C (all residues excl Gly) (129)  
 — sidechain C (select residues) (85)  
 — sidechain C (select residues) (47)  
 — sidechain C (Met, Lys) and N (Lys) (8)  
 – at planar centers (3 bond angles to fix) – 450×3  838 
 — mainchain N’ and C’ (excl N- but incl C-terminus) (293)  
 — sidechain nitrogen and carbon  (157)   
 – at angled centers (1 bond angle to fix) – 24×1 814 
 — sidechain hydroxyl / thiol groups / sulfide bonds (24)  
 less fixed or irrelevant torsion angles    
 — mainchain  of peptide bonds  – 146 668 
 — sidechain methyl  – 84 584 
 — sidechain amide / guanidinium groups – 26 558 
 — sidechain hydroxyl / thiol groups  – 24 534 
 — N-/C-termini  – 2 532 
    
bottom-up Variable torsion angles of relevance  
 — mainchain  and  (2R – 2) 292 292 
 — sidechain 1 (all residues excl Gly, Ala) + 112 404 
 — sidechain 2 (select residues) + 84 488 
 — sidechain 3 (select residues) + 30 518 
 — sidechain 4 (Arg, Lys, Pro) + 14 532 
    
    

Table 1. Coordinate statistics for D. vulgaris flavodoxin (R = 147 residues, N = 2139 atoms)  

We here focus on high-field NMR in aqueous solution which yields best resolution of the 
protein signals. Concentrated at around 1 mM, the dissolved protein is exposed to strong 
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fields of 11.7-23.4 T magnetic flux density, giving rise to nominal resonance frequencies in 
the proton band (1H) of 500-1000 MHz. Other biologically relevant stable isotopes 13C and 
15N, respectively, resonate at roughly one-quarter and one-tenth of 1H at a given field.  

NMR experiments then consist of radio-frequency pulse trains that generate controlled 
transitions of spin states (Ernst et al., 1987). These transitions manifest in resonance lines 
whose spectrum location and detailed shape reveal information about the molecular 
environment in which the probed atoms are embedded.  

Rotatory states of torsion angles are accessible through measurement of so-called J-coupling 
constants which lend NMR signals a splitting fine structure due to bond-electron mediated 
pair interactions between NMR active nuclei. Put simply, the presence of each neighbouring 
(coupled) spin splits the resonance line of the observed spin into two. This splitting is field-
independent (hence coupling ‘constant’) but does depend on local molecular geometry.  

Of particular interest to structure determination are three-bond 3JXY coupling constants as 
their magnitudes relate to dihedral angles subtended by the three covalent bonds 
connecting the coupled pair of nuclei X and Y, which can be any combination of 1H, 15N, or 
13C, prevalent in the topology of the torsion considered (Fig. 1).  
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Fig. 1. 3J spin-spin coupling topologies  in 13C,15N enriched polypeptides. Arrows denote 
three-bond connectivities, grouped by conformational relevance to , , and  torsions.  

Multiple J data collected for a given torsion angle overdetermine that angle and thus allow its 
value to be retrieved. Six coupling constants, 3JHNH, 3JHNC’, 3JHNC, 3JC’H, 3JC’C’, and 3JC’C, 
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determine torsion angle (C’i–1–N’i–C
i–C’i) of residue i (Wang & Bax, 1996; Blümel et al., 

1998). Another three couplings, 3JHN’, 3JCN’, and 3JN’N’, would yield (N’i–C
i–C’i–N’i+1). Of 

qualitative concern only, the planar trans- or cis-configured peptide bonds at torsion angle  
(C

i–C’i–N’i+1–C
i+1) can be verified by two couplings, 3JCHN and 3JCC, which appear to 

reflect  geometry also (Hennig et al., 2000). Of numerous sidechain torsions encountered in 
amino acids, 1(N’i–C

i–C
i–C

i) impacts most on the spatial orientation of the sidechain. Up 
to nine distinct coupling constants are accessible in amino acids (Pérez et al., 2001).  

Karplus (1963) suggested the dependence of 3J on dihedral angle  subtended by the three 
bonds that connect the coupled nuclei follow the empirical relation  

 3J() = C0 + C1 cos  + C2 cos 2 

where Cm are Karplus coefficients in Hz empirically calibrated for the 3J types encountered 
in amino acids (Bystrov, 1976; Wang & Bax, 1995, 1996; Hu & Bax, 1996, 1997; Schmidt et al., 
1999, Pérez et al., 2001). Multiples of 60° increments to  establish the phase relation between 
the actual internuclear dihedral angle  and the IUPAC-defined torsion , , or 1 (Fig. 2).  
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Fig. 2. Angular dependence of the protein -torsion related 3J coupling constants. 3J are at 
maximum when the bonds between the coupled nuclei are trans-oriented, and at minimum 
for perpendicular orientations. For 3JHNH, the panels show from left to right the internuclear 
angle HNH =  – 60° in the situations ±180°, –90°, ±0°, and +90°. 
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Fig. 2. Angular dependence of the protein -torsion related 3J coupling constants. 3J are at 
maximum when the bonds between the coupled nuclei are trans-oriented, and at minimum 
for perpendicular orientations. For 3JHNH, the panels show from left to right the internuclear 
angle HNH =  – 60° in the situations ±180°, –90°, ±0°, and +90°. 
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The coefficients C0 signify mean J values obtained for a complete torsion-angle revolution, 
also referred to as conformation averaged J coupling constants. The differences (C2 – C1) are the 
largest deflections in J from the mean, where primary and secondary maxima of the curves at 
±180° and ±0°, respectively, differ by 2C1.  

Given sets of up to six 3J parameters per torsion, the challenge is now to find that angle 
value in best agreement with the experimental data. Numerical methods exploiting the 
redundance present in large data pools permit the self-consistent calibration of Karplus 
coefficients during the course of the angle refinement (Schmidt et al., 1999). This obviates the 
need for traditional referencing of conformations derived from X-ray data.  

We previously collected for flavodoxin values for the six possible coupling constants 3J() 
and determined the protein’s mainchain torsion angles  (Schmidt et al., 1999). 
Discrepancy in  between our NMR solution structure and comparison coordinates from 
X-ray crystallography (Walsh et al., 1998; Artali et al. 2002) is only 5° on average, which is 
smaller than the molecular dynamical angular libration due to thermal effects, indicating 
that both NMR solution and X-ray crystal structures of flavodoxin are very similar 
indeed.  

Here, we record 3J data for the enzyme Ribonuclease T1, a 104-residue protein (11 kDa) from 
Aspergillus oryzae (RNase T1, EC 3.1.27.3) that cleaves single-stranded RNA 3’-side of 
guanine nucleotides, and determine the majority of the  torsion angles in the enzyme.  

2. Materials and methods 
One stringent requirement for efficient protein NMR analysis is that the protein sample be 
artifically enriched in the stable non-radioactive isotopes 15N and 13C, a process nowadays 
commonly applied in protein expression by recombinant technologies (Kainosho, 1997). 
Whilst oxygen does not play any role in protein NMR practice, the 1H isotope offering 
greatest sensitivity is ubiquitous and abundant. Sometimes, it is being depleted by 2H 
replacement in order to alleviate adverse signal relaxation effects occuring in large protein 
samples (above approximately 250 amino acids) exhibiting slow rotational tumbling rates 
(longer than approximately 10 ns rad–1).  

2.1 Protein sample 

Uniformly 13C,15N-labeled RNase T1 (Lys25 isoenzyme) was obtained following established 
protocols (Quaas et al. 1988a,b; Spitzner et al., 2001) and used at 2-mM concentration in 
aqueous solution of pH 5.5 (containing 10% D2O). All NMR spectra were recorded at 308 K. 
Prerequisite to any protein NMR analysis is the assignment of resonance signals to 
individual nuclei, not unlike a fingerprint of the molecule. Values quoted are chemical shifts 
in parts per million (ppm) from the respective 1H, 13C, or 15N band base frequency. 
Resonance assignments for RNase T1 (Fig. 3) are available from the BioMagRes database for 
1H (BMRB-133; Hoffmann & Rüterjans, 1988) and for 15N (BMRB-1658; Schmidt et al., 1991), 
and 13C chemical shifts were given by Pfeiffer et al. (1996b). Comparison  torsion angles 
were calculated from crystal coordinates, resolved at 0.15 nm, of RNase T1 complexed with 
Ca2+ (PDB-9RNT; Martinez-Oyanedel et al., 1991).  
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Fig. 3. 1H,15N-chemical shift correlation spectrum of RNase T1 at 900 MHz and 308 K.  

2.2 Data collection 

The focus of this chapter lies on protein structure and interpretation of NMR data. The 
reader interested in the details of NMR pulse-sequence design and the setup of multi-
dimensional NMR experiments is referred to specialist textbooks (Roberts, 1993; Evans, 
1995; Keeler, 2005; Hoch & Stern, 1996; Cavanagh et al., 2007) and to the literature including 
contained bibliography on the measurement of each of the six protein  related 3J coupling 
constants, as given in the separate NMR Experiments section at the end of the chapter.  

Measurements of J coupling constants are subject to two principal concepts. One family of 
NMR experiments exploits frequency modulation, such as COSY, DQF-COSY, and E.COSY 
(Griesinger et al., 1987), giving rise to characteristic multiplet line splittings (Fig. 4). The 
other technique uses amplitude modulation, subdivided into J-modulation (Billeter et al., 1992) 
and J-correlation (Bax et al., 1994), encoding J in time-dependent signal intensity. Both 
approaches naturally have their pros and cons. While frequency-modulation schemes 
produce NMR signals of weaker intensity and larger space requirement, at times leading to 
signal overlap, amplitude-modulation schemes chiefly fail to measure small coupling 
constants.  

To minimize signal overlap, protein NMR spectra are often recorded in 3D mode by 
exploiting the resonance of an auxiliary spin and selecting 2D projections at that frequency. 
Example graphs in Fig. 4 show such an experimental multiplet pattern, together with its 
best-fit least-squares lineshape reconstruction and the residual error signal.  
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2.2 Data collection 

The focus of this chapter lies on protein structure and interpretation of NMR data. The 
reader interested in the details of NMR pulse-sequence design and the setup of multi-
dimensional NMR experiments is referred to specialist textbooks (Roberts, 1993; Evans, 
1995; Keeler, 2005; Hoch & Stern, 1996; Cavanagh et al., 2007) and to the literature including 
contained bibliography on the measurement of each of the six protein  related 3J coupling 
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Measurements of J coupling constants are subject to two principal concepts. One family of 
NMR experiments exploits frequency modulation, such as COSY, DQF-COSY, and E.COSY 
(Griesinger et al., 1987), giving rise to characteristic multiplet line splittings (Fig. 4). The 
other technique uses amplitude modulation, subdivided into J-modulation (Billeter et al., 1992) 
and J-correlation (Bax et al., 1994), encoding J in time-dependent signal intensity. Both 
approaches naturally have their pros and cons. While frequency-modulation schemes 
produce NMR signals of weaker intensity and larger space requirement, at times leading to 
signal overlap, amplitude-modulation schemes chiefly fail to measure small coupling 
constants.  

To minimize signal overlap, protein NMR spectra are often recorded in 3D mode by 
exploiting the resonance of an auxiliary spin and selecting 2D projections at that frequency. 
Example graphs in Fig. 4 show such an experimental multiplet pattern, together with its 
best-fit least-squares lineshape reconstruction and the residual error signal.  
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2.3 Data evaluation 

Whichever the chosen approach, the particular method applied to extract J values as 
structure parameters from NMR spectra must be considered an integral part of the analysis 
also. The authors gathered experience with both methods, albeit with an undeniable 
preference for E.COSY-type spectra which perform particularly robust in connection with 
computer-assisted lineshape analysis (Schmidt, 1997a; Löhr et al., 2000).  

Contour plots of NMR signals for J analysis recorded in E.COSY mode show characteristic 
tilts (Griesinger et al., 1987), where a prominent large one-bond coupling spreads out the 
multiplet along the vertical spectrum dimension, so as to permit reading the sought smaller 
3J coupling off the frequency difference between the two multiplet halves in the horizontal 
dimension.  

In the example of Fig. 4, the 1JCH of typically 143 Hz is exploited to split the signal into two 
halves along the F1 dimension, given here by the 13C resonance frequency, and the small 
3JC’H coupling results from the frequency difference between both halves along the 
perpendicular F2 dimension, given here by the 13C’ carbonyl resonance.  

The parameter record lists optimized values for coupling constants 1JCH and 3JC’H as the 
primary E.COSY components responsible for the tilted appearance of the signal shape in 
vertical and horizontal directions, respectively. Other parameters include, apart from 
amplitude scaling, line widths and line asymmetries in both dimensions, a second 
unresolved splitting pair.  
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Fig. 4. Contour plot of a 500-MHz H(N)CA,CO[HA]-E.COSY multiplet recorded for RNase 
T1. Example analysis for extracting the 3JC’H coupling constant from the 2D 13C,13C’ 
correlation signal (F1,F2) taken at the resonance of the amide 1HN proton in the third 
dimension (F3). The three nuclei eliciting the three spectrum dimensions all couple with the 
1H spin (Fig. 1.), whose presence, following the E.COSY principle, is seen only as splittings, 
not as another frequency dimension.  
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3. Results 
3.1 RNase T1 

Using a uniformly 15N and 13C stable-isotope labeled sample of the enzyme RNase T1, a 
total 512 3J values were collected, related to the polypeptide mainchain torsion angles  in 82 
out of the total 104 amino-acid residues.  

Even without fitting quantitative torsion angles to the 3J data, qualitative inspection of the J 
values permits insights into some details of the protein’s secondary structure already. For 
example, residue Asn44 in RNase T1 exhibits a very large 3JC’H coupling of 6.67 Hz (Fig. 4), 
second only to that seen in Asn84. This is irreconcilable with a  torsion in the negative 
value range (Fig. 2). In addition, the 1JCH coupling of only 131 Hz (Fig. 4) falls well short of 
the expected average and supports a positive  torsion, too. Consequently, Asn44 must 
exhibit a positive value for its  torsion.  

Signals for consecutive residues Asn43 and Asn44 in RNase T1 could hardly be more 
different. A value of 2.94 Hz for 3JHNC in Asn43 (Fig. 5A) contrasts the lowly 0.47 Hz in 
Asn44 (Fig. 5B). Very different 1JCC couplings also suggest differing backbone geometries. 
While the near-average 1JCC coupling of 35.8 Hz in Asn43 is common with negative  
torsions, the unusually large 43.7-Hz coupling in Asn44 agrees better with a positive  value 
(Schmidt et al., 2009). Both being asparagines, this cannot be a residue-type specific effect on 
the J couplings (Schmidt, 2007a).  

The above-average value of 2.66 Hz seen for 3JC’C in Tyr45 (Fig. 5C) is consistent with a 
type-I  turn spanning both Tyr45 and Glu46. This tyrosine’s aromatic ring system is a 
critical component in nucleotide recognition and binding.  

The consecutive residues Ala87 and Gly88 in RNase T1 form a  bulge (Chan et al., 1993). 
An unusually small 3JHNC' coupling near zero in Ala87 (Fig. 5D) and an unusually large 2.9-
Hz 3JC’C’ coupling in Gly88 (Fig. 5E) hint at  torsion angles near +90°/–90° and 180° (Fig. 2), 
respectively, corroborating the distorted geometry in the central portion of a  strand.  

 

Coupling type  C0 C1 C2 trans J(180°) gauche J(±60°) 
 (deg) (Hz) (Hz) (Hz) (Hz) (Hz) 
3JHNH  –60° 5.67 –0.71 3.37 9.74 3.63 

3JHNC’  180° 1.79 –0.75 1.56 4.09 0.64 

3JHNC  60° 2.32 –1.64 1.91 5.86 0.54 

3JC’H  120° 3.21 –2.17 2.05 7.43 1.10 

3JC’C’  0° 1.43 –0.96 0.76 3.15 0.58 

3JC’C  –120° 1.33 –0.51 0.91 2.75 0.62 

Table 2. Karplus coefficients for Eq. 1, optimized against experimental 3J data for RNase T1  
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Fig. 5. Example 2D E.COSY multiplet sections from 3D NMR spectra recorded for RNase T1. 
Panels A-C (previous page): 3JHNC and 3JC’C evaluations exploiting the 1JCC coupling of 
typically 35 Hz; Panels D-E: 3JHNC' and 3JC’C' evaluations exploiting the 1JCC' coupling of 
typically 53 Hz. Solid and dotted lines are positive and negative contours, respectively.  

Eventually, the 82  torsion angles were fitted simultaneously to the pool of all 512 3J data. 
Self-consistently optimized in conjunction with the torsion-angle values, the Karplus 
curves shown in Fig. 6 and respective coefficients summarized in Table 2 represent the 
best fit to the 3J data available for RNase T1 exclusively, yet, would be similar with other 
proteins also.  
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Fig. 5. Example 2D E.COSY multiplet sections from 3D NMR spectra recorded for RNase T1. 
Panels A-C (previous page): 3JHNC and 3JC’C evaluations exploiting the 1JCC coupling of 
typically 35 Hz; Panels D-E: 3JHNC' and 3JC’C' evaluations exploiting the 1JCC' coupling of 
typically 53 Hz. Solid and dotted lines are positive and negative contours, respectively.  

Eventually, the 82  torsion angles were fitted simultaneously to the pool of all 512 3J data. 
Self-consistently optimized in conjunction with the torsion-angle values, the Karplus 
curves shown in Fig. 6 and respective coefficients summarized in Table 2 represent the 
best fit to the 3J data available for RNase T1 exclusively, yet, would be similar with other 
proteins also.  

 
Protein Structure from NMR Coupling Constants 

 

105 

φ (deg)

J 
(H

z)

0

3

6

9

XR (initial)

0

2

4

6

0

2

4

6

0

2

4

6

0

1

2

3

–120 –60 0 60 120

0

1

2

3

3JHNHα

SC (final)

3JHNC'

3JHNCβ

3JC'Hα

3JC'C'

–120 –60 0 60 120

3JC'Cβ

→

→

→

 
Fig. 6. Optimization of protein  torsions on the basis of 3J coupling constants. XR panels: 
Experimental data for RNase T1 (dots) plotted against initial torsion values calculated from 
crystal structure coordinates (PDB-9RNT). SC panels: The same data plotted against torsion 
values iteratively optimized by referring exclusively and simultaneously to all 3J data, 
adjusting both torsion angles and Karplus coefficients in a self-consistent manner (Schmidt 
et al., 1999). Arrows point at Asn44 data that appear to be outliers initially.  
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Fig. 7. Comparison of mainchain torsions  in RNase T1 as inferred from self-consistent J 
coupling analysis and from crystallographic data (PDB-9RNT) by Martinez-Oyanedel et al. 
(1991). The majority of items agree within a tolerance of ±30° (dashed bounds). In the final 
optimized set, the Asn44  torsion angle has flipped from –86° to +37°.  

Two facts rationalize the markedly reduced scatter seen in the right-hand-side 3JHH panel 
in Fig. 6 compared with the other five coupling types: Firstly, being larger than 3JHC or 3JCC 
on an absolute scale, 3JHH values dominate the fit and, secondly,  torsion values in regular 
protein structure typically fall on the steep slope of the 3JHH curve, making regression 
sensitive to small changes in 3JHH. The residual scatter is due to unaccounted substituent 
effects in the different amino-acid types (Schmidt, 2007a), unaccounted torsion-angle 
dynamics (Brüschweiler & Case, 1994; Pérez et al., 2001), and random experimental error.  

Assigned to Asn44 in RNase T1, the solitary data point in the left-hand-side 3JC'H() panel in 
Fig. 6, near the upper border, is elevated by around 3 Hz above the crowd. Apparently, 
other large 3JC'H coupling constants around 6-7 Hz connect with positive torsion angles. 
Contrasting the negative value found for Asn44 in crystal structure PDB-9RNT (Martinez-
Oyanedel et al., 1991), the conformation in solution that emerged from our J coupling 
analysis differs from that in the solid state (Fig. 7). Similarity between relative J coupling 
values for Asn44 and those residues that exhibit positive  angles clearly suggest that 44 be 
rotated to a positive value also. Indeed, self-consistent optimization of  torsions referencing 
the set of six -related coupling types converges at +37° for Asn44, while improving 
dramatically the error between observed coupling constants and those predicted from the 
crystal-structure angles. 

The region around residues 42-48 of the enzyme engages in the recognition and binding of 
the substrate nucleotide (Fig. 8). Inspection of eight crystal structures of RNase T1 in a 
variety of complexes reveals that Asn44 adopts a negative  value in only those structures 
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Fig. 7. Comparison of mainchain torsions  in RNase T1 as inferred from self-consistent J 
coupling analysis and from crystallographic data (PDB-9RNT) by Martinez-Oyanedel et al. 
(1991). The majority of items agree within a tolerance of ±30° (dashed bounds). In the final 
optimized set, the Asn44  torsion angle has flipped from –86° to +37°.  

Two facts rationalize the markedly reduced scatter seen in the right-hand-side 3JHH panel 
in Fig. 6 compared with the other five coupling types: Firstly, being larger than 3JHC or 3JCC 
on an absolute scale, 3JHH values dominate the fit and, secondly,  torsion values in regular 
protein structure typically fall on the steep slope of the 3JHH curve, making regression 
sensitive to small changes in 3JHH. The residual scatter is due to unaccounted substituent 
effects in the different amino-acid types (Schmidt, 2007a), unaccounted torsion-angle 
dynamics (Brüschweiler & Case, 1994; Pérez et al., 2001), and random experimental error.  

Assigned to Asn44 in RNase T1, the solitary data point in the left-hand-side 3JC'H() panel in 
Fig. 6, near the upper border, is elevated by around 3 Hz above the crowd. Apparently, 
other large 3JC'H coupling constants around 6-7 Hz connect with positive torsion angles. 
Contrasting the negative value found for Asn44 in crystal structure PDB-9RNT (Martinez-
Oyanedel et al., 1991), the conformation in solution that emerged from our J coupling 
analysis differs from that in the solid state (Fig. 7). Similarity between relative J coupling 
values for Asn44 and those residues that exhibit positive  angles clearly suggest that 44 be 
rotated to a positive value also. Indeed, self-consistent optimization of  torsions referencing 
the set of six -related coupling types converges at +37° for Asn44, while improving 
dramatically the error between observed coupling constants and those predicted from the 
crystal-structure angles. 

The region around residues 42-48 of the enzyme engages in the recognition and binding of 
the substrate nucleotide (Fig. 8). Inspection of eight crystal structures of RNase T1 in a 
variety of complexes reveals that Asn44 adopts a negative  value in only those structures 
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presenting a free binding site or, rather, a calcium, zinc, or vanadate metal ion bound to the 
apo-enzyme (9RNT, 8RNT, 3RNT). Similarly, the inadequate adenosine nucleotide complex 
(6RNT) also resembles the apo-enzyme. Even though the distant ribose phosphate interacts 
with catalytic residues His40 and Glu58 in this latter structure, the nucleobase is directed 
away from the enzyme, so as to leave the recognition loop unoccupied, for RNase T1 
binding is G not A specific.  

However, four other crystal structures of RNase T1 in various complexes, notably those with 
a bound guanine nucleotide (1RLS, 1RNT, 2RNT, 5RNT), do exhibit positive  angles for 
Asn44 (Fig. 7). Also  angles in the adjacent positions Asn43 and Tyr45 differ between the 
two groups, by approximately 40° and 10°, respectively.  

The observations suggest that binding of the correct substrate elicits a concerted 
conformation change involving torsion 44, and likely 44, too, as well as torsions 43 and 45 
in the preceding and subsequent residue, respectively. Yet, the NMR evidence tells a 
different story: Torsion angle 44 is positive already in our sample of the free enzyme in 
aqueous solution that was subjected to NMR measurement! Conformational variability of 
the Asn44 backbone, such as continual flips between positive and negative values, can be 
ruled out on the basis of the large 3JC'H coupling value observed, as such conformational 
averaging would reduce the J value towards its mean of about half the size (Table 2).  

A likely explanation for the negative angle value in some of the crystal structures would be 
packing effects through molecules in adjacent grid cells distorting the conformation of the 
rather exposed 42-48 loop region at the protein surface. Another possible explanation could 
be that the metal agents added to aid the crystallization process obstruct the binding site 
differently than the natural substrate would do.  

 
Fig. 8. Stereo view of residues 42-48 in the crystal structure of the RNase T1:2’GMP inhibitor 
complex (PDB-1RNT, Arni et al., 1988). Involved in nucleotide recognition and binding, 
Asn43 and Asn44 backbone amide groups interact with the guanine five- and six-ring, 
respectively, while the Glu46 sidechain carboxylate probes the presence of the correct 
hydrogen bonding capacity at the Watson-Crick edge of the guanine. Tyr42 and Tyr45 
sandwich the guanine ring plane. 

3.2 Flavodoxin 
3J coupling data from a similar study targeting backbone torsion angles  in flavodoxin 
suggested subtle differences between the structures of this protein in aqueous solution 
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(NMR) and in the crystalline solid state (X-ray). For example, on the basis of J coupling 
constants the orientation of peptide plane Ala39/Ser40 shown in the X-ray structure needed 
to be adjusted by about +10° in order to fulfil the experimental data (Löhr et al., 2001). 

A conformational hot spot is found in flavodoxin’s so-called “60-loop”, the region protruding 
around the isoalloxazine ring system, made up of Gly61-Asp62-Asp63-Ser64. Results from our 
analysis on the exclusive basis of J-coupling constants agree with what has been known for 
some time already from X-ray studies on flavodoxin (Watenpaugh et al., 1976). These crystal 
structures of flavodoxin can be grouped according to 2FX2, 3FX2, 1J8Q, and ‘WFX2’1, on one 
side, and 4FX2, 5FX2, 1BU5A, and 1BU5B, on the other. The former group represents oxidized 
species of the FMN cofactor, the latter includes reduced (5FX2) and semi-reduced (4FX2) 
quinone forms. 1BU5A and 1BU5B (Walsh et al., 1998) are two chains in an asymmetric unit of 
apo-flavodoxin-riboflavin complex lacking the ribose phosphate. 

Conformations of torsions 61 and 62 in flavodoxin differ by almost 180° between both 
structure sets, implying a flip of the intervening peptide plane with connected changes in 
the hydrogen bonding network. Our NMR data on the oxidized species support the torsion 
angles derived from the first group. Most notably, Asp62 adopts a rare positive torsion 
angle responsible for an elevated 3JC'H coupling constant of 5.1 Hz. As it is also connected 
with an unusual negative  torsion, this data point stands out in a graph of 3JC'H() (not 
shown). Albeit a non-glycine residue, Asp62 exhibits a secondary-structure feature normally 
characteristic of glycine as frequently found in a type-II’  turn motif (Creighton, 1993). But 
then, the surrounding torsion angles are too distorted to form a proper reverse turn. 
Variability in this loop region is also corroborated by an analysis of coupling constants 
related to the sidechain 1 torsion angle (Schmidt, 2007b). 

4. Discussion, conclusion and scope 
Complete determination of a protein fold from scratch is inherently impossible on the sole 
basis of J coupling restraints alone, owing to their short-range nature of interaction. Even 
though  torsion angles can be determined fairly accurately, and values of  can at least be 
narrowed to plausible ranges, while fixing  torsions at the planar 180° value, the chaining 
of the distinct amino-acid fragments is likely to cause errors to accumulate in the process. A 
few long-range restraints, such as those provided by the measurement of NOE effects, will 
normally be required to ensure the correct fold over the whole polypeptide chain. In fact, 
the present results derived from our J-coupling data are consistent with an independent 
previous investigation into the RNase T1 solution structure by means of the traditional 
measurement of NOE effects that were subsequently converted into proton-proton distance 
constraints (Pfeiffer et al., 1996a). 

4.1 Data correlation and redundance 

The  torsion angle in each amino-acid residue is supported by up to six 3J coupling 
constants, which, in aggregate, determine just one internal rotational degree of freedom of 
the molecular model, the value of . Even though the J data are all independent 
                                                                          
1 ‘WFX2’ signifies a preliminary X-ray coordinate set of D. vulgaris flavodoxin not available from the 
PDB and kindly provided by Martin Walsh, University College Galway, Ireland.  
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observations, they do not represent six independent structure parameters. Owing to their 
simultaneous dependence on the same torsion, their values are highly correlated, or anti-
correlated, for that matter (Table 3). Somewhat limited by pairs of couplings exhibiting 
correlated angle dependence (Fig 2), the amount of independent structure information 
available reduces to effectively 3 or 4, rather than 6, yet still exceeds the single rotational 
degree sought to be fixed. Precisely this redundance, however, is key to determining torsion 
angles accurately.  

 

 3JHNH 3JHNC’ 3JHNC 3JC’H 3JC’C’ 3JC’C 
3JHNH 6.77 ± 2.12 –0.82 –1.20 1.18 0.81 –1.13 

3JHNC’ –44% 0.89 ± 0.74 –0.11 0.27 0.27 –0.19 

3JHNC –79% –2% 1.62 ± 0.85 –0.82 –0.62 0.77 

3JC’H 54% 8% –61% 2.32 ± 1.29 0.47 –0.84 

3JC’C’ 58% 16% –76% 30% 0.97 ± 0.58 –0.59 

3JC’C –79% –6% 89% –69% –77% 1.83 ± 0.78 

Table 3.Variance-covariance matrix for 512 -related 3J coupling constants in RNase T12 

4.2 Molecular dynamics effects  

At times, the excess information contained in a set of observables can give insights into 
dynamic effects that may prevail in the molecular structure (Schmidt, 1997b). 
Conformational dynamics frequently complicate the analysis of amino-acid sidechain 
torsion angles 1 and need be taken into account for satisfactory interpretation of 
experimental J data related to that angle type. A variety of angular-mobility models can be 
applied to cases in which a single fixed torsion does not explain the observed data 
satisfactorily. Analyses commonly assume the 1 torsion either to dwell preferentially in 
energetically favourable staggered states (Pachler, 1963, 1964; Hansen et al., 1975) or to 
librate about a mean value according to a Gaussian probability profile (Jardetzky, 1980; 
Karimi-Nejad et al., 1994; Brüschweiler & Case, 1994).  

In the first approach, amino-acid sidechain torsions are analyzed assuming the presence of 
interconverting staggered-rotamer conformations of 1 = –60°, ±180° and +60° to solve for 
the respective populations, p1, p2, and p3, by linear combinations of so-called trans and gauche 
coupling values (Table 2). The Gaussian model, however, typically limits the torsion to one 
predominant conformation, yet, allowing for larger angular variability, at times. To this end, 
angular standard deviations of approximately 60° can be considered to represent a fully 
revolving torsion. Both models are somewhat complementary, the staggered-rotamer one 
being easier to apply, whereas the Gaussian one usually fits the data better (Schmidt, 1997b).  
                                                                          
2 Diagonal: mean and standard deviation (square-root of variance, in Hz). Upper triangle: standard 

deviation attributed to joint variation in both J types (square-root of covariance, in Hz), negative signs 
indicating antivariance. Lower triangle: pair-correlation coefficients.  
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4.3 1J and 2J couplings in protein structure analysis 

Interest is arising in short-range 1J and 2J coupling constants (Wienk et al., 2003; Löhr et al., 
2011) as these are comparatively easier to measure than 3J, albeit less well understood 
regarding their conformational dependence (Schmidt et al., 2009, 2010). However, by simply 
recognizing qualitative classes of small, medium, and large magnitudes for the respective 
parameters, it was feasible to pinpoint the boundaries of secondary-structure elements in a 
protein (Schmidt et al., 2011). The suggested procedure of J-indexing also exploits data 
redundance as each torsion angle is surrounded by large numbers of 1J and 2J coupling 
constants (Fig. 9).  

 
Fig. 9. The ten types of 2J coupling constants encountered in the protein backbone.  

Protein 1J-, 2J-, and 3J-coupling constant data related to one-, two-, and three-bond 
interaction, respectively, continue being deposited by NMR spectroscopists with the 
Biological Magnetic Resonance Data Bank (BMRB, Ulrich et al., 2008)  (Fig. 10).  

4.4 Accuracy issues  

Quantitative 3J-coupling analysis in proteins appears to have reached a level of detail and 
accuracy at which a change of a few degrees in a torsion angle, comparable to thermal 
librational amplitudes, makes a noticeable difference, allowing, for example, genuine 
differences between NMR-based solution and X-ray based crystal structures to be detected.  

The process of defining useful conformational constraints on the basis of J coupling 
constants usually requires, first, extracting accurate values for the spin-system related 
property J from NMR spectra and, second, translating these values into molecular-geometry 
related dihedral-angle values within the framework of a specified model of molecular 
structure and possibly dynamics. Naturally, both these stages come with their inherent 
inaccuracies which will impact on the final result (Fig. 11).  
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Fig. 10. Cumulative data volume submitted to the BMRB in category protein J coupling 
constants. The current number of deposited sets is around 350, totaling more than 25,000 
values, the majority of which are 3JHNH coupling constants. Recent leaps reflect large-scale 
depositions of hitherto less popular 1J and 2J parameters which the authors of this chapter 
have set out to explore regarding utility in protein structure determination (Schmidt et al., 
2009, 2010). 

 
Fig. 11. Progression of procedural errors and random uncertainties into molecular structure.  
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A word of caution is advised though. Even if both above mentioned evaluation stages as 
well as the recording of NMR spectra were void of systematic error, i.e., not limited by their 
technical approach, molecules don’t always do us the favour of revealing an unambiguous 
structure. If conformational dynamics are at play, such ambiguity is not to be confused with 
lack of accuracy or precision, and the geometry of the molecule must not be squeezed into a 
‘strait-jacket’, as it were. Rather we need to develop our understanding of molecular 
structure, if not re-define the term, in a way that integrates both dynamic as well as static 
aspects of conformation. Research into partially or intrinsically disordered protein 
structures is witness to such development (Dyson & Wright, 1998).  

5. NMR Experiments 
J coupling measurements were carried out on NMR spectrometers manufactured by Bruker, 
Rheinstetten, Germany, with nominal fields ranging from 500 to 900 MHz proton frequency. 
All instruments were fitted with cryogenically cooled triple-resonance z-axis pulsed-field-
gradient probes, except the 500-MHz instruments were equipped with room-temperature 
triple-resonance three-axis pulsed-field-gradient probes.  

Experiment names of the exclusive correlation spectroscopy (E.COSY) follow a convention 
that identifies by uppercase lettering those protein nuclei that are active in generating the 
spectrum dimensions, in round parentheses those used for magnetization relay only, and in 
square brackets the presence of those passive spins that give rise to the sought J coupling 
interaction (Wang & Bax, 1995). 

Each coupling constant was measured at least twice, and mean values quoted carry two 
standard deviations, the former denoting the intra-spectrum, i.e., variation across all amino-
acid residues, and the latter denoting the standard error or inter-spectrum rms variation 
between the repeat experiments, i.e., a measure of reproducibility.  

5.1 3J(H,H) coupling constants 
3JHNH coupling constants originated from 3D-HA[HB,HN](CACO)NH quantitative  
J correlation spectra recorded at 500 MHz (Löhr et al., 1999). The coupling constant for 
residue i was evaluated in spectrum planes at the resonance Ni+1 by summing the data 
points comprising the HNi,HNi+1 cross peak and referring its intensity to the H

i,HNi+1 auto 
peak according to Icross/Iauto = –tan2(J), with the magnetization-transfer delay, , set at 
17 ms. Raw coupling constants were corrected for H/D exchange by an average factor of 
1.049, due to scaling all Icross/Iauto ratios for the 10-% D2O solvent component needed for 
field-frequency locking. Both datasets yielded 77 values of corrected 3JHNH averaging 6.77 ± 
2.17 ± 0.24 Hz.  

5.2 3J(H,C’) coupling constants  
3JHNC' coupling constants were determined by least-squares fitting 2D projections of 
E.COSY-type C,H multiplets (Schmidt et al., 1997a) recorded at 900 MHz using a [15N,1H]-
TROSY variant (Pervushin et al., 2000) of 3D-(H)CANNH[CO] spectra (Löhr & Rüterjans, 
1995). To minimize transverse relaxation effects during the constant-time period, C 
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chemical shifts and 1JCC' couplings were simultaneously evolved in a 1H,13C multiple-
quantum constant-time t1 period while spin-locking 1H magnetization using a 3-kHz spin-
lock field. Insufficient to cover the complete H shift range uniformly, poorly decoupled C 
resonances near the excitation band edges were omitted from evaluation. Glycine patterns 
were disregarded entirely as the NMR experiment is not optimized for their twin-H spin 
topology. The highly reproducible results comprised 70 values of 3JHNC' averaging 0.75 ± 0.71 
± 0.06 Hz. For many of those residues that needed to be ignored in (H)CANNH evaluations 
for reasons of lineshape distortion or overlap, 3JHNC' coupling constants were obtained using 
a simpler 3D-heteronuclear relayed-E.COSY approach at 500 MHz in combination with 
more sophisticated antiphase 2D-multiplet line-shape analysis (Schmidt et al., 1996). The 76 
values averaged 0.86 ± 0.72 ± 0.17 Hz, slightly larger than those from (H)CANNH. 
Additional values were extracted from a [15N,1H]-TROSY version of ct-HNCA[CO]-E.COSY 
spectra (Wang & Bax, 1995) recorded at 600 MHz, averaging 0.81 ± 0.79 ± 0.21 Hz and 
bringing the total number of items to 92, including data for glycine. Rmsd between all six 
spectra was 0.22 Hz.  

5.3 3J(H,C) coupling constants  
3JHNC coupling constants were determined by simulating 2D projections of C,H multiplets 
resulting from a [15N,1H]-TROSY version of the 3D-HNCA[CB]-E.COSY experiment (Wang 
& Bax, 1996) carried out at 800 MHz. Glycines generally lacking the C nucleus were 
ignored. Overlapping C

i and C
i–1 resonances prevented a few coupling constants from 

being obtained. Coincident C and C chemical-shift ranges in serine and threonine residues 
precluded selective excitation of either nucleus and respective data were disregarded. Thus, 
the two recordings yielded only 58 values, averaging 1.50 ± 0.94 ± 0.09 Hz. Additional 3JHNC 
coupling constants resulted however from 3D [15N,1H]-TROSY-HNCB quantitative J 
correlation experiments (F. Löhr, unpublished) performed at 600 and 800 MHz. Dephasing 
of 1HN coherence due to passive 3JHNH couplings during J evolution delay , which was set 
at either 40 or 45 ms, was avoided by employing BIRD refocusing elements (Garbow et al., 
1982) in the centre of the  period. Three spectra yielded 68 values of 3JHNC averaging 1.71 ± 
0.79 ± 0.18 Hz between quantitative J correlation data. Between all five sets, 81 values were 
determined at 1.62 ± 0.85 ± 0.14 Hz.  

5.4 3J(C'i–1,H
i) coupling constants  

3JC’H coupling constants resulted from fitting 2D projections of C
i,C'i–1 multiplets in 3D-

H(N)CA,CO[HA]-E.COSY spectra (Löhr & Rüterjans, 1997; Löhr et al., 1997) recorded at 500 
MHz. The total 81 values collected averaged 2.33 ± 1.29 ± 0.16 Hz.  

5.5 3J(C'i–1,C’i) coupling constants  
3JC’C’ coupling constants resulted from fitting 2D projections of C

i,C'i–1 multiplets in 3D-
H(N)CA,CO[CO]-E.COSY spectra (Löhr et al., 1997) recorded at 500 MHz. Glycine 
couplings included, the two datasets comprised 90 3JC’C’ values averaging 0.84 ± 0.65 ± 0.16 
Hz. Additional 3JC’C’ coupling constants resulted from quantitative J-correlation experiments 
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using a [15N,1H]-TROSY version of the 3D HN(CO)CO pulse sequence (Hu & Bax, 1996). 
Two spectra were acquired at 500 MHz with the J-evolution period  set at either 50 or 60 
ms. The spectra allowed both sequential coupling constants 3J(C’i–2,C’i–1) and 3J(C’i–1,C’i) to 
be evaluated, yielding 78 values averaging 1.03 ± 0.61 ± 0.23 Hz. The final set comprised 98 
coupling constants of 0.95 ± 0.63 ± 0.26 Hz.  

5.6 3J(C'i–1,C
i) coupling constants  

3JC’C coupling constants were measured at 500 MHz by H(N)CA,CO[CB]-E.COSY (Löhr et 
al., 1997), yielding only 59 values averaging 1.96 ± 0.86 ± 0.16 Hz. As with 3JHNC, 
determining 3JC’C coupling constants with these E.COSY-type experiments fails for serine, 
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1. Introduction 

Over the past ten years, the number of three-dimensional protein structures has grown 
exponentially (Holm, 2008). This is due, mainly, to the advent of high throughput systems. 
Consequently, molecular biologists need systems to enable them to effectively store, manage 
and explore these vast repositories of three-dimensional structures. They want to determine 
if an unknown structure is in fact a new one, if it has been subjected to a mutation, and/or 
to which family it possibly belongs. Furthermore, they require the ability to find similar 
proteins in terms of functionalities. Importantly, they aim to find docking sites. That is, they 
aim to determine the possible sites for the binding of two proteins, namely the ligand and 
the receptor, in order to form a stable complex. This similarity in functionality, and 
specifically the task to find docking sites, are related to outer the shape of the protein 
(Binkowski & Joachimiak., 2008). The outer shape (or envelope), in part, determines whether 
two proteins may have similar functionalities and may thus aid us to determine the location 
of such protein binding sites. The previously introduced docking problem may be better 
understood from the perspective of drug design. Most diseases and drugs work on the same 
basic principle. When we become ill, a foreign protein docks itself on a healthy protein and 
modified its functionality. Such a docking is possible if the two proteins have two sub-
regions that are compatible in terms of three-dimensional shape, a bit like two pieces of a 
puzzle. Drugs are designed to act in a similar way. Namely, a drug docks on the same active 
site and prevents the docking of foreign proteins which can potentially cause illness (Paquet 
and Viktor, 2010).  

Consequently, one of the main objectives of macromolecular docking, also known as 
protein-protein docking, is to find compatible regions in between two proteins from a 
geometrical point of view; the better the fit, the better the efficiency of the docking. There 
are currently many approaches that have been developed in order to simulate in silico, i.e. 
with a computer and with algorithms, this docking of two macromolecules. We shall briefly 
review them in order to enhance their most salient features, their potential and their main 
weaknesses. We shall limit ourselves to the most recent works, which at any rate, capture 
most previous advances. 
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This chapter is organized as follow. In Section 2, approaches based on correlation techniques 
are presented, while in Section 3 various methods based on spherical harmonics and 
orthogonal polynomial are reviewed. Section 4 briefly describes shape signatures based on 
curvature invariants and Section 5 provides an overview of distance-based techniques. In 
Section 6, techniques based on alignment and Monte Carlo simulations are explored while 
the specific contribution of computer graphics is outlined in Section 7. Section 8 completes 
this chapter by presenting some high throughput methods. The main conclusions are 
presented in Section 9. 

2. Correlation-based techniques 

One of the earliest approaches for macromolecule docking is based on finding correlations. 
Such methods aim to determine the best alignment, in terms of translations, in between two 
macromolecules. In order to evaluate the correlation, a representation or shape must be 
associated with each macromolecule. Such a representation may take various forms, 
amongst which the binary and the volumetric representations are the most common. Then, 
given a representation, the product of their shapes is evaluated for each relative translation 
in order to determine their relative overlapping. Similar regions, that is, regions that present 
a substantial overlap, are usually characterized by a high value of their correlation. The 
position of the correlation peak determines the relative translation in between the two 
macromolecules. Because the relative translation is unknown, the translation space must be 
searched exhaustively. In order to be more efficient from a computational point of view, the 
correlation is implemented with the Fourier transform. To further reduce the complexity of 
the calculations, the Fourier transform is evaluated with the fast Fourier transform 
algorithm.  

Many methods distinguish themselves by the representation they use in order to describe 
the proteins. For instance, (Katchalskip-Katzir et al., 1992) use a binary representation for the 
macromolecule. Here, the points inside the boundary and on the boundary have a value of 
one, while external points have a value of zero. Such a representation tends to be 
oversensitive and only allows for exact marching. In an attempt to further speed up the 
calculations, (Nukuda et al., 2007) implement the correlation on an IBM Blue Gene 
supercomputer. By also taking the rotations into account, they sample the rotation space and 
compute a separate correlation for each sampled rotation. Such an exhaustive approach does 
not scale well, even with a supercomputer. A similar approach is used by (Kasakov et al., 
2006), with the difference being that the binary representation is replaced by a continuous 
one, which is obtained from the molecular potentials associated with the constituent atoms. 
Their method provides a representation both in terms of shape and physicochemical 
properties and offers more robustness, since the potentials are real valued. Nevertheless, the 
scalability problem remains unsolved. Sukhwani et al. (Sukhwani et al., 2008) also use more 
sophisticated molecular potentials and parallelize the calculation of the correlation. 
However, the problems associated with an exhaustive search in the rotation space are still 
untargeted. In order to address this problem, (Vadja & Kozakov, 2009) and (Gray, 2006) 
propose to replace the exhaustive sampling of the rotation space by a Monte Carlo 
optimization of a cost function associated with the three-dimensional rotation.  

Consequently, a transition probability is associated with the process. Rotations are 
assimilated to a random walk and are accepted, or rejected, according to a Metropolis 
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criterion based on the transition probability. Gray, in particular, uses the simulated 
annealing algorithm in order to optimize the cost function. Such Monte Carlo approaches 
allow one to explore efficiently, and parsimoniously, the rotation space and are 
consequently much more scalable. The rotation may also be obtained directly in a non 
iterative way.  For instance, (Katebi et al., 2009) determine the rotation in between two 
macromolecules, with the singular value decomposition (SVD) based on the relative 
position of the constituent carbon atoms. This approach leads to an oversimplification of the 
shape, which is not necessarily compatible with docking. Here, SVD has been selected 
against principal component analysis (PCA) because of its statistical robustness. 

Finally, (Bonvin et al., 2006) present general considerations, applicable to all these methods, 
about the flexibility of proteins. It is well known that most macromolecules are flexible. This 
flexibility must be taken into account when simulating docking. To this end, Bonvin et al. 
propose to use various conformations of the same protein, as obtained from nuclear 
magnetic resonance (NMR), and to repeat the calculations for each one of them. This 
approach requires a large amount of experimentally determined structures in order to 
provide realistic results. This, in turn, involves an exhaustive search which eventually does 
not scale well. Furthermore, NMR is currently limited to relatively small macromolecules. 
Bonvin et al., also propose to parameterize the deformations of the macromolecules. 
However, their parameterization appears to be relatively arbitrary and their proposal thus 
would need further evaluation to determine the feasibility and suitability thereof.  

3. Angular basis, spherical harmonics and orthogonal polynomials 

In order to address the above-mentioned problems associated with the correlation-based 
techniques, methods based on spherical harmonics and orthogonal polynomials have been 
developed. The aim, here, is to provide a representation more adapted to rotation. One of 
the seminal works was presented by Canterakis (Canterakis, 1994). 

Sael & Kihara (Sael & Kihara, 2010a) use a coordinate system centred on the barycentre of 
the macromolecules. They then project each one of them on an orthogonal basis, formed by 
the product of a spherical harmonic and an orthogonal polynomial which is, in this 
particular case, the Zernike polynomial. The resulting basis is known as the 3D Zernike 
polynomial. Then, rotation invariants are calculated from this representation. The invariants 
associated with each macromolecule are compared to each other using the Euclidian 
distance. Although relatively efficient, this approach is limited to global comparison and is 
not suitable for docking in its present form. Based on their similar work, (Sael & Kihara, 
2010b) have extended their approach to docking. Pockets are extracted from the 
macromolecules and are individually describes in terms of the 3D Zernike polynomials, 
from which rotation invariants are calculated. In order to determine a docking region, each 
pair of invariants, that is, each “pair of pockets”, must be independently compared. This 
limits the scalability of the method. Furthermore, it has been pointed out that pockets are far 
from being the only candidates for docking. This means that many potentially interesting 
docking regions are potentially ignored by the algorithm. Consequently, (Sael & Kihara, 
2010d) expanded their work by randomly select an ensemble of small regions on the 
macromolecules. Each region is represented in terms of 3D Zernike polynomials, from 
which a set of rotation invariants are calculated. In order to alleviate the scalability problem 
which occurs when each pair of invariants is compared, they cluster the invariants with a 
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self organizing map, also known as the Kohonen map. Here, the number of clusters are not 
predetermined but determined by the algorithm itself. In order to avoid the problems 
associated with the border effect, they use a boundless Kohonen map with either a spherical 
or a toroidal topology. Being unsupervised, the Kohonen map may lead to nonsensical 
results. Furthermore, the 3D Zernike polynomials are more adapted to closed shapes like 
macromolecules than to an open regions or patches. Finally, (Sael et al., 2008) study the 
impact of the metric when comparing the rotation invariants. They compare the Euclidian 
distance, the Manhattan distance and the correlation coefficient, which all seem to provide 
comparable results in this particular case. 

Venkatraman et al. (Venkatraman et al., 2009) also use a global approach, based on 3D 
Zernike polynomials. The shape is represented by a mixture of Gaussians centred on the 
constituent carbon atoms. This analytical representation seems relatively adapted to 
represent the shape of a macromolecule. Nevertheless, the limitations associated with the 
global approach of Sael et al. remain. Mak et al. (Mak et al., 2008) also employ a global 
approach similar to Sael et al. However, in contrast with Venkatraman et al., they use a 
binary voxelised representation for the shape of the macromolecule, which presents a lower 
expressive power. 

Sovic et al. (Sovic et al., 2010) propose a different approach based on the 3D Zernike 
polynomials. Each macromolecule is represented with a subset of 3D Zernike polynomials. 
As pointed out earlier, these polynomials are particularly suited for closed shapes 
presenting a certain degree of spherical symmetry, as many macromolecules do. Then, each 
pair of macromolecules is compared in that particular representation. Translation invariance 
is obtained from a standard correlation while rotation invariance is obtained by exhaustively 
searching the rotation space. Sovic et al. claim that it is computationally less expensive to 
perform the alignment in the 3D Zernike polynomials representation than it is in the 
standard Euclidian representation. However, they do not provide evidence that their 
approach is scalable. 

Scalability is a particularly acute issue for docking. There are currently more than 76,000 (28 
October 2011) macromolecular structures that have been experimentally determined and 
which may be found in the Protein Data Bank (PDB) (Dutta et al., 2009). Let us assume, for 
instance, that we partition each structure in a thousand of structural regions or patches. 
Then, evaluating any potential match in between two patches would involve 
2,812,499,962,500,000 comparisons, if one is to consider all the combinations of two patches 
selected from a set of 75,000,000 patches. Of course, this is an oversimplification of the 
problem, but it shows that the importance of the scalability should not be underestimated. 

Furthermore, (Ritchie, 2005; Mavridis & Ritchie, 2010) propose a new approach which 
follows Canterakis’ scheme. Here, the shape is represented in terms of spherical harmonics 
for the angular part and in terms of orthogonal polynomials for the radial part. However, 
they replace the Zernike polynomials by either the spherical Bessel Gaussian-type orbitals 
(GTO) which is formed by the product of a Gaussian and a Laguerre polynomial, the 
exponential type orbitals (ETO) which is formed by the product of an exponential and of a 
Jacobi polynomial or the Bessel type orbitals. They use various representations for the shape 
of the macromolecule, including the electronic density. These orthogonal polynomials seem 
to be more adapted to the geometry of macromolecules than the Zernike polynomial, 
although no definitive conclusions may be drawn at this stage. 
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4. Curvature invariants 
Geppert et al. (Geppert et al., 2010) extract local curvature invariants, in terms of rigid 
transformations, from the envelope. They use geometric hashing in order to structure the 
invariants and in order to compare them efficiently. Nevertheless, geometric hashing is 
notoriously known for its lack of scalability and robustness. Furthermore, the expressive 
power of local curvature invariants is relatively low. Geppert et al. claim that the local 
curvature invariants are oblivious against a change of conformation (robustness against the 
macromolecule flexibility). This is certainly true for the regions where there is a limited 
bending or deformation, but it does not hold in general. Ranganath et al. (Ranganath et al., 
2007) also extract local curvature invariants, in terms of rigid transformations, from the 
envelopes of the macromolecules. The calculation of the curvature invariant is based on the 
wavelet transform. Although the calculation of the curvature invariant is more robust when 
performed with the wavelet transform, the limitations inherent to these invariants remain. 

5. Distance-based and graph-based methods 

Liu et al. (Liu et al., 2009) propose to sample the envelope of each macromolecule with a 
certain number of landmarks. The landmarks are first obtained by randomly sampling 
points on the surface of the macromolecule and then by clustering them in order to obtain 
an informative sample. Then, the distances in between each pair of landmarks are calculated 
and their probability distribution is determined. Here, the distance is defined has the 
shortest path in between two landmark points within the macromolecular shape. This 
distance is also known as the geodesic distance which can be obtained, for instance, with the 
Dijkstra algorithm (Dijkstra, 1959). This probability constitutes a unique geometrical 
signature associated with the global shape of the macromolecule. The distance, as 
previously defined, is invariant under rigid transformations, invariant to isometries and 
relatively oblivious to a small set of general transformations. 

Chi (Chi, 2004) follows an approach inspired by image indexing. He computes the distance 
in between the constituent carbon atoms associated with each macromolecule and creates a 
distance matrix. Such a matrix is invariant under rigid transformations. Then, the texture 
associated with the distance matrix is analyzed in terms of uniformity, entropy, 
homogeneity, contrast, correlation and cluster tendency. These measures constitute the 
geometrical signature of the macromolecule. It should be noted that the carbon atoms 
provide a very low resolution representation of the shape of the macromolecule. This 
approach has been extended by (Chen et al., 2010). They propose to analyze the texture 
associated with the distance matrix in terms of principal component analysis (PCA). 
Although more efficient from an information theory point of view, this approach still 
provide a very low resolution representation of the global shape of the macromolecule. 

Furthermore, (Zhang et al. 2009), (Peng & Tsay, 2010), (Novosad et al., 2010) and (Reddy et al., 
2011) also use the relative position of the constituent carbon atoms of the macromolecules. The 
distance matrix is replaced by a graph associated with the topology of the carbon atoms. It 
should be noted that the graph is highly sensitive to the original topology of the carbon atoms. 
Such a graph is invariant under rigid transformation. By using partial matching of graphs, 
they evaluate possible docking configurations. Nevertheless, the expressive power of a graph 
based on the topology of the carbon atoms is relatively low. Furthermore, extensive partial 
graph matching may lead to an excessive computational complexity. 
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Borgwardt et al. (Borgwardt et al., 2005) follow the same approach then in (Zhang et al., 
2009; Peng & Tsay, 2010; Novosad et al., 2010; Reddy et al., 2005) for the construction of the 
graphs associated with the macromolecules. The graphs are compared with a graph kernel 
which probes the graphs with a random walk. Although the limitations previously outlined 
remain, it is interesting to note that there is a strong fundamental connection in between the 
shape and the random walk, which should be further explored. Such a connexion might 
lead to better metrics for shapes comparison. 

6. Alignment and Monte Carlo based methods 

In their respective papers, (Wang et al., 2007) and (Hoffmann et al., 2010) propose to find the 
best global alignment, in terms of rigid transformations, in between two macromolecules. 
Wang et al. define a cost function which evaluates the local discrepancy in between the 
shape of two macromolecules. Then, they minimize the cost function in terms of translation 
and rotation in order to find the best alignment. The rotations are either represented in 
terms of matrices or in terms of quaternions. Algorithms based on the later are often 
computationally more efficient. In order to avoid local minima, a Monte Carlo approach is 
used for the optimization. A transition probability function is defined which allows to 
explore efficiently and parsimoniously the transformation space and to escape local minima 
as required during the exploration stage. Wang et al.’s optimization approach is based on 
the simulated annealing technique, which mimics the physical optimization of the 
crystalline structure associated with a solid during his cooling phase. Hoffmann et al. 
propose to represent the shape of the macromolecule with a mixture of Gaussians centred 
on the constituent carbon atoms and to perform a pre-alignment of each pair of 
macromolecules with principal component analysis (PCA). The pre-alignment facilitates the 
convergence of the simulated annealing algorithm toward the global minimum and reduces 
the computational complexity, since PCA is a linear algorithm. Both methods are relevant 
for precise global comparison and have some degree of relevance for docking. 

7. Computer graphics based methods 

In addition to the previous methods based on invariant patterns recognition, graph theory 
and computer vision, methods originating from computer graphics have also been 
suggested. For instance, (Zauhar, 2003) proposes to randomly sample a set of points on the 
envelope of a macromolecule. Next, for each one of these points, he propagates a virtual 
optical ray inside the envelope up to a predetermined number of reflexions. The probability 
distribution associated with the length of the rays constitutes a geometrical signature for the 
global shape of the macromolecule. Such a representation is invariant under rigid 
transformations. It is unlikely that such a method may be applied for docking, because the 
patches involve in docking are not closed shapes and consequently are not suitable for 
virtual light ray propagation: most light rays would escape the patch without any reflexion. 

Shapira et al. (Shapira et al., 2008) propose a robust definition of the diameter for a closed 
object called the shape diameter function (SDF). Given a point on the surface of a closed 
object, a cone is constructed. The apex of the cone is the given point and the axis of the cone 
is the inner normal associated with the given point. The opening angle for the cone is 
typically 120 degrees. Then, the SDF is defined as the weighted average of the lengths of the 
optical rays that propagate from the apex to the closest point on the surface of the shape 
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under the constraint that they remain inside the cone. The weight is defined as the inverse of 
the angle in between the ray and the axis of the cone.  

The SDF may be defined for each point of the object or for a given subset. In order to 
describe the shape, a histogram of its associated SDFs is constructed which constitutes its 
geometric signature. With the aim of having an analytical form for the histogram, a mixture 
of Gaussians is constructed from the later. Such a signature is invariant under rigid 
transformations and oblivious under more general transformations. The degree of 
obliviousness is far from clear, though. Furthermore, the signature seems to be deficient 
from an expressiveness point of view. With the intention of addressing the expressiveness 
problem, (Gal et al., 2007) define two bidimensional histograms which encapsulate 
additional information about the shape. This is done so as to obtain a better discrimination 
in between shapes. Given a set of points on the surface of the object, the first histogram is 
constructed from the SDF at each point and from the distance in between each point and the 
barycentre. The second histogram is constructed from the SDF and from the centricity 
function calculated at each point. Given a point on the surface of the object, the centricity 
function (CF) is defined as the average geodesic distance from that point to all the other 
points in a given neighbourhood. It should be noted that the CF is invariant under isometry. 
Gal et al.’s approach seems to provide better discrimination. In addition, the SDF appears to 
provide a natural partition or segmentation of simple shapes, in the sense that points 
belonging to the same part tend to have a comparable value for their SDF. 

Fang et al. (Fang et al., 2009) have applied the SDF to the description of macromolecular 
shapes. The points forming the envelope of the protein are sampled by clustering them with 
the K-mean algorithm, with the purpose of obtaining a more informative sample as opposed to 
random sampling. For each point belonging to the sample, they compute the SDF. Finally, they 
construct a histogram of the later. This histogram constitutes the global geometry signature for 
the envelope. Signatures and consequently shapes are compared with the Euclidian distance. 

Lo et al. (Lo et al., 2010) propose to describe the envelope of macromolecules with solid 
angles. The solid angles are computed for each point of the envelope. Then, the surface is 
partitioned, or segmented, by clustering the solid angles based on the observation that 
points belonging to a given pocket tend to have a comparable solid angle. In order to speed 
up the calculation of the solid angles, Lo et al. take advantage of the graphical processing 
unit (GPU) and of the Compute Unified Device Architecture (CUDA) parallel technology. 
Docking candidates are found by exhaustively matching the various patches. The 
expressiveness power of the solid angle is very low. Also, the algorithm, in its present form, 
may only detect certain types of pockets, while ignoring a large proportion of potentially 
interesting docking sites. 

8. High throughput methods 

Shibberu & Holder (Shibberu & Holder, 2011) present an approach for proteins alignment. 
They compute the distance in between each pair of constituent carbon atoms and construct a 
distance matrix. A continuous cut-off function is applied to the distance matrix, in order to 
obtain a contact matrix. The quadratic form constructed from this contact matrix defines a 
generalized inner product. With the help of the Eigen decomposition of the contact matrix, it 
is possible to associate a unique Eigen value to each residue or carbon atom. A scoring 
matrix, which measures the distance in between each pair of Eigen values associated with 
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two distinct proteins, is constructed in order to evaluate the quality of the alignment. The 
carbon atoms provide only a low resolution description of the surface of the protein. The 
assignment of an Eigen value to a specific residue might be subject to a certain level of 
ambiguity and might be computationally unstable, for instance, when some Eigen values are 
very similar. 

Hue et al. (Hue et al., 2010) propose a method based on support vector machine (SVM) 
which aims to address the scalability problem. Instead of predicting the docking regions, 
they try to predict the outcome of the docking in between two macromolecules. The SVM 
algorithm determines the optimal partition, in terms of a hyperplane, in between two 
classes:  the interacting macromolecules and the non-interacting ones. The SVM is trained 
with a training set of macromolecules for which the presence or the absence of interaction is 
known experimentally. For each pair of macromolecules in the training set, an alignment is 
performed and a feature vector, here a similarity matrix, is associated with the quality of the 
alignment. These feature vectors span a vector space which is partitioned by the SVD with a 
hyperplane into two classes, namely interacting and non-interacting macromolecules. Once 
the training is completed, the presence of the absence of interaction in between two proteins 
may be determined by aligning them. This is accomplished by computing the feature vector 
associated with the quality of the alignment and by determining the region, or class, to 
which the feature vector belongs. In order to improve the efficiency of the method, the 
metric used to quantify the alignment, the Euclidian inner product, is replaced by a 
nonlinear kernel. This allows one to improve the classification accuracy by introducing a 
non linearity in what is, otherwise, a linear partition of the classification space. Further, a 
singular value decomposition (SVD) of the similarity matrix is performed, in order to reduce 
the complexity associated with the evaluation of the nonlinear kernel. The method may 
contribute to reduce the computational complexity. However, the precision-recall curves 
tend to indicate that there is a very high proportion of misclassification involved in the 
process. In addition, a global alignment is far from being the most efficient method to 
characterize the degree of interaction in between two macromolecules. Nevertheless, a 
similar approach could be followed if the alignment is replaced by a more efficient 
geometrical signature. The limitations, associated with a hyperplane, may be overcome by 
replacing the SVP with a Bayesian technique (Rodriguez & Schmidler, 2009). 

Finally, (Paquet & Viktor, 2010; Paquet & Viktor, 2011) perform a virtual fragmentation of 
the macromolecules. For each fragment, they estimate a translation and rotation invariant 
intrinsic reference frame which is statistically optimal in terms of shape. Then, they evaluate 
various probability distributions associated with the spatial distribution of the elementary 
surface elements forming the fragments. A geometrical signature is constructed from these 
probability distributions. This signature is invariant under rigid transformation and 
oblivious under more general transformations. The signatures are either exhaustively 
compared pair-wise, with a Euclidian metric, or clustered with a K-means algorithm in 
order to reduce the computational complexity. The method may be applied to both local and 
global analysis. It is compatible with various representations including the envelope, the 
constituent carbon atoms and the van der Waal representation, among others.  The method 
is scalable and a search may be performed in a database of a few hundred thousand of 
fragments or macromolecules, in approximately a second on a portable computer. A typical 
query against the 1tyv protein is shown in Fig. 1. 
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Fig. 1. Retrieval of all members from the P22 tailspike protein from Salmonella phage P22 
conformation, using the 1tyv structure as a query,  with a precision 100% and recall 100% 
from a database of more than 35,000 structures. 

9. Conclusions 

In this section, we summarize our main conclusions about the various algorithms. Further, 
we identify some potentially important research directions and challenges. Docking is by no 
means a trivial problem. That is, one has to identify two regions on two complex shapes 
which may present intricate deformations, while possessing very little a priori knowledge 
about the location, shape and deformations associated with these regions. The situation is 
further complicated by the combinatorics of the search. In order to find candidates for 
docking, one first has to search through large databases of macromolecular structures. 
Subsequently, for each potentially interesting pair of proteins, a large combination of 
regions, or docking sites, has to be considered. 

We may only conclude that, unless one has an important a priori knowledge about the 
interaction, it is important to develop approaches that may rapidly determine if two proteins 
might, or not, interact independently of the details of their interaction. Such a binary 
classification can be obtained, for instance, with machine learning methods based on support 
vector machine (SVM) as well as their Bayesian generalization, relevance vector machine 
(RVM), which provides more robust probabilistic classification (Damoulas et al., 2008). 

Because of the large number of regions that are compared, it is important to develop 
efficient methods to do so. Large scale clustering and constrained clustering (Basu et al., 
2008) methods might be able to target such a problem. Constrained clustering, for instance, 
is particularly adapted to enforce physicochemical constraints. 

Macromolecules are not rigid, but deformable entities. As we saw earlier, some methods, up 
to a certain extent, take this fact into account. It may come as a surprise, that so few methods 
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do, indeed, take these deformations into account. Such a situation might originate from the 
fact that most structures are obtained from X-ray crystallography which implicitly implies 
rigidity: this is indeed the case for the crystal, but it is not the case for the protein, in vivo. 
The present models are not entirely adequate, in order to describe the deformations 
associated with proteins. Instead, one should be able to distinguish in between two types of 
transformations: the deformations on the surface of a protein and the flexibility associated 
with its backbone or carbon atoms chain(s). The later is far from arbitrary, since the bending 
occurs at a small and specific number of sites or hinges. Consequently, a protein behaves 
like an articulated object. Following this line of thought, (Rodriguez & Schmidler, 2009) have 
developed a Bayesian approach which takes this phenomenon into account and which 
allows to align the backbone of two proteins. They determine a prior for both the number of 
hinges and their location while, for the likelihood, they associate either a rigid or an affine 
transformation to each articulated segment of the backbone. 

Finally, (Raviv et al., 2010) have shown that, even in the case where an invariance has been 
obtained against a large group of deformations, as in their case for isometries, the lack of 
constraints might lead to nonsensical results. Indeed, although possible, from an invariance 
point of view, some deformations should not be taken into account. This is because of their 
nonexistence in nature. For example, a protein cannot be flattened, although such a 
deformation may be allowed under certain groups of transformations. The authors of this 
chapter foreseen that a volumetric approach might resolve the problem. For 
macromolecules, a volumetric representation might be obtained, for instance, from the 
electrostatic, or from the van der Waal potential, associated with each constituent atom. 
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1. Introduction 

This study presents a fast approach to compare protein 3D structures with protein structure 
alphabetic alignment method. First, the folding shape of 5 consecutive residues is 
represented by protein folding shape code (PFSC) (Yang, 2008) and thus protein folding 
conformation can be completely described by PFSC. With complete description for folding 
shape along the backbone, any protein with given 3D structure can be converted into an 
alphabetic string and aligned for comparison. Consequently, this approach is able to 
provide a unique score to assess the global similarity in structure while it supplies an 
alignment table for analysis of local structure. Several sets of proteins with diverse 
homology or different degrees in complexity are compared. The results demonstrate that 
this approach provides an efficient method for protein structure alignment which is 
significant for protein structure search with high throughput screening of protein database.  

Comparison of protein structures is a challenging task because of complication of 3D 
structure which involves ambiguous procedure in analysis. First, protein structure 
obviously is not a simple geometric subject. It is not easily to superimpose two proteins 
together because the specific emphasis of one portion of structures may cause other parts 
with similar structures to orient toward different directions in geometric space. In practice, 
an individual turning point in protein may overshadow entire similarity between two 
structures. Second, it is hard to develop a uniform process to compare the proteins with 
different homologies. For protein structures with identical amino acid sequence or with 
mutation in sequence, the comparison often requires sensitivity to distinguish the 
conformers with higher similarity in structure. However, for proteins with drastic difference 
in structural conformation, the good comparison expects a consistent procedure to evaluate 
the similarity in variant cases. Significant variation of protein conformation is primarily 
determinate by sequence difference, which affects the formation of hydrogen bond, van der 
Waals force interaction and disulfide bridge. Also, the protein conformation may be 
changed by other factors, such as solvent effect, protein-protein interaction, ligand docking 
and so on. From view of topological order of secondary structure, if two structures belong to 
different categories in protein classification, such as under different families, superfamilies, 
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folds and class, the structural comparison becomes more difficult. An ideal method should 
have a consistent process to assess the similarity for proteins with various homologies in 
structures. 

Many established methods for protein structure comparison were developed and evaluated 
(Kolodny et al., 2005). DALI method (Holm & Sander, 1993; Holm & Park, 2000) is 
frequently used in protein structure comparison based on the alignment of distance 
matrices. LGA method (Zemla, 2003) generates the different local superposition to detect the 
regions where the structures are more similar. CE method (Shindyalov & Bourne, 1998) is 
for calculating pairwise structure alignments. Two proteins are aligned by using 
characteristics of local geometry between C-alpha positions. Heuristics are used in defining 
a set of optimal paths joining aligned fragment pairs with gaps. The path with the best 
RMSD is subject to dynamic programming to achieve an optimal alignment. 3D-BLAST 
method (Mavridis & Ritchie, 2010) is developed to align the protein structures using 3D 
spherical polar Fourier for protein shape. There are many of well known methods, including 
DAL (Kryshtafovych et al., 2005; Hvidsten et al., 2003), MAMMOTH (Ortiz et al., 2002), 
ProSup (Lackner et al., 2000), VAST (Madej et al., 1995; Gibrat et al., 1996), SSAP (Taylor & 
Orengo, 1989), STRUCTAL (Subbiah et al., 1993), LSQMAN (Kleywegt & Jones, 1994), SSM 
(Krissinel & Henrick, 2004), FlexProt (Shatsky et al., 2002), FATCAT(Yuzhen & Adam, (2003) 
and TM-align/score (Zhang Y & Skolnick J. 2005). 

For optimistic solution, most of methods attempt to find out higher number of equivalent 
residues while obtain lower value of root-mean-square deviation (RMSD) through 
superimposition of protein 3D structures or alignment of structural fragments. 
Unfortunately, it is tough to optimize these two parameters simultaneously because the 
intention of higher number of equivalent residues leans higher RMSD, or the favor of lower 
RMSD leads less number of equivalent residues. In protein structural superimposition two 
factors, the cutoff distance for RMSD and the initiative focusing location, may be artificially 
adjusted. These artificial factors are not unique for various methods and they may be 
changed on case-by-case basis with using same method. Apparently it directly affects the 
outcome of protein structural comparison. So, it is not surprised that with different methods 
or even same method, it may produce different values of RMSD and different numbers of 
equivalent residues. Consequently, different methods may generate unlike rank of similarity 
in assessment of proteins structures. 

The structural alignment is a popular approach for protein comparison which has been 
developed by different strategies. First strategy is the rigid body alignment, which directly 
superimposes two proteins with possible best fitting to obtain the lowest RMSD and higher 
number of equivalent residues. Second strategy is the non-rigid body alignment, which 
allows smaller structural fragments of proteins with certain flexibility to orient or shift for 
better fittings, and then adopts various algorithms of measurement for similarity. However, 
no matter how the protein structure is partitioned, the acquisition of optimum result still 
involves obtaining the lowest RMSD and highest number of equivalent residues, which are 
two of contradictory adjustments. The attempt of direct alignment of geometric objects is 
difficult because no unique resolution is able to handle a geometric object of more than three 
points with no double superposition. In order to avoid direct alignment of geometric objects, 
the structural alphabetic alignment is a solution.  



 
Protein Structure 

 

134 

folds and class, the structural comparison becomes more difficult. An ideal method should 
have a consistent process to assess the similarity for proteins with various homologies in 
structures. 

Many established methods for protein structure comparison were developed and evaluated 
(Kolodny et al., 2005). DALI method (Holm & Sander, 1993; Holm & Park, 2000) is 
frequently used in protein structure comparison based on the alignment of distance 
matrices. LGA method (Zemla, 2003) generates the different local superposition to detect the 
regions where the structures are more similar. CE method (Shindyalov & Bourne, 1998) is 
for calculating pairwise structure alignments. Two proteins are aligned by using 
characteristics of local geometry between C-alpha positions. Heuristics are used in defining 
a set of optimal paths joining aligned fragment pairs with gaps. The path with the best 
RMSD is subject to dynamic programming to achieve an optimal alignment. 3D-BLAST 
method (Mavridis & Ritchie, 2010) is developed to align the protein structures using 3D 
spherical polar Fourier for protein shape. There are many of well known methods, including 
DAL (Kryshtafovych et al., 2005; Hvidsten et al., 2003), MAMMOTH (Ortiz et al., 2002), 
ProSup (Lackner et al., 2000), VAST (Madej et al., 1995; Gibrat et al., 1996), SSAP (Taylor & 
Orengo, 1989), STRUCTAL (Subbiah et al., 1993), LSQMAN (Kleywegt & Jones, 1994), SSM 
(Krissinel & Henrick, 2004), FlexProt (Shatsky et al., 2002), FATCAT(Yuzhen & Adam, (2003) 
and TM-align/score (Zhang Y & Skolnick J. 2005). 

For optimistic solution, most of methods attempt to find out higher number of equivalent 
residues while obtain lower value of root-mean-square deviation (RMSD) through 
superimposition of protein 3D structures or alignment of structural fragments. 
Unfortunately, it is tough to optimize these two parameters simultaneously because the 
intention of higher number of equivalent residues leans higher RMSD, or the favor of lower 
RMSD leads less number of equivalent residues. In protein structural superimposition two 
factors, the cutoff distance for RMSD and the initiative focusing location, may be artificially 
adjusted. These artificial factors are not unique for various methods and they may be 
changed on case-by-case basis with using same method. Apparently it directly affects the 
outcome of protein structural comparison. So, it is not surprised that with different methods 
or even same method, it may produce different values of RMSD and different numbers of 
equivalent residues. Consequently, different methods may generate unlike rank of similarity 
in assessment of proteins structures. 

The structural alignment is a popular approach for protein comparison which has been 
developed by different strategies. First strategy is the rigid body alignment, which directly 
superimposes two proteins with possible best fitting to obtain the lowest RMSD and higher 
number of equivalent residues. Second strategy is the non-rigid body alignment, which 
allows smaller structural fragments of proteins with certain flexibility to orient or shift for 
better fittings, and then adopts various algorithms of measurement for similarity. However, 
no matter how the protein structure is partitioned, the acquisition of optimum result still 
involves obtaining the lowest RMSD and highest number of equivalent residues, which are 
two of contradictory adjustments. The attempt of direct alignment of geometric objects is 
difficult because no unique resolution is able to handle a geometric object of more than three 
points with no double superposition. In order to avoid direct alignment of geometric objects, 
the structural alphabetic alignment is a solution.  

 
Protein Structure Alphabetic Alignment 

 

135 

The earliest application of structural alphabets was the reorganization of the secondary 
structure in protein, and then adopted letter “A” for -helix, “E” for -strand and “C” for 
coil. Furthermore, the structural alphabetic methods (Brevern et al., 2000; Kolodny et al., 
2002; Micheletti et al., 2000; Rooman et al., 1990; Schuchhardt et al., 1996; Unger et al., 1989; 
Sander et al., 2006; Tung et al., 2007; Ku & Hu, 2008; Karplus et al., 2003; Murphy et al., 2000) 
have been developed for more detail assignment for representative folding shapes. Different 
approaches in structure alphabets defined different length of peptide and adopted different 
number of prototypes for folding shapes. With pentapeptide motif, Protein Blocks (PBs) 
method determined 16 of folding shapes and use alphabets represent these primary 
prototypes (Kolodny et al., 2002). Thus, it was applied to protein structural alignment 
(Brevern, 2005; Joseph et al., 2011). Based on different designs in structural alphabets, a 
variety of methods of structural alphabetic alignment have been developed (Ku & Hu, 2008; 
Karplus et al., 2003; Tyagi et al., 2006; Melo & Marti-Renom, 2006; Friedberg et al., 2007; 
Tyagi et al., 2006; Guyon et al., 2004; Sacan et al., 2008; Wang  & Zheng, 2008). The 
performance of structural alphabetic alignment approaches are significantly faster than the 
methods based on 3D structural comparison, and the unambiguousness is avoided during 
structural superimposition. However, to date the prototypes of folding shapes in structural 
alphabetic methods are obtained by observations from training database, and then the 
primary motifs for folding patterns are determined by statistics judgment. With training 
database, the experimental observations may collect most of folding patterns with higher 
frequency of appearance in protein, but may leave out certain folding shapes as leak because 
of its rare appearance in proteins. Also, each prototype of folding pattern or alphabet is 
isolated without association meaning. A recently developed structural alphabets approach, 
protein folding shape code (PFSC) (Yang, 2008), overcomes the shortcomings, which is 
comprised by complete folding patterns for motif of five residues, and all folding patterns 
have the meaningful interrelated relationship.  

In this study, a set of 27 PFSC vectors is used to describe the folding shapes of protein 
structure, and to apply to structural alignment. The 27 PFSC vectors are rigorously obtained 
by mathematical derivation to cover an enclosed space, and represent all possible folding 
shapes for any five of successive C atoms (Yang, 2008). The 27 PFSC vectors are 
symbolized by 26 alphabetic letters plus $ symbol, which are capable completely to describe 
the change of protein folding shapes along protein backbone from N-terminus to C-
terminus without gap. With complete description of folding shape for any given protein 3D 
structure, a consistent method for alignment of protein structures is developed, which is 
able to assess the structural similarity with various homologies. 

2. Method 
2.1 Conversion of alphabet description 

The protein 3D structure is first converted into alphabetic description with protein folding 
shape code (PFSC) (Yang, 2008). With PFSC approach, a set of 27 PFSC vectors represent all 
possible folding shapes for each five successive C atoms. The 27 PFSC vectors, prototypes 
of folding shapes and alphabets are shown on top of Fig.1. The 27 PFSC vectors are able to 
map all possible folding shapes, including the regular secondary structure and irregular coil 
and loop. The 27 PFSC alphabetic codes are able to describe the change of protein folding 
shapes along based on five successive C atoms. It provides a complete alphabetic 
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description of protein structural conformation from N-terminus to C-terminus without gap. 
To take protein structure of 8DFR (PDB ID) as sample, the folding shape of each of each five 
successive C atoms is converted into one of 27 PFSC alphabetic letters along protein 
backbone. Consequently, the structural folding conformation is expressed by the PFSC 
alphabetic description and is demonstrated on bottom of Fig. 1. 

 
Fig. 1. The 27 protein folding shape code and the conversion of protein alphabetic 
description. Top: Three blocks represent three regions of pitch distance of motif for five 
residues; the nine vectors in each block represent the nine folding shape patterns 
determined by two torsion angles; each vector is simultaneously represented by a letter, a 
folding shape pattern and an arrow. The vector characteristic is represented by an arrow 
line. The “”, “” or “*”at each end of vector indicates the folding features similar to α-helix, 
β-strand or random coil respectively. Bottom: 8DFR (PDB ID) is a sample to illustrate how 
protein backbone conformation is converted into PFSC alphabetic description. The folding 
shape of each five successive C-alpha atoms in a protein backbone from N-terminal to C-
terminal is converted into alphabetic description. “A” represents a typical alpha helix with 
red color and “B” beta strand with blue. The folding shape is derived from secondary 
structure in pink color, and shape for loop or coil in black. 

2.2 Protein Folding Shape Alignment (PFSA) 

With one-dimensional PFSC alphabetic description, the protein conformation structures are 
able to be compared by protein folding shape alignment (PFSA) approach (Yang, 2011). 
Similarly as sequence alignment, the PFSC alphabetic strings for proteins are aligned to 
match the similarity. The Needleman-Wunsch algorithm of dynamic programming 
technique (Needleman SB & Wunsch, 1970) is used in the PFSA for structural alignment. 
Therefore, the structural similarity of two proteins is able to be discovered by structural 
alphabetic alignment with PFSA approach.   
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In PFSA approach, a substitution matrix for 27 PFSC vectors is defined according 
relationship of vector similarity. Within substitution matrix S, each element of similarity 
matrix S[i, j] is determined by the similarity between PFSC[i] and PFSC[j], which is 
determined by the integrated relationship of 27 PFSC vectors (Yang, 2008). For identical 
folding shape, the value S[i, i] = 2; for analogous folding shape, the value S[i, j] = 1 and for 
different folding shape, the value S[i, j] = 0. The substitution matrix S is displayed in Table 1. 
In next step, a similarity matrix for two proteins is constructed. According substitution 
matrix S, all elements of similarity matrix M are able to be determined. It assumes that m 
and n are the lengths of amino acid sequence for protein A and B respectively. Thus the 
lengths PFSC strings for protein A and B are m-4 and n-4. With the protein folding shape 
strings of protein A[3…m-2] and protein B[3...n-2], a similarity matrix M with (m-4) x (n-4) 
dimension is constructed for a pair proteins of A and B in structural alignment. The third 
step is to obtain a sum matrix by computing the elements of the similarity matrix according 
the Needleman-Wunsch algorithm. With the sum matrix, an optimized structural alignment 
is obtained based on tracing elements from the largest value to smaller value. When the 
track shifts from diagonal in the sum matrix, it actually tries to reduce the mismatch by 
insertion of gap for match of identical or analogous folding shape. 

 
Table 1. The substitution matrix of 27 PFSC vectors. The top row and the left column list the  
27 PFSC letter. The value of element in substitution matrix is 2 for identical folding shape 
code; 1 for analogues folding shape code; empty means zero for different folding shape 
code. 
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2.3 Similarity score 

With optimized alignment, the protein structural similarity score is calculated. Each match 
of identical folding shape is assigned by 2; analogous folding shape 1; different folding 
shape 0; penalty of open a gap -2 and penalty of extended a gap -0.25. The value of protein 
folding structure alignment score (PFSA-S) is determined by the total contribution of 
identical folding shapes, analogous folding shapes and gaps.  The score is normalized with 
below function.  

 
Here IDFS is the number of identical folding shapes, ANFS the number of analogous folding 
shape, GPO the number of open gaps, GPE the number of extended gaps and TSQ is the 
length of PFSC of protein. The denominator in formula, 2 x TSQ, assures the value of PFSA-
S to equal numeral one for comparison of two identical structures. When similarity between 
two protein structures decreases, the value of PFSA-S will decrease. When two proteins 
have less similarity, the structural alignment produces larger number of gaps, which may 
give negative value for PFSA-S and signify no noteworthy similarity existing. For 
normalization, the value of PFSA-S is limited to larger or equal to zero, so any negative 
value of PFSA-S is converted as zero. Therefore, the PFSA approach provides a normalized 
score between one and zero to evaluate the protein structural similarity.  

2.4 Alignment table   

With comparison of one-dimensional alphabetic strings for protein folding conformation, 
the PFSA alignment table is generated. There are two types of alignment tables, i.e. 
sequence-dependence mode and sequence-independence mode. For same protein or 
proteins with mutation, the structural alignment for conformation analysis may prefer the 
sequence-dependent mode because gap insertion is not necessary. For proteins with 
different sequence and size, the structural alignment takes the advantage of the sequence-
independent mode, which allows inserting gaps to obtain the best match in local structural 
similarity.  

The PFSA alignment table possesses several features. First, the alignment table is able 
explicitly to reveal the similarity and dissimilarity for local structure. Second, the alignment 
table exhibits how all similar fragments are matched or shifted with insertion of gaps. Third,  
it intuitively display how the structural folding shape associates with the corresponding 
residue of five consecutive amino acids, which is able to assist the analysis of relationship 
between amino acid sequence-structure-function in protein. 

3. Results 
3.1 Conformation analysis 

Protein structure 1M2F (PDB ID) has 25 conformers obtained by NMR spectroscopy and 
show in Fig. 2(A). 1M2E (PDB ID) in Fig. 2(B) is the average structural models of 25 
conformers of 1M2F (Williams et al., 2002). All of these structures apparently have identical 
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sequence and similar 3D structural conformations. To differentiate the structures with 
higher similarity requests a tool with higher sensitivity to distinguish each conformer in 
global and local structure. With PFSA approach, each conformer of protein 1M2F and the 
structure of 1M2E are converted into one-dimensional PFSC alphabetic description, and 
then are aligned for comparison. The PFSA alignment table is displayed in Table 2.  

 
Fig. 2. Images of protein for structural comparisons. (A): 25 conformers of protein 1M2F. (B): 
protein structure of 1M2E. (C) and (D): N-terminal domain and C- terminal domain in chain 
A of 1A2O.  
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The PFSA approach has capability for evaluation of global similarity. It provides PFSA-S as 
score to assess the global structural similarity. The 1M2E in Fig. 2(B), as average structure, is 
compared with each of 25 conformers of 1M2F in Fig. 2(A). The similarity scores are listed 
with descending order of PFSA-S in Table 3, including the number of identical and number 
of analogous folding shapes. Also, the results are compared with LGA method (Zemla, 
2003). Both of PFSA-S and PFSA alignment table explicitly display the structural difference 
in protein conformation analysis. Apparently, the PFSA approach has ability to differentiate 
each conformer with its appropriate sensitivity.   

 

Name PFSA LGA 
PFSA-S ID_FS AN_FS Gaps N RMSD GDT_TS 

1M2F-1 0.964 118 11 0 133 0.93 96.111 
1M2F-7 0.962 117 12 0 131 0.85 95.741 
1M2F-2 0.956 120 7 0 135 0.91 96.296 
1M2F-18 0.956 120 7 0 134 0.89 95.370 
1M2F-25 0.954 116 12 0 134 0.94 95.000 
1M2F-8 0.952 115 13 0 135 0.79 97.037 
1M2F-20 0.952 112 17 0 133 0.94 95.926 
1M2F-13 0.950 117 10 0 131 0.95 95.370 
1M2F-15 0.948 113 15 0 130 0.80 95.185 
1M2F-14 0.943 113 14 0 133 0.91 95.962 
1M2F-10 0.939 114 12 0 135 1.09 95.556 
1M2F-12 0.939 114 12 0 133 0.92 95.370 
1M2F-3 0.937 116 9 0 129 0.74 94.074 
1M2F-16 0.937 113 13 0 133 0.70 96.296 
1M2F-24 0.937 110 17 0 133 0.89 95.185 
1M2F-9 0.931 113 12 0 132 1.14 95.000 
1M2F-21 0.931 113 12 0 130 0.80 95.556 
1M2F-11 0.929 109 17 0 134 0.84 95.926 
1M2F-17 0.927 114 10 0 133 0.80 96.296 
1M2F-23 0.926 113 11 0 132 1.00 93.704 
1M2F-19 0.920 116 6 0 134 0.95 96.111 
1M2F-5 0.918 112 11 0 134 1.04 95.556 
1M2F-22 0.914 110 13 0 131 0.85 95.000 
1M2F-6 0.906 106 17 0 130 1.05 92.963 
1M2F-4 0.893 106 20 0 130 1.01 94.444 

 

Table 3. Comparison of 25 conformers of 1M2F to average structural model of 1M2E with 
PFSA approach and LGA method. All data are sorted by values of PFSA-S. Left column lists 
the names of 25 conformers of 1M2F. PFSA: approach of protein folding structure 
alignment; PFSA-S: PFSA score for structural similarity; ID_FS: number of identical folding 
shapes; AN_FS: number of analogous folding shapes and Gaps: number of insertion gaps. 
LGA: LGA method (Zemla, 2003); GDT_TS: an estimation of the percent of residues (largest 
set) that can fit under the distance cutoff of 1, 2, 4 and 8 Å. N:  number of superimposed 
residues under a cutoff distance and RMSD: root mean square deviation of all 
corresponding C-alpha atoms.  
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3.2 Domain-domain comparison 

The proteins belong to different categories in the structural classification of protein (SCOP) 
(Murzin et al., 1995) are compared. The structures 1M2E in Fig. 2(B) is compared with N-
terminal domain of chain A of 1A2O (1A2O-A) in Fig. 2(C) and then its C-terminal domain 
in Fig. 2(D) respectively. Although, all of three structures are classified as the class of alpha 
and beta proteins (/), they belong to two of different folds in SCOP. Both structures of 
1M2E and N-terminal domain of 1A2O-A belong to Flavodoxin-like fold, but the C-terminal 
domain of 1A2O-A belongs to Methylesterase CheB fold. The summary of structural 
classification of 1M2E, N-terminal domain and C-terminal domain of 1A2O-A is listed in 
Table 4.   

First, the alignment table provides the detail information of alignment for local structural 
fragments. Table 5 shows the comparison of 1M2E and N-terminal domain 1A2O-A while 
Table 6 shows the comparison of 1M2E and C-terminal domain of 1A2O-A. The alignment 
tables in Table 5 and Table 6 display how the fragments with similar local folding shapes are 
matched up with insertion of gaps. In alignment table, the aligned identical protein folding 
shape code is marketed with “|”, the analogue with “*”, the different with “^” and the 
insertion with “+”. Actually, the alignment table shows the optimized structural alignment 
with matching all local structural fragments between two proteins. Second, the PFSA-S 
provides the quantitative assessment of similarity for global structural comparisons. The 
PFSC-S values are listed in Table 4, including the numbers of identity and analog of folding 
shapes, and the number of insertion gaps. In contrast to C-terminal domain, the comparison 
of N-terminal domain of 1A2O-A and 1M2E have higher PFSA-S similarity score (0.7214 vs. 
0.2109), larger number of identical and analogous folding shapes and less number of gaps. 
The results reflect the homologous difference of these two pairs of proteins in structure 
classification.  

 
 Table 4. Comparison of structure of 1M2E with N-terminal domain and C-terminal domain 
of Chain A of 1A2O. Top rows show the structural classification of 1M2E, N-terminal 
domain and N-terminal domain of 1A2O-A. The bottom four rows list the values of 
structural similarity of comparison of 1M2E with N-terminal domain and N-terminal 
domain of 1A2O-A respectively with using PFSA approach 



 
Protein Structure 

 

142 

3.2 Domain-domain comparison 

The proteins belong to different categories in the structural classification of protein (SCOP) 
(Murzin et al., 1995) are compared. The structures 1M2E in Fig. 2(B) is compared with N-
terminal domain of chain A of 1A2O (1A2O-A) in Fig. 2(C) and then its C-terminal domain 
in Fig. 2(D) respectively. Although, all of three structures are classified as the class of alpha 
and beta proteins (/), they belong to two of different folds in SCOP. Both structures of 
1M2E and N-terminal domain of 1A2O-A belong to Flavodoxin-like fold, but the C-terminal 
domain of 1A2O-A belongs to Methylesterase CheB fold. The summary of structural 
classification of 1M2E, N-terminal domain and C-terminal domain of 1A2O-A is listed in 
Table 4.   

First, the alignment table provides the detail information of alignment for local structural 
fragments. Table 5 shows the comparison of 1M2E and N-terminal domain 1A2O-A while 
Table 6 shows the comparison of 1M2E and C-terminal domain of 1A2O-A. The alignment 
tables in Table 5 and Table 6 display how the fragments with similar local folding shapes are 
matched up with insertion of gaps. In alignment table, the aligned identical protein folding 
shape code is marketed with “|”, the analogue with “*”, the different with “^” and the 
insertion with “+”. Actually, the alignment table shows the optimized structural alignment 
with matching all local structural fragments between two proteins. Second, the PFSA-S 
provides the quantitative assessment of similarity for global structural comparisons. The 
PFSC-S values are listed in Table 4, including the numbers of identity and analog of folding 
shapes, and the number of insertion gaps. In contrast to C-terminal domain, the comparison 
of N-terminal domain of 1A2O-A and 1M2E have higher PFSA-S similarity score (0.7214 vs. 
0.2109), larger number of identical and analogous folding shapes and less number of gaps. 
The results reflect the homologous difference of these two pairs of proteins in structure 
classification.  

 
 Table 4. Comparison of structure of 1M2E with N-terminal domain and C-terminal domain 
of Chain A of 1A2O. Top rows show the structural classification of 1M2E, N-terminal 
domain and N-terminal domain of 1A2O-A. The bottom four rows list the values of 
structural similarity of comparison of 1M2E with N-terminal domain and N-terminal 
domain of 1A2O-A respectively with using PFSA approach 

 
Protein Structure Alphabetic Alignment 

 

143 

 

Ta
bl

e 
5.

 P
FS

A
 A

lig
nm

en
t T

ab
le

: P
ro

te
in

 F
ol

di
ng

 S
tr

uc
tu

re
 A

lig
nm

en
t o

f 1
M

2E
 a

nd
 N

-T
er

m
in

us
 D

om
ai

n 
of

 1
A

2O
-A

. T
he

 n
am

es
 

of
 1

M
2E

 a
nd

 N
-t

er
m

in
us

 d
om

ai
n 

of
 1

A
2O

 a
re

 li
st

ed
 o

n 
le

ft
 c

ol
um

n.
 A

m
in

o 
ac

id
 s

eq
ue

nc
e 

is
 li

st
ed

 o
n 

to
p 

an
d 

bo
tto

m
 in

 e
ac

h 
se

ct
io

n.
 T

he
 p

ro
te

in
 fo

ld
in

g 
sh

ap
e 

co
de

 (P
FS

C
) f

or
 e

ac
h 

st
ru

ct
ur

e 
is

 li
st

ed
 fo

llo
w

in
g 

th
e 

st
ru

ct
ur

al
 n

am
e.

 T
he

 ty
pi

ca
l 

-h
el

ic
es

 
ar

e 
re

m
ar

ke
d 

w
ith

 re
d 

co
lo

r, 
th

e 
-

st
ra

nd
s 

w
ith

 b
lu

e 
co

lo
r a

nd
 th

e 
te

rt
ia

ry
 fr

ag
m

en
ts

 w
ith

 b
la

ck
. A

ls
o,

 th
e 

an
al

og
ue

 s
tr

uc
tu

re
s 

w
ith

 s
ec

on
da

ry
 s

tr
uc

tu
re

 a
re

 re
m

ar
ke

d 
w

ith
 p

in
k 

co
lo

r. 
Th

e 
“|

” 
in

di
ca

te
s 

th
e 

al
ig

nm
en

t w
ith

 id
en

tic
al

 fo
ld

in
g 

sh
ap

es
; “

*”
 

an
al

o g
ou

s 
fo

ld
in

g 
sh

ap
es

; “
^”

 d
iff

er
en

t f
ol

di
ng

 s
ha

pe
s.

 T
he

 “
+”

 re
pr

es
en

ts
 th

e 
in

se
rt

io
n 

of
 g

ap
s.

 



 
Protein Structure 

 

144 

                              Ta
bl

e 
6.

 P
FS

A
 A

lig
nm

en
t T

ab
le

: P
ro

te
in

 F
ol

di
ng

 S
tr

uc
tu

re
 A

lig
nm

en
t o

f 1
M

2E
 a

nd
 C

-T
er

m
in

us
 D

om
ai

n 
of

 1
A

2O
-A

. T
he

 n
am

es
 

of
 1

M
2E

 a
nd

 N
-t

er
m

in
us

 d
om

ai
n 

of
 1

A
2O

 a
re

 li
st

ed
 o

n 
le

ft
 c

ol
um

n.
 A

m
in

o 
ac

id
 s

eq
ue

nc
e 

is
 li

st
ed

 o
n 

to
p 

an
d 

bo
tto

m
 in

 e
ac

h 
se

ct
io

n.
 T

he
 p

ro
te

in
 fo

ld
in

g 
sh

ap
e 

co
de

 (P
FS

C
) f

or
 e

ac
h 

st
ru

ct
ur

e 
is

 li
st

ed
 fo

llo
w

in
g 

th
e 

st
ru

ct
ur

al
 n

am
e.

 T
he

 ty
pi

ca
l 

-h
el

ic
es

 a
re

 
re

m
ar

ke
d 

w
ith

 re
d 

co
lo

r, 
th

e 
-

st
ra

nd
s 

w
ith

 b
lu

e 
co

lo
r a

nd
 th

e 
te

rt
ia

ry
 fr

ag
m

en
ts

 w
ith

 b
la

ck
. A

ls
o,

 th
es

e 
an

al
og

ue
 s

tr
uc

tu
re

s 
w

ith
 s

ec
on

da
ry

 s
tr

uc
tu

re
 a

re
 re

m
ar

ke
d 

w
ith

 p
in

k 
co

lo
r. 

Th
e 

“|
” 

in
di

ca
te

s 
th

e 
al

ig
nm

en
t w

ith
 id

en
tic

al
 fo

ld
in

g 
sh

ap
es

; “
*”

 
an

al
og

ou
s 

fo
ld

in
g 

sh
ap

es
; “

^”
 d

iff
er

en
t f

ol
di

ng
 s

ha
pe

s.
 T

he
 “

+”
 re

pr
es

en
ts

 th
e 

in
se

rt
io

n 
of

 g
ap

s.
  



 
Protein Structure 

 

144 

                              Ta
bl

e 
6.

 P
FS

A
 A

lig
nm

en
t T

ab
le

: P
ro

te
in

 F
ol

di
ng

 S
tr

uc
tu

re
 A

lig
nm

en
t o

f 1
M

2E
 a

nd
 C

-T
er

m
in

us
 D

om
ai

n 
of

 1
A

2O
-A

. T
he

 n
am

es
 

of
 1

M
2E

 a
nd

 N
-t

er
m

in
us

 d
om

ai
n 

of
 1

A
2O

 a
re

 li
st

ed
 o

n 
le

ft
 c

ol
um

n.
 A

m
in

o 
ac

id
 s

eq
ue

nc
e 

is
 li

st
ed

 o
n 

to
p 

an
d 

bo
tto

m
 in

 e
ac

h 
se

ct
io

n.
 T

he
 p

ro
te

in
 fo

ld
in

g 
sh

ap
e 

co
de

 (P
FS

C
) f

or
 e

ac
h 

st
ru

ct
ur

e 
is

 li
st

ed
 fo

llo
w

in
g 

th
e 

st
ru

ct
ur

al
 n

am
e.

 T
he

 ty
pi

ca
l 

-h
el

ic
es

 a
re

 
re

m
ar

ke
d 

w
ith

 re
d 

co
lo

r, 
th

e 
-

st
ra

nd
s 

w
ith

 b
lu

e 
co

lo
r a

nd
 th

e 
te

rt
ia

ry
 fr

ag
m

en
ts

 w
ith

 b
la

ck
. A

ls
o,

 th
es

e 
an

al
og

ue
 s

tr
uc

tu
re

s 
w

ith
 s

ec
on

da
ry

 s
tr

uc
tu

re
 a

re
 re

m
ar

ke
d 

w
ith

 p
in

k 
co

lo
r. 

Th
e 

“|
” 

in
di

ca
te

s 
th

e 
al

ig
nm

en
t w

ith
 id

en
tic

al
 fo

ld
in

g 
sh

ap
es

; “
*”

 
an

al
og

ou
s 

fo
ld

in
g 

sh
ap

es
; “

^”
 d

iff
er

en
t f

ol
di

ng
 s

ha
pe

s.
 T

he
 “

+”
 re

pr
es

en
ts

 th
e 

in
se

rt
io

n 
of

 g
ap

s.
  

 
Protein Structure Alphabetic Alignment 

 

145 

3.3 Protein comparison 

Proteins may be comprised by single domain or multiple domains in the chain structure. To 
take protein chain-chain in alignment will related to multiple domain comparison. For 
example, insulin-like growth factor 1 receptor (IGF1R) and insulin receptor (INSR), 
transmembrane proteins belonging to the tyrosine kinase super-family, have multiple 
domains in structure. Over the past two decades, rich structural data of IGF1R/INSR has 
been accumulated, and the sequence alignment was applied in comparison (Werner et al., 
2008; McKern, 2006; Garrett, 1998; Pautsch, 1997; Hubbard, 1997; Lou, 2006; Garza-Garcia, 
2007). In this study, instead, the folding conformations of IGF1R and INSR are directly 
aligned for structural comparison. The crystal structures of first three domains of L1-CR-L2 
structures of IGF1R (PDB ID: 1IGR) (Hubbard, 1997) and INSR (PDB ID: 2HR7) (Murzin, 
1995) are available in PDB. The images of first three domains for IGF1R (1IGR) and INSR 
(chain A of 2HR7) are displayed in Fig.3. Both L1 and L2 domains consist of a right-handed 
-helix conformation. The CR domain is composed of seven modules with eight disulphide-
bond connectivity.  

 
Fig. 3. Structural images of IGF1R (1IGR) and INSR (2HR7). The IGF1R and its L1, CR and 
L2 domains are shown in the top row; INSR and its L1, CR and L2 domains are shown in the 
bottom row. The atomic geometric coordinates of 1IGR and 2HR7 are obtained from the 
protein databank (PDB). The image was drawn with RasWin Molecular Graph 

ics V. 2.6. The structural images are displayed by -carbon backbone or cartoon views. 
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The structural is assessed. The sequence similarity is evaluated by the percentage of 
identical residues. The structural similarity is quantitatively assessed by PFSA score. The 
similarity of three domains of L1, CR and L2 for IGF1R and INSR are summarized in Table 
8. Overall, two protein structures have 60% of sequence in identity with structural similarity 
score at 0.860. Furthermore, each pair of domains is compared. The L1 domain has 67% of 
sequence in identity with structural similarity score at 0.909, the L2 domain 64% of sequence 
in identity with structural similarity score at 0.929 and CR domain 49% of sequence in 
identity with structural similarity score at 0.749. The PFSA scores specified that the L1 and 
L2 domains have higher structural similarity than the CR domains. Also, L2 domains have a 
higher degree of structural homology than L1, even though L1 has a higher degree of 
identity of sequence. With PFSA approach, the quantitative assessment of similarity 
between IGF1R and INSR agrees with previous quality specifications by sequence 
alignment. However, detail structural features are exposed for comparison.  
 

Domain Residues Sequence 
Identity 

Structural Homology 
PFSA 
Score Identical Analog GapO GapE 

L1 + CR + L2 1IGR-A (1-459) 60% 0.860 353 68 10 6 2HR7-A (4-469) 

L1 1IGR-A (1-147) 67% 0.909 119 20 4 0 2HR7-A (4-154) 

CR 
1IGR-A (148-299) 

49% 0.749 96 30 5 6 2HR7-A (155-
309) 

L2 
1IGR-A (300-459) 

64% 0.929 133 16 1 0 2HR7-A (310-
469) 

Table 8. Quantitative assessment of similarity for domain structures between IGF1R and 
INSR. PFSA Score: protein folding structural alignment score – a value for structural 
similarity; Identical: number of identical folding shapes; Analog: number of analogous 
folding shapes; GapO: number of opened gaps for structural alignment and GapE: number 
of extended gaps for structural alignment. Sequence identity is obtained with running J 
Aligner at http://jaligner.sourceforge.net/ 

4. Discussion 

4.1 Feature of PFSA approach 
4.1.1 Consistent procedure  

The PFSA approach provides an unambiguous procedure for protein comparison based on 
structural alphabetic alignment. First, the PFSA approach relies on complete assignment of 
protein conformation. The PFSC provides a complete assignment of protein conformation 
for any protein with given 3D structure. Without usage of training database, all 27 PFSC are 
obtained by restrict mathematical derivation. Each PFSC vector or alphabetic letter 
represents a special folding shape of five successive C atoms in protein backbone. The 
folding shape of each of five successive C atoms in protein backbone is assuredly assigned 



 
Protein Structure 

 

148 

The structural is assessed. The sequence similarity is evaluated by the percentage of 
identical residues. The structural similarity is quantitatively assessed by PFSA score. The 
similarity of three domains of L1, CR and L2 for IGF1R and INSR are summarized in Table 
8. Overall, two protein structures have 60% of sequence in identity with structural similarity 
score at 0.860. Furthermore, each pair of domains is compared. The L1 domain has 67% of 
sequence in identity with structural similarity score at 0.909, the L2 domain 64% of sequence 
in identity with structural similarity score at 0.929 and CR domain 49% of sequence in 
identity with structural similarity score at 0.749. The PFSA scores specified that the L1 and 
L2 domains have higher structural similarity than the CR domains. Also, L2 domains have a 
higher degree of structural homology than L1, even though L1 has a higher degree of 
identity of sequence. With PFSA approach, the quantitative assessment of similarity 
between IGF1R and INSR agrees with previous quality specifications by sequence 
alignment. However, detail structural features are exposed for comparison.  
 

Domain Residues Sequence 
Identity 

Structural Homology 
PFSA 
Score Identical Analog GapO GapE 

L1 + CR + L2 1IGR-A (1-459) 60% 0.860 353 68 10 6 2HR7-A (4-469) 

L1 1IGR-A (1-147) 67% 0.909 119 20 4 0 2HR7-A (4-154) 

CR 
1IGR-A (148-299) 

49% 0.749 96 30 5 6 2HR7-A (155-
309) 

L2 
1IGR-A (300-459) 

64% 0.929 133 16 1 0 2HR7-A (310-
469) 

Table 8. Quantitative assessment of similarity for domain structures between IGF1R and 
INSR. PFSA Score: protein folding structural alignment score – a value for structural 
similarity; Identical: number of identical folding shapes; Analog: number of analogous 
folding shapes; GapO: number of opened gaps for structural alignment and GapE: number 
of extended gaps for structural alignment. Sequence identity is obtained with running J 
Aligner at http://jaligner.sourceforge.net/ 

4. Discussion 

4.1 Feature of PFSA approach 
4.1.1 Consistent procedure  

The PFSA approach provides an unambiguous procedure for protein comparison based on 
structural alphabetic alignment. First, the PFSA approach relies on complete assignment of 
protein conformation. The PFSC provides a complete assignment of protein conformation 
for any protein with given 3D structure. Without usage of training database, all 27 PFSC are 
obtained by restrict mathematical derivation. Each PFSC vector or alphabetic letter 
represents a special folding shape of five successive C atoms in protein backbone. The 
folding shape of each of five successive C atoms in protein backbone is assuredly assigned 

 
Protein Structure Alphabetic Alignment 

 

149 

by one among 27 PFSC vectors. Therefore, the protein backbone from N-terminal to C-
terminal gets complete alphabetic assignment for folding conformation without gap. 
Second, the PFSA alignment of alphabetic strings is a consistent process. The PFSA 
approach is able to avoid the artificial choice of geometric parameters in structural 
comparison, such as the adjustment of initiative focusing location, cutoff distance for RMSD 
and the length of segment. Similarly as sequence alignment, the structural alphabetic 
alignment provides a fast and steady procedure for protein structure comparison. Third, the 
PFSA approach is able to handle protein comparison in various homologies, i.e. in wider 
scope of structure difference. This feature is well demonstrated by results of comparison of 
conformers in Table 2, comparison of different proteins in Table 5 and Table 6, and 
comparison of protein with complicated structures in Table 7. Furthermore, the PFSA 
approach is able to categorize the protein structures according structural classification in 
homology. With structure classification of protein SCOP (Murzin, 1995; Andreeva, 2008) as 
gold standard, the PFSA assessed the homologous degree for a set of protein structures, and 
the distribution of similarity scores, PFSA-S, was overall agreed with the categories in SCOP 
(Yang, 2011).  

4.1.2 Normalized score and unique measurement  

With normalization of PFSA-S score, the structural similarity of various proteins is easily 
assessed. If two structural data are an identical protein structure, the PFSA-S equals one. If the 
structural similarity decreases, the value of PFSA-S decreases. When the value of PFSA-S is 
near zero or less than zero, two proteins have large difference in conformation shape. The 
PFSA-S score is normalized by size of protein. In PFSA approach, the length of protein folding 
shape string is used as the denominator in formula for normalization when the PFSA-S is 
calculated. If a pair of two proteins is compared, anyone of proteins may be taken as the 
referent protein. If a set of proteins are compared with a reference protein, the similarity scores 
are normalized according the length of referent protein. The PFSA approach provides a unique 
quantitative measurement to evaluate the similarity in protein structural comparison.    

4.1.3 Local structural comparison  

The PFSA alignment table is able to compare protein structures in detail. The one-
dimensional alphabetic string expresses the change of protein folding conformation along 
backbone. A letter of PFSC represents the folding shape of fragment for five successive 
amino acids. In alignment table, the protein folding conformations are aligned with 
similarity. The PFSA alignment table is comprised with the amino acid residues by adhesive 
to the associated folding shape code. Furthermore, the PFSA alignment table includes 
physicochemical properties of amino acid residue which are expresses by alphabetic letters 
as seen in Table 7. Therefore, the PFSA alignment table may become a good tool to study the 
relationship between sequence-structure-function. The PFSA alignment table has capability 
to exam the structural similarity as well as dissimilarity. In alignment table, if the local 
structures match with identical or analogous folding shapes, it reveals the structural 
similarity; if local structures align with different folding shapes, it exhibits the dissimilarity. 
Also, some of unmatched local structures are shifted with insertion of gaps to display the 
dissimilarity. In general, it is hard to straightforwardly expose both of similarity and 
dissimilarity with protein 3D structural image or computer modeling animation. Protein 
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modeling provides visualization for view of 3D structure, but PFSA alignment table 
provides digit description for conformation. The combination of application of protein 3D 
modeling with PFSA alignment table is helpfully to inspect both of similarity and 
dissimilarity in protein structures. 

4.2 Comparison with other methods 

Different methods adopt various strategies to study specific geometric parameters for 
protein structural comparison. With different parameters and approaches, all methods have 
a common goal trying to evaluate the similarity of protein structures. As complexity, it not 
surprise there is no unique outcome for protein comparison. In this study, the results from 
PFSA approach are compared with other methods. 

4.2.1 PFSA vs. LGA  

LGA method (Zemla, 2003) is an important approach for protein structure comparison. 
Specially, it is extensively applied for assessment of similarity for protein prediction in 
Critical Assessment of Techniques for Protein Structure Prediction (CASP) (Kryshtafovych 
et al., 2007; Moult et al., 2009). The 25 conformer of 1M2F and its average model of 1M2E are 
compared by both of PFSA approach and LGA method respectively. The results are listed in 
Table 3, where all structures are ranked by the order of PFSA-S. LGA method and PFSA 
approach adopt different strategies to assess the structural similarity. LGA method is 
designed to evaluate the longest continuous segments (LCS ) searching for the largest set of 
‘equivalent’ residues that deviate by no more than a specified distance cutoff. GDT_TS is an 
estimation of the percent of largest set of residues that can fit under selected cutoff 
distances. A scoring function (LGA_S) was defined as a combination of these values and can 
be used to evaluate the level of structure similarity of selected regions. However, PFSA takes 
the fixed length of segment of five successive C atoms to determine the folding shape, and 
then directly makes the alignment with structural alphabets. It is not surprised that PFSA 
and LGA methods present different ranks in structural comparisons. Due to higher 
similarity, the comparison of 25 conformer of 1M2F requires a tool with sensitivity to 
distinguish structural perturbation. The PFSA approach provides finer description for 
folding conformation. Each PFSC code steadily represents the folding shape of five 
successive residues and each of PFSC vector can be transformed from one to another. 27 
PFSC vectors cover all possible folding shapes. Therefore, each conformer of 1M2F acquires 
a complete assignment along protein backbone, so the alignment is performed with full 
length of structure from N-terminal to C-terminal. Furthermore, with structural alphabets, 
the PFSA adopts an unambiguous process in alignment for protein comparison. Except 
similarity score PFSA-S, with folding shape for each five residues, the PFSA approach 
provides explicit comparison in alignment table. Therefore, the PFSA approach offers a 
complementary tool in analysis of protein conformation. 

4.2.2 PFSA vs. CE  

The combinatorial extension (CE) method (Shindyalov & Bourne, 1998) breaks each 
structure in the query set into a series of fragments that it then attempts to reassemble into a 
complete alignment. A series of pairwise combinations of fragments are used to define a 
similarity matrix through which an optimal path is generated to identify the final alignment. 
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The size of each aligned fragment pairs is usually set to empirically determined values of 8 
and 30 respectively. One group of 20 structures, the quaternary complex of cAMP 
dependent protein kinase, has certain structural similarities and is compared with the 
structure of 1ATP-E by CE method and PFSA approach respectively. The results of 
comparisons between 1ATP-E and 20 of cAMP dependent protein kinases are listed in Table 
9 which is sorted in the order by Z Score of CE. Two conclusions are observed from results. 
First, the ranks of similarity are overall agreed between CE and PFSA, except the structures 
with number 5, 8, 9, 10 and 18. With PFSA approach, the assessment of similarity is an 
aggregate of matched folding shape, structural topological distribution, gap and size of 
protein. Thus, the rank for structural similarity may be adjusted by relative size of compared 
proteins. 1ATP-E, as reference protein, has sequence length of 335 and other structures, as 
target proteins, with the matched size may have higher PFSA-S. Referring the length of 
1ATP-E, for example,  the similarity of structures 5 and 8 is assigned with lower values of 
PFSA-S because of having large difference in length of 298 and 438; the similarity of 
structures 18 with higher value of PFSA-S because of having matched length of 366.  

 

No. PDB ID 
CE PFSA 

Size NA NG RMSD Z Score ID_FS AN_FS Gaps PFSA-S 
1 1APM-E 350 336 0 0.3 7.9 282 48 5 0.9145 
2 1CDK-A 350 336 0 0.4 7.9 271 57 3 0.8968 
3 1YDR-E 350 336 0 0.5 7.9 274 43 0 0.9092 
4 1CTP-E 350 303 0 1.5 7.4 249 52 19 0.8074 
5 1PHK 298 255 28 2.5 7.2 161 83 59 0.5034 
6 1KOA 491 258 20 2.7 7.1 205 88 21 0.6122 
7 1KOB-A 387 260 20 2.8 7.1 182 99 24 0.6382 
8 1AD5-A 438 237 31 2.5 7.0 117 133 102 0.3825 
9 1CKI-A 317 260 47 2.8 6.9 128 113 46 0.4725 
10 1CSN 298 249 37 2.4 6.8 117 117 43 0.4439 
11 1ERK 364 254 55 2.6 6.8 171 106 43 0.5768 
12 1FIN-A 298 253 69 2.2 6.8 168 88 52 0.5557 
13 1GOL 364 254 55 2.6 6.8 174 99 43 0.5535 
14 1JST-A 298 253 69 2.4 6.7 161 96 50 0.5553 
15 1IRK 306 244 69 3.3 6.5 136 103 53 0.4552 
16 1FGK-A 310 251 54 3.5 6.2 141 81 66 0.4322 
17 1FMK 452 245 19 2.8 6.2 122 129 104 0.4040 
18 1WFC 366 240 72 3.1 5.6 157 94 54 0.5294 
19 1KNY-A 253 112 79 4.3 3.9 114 89 83 0.3592 
20 1TIG 94 54 3 4.2 3.9 71 17 228 0.0565 

 

Table 9. Comparison of 20 of quaternary complex of cAMP with strucrure of 1ATP-E (PDB 
ID: 1ATP, chain E, sequence length 335). NA: number of aligned position; NG: number of 
non-aligned position; RMSD: results based on C alpha atoms over the length of the 
alignment; Z Score: measure of the statistical significance of the result relative to an 
alignment of random structures. ID_FS: number of identical folding shapes; AN_FS: number 
of analogous folding shapes and Gaps: number of insertion gaps; PFSA-S: PFSA score for 
structural similarity. 
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Second, the CE method indicates that 20 protein structures have similar fold as structure of 
1ATP-E. However, the PFSA has capability further to distinguish the dissimilarity between 
20 structures of cAMP dependent protein kinases. According to CE method, if Z Score is 
larger than 3.5, the compared proteins have similar fold in structure. The values of Z Score 
of 20 structures of cAMP are from 3.9 to 7.9, so they all have similar fold structure as 1ATP-
E. The values of PFSA-S for 20 structures are distributed in the wide range of 0.9145 - 0.0565. 
According to PFSA approach, the value of PFSA-S is near one when two structures have 
high similarity, and on the contrary, the value of PFSA-S is near zero when two structures 
with less similarity. The PFSA-S value 0.0565 is for comparison between 1ATP-E and No. 20 
of structure. PFSA-S near zero indicates that the pair of structures is dissimilar. It is noted 
that the sequence length of structures 20 is 94. To compare with 1ATP-E, two structures 
have big difference in length and the alignment generates 228 gaps which give the lower 
value of PFSA-S. Therefore, the PFSA has ability to distinguish the structural deference in 
more detail. 

4.2.3 PFSA vs. other methods  

A set of 10 pairs of proteins with lower structural similarity was recognized as difficult 
structures for comparison, and was evaluated by VAST (Madej et al., 1995; Gibrat et al., 
1996), DALI (Holm & Sander, 1993; Holm & Park, 2000), CE (Shindyalov & Bourne, 1998), 
Prosup (Lackner et al., 2000) and LGA (Zemla, 2003) methods respectively. The structural 
similarity was evaluated by two optimistic parameters, i.e. lower RMSD and larger number 
of equivalent residues. It is apparently, in Table 10, that various methods gave comparative 
results for each pair of proteins. The results from various methods provide complementary 
information for protein structural comparison. Overall, the ProSup and LGA methods 
provided consistent results with restriction of RMSD less than 3.0. The PFSA, however, 
offers new observation for assessment of similarity of protein structures. First, the similarity 
is able to be evaluated by a single value of the PFSA-S. In order to compare with other 
methods, information of (sum of number of identical and analogous shapes) / (number of 
gaps) / (PFSA-S) is listed in Table 10. The similarity score of PFSA-S is determined by 
number of identical shapes, number of analogous shapes and number of gaps. Second, the 
value of score PFSA-S may judge the similarity crossing isolated comparisons, i.e. the values 
of score PFSA-S from unrelated comparisons can be used to assess the protein homologous 
degree. Each pair of proteins in Table 10 is a lonely comparison without common reference 
structure, but the value of PFSA-S may indicate which pair of structures has higher 
similarity. In Table 10, the results of each pair of comparison are sorted according the values 
of PFSA-S descendingly. For example, the pair of comparison of 1CEW-I and 1MOL-A has 
the PFSA-S = 0.564 and the pair of comparison of 1CID and 2RHE has the PFSA-S = 0.384. A 
conclusion may be obtained that the pair of 1CEW-I and 1MOL-A has higher structural 
similarity than the pair of 1CID and 2RHE. Third, relative size of compared proteins makes 
the contribution to structural similarity in PFSA approach. With various methods, the value 
of RMSD is often used to make judgment of structural similarity. For example, the pair of 
comparison of 1CEW-I and 1MOL-A have the RMSD (VAST: 2.0, DALI: 2.3, CE: 2.3, ProSup: 
1.9and LGA: 2.0); the pair of comparison of 1TEN and 3HHR-B have the RMSD (VAST: 1.6, 
DALI: 1.9, CE: 1.9, ProSup: 1.7 and LGA: 1.9). Both pairs have lower RMSD than other 
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that the sequence length of structures 20 is 94. To compare with 1ATP-E, two structures 
have big difference in length and the alignment generates 228 gaps which give the lower 
value of PFSA-S. Therefore, the PFSA has ability to distinguish the structural deference in 
more detail. 

4.2.3 PFSA vs. other methods  

A set of 10 pairs of proteins with lower structural similarity was recognized as difficult 
structures for comparison, and was evaluated by VAST (Madej et al., 1995; Gibrat et al., 
1996), DALI (Holm & Sander, 1993; Holm & Park, 2000), CE (Shindyalov & Bourne, 1998), 
Prosup (Lackner et al., 2000) and LGA (Zemla, 2003) methods respectively. The structural 
similarity was evaluated by two optimistic parameters, i.e. lower RMSD and larger number 
of equivalent residues. It is apparently, in Table 10, that various methods gave comparative 
results for each pair of proteins. The results from various methods provide complementary 
information for protein structural comparison. Overall, the ProSup and LGA methods 
provided consistent results with restriction of RMSD less than 3.0. The PFSA, however, 
offers new observation for assessment of similarity of protein structures. First, the similarity 
is able to be evaluated by a single value of the PFSA-S. In order to compare with other 
methods, information of (sum of number of identical and analogous shapes) / (number of 
gaps) / (PFSA-S) is listed in Table 10. The similarity score of PFSA-S is determined by 
number of identical shapes, number of analogous shapes and number of gaps. Second, the 
value of score PFSA-S may judge the similarity crossing isolated comparisons, i.e. the values 
of score PFSA-S from unrelated comparisons can be used to assess the protein homologous 
degree. Each pair of proteins in Table 10 is a lonely comparison without common reference 
structure, but the value of PFSA-S may indicate which pair of structures has higher 
similarity. In Table 10, the results of each pair of comparison are sorted according the values 
of PFSA-S descendingly. For example, the pair of comparison of 1CEW-I and 1MOL-A has 
the PFSA-S = 0.564 and the pair of comparison of 1CID and 2RHE has the PFSA-S = 0.384. A 
conclusion may be obtained that the pair of 1CEW-I and 1MOL-A has higher structural 
similarity than the pair of 1CID and 2RHE. Third, relative size of compared proteins makes 
the contribution to structural similarity in PFSA approach. With various methods, the value 
of RMSD is often used to make judgment of structural similarity. For example, the pair of 
comparison of 1CEW-I and 1MOL-A have the RMSD (VAST: 2.0, DALI: 2.3, CE: 2.3, ProSup: 
1.9and LGA: 2.0); the pair of comparison of 1TEN and 3HHR-B have the RMSD (VAST: 1.6, 
DALI: 1.9, CE: 1.9, ProSup: 1.7 and LGA: 1.9). Both pairs have lower RMSD than other 
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remaining pairs and have overall agreement with various methods. However, PFSA 
approach distinguishes these two pairs by PFSA-S. With PFSA-S = 0.456, the pair of 1TEN 
and 3HHR-B is ranked below other five pairs, including the pair of 1CEW-I and 1MOL-A 
with PFSA-A = 0.564. The separation is explained by a factor that the pair of 1CEW-I and 
1MOL-A has comparable length of sequence (108 : 94), but the pair of 1TEN and 3HHR-B 
has larger different in length (99 : 195). The contribution of relative difference of size is 
counted in PFSA approach. Therefore, with normalization of PFSA-S, for separated 
comparisons, the similarity degree still can be evaluated without common reference protein.  
 

Proteins 
 N1 Proteins N2 VAST DALI CE ProSup LGA PFSA 

1CEW-I 108 1MOL-A 94 75/2.0 81/2.3 81/2.3 76/1.9 79/2.0 69/24/0.564 
1FXI-A 96 1UBQ 76 48/2.1 52/2.5 64/3.8 54/2.6 61/2.6 59/28/0.538 
1BGE-B 159 2GMF-A 121 71/2.3 94/3.3 107/3.9 87/2.4 91/2.5 92/47/0.526 
1CRL 534 1EDE 310 186/3.7 212/3.6 219/3.8 161/2.6 182/2.6 264/237/0.475 

3HLA-B 99 2RHE 114 58/2.3 74/3.0 83/3.3 71/2.7 74/2.5 69/25/0.473 
1TEN 99 3HHR-B 195 76/1.5 86/1.9 87/1.9 85/1.7 87/1.9 72/71/0.456 
1TIE 166 4FGF 124 76/1.6 114/3.1 116/2.9 101/2.4 104/2.3 88/35/0.456 

2AZA-A 129 1PAZ 110 70/2.1 82/3.0 84/2.9 82/2.6 80/2.2 81/36/0.453 
2SIM 381 1NSB-A 390 299/4.2 289/3.2 275/3.0 248/2.6 269/2.6 249/129/0.428 
1CID 177 2RHE 114 78/2.0 96/3.1 97/2.9 84/2.3 93/2.3 75/61/0.384 

Table 10. Comparison of 10 pairs of proteins with lower structural similarity using various 
methods. N1 and N2 are the lengths of proteins. For methods of VAST, DALL, CE, ProSup 
and LGA, the results are presented as (Number of identical residues) / (RMSD). For PFSA 
approach, results are presented as (sum of number of identical and analogous shapes) / 
(number of gaps) / (PFSA-S). The results of each pair of comparison are sorted according 
values of PFSA-S descendingly. 

5. Conclusion 
The PFSA approach adopts the vector of folding shape of five residues as element, and the 
geometric feature of folding shape is embedded by alphabets as representation. With 
application of alphabets, the alignment of protein structures is straightforward and steady. 
This study demonstrates two advantages in PFSA approach. First, 27 PFSC vectors are able 
to cover all possible folding shapes of five successive C atoms in protein. This is 
fundamental important because it offers a complete description of folding conformation for 
any protein with given 3D structure. Second, with consistent procedure, the PFSA approach 
generates unique score for similarity and detail information in alignment table, which 
provides new observation for the protein structure comparison.  
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1. Introduction 
Electron transfer phenomena have been an important subjects in the fields of physics 
(Jortner & Bixon, 1999), chemistry (Mataga et al., 2005a, 2005b; Vogler et al., 2011) and 
biology (Marcus & Sutin, 1985; Gray & Winkler, 1996; Bendal, 1996). Photoinduced electron 
transfer (PET) plays an essential role in photosynthetic systems (Blankenship, 2002). In the 
last decade a number of new flavin photoreceptors have been found. Among six families of 
the photoreceptors, phototropins (Crosson & Moffat, 2001), cryptochromes (Giovani et al., 
2003) and BLUF (blue-light sensing using flavin) contain flavins as the reaction center 
(Masuda & Bauer, 2002). The PET from Tyr to the excited isoalloxazine (Iso*) is considered 
as an initial step of the photo-regulation for photosynthesis in AppA (Masuda & Bauer, 
2002; Laan et al., 2003) and pili-dependent cell motility in TePixD (Kita et al., 2005) and in 
Slr1694 (Masuda et al., 2004) photoactive bacteria. 

Flavoproteins contain flavin mononucleotide (FMN), flavin adenine dinucleotide, and 
riboflavin as a cofactor and are ubiquitously distributed in various microorganisms, in leafy 
vegetables and specific tissues of other multicellular plants, and in the milk, brain, kidney, 
liver and heart of mammals, where they play an essential role in many redox reactions 
(Frago et al., 2008).  

The fluorescence of flavins was first reported by Weber (1950), along with the fluorescence 
quenching of flavins by various substances, including aromatic amino acids. Since then 
many researchers have studied the photochemistry of flavins and flavoproteins (Silva & 
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Edward, 2006). The quenching of flavin fluorescence by an indole ring was reported with 
isoalloxazine-(CH2)n-indole dyads by McCormick (1977). Time-resolved fluorescence 
spectroscopy of flavins and flavoproteins has been reviewed by Berg and Visser (2001). 
However, a number of flavoproteins are practically non-fluorescent, but rather they emit 
fluorescence with very short lifetimes (sub-picoseconds) upon excitation with an ultra-short 
laser pulse (Mataga et al., 1998, 2000, 2002; Tanaka et al. 2007; Chosrowjan et al., 2007, 2008, 
2010). In these flavoproteins tryptophan (Trp) and/or tyrosine (Tyr) residues always exist 
near the isoalloxazine ring (Iso). The remarkably fast fluorescence quenching in these 
flavoproteins was demonstrated to be caused by PET from Trp and/or Tyr to the excited 
state Iso (Iso*), by means of picosecond (Karen et al., 1983, 1987) and femtosecond (Zhong & 
Zewail, 2001) transient absorption spectroscopy. The PET phenomena in these flavoproteins 
are similar to the flavin photo-receptors (Crosson & Moffat, 2001; Masuda & Bauer, 2002), 
but had been discovered before the flavin photoreceptors. 

Since the seminal works on electron transfer theory by Marcus (1956a, 1956b, 1964), several 
researchers have further developed the electron transfer theory (Hush, 1961; Sumi & 
Marcus, 1986; Bixon & Jortner, 1991, 1993; Bixon et al., 1994; Kakitani & Mataga, 1985; 
Kakitani et al., 1991, 1992). However, they have been modeled for PET in bulk solution and 
it is not clear whether these theories can be applicable to PET in proteins. Therefore, it is 
required to establish a method to quantitatively analyze PET in proteins.  

In any electron transfer theories there are several parameters that are difficult to determine 
experimentally. The PET rates in flavoproteins have been analyzed experimentally with 
ultrafast fluorescence dynamics and theoretically by an electron transfer theory using the 
atomic coordinates obtained by molecular dynamics (MD) simulation. The procedure to 
determine the unknown PET parameters is as follows (Nunthaboot et al., 2008a, 2009a): (1) the 
time-dependent atomic coordinates of flavoproteins are obtained by MD simulation, (2) the 
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and observed fluorescence decays is obtained, according to a non-linear least squares method.  
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2.1.1 Marcus-Hush theory 

When the jth flavoprotein contains several PET donors, the PET rate from the kth Trp and/or 
Tyr near Iso to Iso* by Marcus theory as modified by Hush (1961) (MH theory) is expressed 
by Eq. (1), and the energy diagram for MH theory is shown in Figure 1. 

 
Fig. 1. Energy diagram for Marcus-Hush PET theory 
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In Eq. (1), qH  is the electronic interaction energy between Iso* and Trp (q = Trp) or Tyr (q = 
Tyr). jkR  is the center to center (Rc) distance between Iso and the ET donor k in the jth 
flavoprotein.  , Bk , T and e are the reduced Planck constant, Boltzmann constant, 
temperature and electron charge, respectively. DA  is the static dielectric constant of 
medium between the PET donors and acceptor. ( )jES k  is the net ES energy between the kth 
aromatic ionic species and all other ionic groups in the jth flavoprotein, as described below. 

jk
S  is the solvent reorganization energy of the Iso* and the kth donor in the jth flavoprotein, 

as shown by Eq. (2); 
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Here, Isoa  and qa  are the radii of Iso and the donor q (Trp or Tyr), assuming these reactants 
are spherical, and   is the optical dielectric constant (a value of 2 being used). DA  is the 
static dielectric constant between Iso and a donor. The radii of Iso, Trp and Tyr were 
determined according to the following procedure. (1) The three dimensional sizes of 
lumiflavin for Iso, 3-methylindole for Trp, and p-methylphenol for Tyr were obtained by a 
semi-empirical molecular orbital method (PM3). (2) The volumes of these molecules were 
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determined as asymmetric rotors. (3) The radii of the spheres having the same volumes of 
the asymmetric rotors are obtained. The obtained radii by this procedure are Isoa = 0.224 nm, 

Trpa = 0.196 nm and Tyra = 0.173 nm.  

The standard free energy gap ( 0
qG ) was expressed with the ionization potential ( q

IPE ) of 
the PET donor q (Trp or Tyr), as shown in Eq. (3). 

   0 0q
q IsoIPG E G   (3) 

where 0
IsoG  is the standard Gibbs energy related to the electron affinity of Iso*. The values of 

q
IPE  for Trp and Tyr were 7.2 eV and 8.0 eV, respectively (Vorsa et al., 1999). 

2.1.2 Kakitani-Mataga (KM) theory 

The PET rate by Kakitani & Mataga (KM theory) is expressed as Eq. (4), which describes the 
PET rate for both adiabatic and non-adiabatic processes, whilst the MH and Bixon-Jortner 
(BJ) theories (see below) describe only adiabatic processes. 
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Here 0
q  is an adiabatic frequency, q  is the PET process coefficient, and 0

qR is a critical 
distance between the adiabatic and non-adiabatic PET processes. These quantities depend 
only on q (Trp or Tyr). When 0

q
jkR R  the ET process is adiabatic, whereas when 0

q
jkR R  

it is non-adiabatic. The other quantities are the same as those in the MH theory (section 
2.1.1). 

2.1.3 Bixon-Jortner (BJ) theory 

The BJ theory describes the PET rates from various vibronic states, as shown in Eq. (5), while 
the MH and KM theories only describe the PET from the lowest vibrational state. 

   20 2
2

0

/ ( )exp ( )2 exp
! 42

jkin q DA jk jSjk qjk
qBJ jkjk i BSS

G e R i ES kR S Sk H
i k T

   
 

           
  




  (5) 

/VS     is the vibronic coupling constant, where V  is the reorganization energy 
associated with the average frequency  , n is the number of vibrational modes in the 
donor and q  is the van der Waals contact and is given by Eq. (6).  

   q Iso qa a  (6) 

The meanings of all the other notations are the same as that given in the MH theory (section 
2.1.1). 
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2.2 Electrostatic (ES) energy between the photoproducts and ionic groups in a protein 

Proteins, including flavoproteins, contain many ionic groups, which may influence the PET 
rate. The cofactor in the relevant flavoproteins is FMN, which has two negative charges at 
the phosphate. The ES energy between the Iso anion or donor kth cation, and all the other 
ionic groups in the jth flavoprotein  is expressed by Eq. (7): 

1 10 0
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     (7)          

where En , Bn , Kn  and Rn  are the numbers of Glu, Asp, Lys and Arg residues, respectively, 
in the flavoprotein. Here, k = 0 for the Iso anion, and  k > 0 for the donor cations. 0

j  is the 
static dielectric constant inside the entire jth flavoprotein, which should be different from 

DA . kC  is the charge of the aromatic ionic species k, and is -e for k = 0 (Iso anion), +e for k > 
1. GluC (= - e), AspC (= - e), LysC (= + e), ArgC (= + e) and PC (= - e) are the charges of Glu, Asp, 
Lys, Arg and phosphate anions, respectively. It was assumed that these groups are all in an 
ionic state in solution. The pKa values of the ionic amino acids in water are 4.3 in Glu, 3.9 in 
Asp, 10.5 in Lys and 12.5 in Arg. However, as residues within proteins these pKa values may 
be modified in the range of ± 0.3. His displays a pKa of 6.0 in water. All fluorescence 
measurements were performed in 0.1 M phosphate buffer at pH 7.0, where His should be 
neutral. Distances between the aromatic ionic species k and the ith Glu are denoted 
as ( )kR Glu i , those between k and the ith Asp are denoted as ( )kR Asp i , and so on. ( )jES k  
is expressed in Eq. (8); 

  ( ) (0) ( )j j jES k E E k   (8) 

2.3 Observed ultrafast fluorescence dynamics of flavodoxins and FMN binding 
proteins 

Ultrafast fluorescence dynamics of flavodoxins and FMN binding proteins have been 
measured by means of a fluorescence up-conversion method (Mataga et al., 2002; 
Chosrowjan et al., 2007, 2008, 2010). The fluorescence decay functions of the WT flavodoxin, 
the two single substitution isoforms, Y97F and W59F, and the double substitution, 
Y97F/W59F (DM), are represented by Eq. (9), whilst the fluorescence decays of the WT 
FMN binding protein and the four single substitution isoforms, E13T, E13Q, W32Y and 
W32A, are represented by Eq. (10). 
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  (j =1, WT; j =2, E13T; j =3, E13Q; j =4, W32Y; j =5, W32A)  (10) 
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In Eq. (9),  n = 1 or 2, and in Eq. (10) n = 1 to 3, depending on the protein system, j. The 
decay parameters are listed in Table 1. The experimental decay of the WT flavodoxin 
contains an additional lifetime component with 500 ps. However, it was interpreted to be 
free FMN dissociated from the protein. The average lifetime values, k

AV , were obtained 
from 

1

n
j j j
AV i i

i
  


   and are listed in the last line of Table 1. The decays with n greater than 1 

display non-exponential function.  
 

Decay 
parameter 

Flavodoxinb   FMN binding proteinc 

WT Y97F W59F DMd   WT E13T E13Q W32Y W32A 

1
j  (ps) 0.157 0.254 0.322 18   0.167 0.107 0.134 3.4 30.1 

( 1
j ) (1.0) (0.85) (0.83) (1.0)   (0.96) (0.86) (0.85) (0.23) (1.0) 

2
j  (ps) - 4.0 5.5 -   1.5 1.5 0.746 18.2 - 

( 2
j ) - (0.15) (0.17) -   (0.04) (0.12) (0.12) (0.74) - 

3
j  (ps) - - - -   - 30 30 96 - 

( 3
j ) - - - -   - (0.02) (0.03) (0.03) - 

k
AV e (ps) 0.157 0.816 1.20 18   0.22 0.872 1.10 17.1 30.1 

aThe observed flavodoxin and FMN binding protein decay functions are expressed in Eqs. (9) and (10), 
respectively. 
bData were taken from the work by Mataga et al. (2002). 
cData were taken from the works by Chosrowjan et al. (2007, 2008, 2010). 
dDM denotes the Y97F/W59F double mutant. 

eAveraged lifetimes were obtained by 
1

n
j j j
AV i i

i
  


  . 

Table 1. Fluorescence decay parameters of the flavodoxin and FMN binding protein 

isoforms from Desulfovibrio vulgaris, Miyazaki F a 

2.4 Determination of the PET parameters 

The calculated decay function in the jth protein system is expressed by Eq. (11). 

 
1

( ) exp ( ')
m

j jk
ETcalc

k AV

F t k t t


    
  
  (11) 

... AV  means the averaging procedure of the exponential function in Eq. (11) over t’. In Eq. 
(11) we assumed that the decay function at every instant of time, t’, during the MD 
simulation time range can always be expressed by an exponential function, and thus the MD 
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... AV  means the averaging procedure of the exponential function in Eq. (11) over t’. In Eq. 
(11) we assumed that the decay function at every instant of time, t’, during the MD 
simulation time range can always be expressed by an exponential function, and thus the MD 
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simulation time range must be much longer than experimental decay time range. In Eq. (11) 
m is the total number of PET donors in the jth flavoprotein. In MH theory, the unknown PET 
parameters were qH  (q = Trp and Tyr), 0

IsoG , DA  and 0
j , whilst in KM theory they are 0

q , 
q , and 0

qR   for Trp and Tyr, 0
IsoG , DA  and 0

j , and in BJ theory they are qH  (q = Trp or 
Tyr),  , V ,  , 0

IsoG , DA  and 0
j . These parameters were determined so as to obtain 

the minimum value of 2 , as defined by Eq. (12), by means of a non-linear least squares 
method, according to the Marquardt algorithm.  

 
 2

2

1 1

( ) ( )1
( )

j F
j jN N i icalc obs

j
j F j i icalc

F t F t

N N F t
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Here, FN  denotes the number of time intervals in the fluorescence decay, and jN is the total 
number of flavoproteins for simultaneous analysis. 

3. Flavodoxins from Desulfovibrio vulgaris, Miyazaki F 
3.1 Homology modeling 

Flavodoxins are small flavoproteins with a molecular weight of 15 - 23 kDa that have been 
isolated from a variety of microorganisms. Flavodoxins are considered to function as 
electron-transport proteins in various metabolic pathways (Sancho, 2006). They contain one 
molecule of non covalently-bound FMN (see Chart 1) as a cofactor, and exhibit a highly 
negative reduction potential for the semiquinone / hydroquinone couple of FMN, and 
accordingly the semiquinone state is stable. The redox properties of FMN in flavodoxins are 
considerably different from those of the free FMN. 

The biochemical properties of flavodoxin from Desulfovibrio vulgaris, strain Miyazaki F were 
first characterized by Kitamura et al. (1998). The dissociation constant of FMN is 0.38 nM, 
which is ~1.6-fold higher than that in the related flavodoxin from Desulfovibrio vulgaris 
Hildenborough (0.24 nM). The redox potential of these two closely related flavodoxins is 
also slightly different, being E1 = -434 and -440 mV for the Miyazaki and Hildenborough 
forms, respectively, for the oxidized-semiquinone reaction of flavodoxin, and E2 = -151 and 
 -143 mV for the semiquinone-2-electron reduced reaction, respectively (Kitamura et al., 
1998). Recently, the three-dimensional structures of numerous flavodoxins have been 
determined, including Desulfovibrio vulgaris Hildenborough (Watenpauph, 1973) and the 
flavodoxins from Anacystis nidulans (Drennan et al., 1999), Clostridium beijerinckii 
(Ludwig et al., 1997), Escherichia coli (Hoover & Ludwig, 1997), Anabaena 7120 (Burkhart et 
al., 1995) a red algae (Fukuyama et al., 1992) Chondrus crispu (Fukuyama et al., 1990) and 
H. pylori (Freigang et al., 2002) by X-ray crystallography. The structure of flavodoxin, 
however, has not yet been determined, although the primary structure is known (Kitamura 
et al., 1998).  

The ultrafast fluorescence dynamics of flavodoxins (Mataga et al., 2002) have been 
extensively investigated in the WT and the Y97F, W59F and W59F/Y97F (DM) substitution 
isoforms, as described above.  
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Chart 1. Chemical structure of FMN and its atom notations. 

3.2 Three-dimensional structures of four flavodoxin isoforms 

The protein structures of the WT, single amino acid substitution (Y97F and W59F) and the 
double amino acid substitution (W59F/Y97F; DM) isoforms have been determined by 
homology modeling method with the Modeler Module of the Discovery Studio 2.0 software 
package (http://www.discoverystudios.com) using the flavodoxin Desulfovibrio vulgaris, 
strain Hildenborough structure (PDB code: 1J8Q) as the template. This protein displays 66% 
amino acid sequence identity and 79% similarity to the WT flavodoxin of Miyazaki 
reviewed herein. The validities of the structures were examined with a Verified3D analysis 
(visit for the method, www.proteinstructures.com by Prof. Salam Al-Karadaghi). Verify3D 
assigns each residue a structural class based on its location and environment (alpha, beta, 
loop, polar, apolar etc). Then, a database generated from good structures is used to obtain a 
score for each of the 20 amino acids in this structural class. Figure 2 shows the Verified3D 
scores at each amino acid residue, where the quality of the structures is satisfactory. 

MD simulations were performed for 10 ns in order to investigate the dynamic properties of 
the proteins and the important interactions that are involved in the binding of the FMN 
cofactor to the proteins. Figure 3 shows the three-dimensional structures in water that were 
obtained by MD simulation.  



 
Protein Structure 

 

166 

 
Chart 1. Chemical structure of FMN and its atom notations. 

3.2 Three-dimensional structures of four flavodoxin isoforms 

The protein structures of the WT, single amino acid substitution (Y97F and W59F) and the 
double amino acid substitution (W59F/Y97F; DM) isoforms have been determined by 
homology modeling method with the Modeler Module of the Discovery Studio 2.0 software 
package (http://www.discoverystudios.com) using the flavodoxin Desulfovibrio vulgaris, 
strain Hildenborough structure (PDB code: 1J8Q) as the template. This protein displays 66% 
amino acid sequence identity and 79% similarity to the WT flavodoxin of Miyazaki 
reviewed herein. The validities of the structures were examined with a Verified3D analysis 
(visit for the method, www.proteinstructures.com by Prof. Salam Al-Karadaghi). Verify3D 
assigns each residue a structural class based on its location and environment (alpha, beta, 
loop, polar, apolar etc). Then, a database generated from good structures is used to obtain a 
score for each of the 20 amino acids in this structural class. Figure 2 shows the Verified3D 
scores at each amino acid residue, where the quality of the structures is satisfactory. 

MD simulations were performed for 10 ns in order to investigate the dynamic properties of 
the proteins and the important interactions that are involved in the binding of the FMN 
cofactor to the proteins. Figure 3 shows the three-dimensional structures in water that were 
obtained by MD simulation.  

Theoretical Analyses of Photoinduced Electron  
Transfer from Aromatic Amino Acids to the Excited Flavins in Some Flavoproteins 

 

167 

 
Fig. 2. Verifyed-3D analysis of the template (1J8Q), and the four isoforms of Desulfobivrio 
vulgaris, strain Miyazaki F., that were constructed by the homology modeling. The 
compatibilities of amino acids in their environments are indicated by the positive scores. 
Data taken from Lugsanangarm et al. (2011a).  

  

  
Fig. 3. Structures of four flavodoxin isomers. In the WT isoform, Trp59, Tyr97, Tyr99 and 
Trp16 are potential PET donors to Iso*, whilst these are Trp59, Tyr99 and Trp16 in the Y97F 
isomer and Tyr97, Tyr99 and Trp16 in the W59F isomer. In the DM, Tyr99 and Trp16 are the 
potential PET donors. Data were taken from Lugsanangarm et al. (2011a). 
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3.3 Decomposition free energy analysis of amino acid residues at the FMN binding 
site 

In order to evaluate the important amino acid residues for FMN binding, the decomposition 
free energy per amino acid residue has been obtained. Figure 4 shows the decomposition 
energy of FMN from FMN-apoflavodoxin complexes. The amino acids near FMN are 
categorized into three groups, the 10-loop, 60-loop and 90-loop regions (see Figure 4). The 
decomposition energy is highest in the amino acids in the 10-loop regions (Ser9, Thr10, 
Thr11, Gly12 and Asn13 and Thr14) in all isoforms (Figure 4). All amino acids in the 10-loop 
region form hydrogen bonds with the FMN side chain viz: Ser9OH with O3P, 
Thr10NH(peptide) with O1P, Thr11OH with O2P, Thr11NH(peptide) with O2P and O1P, 
Gly12NH(peptide) with O2P, Asn13NH(peptide) with O2P, Thr14OH with O3P and 
Thr14NH(peptide) with O3P (see Chart 1 for atom notations). These hydrogen bond 
interactions are considered to contribute the largest proportion of the decomposition free 
energy. Among the four flavodoxin isoforms, the decomposition energy is highest in  
Y97F (-9.30 kcal/mol), followed by W59F (-9.25 kcal/mol), DM (-8.60 kcal/mol) and is 
lowest in the WT (-8.54 kcal/mol).  

 
Fig. 4. Decomposition free energy of amino acid residues at the FMN binding site of the four 
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3.3 Decomposition free energy analysis of amino acid residues at the FMN binding 
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3.4 Structural dynamics of flavodoxins 

Potential PET donors in the WT flavodoxin are Trp59, Tyr97 and Tyr99 and Trp16. The 
protein dynamics of these flavodoxin isoforms have been examined by viewing the time-
dependent changes in the Rc distances and the inter-planar angles between Iso and these 
donors. Figure 5 shows the time-evolutions of Rc in the four different flavodoxin isoforms, 
where the Rc distances clearly fluctuate rapidly but are mostly within ± 10% of the mean 
values. In the DM the Rc values of Tyr99 and Trp16 vary with long periods in addition to 
the rapid fluctuation. Since the bulky Tyr97 and Trp59 residues are both replaced by the 
smaller Phe residue in the DM then the space around Iso may be increased compared to that 
in the WT, and so may account for the marked fluctuation in the Rc distances of Tyr99 and 
Trp16. Figure 6 shows the time-evolutions of the inter-planar angles in the WT flavodoxin, 
where the variation of the inter-planar angles is about ± 30 deg around the mean. The 
derived mean Rc and edge-to-edge (Re) distances and inter-planar angles over the MD time 
range are listed in Table 2. The Rc distance was shortest in Tyr97 and then Trp59 in all four 
flavodoxin isoforms, whilst Tyr99 and Trp16 are quite far from Iso. The inter-planar angle of 
Trp 59 in the WT is -43 deg, while it is 73 deg in Y97F.  

 

 
Fig. 5. Time evolution of the Rc distance between Iso and the indicated potential PET donor 
in the (A) WT, (B) Y97F, (C) W59F and (D) DM (Y97F/W59F) flavodoxin isoforms. Figure 5A 
was taken from Lugsanangarm et al. 2011b. Figures 5B, 5C and 5D were taken from 
Lugsanangarm et al. 2011c. 
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Fig. 6. Time evolution of the inter-planar angle between Iso and the four potential PET 
donors in the WT flavodoxin. Data were taken from Lugsanangarm et al. (2011b). 
 

Protein Donor Rcb Rec Angled 

  (nm) (nm) (deg) 
WTe Trp59 0.642 0.247 -42.8 

 Tyr97 0.536 0.301 14 

 Tyr99 1.28 0.533 23.5 

 Trp16 1.72 1.18 -18.1 
Y97Ff Trp59 0.858 0.264 73.1 

 Tyr99 1.12 0.329 55.7 

 Trp16 2.1 1.51 53 
W59Fg Tyr97 0.577 0.259 14 

 Tyr99 1.34 0.513 28.9 

 Trp16 1.85 1.42 -24.5 

DMh 
Tyr99 1.35 0.496 -28.6 
Trp16 2.02 1.44 30.9 

a The means values are listed, which were obtained by taking the average over the MD simulation time 
(2 ns with 0.1 ps time intervals). Data are taken from Lugsanangarm et al. (2011c). 
b Center to center and c edge to edge distances between Iso and the aromatic amino acids. 
d Inter-planar angles between Iso and the aromatic amino acids. 
e The data are taken from Lugsanangarm et al. (2011b). 
f Tyr97 is replaced by Phe. 
g Trp59 is replaced by Phe. 
h Both Tyr97 and Trp59 are replaced by Phe 

Table 2. Geometrical factors in the  four flavodoxin isoformsa. Data were taken from 
Lugsanangarm et al. (2011c). 

3.5 The PET mechanism in flavodoxins 

3.5.1 Analysis of PET with crystal structures of flavoproteins 

The PET analysis in flavoproteins first starts with their crystal structures (Tanaka et al., 2007, 
2008). The logarithms of the averaged PET rate (inverse of the averaged lifetimes) in ten 
flavoprotein systems are plotted against the Re and Rc distances. The logarithms of the PET 



 
Protein Structure 

 

170 

 
Fig. 6. Time evolution of the inter-planar angle between Iso and the four potential PET 
donors in the WT flavodoxin. Data were taken from Lugsanangarm et al. (2011b). 
 

Protein Donor Rcb Rec Angled 

  (nm) (nm) (deg) 
WTe Trp59 0.642 0.247 -42.8 

 Tyr97 0.536 0.301 14 

 Tyr99 1.28 0.533 23.5 

 Trp16 1.72 1.18 -18.1 
Y97Ff Trp59 0.858 0.264 73.1 

 Tyr99 1.12 0.329 55.7 

 Trp16 2.1 1.51 53 
W59Fg Tyr97 0.577 0.259 14 

 Tyr99 1.34 0.513 28.9 

 Trp16 1.85 1.42 -24.5 

DMh 
Tyr99 1.35 0.496 -28.6 
Trp16 2.02 1.44 30.9 

a The means values are listed, which were obtained by taking the average over the MD simulation time 
(2 ns with 0.1 ps time intervals). Data are taken from Lugsanangarm et al. (2011c). 
b Center to center and c edge to edge distances between Iso and the aromatic amino acids. 
d Inter-planar angles between Iso and the aromatic amino acids. 
e The data are taken from Lugsanangarm et al. (2011b). 
f Tyr97 is replaced by Phe. 
g Trp59 is replaced by Phe. 
h Both Tyr97 and Trp59 are replaced by Phe 

Table 2. Geometrical factors in the  four flavodoxin isoformsa. Data were taken from 
Lugsanangarm et al. (2011c). 

3.5 The PET mechanism in flavodoxins 

3.5.1 Analysis of PET with crystal structures of flavoproteins 

The PET analysis in flavoproteins first starts with their crystal structures (Tanaka et al., 2007, 
2008). The logarithms of the averaged PET rate (inverse of the averaged lifetimes) in ten 
flavoprotein systems are plotted against the Re and Rc distances. The logarithms of the PET 

Theoretical Analyses of Photoinduced Electron  
Transfer from Aromatic Amino Acids to the Excited Flavins in Some Flavoproteins 

 

171 

rates can be expressed with two straight lines when Rc instead of Re is used (see Figure 7). 
At longer distances the PET rate rapidly decreases with increasing Rc distances, while at 
shorter distances it decreases slowly with the same sized increments in the Rc value. When 
Re is used in place of Rc as the distance measure, no such clear distance-dependence is 
observed in the flavoprotein systems. According to Moser et al. (1992), the logarithm of the 
PET rate in photosynthesis systems linearly decreases with increasing Re. However, the time 
domain of the PET rates in their work is much longer than the one in the flavoprotein 
systems. It is conceivable then that the logarithm of the PET rate in photosynthesis systems 
increases more slowly with Rc when the distances become shorter. 

The PET in the fast phase with low slope was interpreted to be “Coherent PET”, where the 
PET takes place to the Franck-Condon state of Iso* from Trp or Tyr (Mataga et al., 2002). 

Of the ten flavoproteins evaluated, the PET donors with a Rc distance of less than 1 nm were 
all Trp residues, except for Tyr97 in flavodoxin with an exceptionally low PET rate at an Rc 
value of 0.57 nm. The low rate in Tyr97 was elucidated by the higher ionization potential of 
Tyr compared to Trp (Tanaka et al., 2007, 2008). Moreover, the agreement between ln obs

ETk  
and ln calc

ETk  were the highest with KM theory (Figure 7) compared to that MH theory (Sumi 
& Marcus, 1986) or BJ theories (not shown). 

 
Fig. 7. ln ETk  vs. Rc plot for the observed and KM theory calculated PET rates of 10 
flavoprotein systems. Y and YC represent ln obs

ETk  and ln calc
ETk , respectively, where obs

ETk  and 
calc
ETk are the observed and KM theory calculated PET rates, respectively. Data are taken from 

Tanaka et al. (2008). 

3.5.2 PET analysis with MD snapshots of four flavodoxin isoforms 

The PET analysis from ultrafast fluorescence dynamics was first conducted by Nunthaboot 
et al. (2008a, 2009a). Time-dependent PET rates in FMN binding proteins were evaluated 
from the atomic coordinates of the protein as obtained by MD simulation. All PET theories 
contain several PET parameters that cannot be experimentally determined. Rather these 
parameters are numerically determined by a non-linear least-square method, as described in 
Section 2.4.  
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Fluorescence decay functions of four flavodoxin isoforms (WT, Y97F, W59F and DM) were 
simultaneously analyzed, with the atomic coordinates of these proteins obtained by MD 
simulation and KM theory, by Lugsanangarm et al. (2011b, 2011c). The PET parameters 
common among these flavodoxin systems are listed in Table 3. Ultrafast decay functions of 
the flavodoxins are expressed by Eq. (9) using the decay parameters listed in Table 1. It is 
noted that the values of 0  and   are quite different between Trp and Tyr, which is related 
to the electron coupling terms in the KM theory. The quantum basis for the difference is 
described by Nunthaboot et al. (2008b). In these works it is assumed that the static dielectric 
constant varies with the protein systems. Table 4 lists the static dielectric constants inside 
each protein. The dielectric constant of the WT flavodoxin is greatest among the four 
systems, and that of the DM is the lowest. This is reasonable because Iso in the WT 
flavodoxin is sandwiched between the polar Trp59 and Tyr97 residues, while both of them 
are replaced by the non-polar Phe in the DM. Thus, in the DM isoform Iso should be in a 
relatively non-polar environment, whilst in the Y97F and W59F isoforms the Iso residue 
may be in a moderately polar environment. 
 

System 
0  

(ps-1) 
  

(nm-1) 
0R  

(nm) 
0
IsoG  

(eV) DA  
Trp Tyr Trp Tyr Trp Tyr 

Flavodoxinb 3090 2460 55.6 9.64 0.772 0.676 7.60 - 
FMN binding proteinc 1016 197 21.0 6.25 0.663 0.499 6.71 2.19 

aPhysical meanings of the PET parameters are described at Section 3.1. The PET parameters in the Table 
are common among the four isoforms of flavodoxin (WT, W59F, Y97F and DM), and were obtained 
according to the procedure described at Section 3.4. 
bFor flavodoxins, the four isoforms (WT, Y97F, W59F, DM) were simultaneously analyzed. Data are 
taken from Lugsanangarm et al. (2011b, 2011c). 
cFor the FMN binding proteins, the five isoforms (WT, E13T, E13Q, W32Y and W32A) were 
simultaneously analyzed.  

Table 3. The best-fit PET parametersa . Data are taken from Nunthaboot et al. (2008a, 2009a, 
2011). 
 

Flavodoxin b  FMN binding protein c 

Variant WT Y97F W59F DM  WT E13T E13Q W32Y W32A 

       0
j     

5.85 4.78 4.04 2.28  14.8 5.99 6.69 5.89 6.29 

a Dielectric constants, 0
j , are determined according to the procedure described at Section 3.4 

b The WT, Y97F, W59F and DM (Y97F/W59F) flavodoxin isoforms were simultaneously analyzed. Data 
are taken from Lugsanangarm, et al. (2011b, 2011c) 
c The WT, E13T, E13Q, W32Y, W32A FMN binding protein isoforms were simultaneously analyzed. 

Table 4. Dielectric constant inside the protein a Data taken from Lugsanangarm et al. (2011c) 
for Flavodoxin, and Nunthaboot et al. (2011). 

3.5.3 Dynamics of the PET Rate and related physical quantities in flavodoxins 

Time-dependent changes in the PET rates of the four flavodoxin isoforms are shown in 
Figure 8. n the WT and Y97F isoforms, the PET rates from Trp59 are the fastest even though 
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the Rc distance between Iso and Tyr97 in the WT is shorter (see Table 2). The mean PET 
rates over the MD time range (2 ns with 0.1 ps intervals) are listed in Table 5 along with the 
other mean physical quantities. The mean PET rate is fastest from Trp59 in WT and then in 
Y97F, as mentioned above, and is then followed by Tyr97 in the W59F isoform. The PET 
rates from Trp16 and Tyr99 are always negligibly slow. 

The net ES energy, ( )jES k ,  markedly varied from -0.00159 eV in Trp59 (Y97F) to 3.42 eV in 
Tyr99 (W59F), while jk

S  varied from 0.377 eV in Trp16 (DM) to 2.06 eV in Tyr99 (WT), and 
the ES energy between the donor and acceptor, 2

0/ j
jke R , varied from -0.652 eV in Tyr97 

(W59F) to -0.142 eV in Trp16 (Y97F). The amount of the variation is largest in the net ES 
energies. The dielectric constant between the Iso anion and the donor cation, DA , is not 
introduced in the PET analysis for flavodoxins. 

 
 
 
 

 

 
 
 

Fig. 8. The PET rates from Trp and/or Tyr to Iso* in four flavodoxin isoforms. Figure for WT 
was taken from Lugsanangarm (2011b). Figures for W59F, Y97F and DM were taken from 
Lugsanangarm (2011c).  



 
Protein Structure 

 

174 

Physical 
quantity 

WT  W59F 
Trp59 Tyr97 Trp16 Tyr99  Tyr97 Trp16 Tyr99 

jk
KMk  (ps-1)b 7.10 1.26 x 10-3 - -  3.13 - - 

ln jk
KMk  1.96 −6.68 −125 −115  1.14 −69.10 −156 

jk
S  (eV)c 1.53 1.54 1.99 2.06  1.20 1.54 1.59 

( )jES k  (eV)d −0.0172 −0.0942 2.73 2.71  −0.219 0.984 3.42 
0
qG   (eV)e −0.467 0.333 −0.467 0.333  0.333 −0.467 0.333 

2
0/ j

jke R  (eV)f −0.384 −0.460 −0.144 −0.193  −0.652 −0.196 −0.263 

0 ( )TG jk  (eV)g 0.868 0.221 −2.12 −2.86  0.583 −0.321 −3.49 

Table 5A. Mean physical quantities related to the PET in the WT and W59Fa flavodoxin 
isoformsa. Data were taken from Lugsanangarm et al. (2011c). 

Physical quantity Y97F  DM 
Trp59 Trp16 Tyr99  Trp16 Tyr99 

jk
KMk  (ps-1)b 4.95 - -  - 7.43 x 10-2 

ln jk
KMk  1.60 −96.5 −134  −95.0 −2.60 

jk
S  (eV)c 1.47 1.81 1.74  0.377 0.385 

( )jES k  (eV)d −0.00159 1.20 3.26  2.13 0.0131 
0
qG   (eV)e −0.467 −0.467 0.333  −0.467 0.333 

2
0/ j

jke R  (eV)f −0.386 −0.142 −0.289  −0.313 −0.470 

0 ( )TG jk  (eV)g 0.855 −0.594 −3.31  −1.35 0.124 

aPhysical quantities were obtained with the PET parameters listed in Table 3. Mean values are from over 
the MD time range (2 ns with 0.1 ps intervals).  
bKM evaluated PET rates are given by Eq. (4).  
cSolvent reorganization energy, as given by Eq. (2). 
dNet ES energy, as given by Eq. (8).  
eStandard free energy gap, as given by Eq. (3).  
fES energy between the Iso anion and the donor cation.  
gTotal free energy gap, as given by Eq. (12). 

Table 5B. Mean physical quantities related to the PET in the Y97F and DM flavodoxin 
isoformsa. Lugsanangarm et al. (2011c) 

4. Protein dynamics of FMN binding proteins 
The FMN binding protein from Desulfovibrio vulgaris (Miyazaki F) is considered to play an 
important role in the electron transport process in the bacterium, but the whole picture of 
the electron flow and coupling of the redox proteins is not yet clear (Kitamura et al., 1998). 
Three-dimensional structures of the FMN binding protein from D. Vulgaris (Miyazaki F) 
were determined by X-ray crystallography (Suto et al., 2000) and NMR spectroscopy 
(Liepinsh et al., 1997). According to these structures, Trp32 is the closest residue to Iso 
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followed by Tyr35 and then Trp106. To examine the effect of Trp32 on the PET rate in the 
FMN binding protein, Trp32 was replaced by Tyr (W32Y) or Ala (W32A), and further the 
single negative charge at residue 13, glutamate 13 (E13) was replaced by either Thr (E13T) or 
Gln (E13Q). The crystal structures of E13T and E13Q were determined by X-ray 
crystallography (Chosrowjan et al. 2010).  The dynamic behavior of these FMN binding 
protein isoforms were studied by MD simulation (Nunthaboot et al., 2008a, 2009a, 2011), 
and Figure 9 shows snapshots of the WT, E13T, E13Q, W32Y and W32A FMN binding 
protein isoforms.  

  

 
Fig. 9. Protein structures near Iso in the five FMN binding protein isoforms. Trp32, Tyr35 
and Trp106 are potential PET donors in the FMN binding protein. Trp32 is replaced by Tyr 
in W32Y and Ala in W32A. Amino acids at residue position 13 are also shown in the Figures. 
These structures were obtained by MD simulation.Data were taken from Nunthaboot et al. 
(2011). (Reproduced by permission of the PCCP Owner Societies). 

Mean the donor-acceptor distances over MD time range are summarized in Table 6A, 6B. 
The WT displays great variations in the Rc distances with long periods, in addition to the 
instantaneous fluctuations. The mean values of the geometrical factors over the entire MD 
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time range (2 ns with 0.1 ps time intervals) are listed in Table 6. The Rc distance is shortest in 
Trp32 among the three different aromatic amino acid residue positions (Trp/tyr32, Tyr 35 
and Trp106) with mean distances of Trp32 of 0.70, 0.72 and 0.75 nm in the WT, E13T and 
E13Q isoforms, respectively. The distance between Iso and Tyr32 in W32Y is shorter than 
that between Iso and Trp32 in the WT. The inter-planar angle between Iso and Trp32 varies 
from -52 deg in the WT to -38 deg in the E13Q isoform, while that between Iso and Tyr35 
varies from 43 deg in W32A to 93 deg in the WT. 

4.1 Amino acid at position 13 of the FMN binding proteins 

The WT FMN binding protein contains Glu13, with a negative charge at neutral pH, whilst 
in the E13T and E13Q substitution isoforms the amino acids at this position are Thr13 and 
Gln13 with neutral charges. The distances between the PET donors or acceptor and amino 
acid residue 13 of the five FMN binding protein isomers are listed in Table 7. The distances 
between Iso and side chain of amino acid 13 do not significantly vary between the five FMN 
binding protein isoforms (range 1.5 – 1.6 nm), nor does that between Trp32 (0.9 – 1.0 nm), 
Tyr35  (1.0 – 1.2 nm) and Trp106 (1.7 – 1.97 nm) excepting that of Trp106 in the W32Y 
isoform that was further away (2.13 nm). 

 
 
 
 
 

Protein 
system 

 Rc (nm)b  Re (nm)b  
Trp32 Tyr32 Tyr35 Trp106 Trp32 Tyr32 Tyr35 Trp106 

WT 0.703 -- 1.016 1.052 0.261 -- 0.425 0.314 
(RSDc) -0.072 -- -0.097 -0.088 -0.086 -- -0.292 -0.29 
E13T 0.724 -- 0.872 0.913 0.269 -- 0.331 0.269 

(RSDc) -0.048 -- -0.069 -0.038 -0.079 -- -0.181 -0.111 
E13Q 0.748 -- 0.854 0.939 0.265 -- 0.287 0.294 

(RSDc) -0.044 -- -0.053 -0.043 -0.095 -- -0.123 -0.131 
W32Y -- 0.654 0.826 0.907 -- 0.276 0.284 0.251 
(RSDc) -- -0.05 -0.075 -0.036 -- -0.091 -0.167 -0.11 
W32A -- -- 0.769 0.895 -- -- 0.29 0.277 
(RSDc) -- -- -0.082 -0.05 -- -- -0.226 -0.139 

 

aMean values of factors between Iso and the nearby indicated aromatic amino acids are listed. The mean 
values were obtained by taking an average over the entire MD time range. 
bCenter-to-center distance (Rc) and edge-to-edge (Re) distance. 
cRelative standard deviation (RSD), obtained from SD/mean value. 

Table 6A. Geometrical factor of Iso and the indicated nearby aromatic amino acids of the 
FMN binding protein isomersa. Data were taken from Nunthaboot et al. (2011). (Reproduced 
by permission of the PCCP Owner Societies). 
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time range (2 ns with 0.1 ps time intervals) are listed in Table 6. The Rc distance is shortest in 
Trp32 among the three different aromatic amino acid residue positions (Trp/tyr32, Tyr 35 
and Trp106) with mean distances of Trp32 of 0.70, 0.72 and 0.75 nm in the WT, E13T and 
E13Q isoforms, respectively. The distance between Iso and Tyr32 in W32Y is shorter than 
that between Iso and Trp32 in the WT. The inter-planar angle between Iso and Trp32 varies 
from -52 deg in the WT to -38 deg in the E13Q isoform, while that between Iso and Tyr35 
varies from 43 deg in W32A to 93 deg in the WT. 

4.1 Amino acid at position 13 of the FMN binding proteins 

The WT FMN binding protein contains Glu13, with a negative charge at neutral pH, whilst 
in the E13T and E13Q substitution isoforms the amino acids at this position are Thr13 and 
Gln13 with neutral charges. The distances between the PET donors or acceptor and amino 
acid residue 13 of the five FMN binding protein isomers are listed in Table 7. The distances 
between Iso and side chain of amino acid 13 do not significantly vary between the five FMN 
binding protein isoforms (range 1.5 – 1.6 nm), nor does that between Trp32 (0.9 – 1.0 nm), 
Tyr35  (1.0 – 1.2 nm) and Trp106 (1.7 – 1.97 nm) excepting that of Trp106 in the W32Y 
isoform that was further away (2.13 nm). 

 
 
 
 
 

Protein 
system 

 Rc (nm)b  Re (nm)b  
Trp32 Tyr32 Tyr35 Trp106 Trp32 Tyr32 Tyr35 Trp106 

WT 0.703 -- 1.016 1.052 0.261 -- 0.425 0.314 
(RSDc) -0.072 -- -0.097 -0.088 -0.086 -- -0.292 -0.29 
E13T 0.724 -- 0.872 0.913 0.269 -- 0.331 0.269 

(RSDc) -0.048 -- -0.069 -0.038 -0.079 -- -0.181 -0.111 
E13Q 0.748 -- 0.854 0.939 0.265 -- 0.287 0.294 

(RSDc) -0.044 -- -0.053 -0.043 -0.095 -- -0.123 -0.131 
W32Y -- 0.654 0.826 0.907 -- 0.276 0.284 0.251 
(RSDc) -- -0.05 -0.075 -0.036 -- -0.091 -0.167 -0.11 
W32A -- -- 0.769 0.895 -- -- 0.29 0.277 
(RSDc) -- -- -0.082 -0.05 -- -- -0.226 -0.139 

 

aMean values of factors between Iso and the nearby indicated aromatic amino acids are listed. The mean 
values were obtained by taking an average over the entire MD time range. 
bCenter-to-center distance (Rc) and edge-to-edge (Re) distance. 
cRelative standard deviation (RSD), obtained from SD/mean value. 

Table 6A. Geometrical factor of Iso and the indicated nearby aromatic amino acids of the 
FMN binding protein isomersa. Data were taken from Nunthaboot et al. (2011). (Reproduced 
by permission of the PCCP Owner Societies). 
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Protein 
system 

Inter-planar angle (deg) 
Trp32 Tyr32 Tyr35 Trp106 

WT -52.2 -- 93.3 67.4 
(RSDc) (-0.3) -- (-0.3) (-0.1) 
E13T -42.5 -- 59.3 85.7 

(RSDc) (-0.2) -- (-0.2) (-0.1) 
E13Q -37.8 -- 116.4 79.2 

(RSDc) (-0.2) -- (-0.1) (-0.1) 
W32Y -- 28.7 76.7 77.5 
(RSDc) -- (-0.6) (-0.1) (-0.1) 
W32A -- -- 42.8 70.9 
(RSDc) -- -- (-0.6) (-0.1) 

Table 6B. Inter-planar angle factor between Iso and the indicated nearby aromatic amino 
acids of the FMN binding protein isomersa Data were taken from Nunthaboot et al. (2011). 
(Reproduced by permission of the PCCP Owner Societies). 

 

System Iso Trp32 Tyr32 Tyr35 Trp106 
WTb 1.53 + 0.10 0.98 + 0.09 -- 0.99 + 0.16 1.72 + 0.15 

E13Tc 1.49 + 0.06 0.92 + 0.07 -- 1.22 + 0.08 1.97 + 0.09 
E13Qc 1.58 + 0.13 0.98 + 0.12 -- 1.12 + 0.16 1.84 + 0.17 
W32Yb 1.64 + 0.07 -- 1.13 + 0.08 1.46 + 0.09 2.13 + 0.09 
W32Ab 1.60 + 0.11 -- -- 1.24 + 0.15 1.76 + 0.16 

aMean distances (+ 1 standard deviation), averaged over the MDS time range, are shown in units of nm. 
bDistances were obtained taking the average over all distances between atoms in the aromatic ring and 
the center of the two oxygen atoms in the side chain of Glu13. 
cObtained by taking the average over all distances between the atoms in the aromatic ring and the 
oxygen atom of the Thr13 (E13T) or Gln13 (E13Q) side chain. 

Table 7. Geometry of the amino acid residue at position 13 in the five FMN binding protein 
isoformsa. Data were taken from Nunthaboot et al. (2011). (Reproduced by permission of the 
PCCP Owner Societies). 

4.2 The PET rates and related physical quantities in FMN binding proteins 

The common parameters among the five FMN binding protein isoforms are listed in Table 3, 
where 0  = 1016 (ps-1) for Trp and 197 (ps-1) for Tyr,   = 21.0 (nm-1) for Trp and 6.25 (nm-1) 
for Tyr, 0R  = 0.663 (nm) for Trp and 0.499 (nm) for Tyr. 0

IsoG  = 6.71 (eV) and DA  = 2.19.  

These values are quite different from those of the flavodoxins. The time-evolutions of the 
PET rates in the five different FMN binding protein isoforms over the MD time course are 
shown in Figure 10. Fluctuations of the PET rate are always marked in Tyr35, but not so 
much in Trp32. In the WT isoform the PET rates vary with rather long periods in addition to 
the instantaneous fluctuations, which is in accord with the time-evolution of Rc distances in 
the WT. The mean PET rate and physical quantities related to the PET rates are listed in 
Table 8, where the PET rate is observed to always be fastest from Trp32, and then from 
Trp106 whilst that from Tyr35 is always slow (see also Figure 10). Among the WT, E13T and  
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Quantity Donor WT E13T E13Q W32Y W32A 

jk
KMk b 

(ps-1) 
Trp32 7.10 

 3.08 
17.22 
 14.76 

10.81 
 10.43 -- -- 

 Tyr32 -- -- -- 1.6 ± 
30 x10-7  

 Tyr35 4  95 
x 10-14 

6.4  400 
x10-21 

7  200 
x10-17 

3.7  200 
x10-14 

5  130 
x 10-13 

 Trp106 0.082 
 0.110 

0.003 
 0.003 

0.018 
 0.011 

0.192 
 0.350 

0.176 
 0.599 

jk
S c 

(eV) 
Trp32 0.202 

 0.005 
0.206 
 0.004 

0.208 
 0.004 -- -- 

 Tyr32 -- -- -- 0.217 
 0.005 -- 

 Tyr35 0.249 
 0.006 

0.240 
 0.005 

0.229 
 0.004 

0.236 
 0.006 

0.231 
 0.006 

 Trp106 0.232 
 0.005 

0.223 
 0.003 

0.225 
 0.003 

0.223 
 0.002 

0.222 
 0.003 

( )jE k d 

(eV) 
Iso 0.071 

 0.013 
-0.023 
 0.024 

0.021 
 0.028 

0.074 
 0.030 

0.079 
 0.026 

 Trp32 0.005 
 0.017 

0.335 
 0.043 

0.269 
 0.032 -- -- 

 Tyr32 -- -- -- 0.123 
 0.033  

 Tyr35 0.080 
 0.025 

0.472 
 0.050 

0.391 
 0.041 

0.256 
 0.052 

0.242 
 0.052 

 Trp106 -0.140 
 0.007 

-0.326 
 0.011 

-0.297 
 0.010 

0.141 
 0.039 

0.230 
 0.054 

( )jES k e 

(eV) 
Trp32 0.076 

 0.010 
0.312 
 0.027 

0.290 
 0.021 -- -- 

 Tyr32 -- -- -- 0.197 
 0.020 -- 

 Tyr35 0.150 
 0.022 

0.449 
 0.041 

0.412 
 0.035 

0.330 
 0.046 

0.321 
 0.043 

 Trp106 -0.069 
 0.017 

-0.349 
 0.025 

-0.276 
 0.029 

0.215 
 0.034 

0.309 
 0.042 

2
0/ DA

jke R f 

(eV) 
Trp32 -0.949 

 0.055 
-0.912 
 0.045 

-0.883 
 0.045 -- -- 

 Tyr32 -- -- -- -1.009 
 0.049 -- 

 Tyr35 -0.660 
 0.070 

-0.759 
 0.051 

-0.883 
 0.039 

-0.803 
 0.039 

-0.863 
 0.066 
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Quantity Donor WT E13T E13Q W32Y W32A 

 Trp106 -0.627 
 0.056 

-0.722 
 0.027 

-0.703 
 0.030 

-0.728 
 0.027 

-0.728 
 0.037 

- 0
TG g 

(eV) 
Trp32 0.371 0.098 0.090 -- -- 

 Tyr32 -- -- -- -0.491 -- 
 Tyr35 -0.792 -0.992 -0.832 -0.829 -0.760 
 Trp106 0.194 0.569 0.477 0.011 -0.073 

a Mean (± SD) values, taken over the MD time range (2 ns with 0.1 ps intervals), are listed. The PET rate 
is obtained by KM theory. 
b The PET rate is given by Eq. (4). 

c  Solvent reorganization energy is given by Eq. (2). 
d ES energy of the Iso anion or the donor cation and other ionic groups, as given by Eq. (7). 
e Net ES energy, as given by Eq. (8). 

f ES energy between the Iso anion and a donor cation. 

g Total standard free energy, as given by Eq. (12). 

Table 8. Mean PET rate and its related physical quantities in five FMN binding protein 
isoforms a. Data were taken from Nunthaboot et al. (2011). (Reproduced by permission of the 
PCCP Owner Societies). 

 

E13Q isoforms, the PET rate from Trp32 was fastest in E13T. The values of jk
S do not vary 

significantly with the donor and protein system (range 0.202 – 0.231 eV). Likewise the ES 
energies between the Iso anion and the donor cations, 2 / DA jke R , did not vary much 
among the donors (range -0.949 eV to -0.627 eV) (Table 8 and Figure 11). In contrast, the net 
ES energies, ( )jES k , varied from -0.069 eV in Trp106 (WT) to 0.449 eV in Tyr35 (E13T). This 
remarkable variation in ( )jES k compared to the other physical quantities is also seen in the 
flavodoxin isoforms.  

4.3 Effect of changing the negative charge of amino acid residue 13 on the PET rate 

The PET rate of Trp32 was fastest in all five FMN binding protein isoforms. The ES energies 
between the Iso anion and ionic groups in the proteins, ( )jE k , fell from 0.071 eV in the WT 
(and similar values in W32Y and W32A) to -0.023 eV and 0.021 eV in E13T and E13Q, 
respectively (Table 8; Figure 11), suggesting a potential affect of the charge neutralization at 
residue position 13. In addition, the ES energies between the Trp32 cation and the ionic 
groups in the proteins increased dramatically from 0.005 eV in the WT, to 0.335 eV and 0.269 
eV in the E13T and E13Q isoforms, respectively. In the WT the ES energy between the 
negative charge of Glu and Trp32 cation should be negative, which contributes to reduce the 
value of ( )jE k . In the neutral charged (at residue 13) E13T and E13Q isoforms the stabilizing 
energy found in the WT disappears, again supporting the potential importance of the 
negative charge at residue 13. It is noted that the absolute values of the net ES energies are 
quite low in the WT, while they are much higher in the other isoforms. Net ES energies of 
Trp32, from which the PET rate is fastest, are always positive, while those for Trp106 are 
negative in the WT, E13T and E13Q isoforms. 
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Fig. 10. Time-evolution of the PET rate in the five FMN binding protein isoforms. Data were 
taken from Nunthaboot et al. (2011). (Reproduced by permission of the PCCP Owner 
Societies). 

5. Energy gap law in flavodoxin and FMN binding protein systems 
The total free energy gap of the kth donor in the jth flavoprotein is expressed by Eq. (12); 

 0 2 0( ) ( ) /T j DA jk qG jk ES k e R G        (12) 

When jk
S  varies with 0 ( )TG jk , the normal energy gap law is modified, as in Eq. (13); 

  20ln / 1 ( ) /jk jk jk
TKM S Sk G jk       

  (13) 
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Fig. 11. Net ES energy in the five FMN binding protein isoforms. Data were taken from 
Nunthaboot et al. (2011). (Reproduced by permission of the PCCP Owner Societies). 

Here ( )jES k  is given by Eq. (8), and 0
qG  by Eq. (3). The values of 0 ( )TG jk  are listed in 

the bottom lines of Table 5 for flavodoxins and Table 8 for FMN binding proteins. Figure 12 
shows the modified energy gap law in flavodoxins and FMN binding proteins, as expressed 
by Eq. (13). The inserts in Figure 12 represent the approximate parabola functions. In the 
both systems, the PET takes place in the normal region.  
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6. Concluding remarks on the PET mechanism in flavoproteins 
Quantitative analyses of the PET in proteins have been difficult, because all of the current 
PET theories contain several unknown parameters which cannot be determined 
experimentally. In the earlier works the PET rate was qualitatively analyzed from the 
following two aspects. 

1. The donor-acceptor distance-dependence of the PET rate (Dutton law).  

Hopfield (1974) described biological electron transfer rate in the ground state of a donor in 
terms of the electron tunneling model. In this model, the rate drops off exponentially with 
increasing donor-acceptor distance. Hopfield estimated the slope of the logarithm of the rate 
against the distance to be 14 nm -1 for biological electron transfer reactions. Indeed, Moser et 
al. (1992) have experimentally demonstrated that logarithms of PET rates linearly decrease 
with the Re distance between PET donors and acceptors in photosynthetic proteins. In 
accord, the slope of the logarithm of the PET rate against the free energy gap was also 
around 14 nm-1. Gray & Winkler (1996) have reviewed the experimental works on PET rates 
in ground state donors from various aspects. 
 

  

 

 
 

Fig. 12. Modified energy gap law in (A) flavodoxins and (B) FMN binding proteins. Inserts 

indicate the approximate parabola functions, Y ln /jk jk
KM Sk  , and X 

0 ( ) / jk
T SG jk  . 

Formally, the value of ln /jk jk
KM Sk   should be maximal when 

0 ( )TG jk  = 
jk

S . Data were 
taken from Lugsanangarm et al. (2011c) for Figure 12A and Nunthaboot et al. (2011) for 
Figure 12B. (Reproduced by permission of the PCCP Owner Societies). 

2. The free energy gap dependence of PET rate (Energy gap law). 

The characteristics of the Marcus theory (1956a, 1956b, 1964) is that the logarithm of the PET 
rate is a parabolic function of the reorganization energy and the free energy gap (see Eq. (1)), 
which is common with the other theories (see Eqs. (4) and (5)). As a test for the Marcus 
theory many researchers have examined the dependence of the logarithmic values of the 
PET rates on the free energy gap. Rehm & Weller (1969; 1970) first examined the energy gap 
law with the donor-acceptor systems in organic solvents, but could not find the predicted 
parabolic dependence. Later Closs et al. (1986) and Mataga et al. (2003) found evidence of 
the PET processes in the so-called “Inverted region”. Interested readers should consult 
Mataga et al. (2005), who have precisely reviewed the current knowledge of PET in solution. 
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The energy gap law in proteins was first experimentally demonstrated in the reaction center 
of the purple bacterium, Rhodobacter sphaeroides, by Gunner & Dutton (1989), and in both the 
plant photosystem I and reaction center of the purple bacterium by Iwaki et al. (1996). In 
these systems, the PET takes place in the normal regions, as in the flavoproteins described 
above. 

We have been trying to quantitatively analyze PET in flavoproteins (Nunthaboot et al., 
2008a, 2008b, 2009a, 2009b, 2010, 2011; Lugsanangarm et al., 2011b, 2011c), using the 
experimental and theoretical approaches of evaluating the ultrafast fluorescence dynamics 
of Iso in the flavoproteins and using MD simulation based approaches, respectively.The 
following conclusions have been derived on the mechanisms of PET in the flavoproteins. 

1. The donor-acceptor distance-dependent PET rates were analyzed with MH, KM and BJ 
theories, whereupon the KM theory was found to be the best for describing PET in the 
flavoproteins. 

2. The ultrafast fluorescence decays of flavoproteins are mostly non-exponential. The non-
exponential decay of the WT FMN binding protein was first reproduced with MD 
snapshots and PET theories, taking an average of the single-exponential decay function 
over the MD time domain (Nunthaboot et al., 2009a). This suggests that the non-
exponential behavior in the decays is caused by the fluctuations of the protein 
structures with short and longer fluctuation periods. Again, KM theory could best 
reproduce the observed non-exponential decay. 

3. The ultrafast experimental decays in several flavoprotein isoforms are satisfactorily 
reproduced with common PET parameters in the present method (Nunthaboot et al., 
2008a, 2010, 2011; Lugsanangarm et al., 2011c). 

4. The introduction of ES energy into the PET theories greatly improves the agreement 
between the observed and (KM theory) calculated decays in the three FMN binding 
protein isoforms (Nunthaboot et al, 2008a, 2009a). 

5. The introduction of the dielectric constant between the donor and acceptor ( DA ) 
improved the agreement between the observed and (KM theory) calculated decays 
(Nunthaboot et al., 2011). DA  is different from the dielectric constant inside the entire 
protein ( 0

j ), and always much lower than 0
j . This is reasonable because normally no 

amino acid exists between the donor and acceptor. 
6. Changes in the single negative charge at residue 13 of the WT FMN binding protein 

(Glu13) to amino acids with a neutral charge (E13T and E13Q) substantially changed 
the ultrafast fluorescence decay, which suggests that the ES energy inside the proteins is 
very important for the PET rate (Chosrowjan et al., 2010; Nunthaboot et al., 2011). 

7. Perspective of the quantitative PET analyses 
Method of homology modeling has been useful for the determinations of protein structures, 
which have been experimentally unable (www.proteinstructures.com). The present method 
for the quantitative analysis of the PET mechanism may be also applicable to photosynthetic 
systems and flavin photoreceptors, such as AppA (Nunthaboot et al., 2009b; 2010). Most of 
the flavoproteins function in the electron transport and electron transfer from a substrate to 
Iso without light. A number of researchers have been working on the mechanisms of the 
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dark electron transfer in proteins (Grey & Winkler, 1996;  Beratan et al., 1991; 2008).  These 
works, however, have mostly focused on the electron coupling term, and not discussed 
much on the nuclear term.  ES energy which is in the nuclear term, should also play an 
important role on the dark electron transfer rates, and redox potentials of Iso in 
flavoproteins. Determination of all physical quantities contained in both electronic and 
nuclear terms of an electron transfer theory could explore a new aspect of the mechanisms 
of PET and dark electron transfer phenomena in proteins. 
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dark electron transfer in proteins (Grey & Winkler, 1996;  Beratan et al., 1991; 2008).  These 
works, however, have mostly focused on the electron coupling term, and not discussed 
much on the nuclear term.  ES energy which is in the nuclear term, should also play an 
important role on the dark electron transfer rates, and redox potentials of Iso in 
flavoproteins. Determination of all physical quantities contained in both electronic and 
nuclear terms of an electron transfer theory could explore a new aspect of the mechanisms 
of PET and dark electron transfer phenomena in proteins. 
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1. Introduction 
Proteins are biological macromolecules that participate in virtually every process in live 
organisms. By nature they are divided into three categories: globular, membrane, and 
fibrous proteins. The globular proteins are present in the cytosol of cells and in body fluids 
such as blood; the membrane proteins are “solubilized” in two-dimensional lipid 
membranes that organize the macroscopic body space; the, usually, large fibrous proteins 
reinforce membranes and maintain the structure of cells and tissues. In the cell the 
membrane proteins are responsible for structural, catalytic, transport, signalling, control, 
and other crucial life-supporting functions (Palazzo 2006). Protein function is defined by its 
folded structure (Rose and Wolfenden 1993) and the self-assembly into the folded structure 
is largely governed by a manifold of generally weak, spatially oriented hydrogen (H) bonds 
that also confer distinct quantum properties (Li, Walker et al. 2011). Multiple H-bond 
interactions are responsible for binding the strands of RNA, DNA, and other biopolymers 
together, as well as for elasticity of skeletal and cardiac muscles. Cooperativity of the H-
bond interactions appears to be a defining feature at all levels of biomolecular folding and 
function (Lu, Isralewitz et al. 1998; Finkelstein and Ptitsyn 2002; Lin, Mohammed et al. 
2011). Proteins are only functional if associated with water, but unlike the dynamic network 
of H-bonds in the bulk solvent, the interactions with biomolecules are short-range, affecting 
only one or two layers of waters (Ball 2008). Although there is no doubt that H-bonds are 
extremely important structural elements of proteins, their role in stabilizing proteins is still a 
matter of debate. Studying H-bonds within proteins, particularly membrane bound 
proteins, therefore, permits insights into fundamental biological phenomena, indeed all of 
life on earth.  

Hydrogen bond energies in simple model compounds and small peptides have been 
investigated in great detail (Sheu, Yang et al. 2003; Wendler, Thar et al. 2010). Hydrogen 
bonds in folded globular proteins, and especially in membrane proteins, are, however, much 
more difficult to characterize. The most frequently used methods are scanning calorimetry 
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and titration with chemical denaturants such as urea. Both these methods probe unfolding 
of the whole protein and provide integrated rather than bond-specific information. 
Moreover, changing the temperature at constant pressure causes simultaneous changes of 
the system’s kinetic energy and its volume/potential energy that are difficult to separate. In 
this work we show that in certain cases the use of pressure, another fundamental 
thermodynamic variable, offers attractive advantages. Continuous and reversible tuning of 
the protein density can be achieved over a wide range without changing its primary 
structure and chemical potential of the solute. Hydrogen bonds are controversially reported 
to be either widely insensitive to pressure (Phelps and Hesterberg 2007) or promoted by it 
(Boonyaratanakornkit, Park et al. 2002). We use native protein co-factors as intrinsic probes 
and optical spectroscopy as a sensitive tool for identifying specific H-bonds that undergo 
major changes under external compression as well as for studying the energetics of these 
bonds. 

The light harvesting (LH) antenna pigment-protein complexes of purple photosynthetic 
bacteria are one of the best-characterized membrane chromoproteins (Blankenship, Madigan 
et al. 1995; Hunter, Daldal et al. 2008). They absorb solar photons and transfer the resulting 
excitations to the reaction center (RC) special pair sites, where the excitation energy is 
transformed into potential chemical energy. In the wild type (wt) purple bacterium 
Rhodobacter (Rb.) sphaeroides the photosynthetic apparatus is organized into spherical 
chromatophore vesicles of ~50 nm diameter (Hu, Ritz et al. 2002; Cogdell, Gall et al. 2006; 
Sener, Olsen et al. 2007; Sener, Strümpfer et al. 2010). The reaction center light-harvesting 1 
core complex and peripheral light-harvesting 2 protein complexes (RC-LH1 and LH2, 
respectively) form the majority of the proteins in these vesicles, where the self-assembled 
photosystems of LH complexes are reminiscent of ordered two-dimensional crystals. Low 
resolution electron microscope and full atomic resolution crystal structures of the protein 
complexes have also been known for some time for a number of species (Karrasch, Bullough 
et al. 1995; McDermott, Prince et al. 1995; Koepke, Hu et al. 1996; Roszak, Howard et al. 
2003; Qian, Hunter et al. 2005). The basic building block of these antenna structures is a 
heterodimer of a-helical polypeptides designated a and b (coloured yellow and magenta in 
Fig. 1), each non-covalently binding either two (LH1) or three (LH2) bacteriochlorophyll a 
(Bchl) chromophore co-factors along with carotenoid molecules. The number of hetrodimers 
in the structures of bacterial core complexes vary from 15 in the bacterium 
Rhodopseudomonas palustris (Roszak, Howard et al. 2003) or 16 in Rhodospirillum rubrum 
(Karrasch, Bullough et al. 1995) to 28 in the dimeric core complex of Rb. sphaeroides (Qian, 
Hunter et al. 2005; Bullough, Qian et al. 2009). In contrast, only two forms of the peripheral 
antenna complex are known, including 8 (as in Rhodospirillum molichianum (Koepke, Hu et 
al. 1996)) or 9 heterodimers (Rb. sphaeroides, Rhodopseudomonas (Rps.) acidophila, and 
Rubrivivax gelatinosus (McDermott, Prince et al. 1995; Walz, Jamieson et al. 1998; Ranck, Ruiz 
et al. 2001)). In LH2 from Rb. sphaeroides each polypeptide pair binds two Bchl molecules at 
the outer membrane surface and one molecule on its cytoplasmic side, forming two 
concentric pigment circles (B850 and B800, respectively) with C9 symmetry, see Fig. 1. 

The spectroscopic properties of LH1 and LH2 chromoproteins have been extensively 
studied (Van Amerongen, Valkunas et al. 2000; Hu, Ritz et al. 2002; Cogdell, Gall et al. 2006). 
While free in organic solvents, the lowest singlet (Qy) electronic transition of Bchl is located 
in the near infrared region at ~775 nm (Grimm, Porra et al. 2006; Rätsep, Cai et al. 2011). 
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Significant red shifts of this transition are observed in the antenna systems, for example, the 
major absorption band in the LH2 complex from Rb. sphaeroides peaks at 850 nm (B850 band, 
see Fig. 2) (Van Dorssen, Hunter et al. 1988; Freiberg, Rätsep et al. 2011), while the 
spectroscopic equivalent of the ab-(Bchl)2 heterodimer subunit called B820, obtained by 
breaking down the LH1 complex, has a maximum at 820 nm (Loach and Parkes-Loach 2008). 
These large spectral shifts are primarily related to unique arrangements of the Bchls in the 
LH proteins, promoting strong inter-pigment (exciton) interactions. The B850 absorption 
band is the product of the 18 tightly packed and overlapping Bchl molecules on the 
periplasmic side of the complex, in a waterwheel arrangement, having intermolecular 
distances of less than 1 nm. The 9 monomeric Bchls of the other ring on the cytoplasmic side 
of the complex, which are widely separated (~2 nm), give rise to an absorption band at 
around 800 nm (B800 band). The B800 band shift from the molecular 775-nm absorption is 
mainly determined by interactions between the chromophores and the surrounding protein. 
Universal dispersion interactions aside, the factors that contribute most to the 
solvent/protein shifts are H-bonds to the C3-acetyl carbonyl of the Bchl chromophores 
(Fowler, Sockalingum et al. 1994; He, Sundstrom et al. 2002; Uyeda, Williams et al. 2010) and 
various conformational interactions (Gudowska-Nowak, Newton et al. 1990).  

The absorption spectra of Bchl molecules, being sensitive to even minor structural 
rearrangements in the LH complexes, have been taken advantage of in the present work. 
According to Lesch et al. (Lesch, Schlichter et al. 2004) the integrity of protein complexes can 
be monitored with sub-nanometer spatial resolution by the so-called molecular probe 
method. 

 
Fig. 1. Different representations of the LH2 pigment-protein complex using the same colour 
code for structural elements. The space fill model on the right clearly shows how densely 
packed the molecule actually is; the ribbon representation on left allows easy reference to 
the individual pigment cofactors; placed in the middle is an overlapped pair. The lipid 
bilayer covering hydrophobic parts of the complex is also schematically presented. The 
green B850 and blue B800 Bchl cofactors are sandwiched between the inner yellow ring of α- 
polypeptides and the outer magenta ring of β- polypeptides. The carotenoid molecules 
closely attached to the B850 and B800 Bchl rings are omitted for clarity. 

To date mostly only water-soluble globular proteins have been studied under high 
pressures, with the result that functional protein structures cover just a narrow region in the 
pressure-temperature phase diagram close to physiological temperatures (Silva and Weber 
1993; Boonyaratanakornkit, Park et al. 2002; Scharnagl, Reif et al. 2005; Meersman, Dobson 
et al. 2006). The photosynthetic LH membrane complexes were first investigated under high 



 
Protein Structure 

 

194 

pressure in (Freiberg, Ellervee et al. 1993). This and subsequent studies (Sturgis, Gall et al. 
1998; Gall, Ellervee et al. 2001; Timpmann, Ellervee et al. 2001; Gall, Ellervee et al. 2003) have 
shown that increasing the pressure at laboratory temperatures causes a smooth red (i.e., 
lower-energy) shift and broadening of the near-infrared absorption bands of Bchl. In the wt 
LH2 complexes from Rb. sphaeroides and Rps. acidophila extracted with mild detergents into a 
detergent-buffer environment a non-monotonic behaviour was observed (Kangur, 
Timpmann et al. 2008). With reference to genetic engineering results (Fowler, Visschers et al. 
1992; Fowler, Sockalingum et al. 1994) this observation was qualitatively interpreted as due 
to rupture of the H-bonds at the binding sites of the excitonically coupled B850 
chromophores (Kangur, Leiger et al. 2008). 

In this chapter, we shall concentrate on a quantitative evaluation of H-bond energies that 
stabilize the strongly coupled Bchl co-factors in the B850 ring of the peripheral LH2 complex 
from Rb. sphaeroides by means of high-pressure optical spectroscopy. The availability of 
different genetically-modified preparations is an important advantage of this bacterium, 
besides its known spatial structure (Walz, Jamieson et al. 1998). The mutants constructed to 
support and widen our findings on wt complexes include a LH2 complex with a modified 
carotenoid background (neurosporene instead of a mixture of spheroidene and 
spheroidenone in the wt complex) and two B850-only LH complexes devoid of the B800 ring 
of Bchl molecules, one with wt carotenoids and another with neurosporene. To confirm that 
studies of purified membrane proteins have relevance to the intact membrane, the 
measurements have been performed both on detergent-isolated and native membrane-
bound complexes. As a result, not only pressure-induced breakage of the H-bonds to the 
B850 chromophores have been demonstrated in all the samples, confirming the previous 
results on wt complexes (Kangur, Leiger et al. 2008; Kangur, Timpmann et al. 2008), but also 
their energies have been determined for the first time. The breakage appears to be a 
cooperative, “all-or-none” type transition, apparently triggered by the rupture of the 
weakest bond. Furthermore, the energies derived for the membrane-embedded and 
detergent-isolated complexes match each other within experimental uncertainty. 

2. Thermodynamic aspects of protein stability against pressure 
The phenomenological basis of protein stability against pressure is well established (Silva 
and Weber 1993; Boonyaratanakornkit, Park et al. 2002; Scharnagl, Reif et al. 2005; 
Meersman, Dobson et al. 2006). In a minimalist version of thermodynamic modelling just 
two global protein states, native (N) and denatured (D), are assumed. The equilibrium 
constant of the two-state denaturation reaction is given by Eq. (1), where [N] and [D] 
indicate the equilibrium concentrations of native and denatured protein, respectively, R is 
the universal gas constant, T is the thermodynamic temperature, and P is the pressure. 

        / exp /K P D N G P RT       (1) 

The pressure dependence of the free energy change associated with protein denaturation, in 
the lowest (linear) order of approximation, can be represented as 

   0 0G P G V P     , (2) 
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 where 0 0 0
D NG G G    is the standard free energy difference between the denatured and the 

native state and 0
D NV V V    is the partial molar volume change in going from the native 

to the denatured state measured at standard conditions. 0G  has to be positive in order for 
the protein to be stable at standard conditions. If the volume of the denatured state is 
smaller than the volume of the native state (i.e., 0V  is negative), the free energy change 
decreases as pressure is increased. The phase boundary (midpoint) pressure is determined 
as 0 0

1/2 /P G V   . At pressure 1/2P , native and denatured structures have equal 

probabilities of existence. Past this pressure, the denatured state has lower free energy and is 
stabilized against the native state. 

3. Absorption spectra of LH2 complexes under ambient conditions 
Figure 2 presents the overview optical absorption spectra of the LH2 complexes in the 
spectral range from 240 nm to 1000 nm, recorded at ambient temperature and pressure. For 
solubilization and purification of the complexes from their native membrane environment 
the detergent dodecyl-dimetyl-amine oxide, commonly known as LDAO, was used. As seen, 
the spectra of the detergent-isolated and native membrane-bound complexes are similar. 
Peak positions of the key bands observed in the spectra are presented in Table 1.  
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Fig. 2. Absorption spectra of the wt and mutant LH2 complexes studied, recorded at 
ambient temperature and pressure. The spectra of detergent-isolated (drawn with coloured 
lines) and native membrane-embedded (black lines) complexes are normalized relative to 
the B850 absorption band peak. The reference spectrum of Bchl in diethyl ether is shown in 
magenta. Neuro designates the mutant containing neurosporene, while B850-only+neuro is 
the double mutant with no B800 molecules and containing neurosporene carotenoids. 
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Sample Qy Qx Soret Car B850 B800 

wt m 849.4 800.8 587.5 377.4 496.9 
i 847.8 800.8 588.4 376.8 503.1 

neuro 

m 851.1 801.1 591.3 378.0 
492.8 
460.9 
432.8 

i 849.4 800.7 590.7 373.3 
492.9 
461.1 
434.3 

B850-only m 850.2 - 590.9 378.5 497.2 
i 849.6 - 591.8 377.5 498.9 

B850-only+neuro 

m 852.4 - 594.7 377.6 
489.4 
457.2 
427.5 

i 852.0 - 594.0 378.7 
490.1 
458.8 
430.8 

Table 1. Peak positions in nanometers (±0.5 nm) in the absorption spectra of the membrane-
bound (m) and detergent-isolated (i) LH2 complexes recorded at ambient conditions. The 
bands are classified according to the related Bchl transitions as described in the text. 

A comparison with the spectrum of Bchl in diethyl ether implies that the bands of the co-
factor chromophores peaking around 850 (B850 band), 800 (B800 band), 590, and 380 nm are 
related to, respectively, the Qy, Qx, and Soret electronic transitions of the Bchl molecule. The 
bands evident between the Qx and Soret transitions are from carotenoid molecules, being a 
mixture of spheroidene and spheroidenone in wt and neurosporene in mutant complexes. 
Compared with the structure-less spectrum of the native mixture, the neurosporene 
spectrum is clear-cut and blue shifted, showing three sharp peaks between 430 and 490 nm. 
Replacement of the wt carotenoids with neurosporene does not significantly influence the 
electronic states of the Bchl co-factors. The blue-shifted position of the neurosporene 
spectrum allows easier observation of the Qx transitions of the protein-bound Bchls. The 
ultraviolet part of the spectrum, including the peak at 270 nm, is characteristic of the bulk 
protein scaffold.  

The Qy transitions of LH2 Bchls, which give rise to the B800 and B850 bands, are shifted 
toward longer (red) wavelengths and are associated with strongly excitonically coupled 
Bchls in the case of B850. In contrast, the Qx transitions of the Bchl molecules belonging to 
the B800 and B850 arrangements apparently overlap. This can be interpreted as arising from 
the relatively weak oscillator strength of the Qx transitions, leaving the transitions in all 
participating molecules almost localized. The stronger B850 exciton coupling compared with 
B800 clarifies not only the splitting between these bands but also the larger width of the 
B850 band (Freiberg, Timpmann et al. 1999). A peculiar triple structure in the Soret range of 
the complexes suggests considerable interactions between the respective strong molecular 
transitions and related large splitting of the bands. A greater red shift of the B850 band in 
the B850-only mutant as compared with the wt complex has been noted. It was explained by 
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Sample Qy Qx Soret Car B850 B800 

wt m 849.4 800.8 587.5 377.4 496.9 
i 847.8 800.8 588.4 376.8 503.1 

neuro 

m 851.1 801.1 591.3 378.0 
492.8 
460.9 
432.8 

i 849.4 800.7 590.7 373.3 
492.9 
461.1 
434.3 

B850-only m 850.2 - 590.9 378.5 497.2 
i 849.6 - 591.8 377.5 498.9 

B850-only+neuro 

m 852.4 - 594.7 377.6 
489.4 
457.2 
427.5 

i 852.0 - 594.0 378.7 
490.1 
458.8 
430.8 

Table 1. Peak positions in nanometers (±0.5 nm) in the absorption spectra of the membrane-
bound (m) and detergent-isolated (i) LH2 complexes recorded at ambient conditions. The 
bands are classified according to the related Bchl transitions as described in the text. 
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a somewhat enhanced exciton coupling in this complex, presumably because the missing 
B800 molecules allow more compact packing of the protein (Timpmann, Trinkunas et al. 
2004). A weak shoulder around 795 nm in the spectrum of the B850-only mutant is most 
probably due to overlapping transitions of the B850 (vibronic) excitons and possibly the 
presence of some “free” Bchl molecules rather than residual B800 molecules (Rätsep, Hunter 
et al. 2005). More details about spectral properties of the LH2 complexes and their 
temperature dependencies can be found in (Freiberg, Rätsep et al. 2011). 

In the following sections we shall mainly focus on the lowest-energy B850 absorption band. 
The particular interest toward this absorption feature is explained by the central role the 
respective transitions play in native photosynthesis by mediating excitation energy 
funnelling into the RC. Since Bchl molecules from both the B850 and B800 rings contribute to 
the Qx band at 590 nm, we shall briefly characterize the influence of pressure on this band 
too. The detailed behaviour of the quasi-monomeric B800 band under high pressure will be 
described elsewhere. 

4. Variations of the B850 absorption spectra induced by externally applied 
high hydrostatic pressure 
4.1 Detergent-isolated complexes 

As noted above, a non-trivial dependence of the B850 absorption band was observed upon 
application of high hydrostatic pressure to isolated wt LH2 complexes from Rb. sphaeroides. 
This behaviour was related to the rupture of H-bonds at binding sites of the excitonically 
coupled B850 chromophores (Kangur, Leiger et al. 2008; Kangur, Timpmann et al. 2008). A 
comparable situation is demonstrated in Fig. 3 for the mutant LH2 complexes, implying the 
general applicability of this phenomenon. At low pressures, below ~0.4 GPa, the spectra 
gradually red shift and broaden. The initial shift and broadening rates of the B850 band, 
which are similar in wt and mutant species, are a few times greater than that of the B800 
band or the Qy absorption band of isolated Bchl molecules in normal solutions. This is a 
consequence of the Bchl excited states in antenna complexes having excitonic origin. A 
contribution of short-range electron overlap effects into the advanced shift rate cannot be 
excluded (Freiberg, Ellervee et al. 1993; Wu, Rätsep et al. 1997; Timpmann, Ellervee et al. 
2001). Toward higher pressures the continuous red shift is interrupted and abruptly 
reversed to a blue shift, best seen in Fig. 3c, where the B850 band maximum is plotted as a 
function of pressure. The reverse trend occurs at different pressures in individual samples: 
~0.4 GPa in the neurosporene mutant, ~0.5 GPa in the wt, and ~0.6 GPa in the B850-only 
mutant. Only at about 0.1 GPa higher pressures the red shift is restored, albeit generally 
with a different slope. The bandwidths (defined as full width at half maximum, FWHM) 
show correlated changes (see Fig. 3d). 

Enhanced stability of isolated complexes was observed (Kangur, Timpmann et al. 2008) at 
high protein/low detergent concentration, which resulted in aggregation, as well as when a 
cosolvent (e.g., glycerol) was added into the buffer solution. Aggregation occurred when the 
molar ratio (D/P) of the detergent (D) and protein (P) dropped below a few hundred (see 
(Kangur, Timpmann et al. 2008) for determination of this ratio). The combined glycerol-
aggregation effect of stabilization is demonstrated in Figs. 3c and 3d on the mutant 
complexes incorporating neurosporene, where D/P=100 and the complex is solubilized in a 
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buffer that contains 60 % (by volume) glycerol. As seen, the discontinuities of the shift and 
width dependences move toward significantly higher pressures, and their amplitudes are 
considerably reduced. 
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Fig. 3. (a, b) Absorption spectra of the detergent-solubilized neurosporene (a) and B800-only 
(b) mutant LH2 complexes recorded at the indicated pressures in MPa. Arrowed lines 
connect the selected absorption maxima. (c, d) Pressure dependence of the B850 absorption 
peak position (c) and width (d). Solid lines are added as guides to the reader. D/P denotes 
the ratio of detergent and protein molecules. 

Figure 4 demonstrates the recovery of the absorption spectra of isolated complexes, upon 
pressure release, at the end of the cycle of measurements at elevated pressures. Two major 
effects following decompression are a change of the spectral shape and overall decrease of 
intensity. While the latter decrease is unavoidable due to plasticity of the gasket and resulting 
leakage of the solution (see Experimental section),  the transformation of the spectrum is a 
signature of a partial degradation of the sample. A difference spectrum obtained by 
subtracting the normalized final spectrum from initial spectrum provides an approximate 
spectrum of the degradation products. The deformed long red tail aside, this spectrum shown 
in green in Fig. 4b and peaking at 776 nm is referred to in the literature as the B777 band. It has 
been identified as a mixture of monomeric a- and b-apoproteins that non-covalently bind just 
a single Bchl molecule (Loach and Parkes-Loach 2008) (see also Introduction). Reasonable 
sample homogeneity can be derived from the fact that the spectrum of the surviving 
complexes almost overlaps with the initial spectrum (not shown). Pressure effects appear to be 
fully elastic for this sub-population of the ‘fittest’ complexes, while representatives of the ‘less 
healthy’ population(s) fall apart entirely upon decompression. 
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Figure 4 demonstrates the recovery of the absorption spectra of isolated complexes, upon 
pressure release, at the end of the cycle of measurements at elevated pressures. Two major 
effects following decompression are a change of the spectral shape and overall decrease of 
intensity. While the latter decrease is unavoidable due to plasticity of the gasket and resulting 
leakage of the solution (see Experimental section),  the transformation of the spectrum is a 
signature of a partial degradation of the sample. A difference spectrum obtained by 
subtracting the normalized final spectrum from initial spectrum provides an approximate 
spectrum of the degradation products. The deformed long red tail aside, this spectrum shown 
in green in Fig. 4b and peaking at 776 nm is referred to in the literature as the B777 band. It has 
been identified as a mixture of monomeric a- and b-apoproteins that non-covalently bind just 
a single Bchl molecule (Loach and Parkes-Loach 2008) (see also Introduction). Reasonable 
sample homogeneity can be derived from the fact that the spectrum of the surviving 
complexes almost overlaps with the initial spectrum (not shown). Pressure effects appear to be 
fully elastic for this sub-population of the ‘fittest’ complexes, while representatives of the ‘less 
healthy’ population(s) fall apart entirely upon decompression. 
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Fig. 4. Recovery of the absorption spectra of the detergent-isolated neurosporene (a) and 
B850-only (b) mutant complexes. Black, red, and blue lines are, respectively, the initial 
(ambient pressure) spectrum, the actual spectrum measured after pressure release, and the 
area-normalized spectrum after pressure release. The evaluated B777 spectrum is shown in 
green. See text for details. 

It is worth noting that of all the samples studied the recovery is best (almost complete) in wt 
complexes (see (Kangur, Leiger et al. 2008; Kangur, Timpmann et al. 2008)) and worst in 
purified B850-only+neuro double mutant complexes. Therefore, for the latter samples, 
pressure dependences are missing.  

4.2 Native membrane-bound complexes 

Having established that the LH2 complexes purified from the native membrane with mild 
detergents exhibit clear signs of volatility with respect to high pressure, we undertook a 
series of experiments on membrane-bound LH2 complexes. It was concluded earlier that the 
wt membrane-protected complexes are rather resilient to damage by high-pressure 
compression compared with the isolated complexes (Kangur, Timpmann et al. 2008).  

The results of the B850 absorption band shift measurements on wt and mutant membrane-
bound LH2 complexes are shown in Fig. 5. Apart from the neurosporene mutant, the 
remaining two membrane samples in pure buffer solution behave rather uniformly, the 
main pressure effect being a gradual red shift (and broadening) of the band. These 
dependences, which demonstrate essential stabilization of the complexes in the native 
membrane environment, can be reasonably well approximated by two linear components, 
which have a greater low-pressure slope and a smaller high-pressure slope. The break point 
between the slopes is at ~0.7 GPa.  

In contrast, the neurosporene mutant membrane complexes in buffer solution perform in 
every sense like their isolated counterparts in Fig. 3c, except that the turning point is moved 
by ~0.2 GPa toward higher pressures, indicating a degree of stabilization. Since the stability 
variations of proteins against externally applied pressure generally correlate with the extent 
of water molecules penetrating into the hydrophobic interior (Chryssomallis, Torgerson et 
al. 1981; Collins, Hummer et al. 2005; Harano, Yoshidome et al. 2008), it appears plausible 
that altering the native mixture of spheroidene/spheroidenone carotenoids to neurosporene 
results in less compact structure, which is more accessible to water than the wt protein.  
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Fig. 5. Pressure dependence of the B850 absorption peak energy for the membrane-bound 
LH2 complexes. Solid lines are added as guides for the reader; the dashed line represents a 
linear extrapolation of the data to higher pressures.  

Glycerol is known as an effective cryoprotectant; its ability to protect against high-pressure 
denaturation of detergent-isolated LH2 complexes has also been confirmed (Fig. 3, see also 
(Kangur, Timpmann et al. 2008)). However, the stabilizing effect of glycerol on native 
membrane-embedded LH2 complexes demonstrated in Fig. 5 has not been observed before 
and comes as a surprise. While in the case of the wt membrane adding the glycerol only 
slightly modifies the dependence, it almost neutralizes the destabilizing effects of 
neurosporene on the mutant complex in the membrane. 

4.3 Comparison of the high-pressure effects on isolated and native membrane-bound 
LH2 complexes 

Figure 6 shows a comprehensive summary of the B850 absorption band relative peak shift 
and broadening data for the complexes studied, using the peak position as well as the width 
of wt membrane complexes in glycerol as reference points. In this “free from background” 
representation we first compensated for the initial, ambient pressure positional differences 
(see Table 1). Thereafter, the relative shifts were calculated as i r     , where /i r  
denote the peak frequencies of the studied sample (i) and the reference (r) membrane 
sample. A blue shift of the studied spectrum with respect to the reference spectrum thus 
results in a positive-valued  , while a red-shift, results in a negative-valued  . 

The analytical line shape functions greatly simplify bandwidth analysis. We have found that 
Gaussians reasonably fit the experimental absorption spectra of LH2 complexes at ambient 
temperatures. In this approximation the relative widths have been evaluated as 

 1/22 2
i r     , where /i r  are the corresponding FWHM of the B850 absorption bands. 

The fact that i  is invariably greater than r  implies that the membrane complexes are 
more ordered than those in detergent micelles.  
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Fig. 5. Pressure dependence of the B850 absorption peak energy for the membrane-bound 
LH2 complexes. Solid lines are added as guides for the reader; the dashed line represents a 
linear extrapolation of the data to higher pressures.  

Glycerol is known as an effective cryoprotectant; its ability to protect against high-pressure 
denaturation of detergent-isolated LH2 complexes has also been confirmed (Fig. 3, see also 
(Kangur, Timpmann et al. 2008)). However, the stabilizing effect of glycerol on native 
membrane-embedded LH2 complexes demonstrated in Fig. 5 has not been observed before 
and comes as a surprise. While in the case of the wt membrane adding the glycerol only 
slightly modifies the dependence, it almost neutralizes the destabilizing effects of 
neurosporene on the mutant complex in the membrane. 

4.3 Comparison of the high-pressure effects on isolated and native membrane-bound 
LH2 complexes 

Figure 6 shows a comprehensive summary of the B850 absorption band relative peak shift 
and broadening data for the complexes studied, using the peak position as well as the width 
of wt membrane complexes in glycerol as reference points. In this “free from background” 
representation we first compensated for the initial, ambient pressure positional differences 
(see Table 1). Thereafter, the relative shifts were calculated as i r     , where /i r  
denote the peak frequencies of the studied sample (i) and the reference (r) membrane 
sample. A blue shift of the studied spectrum with respect to the reference spectrum thus 
results in a positive-valued  , while a red-shift, results in a negative-valued  . 

The analytical line shape functions greatly simplify bandwidth analysis. We have found that 
Gaussians reasonably fit the experimental absorption spectra of LH2 complexes at ambient 
temperatures. In this approximation the relative widths have been evaluated as 

 1/22 2
i r     , where /i r  are the corresponding FWHM of the B850 absorption bands. 

The fact that i  is invariably greater than r  implies that the membrane complexes are 
more ordered than those in detergent micelles.  
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Fig. 6. Relative peak shifts (a, b) and widths (c, d) of the B850 band in various isolated (a, c) 
and membrane (b, d) LH2 complexes indicated. The shifts and widths are calculated against 
the wt membrane in glycerol reference values. In isolated samples, similar molar ratio of the 
detergent and protein molecules (D/P»2000) has been applied for proper comparison. Solid 
lines are added as guides to the reader. See text for further details. 

Characteristic step-like dependences resembling titration curves of the relative shifts and 
widths are obtained for all the complexes studied. The data in Fig. 6 that correspond to wt 
and mutant complexes demonstrate variable thresholds and step heights. In terms of the 
transition midpoint pressure, explained in paragraph 2, the neurosporene mutant complex 
appears least resistant to applied pressure, followed by the wt and B850-only mutant 
complexes. It also demonstrates the largest steps. Similar general trends can be observed for 
isolated and membrane complexes. However, the midpoint pressures that characterize 
individual membrane complexes are significantly shifted toward higher pressures and the 
step heights are generally lower compared to those of their respective isolated complexes. 
The dependences corresponding to membrane samples are also less noisy than for isolated 
complexes. This is to be expected as native membranes provide a more protective and less 
heterogeneous environment for antenna complexes than detergent micelles. 

Spectral bandwidths are considered as sensitive reporters of static as well as of dynamic 
disorder present in antenna complexes. As can be seen in Fig. 6, the steps of relative shift 
and width correlate with each other, implying a common physical origin. The relative 
broadening of the spectra indicates an increased freedom of movement of the Bchl 
molecules in the binding sites of isolated complexes compared with the situation in the 
glycerol-enhanced membrane environment taken as a reference. Since the pressure-induced 
denaturation of proteins is driven by a decrease in volume, resulting in penetration of the 
buffer solvent (essentially of electrically polar water molecules) into the protein interior, 
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rather than swelling of the protein (Chryssomallis, Torgerson et al. 1981; Collins, Hummer et 
al. 2005; Harano, Yoshidome et al. 2008), the extra freedom of intra-protein movements can 
only be caused by breaking the bonds that help bind the Bchl molecules in their protein 
pocket. Given that axial ligation has a minimal effect on the Bchl Qy band position (Ellervee 
and Freiberg 2008), the loss of H-bonds in isolated complexes is the most likely explanation 
of the observed abrupt changes of the absorption bands with pressure. 

This interpretation, first provided by Kangur et al. for the wt LH2 complexes from Rb. 
sphaeroides (Kangur, Leiger et al. 2008), is based on the observation that a blue shift of the 
B850 absorption band can be achieved by genetic manipulation of the H-bonds anchoring 
the Bchl molecules to the ab-protein heterodimers (Fowler, Visschers et al. 1992; Fowler, 
Sockalingum et al. 1994). The a44-Tyr and a45-Tyr residues normally form H-bonds to the 
C3-acetyl carbonyls of the a- and b-Bchls, respectively, in the B850 ring. It was shown that 
removal bonds to the a45-Tyr residues by replacing Tyr to non-H-boding residues in the 
LH2 complex correlates with the blue shift of the B850 absorption band by 11 nm (or ~150 
cm-1). The blue shift corresponding to removal of all H-bonds is 26 nm (~360 cm-1). The latter 
blue shift of the double H-bond mutant almost coincides with the relative shift obtained in 
Fig. 5a for the wt isolated complexes (~367 cm-1), implying the high-pressure induced 
breakage of every C3-acetyl carbonyl H-bond in the B850 array.  

The accompanying broadening of the spectra, an indication of increased freedom of 
movements of the Bchl probe molecules in their binding sites, supports this explanation. 
When bond ruptures increase the disorder of the system, they simultaneously widen the 
spectrum (Fowler, Visschers et al. 1992; Fowler, Sockalingum et al. 1994), thus the 
broadening effects are to be expected. Due to macroscopic heterogeneity of the samples (see 
discussion concerning Fig. 4) the broadening generally begins at somewhat lower pressures 
than the shift. 

The step heights of relative shifts measured for the three isolated complexes in Fig. 5a vary 
between 410 and 292 cm-1. The step height of about 410 cm-1 in the neurosporene membrane 
complex (Fig. 5b) fits the same range. The broad, >100-cm-1 variation (410-292=118 cm-1), 
may be considered as too large to be related to the same shift/broadening mechanism in all 
these samples. However, taking into consideration the vast diversity of structural 
adjustments available upon compression, such as rotations of the acetyl carbonyl groups or 
turning the Bchl planes relative to the vector connecting the centres of the adjacent 
molecules in the B850 array, this figure is hardly exceptional. Moreover, we will show that 
the discrepancy between step heights in the LH2 complexes from the same species but 
having different D/P ratios is almost as great (~90 cm-1). We thus argue that the relative 
shifts measured for the three (wt, B850-only, and neuro) isolated complexes as well as for 
the neurosporene membrane complex are not only quantitatively similar but also most 
probably due to the same mechanism. A similar conclusion, however, cannot be drawn with 
respect to other membrane complexes (wt, B850-only, B850-only+neuro, and glycerol-
enchanced neurosporene), which show step heights that are less than half the size. 
According to genetic engineering results (Fowler, Visschers et al. 1992; Fowler, Sockalingum 
et al. 1994), this might imply breakage of every second H-bond rather than all of those to the 
C3-acetyl carbonyls of the Bchl molecules in the B850 ring.  
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these samples. However, taking into consideration the vast diversity of structural 
adjustments available upon compression, such as rotations of the acetyl carbonyl groups or 
turning the Bchl planes relative to the vector connecting the centres of the adjacent 
molecules in the B850 array, this figure is hardly exceptional. Moreover, we will show that 
the discrepancy between step heights in the LH2 complexes from the same species but 
having different D/P ratios is almost as great (~90 cm-1). We thus argue that the relative 
shifts measured for the three (wt, B850-only, and neuro) isolated complexes as well as for 
the neurosporene membrane complex are not only quantitatively similar but also most 
probably due to the same mechanism. A similar conclusion, however, cannot be drawn with 
respect to other membrane complexes (wt, B850-only, B850-only+neuro, and glycerol-
enchanced neurosporene), which show step heights that are less than half the size. 
According to genetic engineering results (Fowler, Visschers et al. 1992; Fowler, Sockalingum 
et al. 1994), this might imply breakage of every second H-bond rather than all of those to the 
C3-acetyl carbonyls of the Bchl molecules in the B850 ring.  
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5. Evaluation the B850 chromophore-binding hydrogen bond energies 
The use of the equilibrium thermodynamic stability model described in paragraph 2 to the 
present high-pressure experiment is justified by the observed reversibility of the pressure-
induced effects. We define the N state as corresponding to the protein at ambient pressure, 
while the D state, to its compressed phase with broken H-bonds. The connection with the 
spectroscopic experiment is established by calculating the pressure-dependent equilibrium 
constant for a reversible transition between the N and D phases as  

      /i fK P P P              
, (3) 

where  P  is the relative absorption peak frequency shift at pressure P (see Figs. 6a and 
6b), and i  and f  are the relative shifts of the B850 absorption band measured at initial, 
pre-transition (i) and final, post-transition (f) pressures, respectively. Inserting Eq. (3) into 
Eq. (1) provides Eq. (4): 

   0 0lnRT K P G V P     . (4) 

Assuming 0i  , one gets a still simpler Eq. (5): 

 
 

0 0ln 1fRT G V P
P





 
     

  
. (5) 

The linear pressure functions, Eqs. (4) and (5), allow easy determination of the key model 
parameters that characterize the N«D phase equilibrium in LH2 proteins: 0G  as the initial 
(P = 0) value, 0V  as the slope, and P1/2 as the crossing point with the y-axis zero. 

Experimental plots of lnRT K  as a function of pressure for the B850 absorption band in all 
the LH2 samples studied are shown in Fig. 7. The fairly linear dependences obtained around 
respective phase transition regions justify the applied linear approximation model. The 
fitting parameters evaluated from these dependences are presented in Table 2. 

As we have already noted, the transition midpoint pressures, P1/2, are usually larger in 
membrane bound (where they vary between 641 and 995 MPa) than in isolated complexes (445–
621 MPa). The volume changes, 0V , which broadly follow the published volume changes of 
protein unfolding (Scharnagl, Reif et al. 2005), are generally greater for isolated (-51 to -71 
ml/mol) than for membrane (-14 - -39 ml/mol) samples. Both the pressure and volume features 
agree with the general notion that membranes protect and stabilize integral membrane proteins. 
The volume changes are negative, meaning that compressed states are stabilized by high 
pressure. A straightforward explanation of the negative volume effect in connection with H-
bonds is as follows: since the states with broken bonds are more compressible, their volume 
under high pressure is smaller than the volume with intact H-bonds.  

Single H-bond energies in proteins between 2 and 25 kJ/mol (167-2090 cm-1) have been 
reported (Sheu, Yang et al. 2003; Wendler, Thar et al. 2010), depending on the H-bond donor 
and acceptor as well as their environment. Most of the transition midpoint energies, 0G , in 
Table 2 fall in this range. Yet a few complexes (wt, B850-only) demonstrate significantly 
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Fig. 7. Pressure dependences of   lnRT K P  (see Eq. (4)) for the samples indicated. 
Continuous lines represent linear fits of the scattered experimental data. The prefix i and m 
denotes the data for isolated and membrane complexes, respectively. 

larger energies, reaching 41 kJ/mol. A closer inspection of the data in Table 2 reveals several 
notable details about the free energy change related to breakage of the H-bonds in the LH2 
complexes: (i) its value for isolated complexes is greater than for membrane/glycerol-
enchanced membrane complexes; (ii) it is greater in complexes with native carotenoid 
background (wt and B850-only) than in complexes, which contain neurosporene (neuro and 
B850+neuro); (iii) irrespective of the sample, its value in membrane/ glycerol-enhanced 
membrane complexes is similar (≤19 kJ/mol). The findings (i) and (ii) once again underline 
the importance of local environment and/or structure of the binding site, specifically the 
carotenoid background, in determining H-bond energies in the B850 ring. 
 

Sample G0 
kJ/mol 

V0 
ml/mol 

P1/2 
MPa 

wt m 19±3 -23±10 815±15 
i 39±2 -71±10 519±10 

B850-only m 12±5 -16±10 785±10 
i 41±6 -67±10 621±10 

neuro m+g 24±5 
14±2 

-36±10 
-14±10 

641±15 
995±15 

i 24±5 -51±10 445±10 

B850-only+neuro m 23±7 -23±10 983±10 
i N/A N/A N/A 

Table 2. Thermodynamic parameters characterizing phase transitions in isolated 
(D/P»2000) and membrane LH2 complexes related to breakage of H-bonds in the B850 ring. 
m+g indicates the membrane in 60% glycerol; N/A means not available. 
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The neurosporene mutant complex appears to be unique. Only in this case do the energetic 
and volume effects that characterize the transitions in isolated and membrane complexes 
match each other within experimental uncertainty. However, when the neurosporene 
membrane complexes are stabilized by glycerol, their behaviour becomes similar to other 
membrane samples (see also Figs. 6 and 7). 

6. Dependence on detergent-to-protein ratio 
For sake of standardized comparison, a fixed D/P ratio equal to about 2000 has been 
previously used in the case of isolated complexes. Here, we investigate the possible 
dependence on this ratio, between 100 and 5000, of the phase transition energetics associated 
with the breakage of H-bonds in the B850 ring. The results of this study, in terms of the 
relative absorption peak frequency shift, are presented in Fig. 8 and Table 3. Also included 
for completeness are mutant membrane data, which effectively correspond to D/P=0.  

A systematic decrease of the step height and shift of the midpoint pressure toward higher 
pressures is observed with decreasing D/P ratio. Nonetheless, the corresponding 0G  
values are similar, within experimental uncertainty, due to compensating effects of volume 
and pressure (see Table 3). In the two membrane samples the step heights differ drastically. 
While in the m neuro case the height is comparable with that in isolated complexes, in the m 
neuro glycerol case, it is less than half the size. In terms of the free energy change, m is again 
similar to the isolated complexes, whereas m+g is very different.  
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Fig. 8. Dependence on D/P ratio of the relative peak shifts of the B850 band in the spectra of 
isolated (i) and membrane (m) neurosporene mutant LH2 complexes. The shifts are 
calculated against the neurosporene mutant membrane in glycerol (in case of isolated 
complexes) or wt membrane in glycerol (in case of neurosporene mutant membrane in 
glycerol). Solid lines are added as guides to the reader. 
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D/P G0 
kJ/mol 

V0 
ml/mol 

P1/2 
MPa 

m+g 14±2 -14±5 995±15 
m 28±5 -39±10 700±10 

100 34±6 -65±10 528±10 
500 35±11 -75±25 461±10 

1000 24±4 -54±10 445±10 
2000 24±5 -51±10 445±10 
5000 24±4 -56±10 425±10 

Table 3. Thermodynamic parameters characterizing phase transitions in the B850 ring of 
isolated neurosporene mutant LH2 light-harvesting complexes as a function of D/P ratio. 
As in Table 2, m+g indicates the membrane in 60% glycerol. 

Based on these carotenoid mutant studies, one may conclude that H-bond energies, as 
determined by high-pressure spectroscopy, do not depend significantly on detergent 
concentration over a broad (three orders of magitude) D/P ratio. An analysis based on data 
published in (Kangur, Timpmann et al. 2008) leads to a similar conclusion regarding wt 
complexes. This is important as it provides evidence that the studies on isolated membrane 
proteins have direct relevance to the native membrane situation. 

It is finally worth noting that the fairly sharp Qx band at around 590 nm shows no splitting 
upon high-pressure compression, despite being contributed to by Bchl molecules from both 
B850 and B800 origin. Yet, as seen in Fig. 9, there is a small blue shift and broadening of this 
band in correlation with the large blue shift and broadening of the Qy band, which is related 
to the B850 Bchl molecules. The Qx transition is known to be sensitive to axial coordination 
of chlorophylls (Rätsep, Linnanto et al. 2009; Rätsep, Cai et al. 2011). Pressure-induced 
formation of an extra (i.e. sixth) coordination bond to the central Mg atom would, however, 
lead to  a spectral red shift (Ellervee, Linnanto et al. 2004; Ellervee and Freiberg 2008). We 
thus conclude that the small changes in the Qx spectrum are a reflection of the H-bond 
breakage in the B850 system. 

7. Summary and conclusions 
Protein function is governed by its folded structure, whereas denatured states are 
characterized by disordered conformations. Since the folded state is largely defined by H-
bonds, their properties are profoundly important in our understanding of structure, stability, 
and also function of proteins. In the present chapter, experimental evidence is provided for an 
externally applied pressure induced rupture of the H-bonds that coordinate the Bchl 
chromophore cofactors with the protein scaffold in wt and various mutant peripheral LH2 
light harvesting complexes from the photosynthetic bacterium Rb. sphaeroides. We have taken 
advantage of the Bchl cofactors which act as sensitive spectroscopic nano-probes of their 
protein binding sites. The mutant LH2 complexes with a modified carotenoid background 
and/or with a missing B800 ring of Bchls were constructed to support and extend the 
relevance of the data obtained on wt complexes. To confirm that the studies of purified 
membrane proteins have relevance to intact membrane situations, the measurements have 
been performed both on detergent-isolated and native membrane-bound complexes.  
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characterized by disordered conformations. Since the folded state is largely defined by H-
bonds, their properties are profoundly important in our understanding of structure, stability, 
and also function of proteins. In the present chapter, experimental evidence is provided for an 
externally applied pressure induced rupture of the H-bonds that coordinate the Bchl 
chromophore cofactors with the protein scaffold in wt and various mutant peripheral LH2 
light harvesting complexes from the photosynthetic bacterium Rb. sphaeroides. We have taken 
advantage of the Bchl cofactors which act as sensitive spectroscopic nano-probes of their 
protein binding sites. The mutant LH2 complexes with a modified carotenoid background 
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membrane proteins have relevance to intact membrane situations, the measurements have 
been performed both on detergent-isolated and native membrane-bound complexes.  
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Abrupt spectral blue shifts have been observed in the pressure range of 0.45-1.00 GPa 
instead of usual gradual pressure-induced red shifts of the absorption and fluorescence 
emission spectra arising from the lowest-energy optical Qy and Qx transitions in the B850 
ring of 18 Bchl molecules. The shifts are correlated with similar abrupt broadening of the 
spectra. For a number of complexes the spectra recover perfectly upon the release of the 
pressure, demonstrating reversibility of these pressure effects.  

The most remarkable quantitative correspondence between the removal of single or double 
H-bonds in the basic unit of LH2 complexes by genetic engineering, on the one hand, and 
spectral shifts in membrane or isolated complexes induced by pressure, on the other, has 
been noted. This suggests a cooperative (“all-or-none” type) rupture of the H-bonds that 
bind the cofactors to the surrounding protein as the prime source of the observed spectral 
shifts. The increasing freedom of movements upon removal of the H-bonds to Bchls in their 
binding sites is the foremost cause of the spectral line broadening. A stepwise (“unit-by-
unit”) mechanism predicts clear correlations between the energy/ volume changes and the 
number of H-bonds involved, but these have not been observed. The cooperative process is 
most probably triggered by significant weakening and finally disruption of the so-called 
weak-link H-bonds. While concerted disruption of the H-bond network of water under 
pressure is well documented (Jonas, DeFries et al. 1976; Cunsolo, Formisano et al. 2009), 
evidence of similar reversible effects in proteins, particularly in membrane proteins has so 
far been scarce (Kangur, Leiger et al. 2008; Kangur, Timpmann et al. 2008). 
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Fig. 9. Relative shifts of the Qy (B850) and Qx absorption spectra for neurosporene mutant 
membrane LH2 complexes. The shifts are calculated against the reference values of wt 
membranes in glycerol. Solid lines are added as guides for the reader.  

The free energy changes related to high pressure-induced rupture of H-bonds have been 
evaluated by applying a minimalistic two-state thermodynamic model of protein 
denaturation. The energy required for breaking single H-bond in heterodimeric sub-units of 
the wt LH2 complexes is 19±3 kJ/mol, and 39±2 kJ/mol for breaking both bonds (see Table 
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2). The bond ruptures are accompanied by a decrease of the partial molar volume 
amounting 23±10 ml/mol and 71±10 ml/mol, respectively. Replacement of the native 
mixture of spheroidene/spheroidenone carotenoids with neurosporene significantly 
destabilizes the protein, so that the single and double bond energies are reduced to 14±2 
kJ/mol and 24±5 kJ/mol, respectively. These results highlight the important role 
carotenoids play in reinforcement of the photosynthetic light-harvesting protein structures. 
The H-bond energies determined for the wt photosynthetic bacterial LH complexes are an 
order of magnitude larger than thermal energy under physiological conditions, explaining 
the great stability of these proteins both against temperature and pressure. 

Comparable data are not available to the best of our knowledge; thus these results validate 
high-pressure optical spectroscopy as an effective non-invasive tool for the studies of 
bonding energetic and related structural integrity of integral membrane proteins with 
individual bond-mapping selectivity.  

8. Experimental section 
8.1 Samples 

The LH2 membranes and complexes were prepared according to (Dawkins, Ferguson et al. 
1988; Fowler, Visschers et al. 1992), respectively, and stored at liquid nitrogen temperature. 
The complexes have been removed from their native membrane environment and 
solubilized in micelles of the detergent (LDAO) that, above the critical micelle concentration, 
mimic the embedding of the proteins in native membranes. The detergent concentrations 
used, which have been elaborated above, resulted in no degradation of the complexes at 
ambient pressure. The experimental design also ensured that the detergent-solubilized 
complexes generally remained stable under elevated pressures for at least 10 hours, long 
enough for the present trials. The samples were thawed before the experiments and diluted 
with an appropriate buffer to obtain an optical density of about 0.3 of the B850 absorption 
band maximum in the assembled pressure cell. For complexes in their natural membrane 
environment no detergent was added. Colloidal properties of membrane proteins depend 
on the solvent acidity (Palazzo 2006). Therefore, for LH2 samples a 20 mM HEPES buffer, 
pH 7.5, was utilized since its buffering ability is preserved over a broad pressure range 
(Samaranayake and Sastry 2010). In some cases glycerol was added to stabilize the samples, 
to push the solvent solidification limit towards higher pressures, and to improve the solvent 
hydrostaticity in the solid phase.  

8.2 High pressure spectroscopy 

The absorption spectra of isolated and membranes complexes under ambient conditions 
were taken using a Jasco V-570 spectrophotometer (Jasco Corporation). The high-pressure 
spectroscopy system, based on a commercial diamond anvil cell (DAC D-02, Diacell 
Products Ltd.) has been previously described (Kangur, Timpmann et al. 2008). It allows 
absorption, fluorescence, fluorescence excitation, and Raman measurements to be 
performed in the same set-up. The DAC cell was equipped with a 0.35-mm thick stainless 
steel gasket, pre-indented between the anvils under small pressure. A ruby-microbead 
pressure sensor (RSA Le Rubis SA), mounted directly in the sample volume, was used to 
determine the pressure inside the DAC. The temperature of the cell was maintained at 20 ± 
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were taken using a Jasco V-570 spectrophotometer (Jasco Corporation). The high-pressure 
spectroscopy system, based on a commercial diamond anvil cell (DAC D-02, Diacell 
Products Ltd.) has been previously described (Kangur, Timpmann et al. 2008). It allows 
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0.5 0C during the experiment. No essential variations of the results were observedwhen the 
temperature was varied between 18 and 27 0C. The accuracy of the pressure measurements 
(defined as the pressure needed to shift the emission line at the output of the spectrograph 
by one pixel of the recording CCD camera) was 6.6 MPa. The pressure was increased 
stepwise with an average rate of 25-30 MPa per minute. Recurrent measurements ensured 
reproducibility of the data. Reversibility of the measurements was regularly checked by way 
of releasing pressure from its maximum value down to ambient pressure. 
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1. Introduction 
The dynamic properties such as temperature factors or B-factors of a crystallographic 
protein structure result from a complex network of various interactions. To compute 
temperature factors, the straightforward way is to integrate the long time trajectory of the 
protein structure using molecular dynamics (Levitt & Warshel, 1975; Warshel, 1976; 
McCammon et al., 1977) and to compute the root mean square fluctuations of the trajectory, 
which takes into account all possible interactions in terms of empirical force field. Recently, 
the elastic network model (Tirion, 1996; Bahar et al., 1997; Ming et al., 2002) has been shown 
to be quite successful in computing temperature factors. Compared with the usual 
molecular mechanical force field, the elastic network model is a much simpler model. It is 
based on a mechanical model that each C atom is connected through a single-parameter 
harmonic potential function to its surrounding atoms that are within a cut-off distance 
usually in the range of 7 to 10 Å. The mathematical operations in the elastic network model 
are simply the matrix inversion and diagonalization, no trajectory computation required. It 
is somewhat surprising that a mechanical model as simple as the elastic network model, 
which uses only single parameter, i.e., the cut-off distance, can compute dynamics 
properties such as B-factors with accuracy comparable to the more complex molecular 
dynamics method.  

The study of solvent accessible surface area (ASA) has been one of the most important topics 
in computation biology due to the fact that the residues interacting with other biological 
molecules are located on protein surface (Connolly, 1983). ASA has been used in the studies 
of protein stability (Gromiha et al., 1999), protein folding (Eisenberg & McLachlan, 1986), 
and fold recognition (Liu et al., 2007). The relationships between thermal fluctuation and 
some concepts related to ASA have been studied. B-factor has shown to correlate to local 
packing densities (Halle, 2002), atomic distance to protein center-of-mass (Shih et al., 2007; 
Lu et al., 2008) and residue depth (Zhang et al., 2009). Residue flexibility was known to be 
correlated to its ASA in single protein (Sheriff et al., 1985) or small dataset (Carugo & Argos, 
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1997). In a related study, the impact of the ASA of immediate and further neighbors of 
investigated residues was also noted (Zhang et al., 2009). In this study, we further discuss 
the relationship between ASA and theoretical thermal fluctuations which are not reported in 
previous studies. 

Since the elastic network model is mainly based on information of local packing of each C 
atom, one may expect that relative atomic solvent accessibility may qualitatively reflect 
atomic fluctuation. In this work, we showed that this relation goes beyond just a qualitative 
one - the profiles of the temperature factors of crystallographic structures are very similar to 
those of the smoothed amino acid solvent accessibility. Our results show that protein 
dynamical properties can be inferred directly from the static structural properties without 
assuming an additional mechanical model. Another interesting corollary from our results is 
that one may predict temperatures factors from protein sequences with a prediction 
program of solvent accessibility. 

2. Comparison between B-factor and actual RSA value 
In this section, we compare B-factor and relative solvent accessibility (RSA) derived from 
protein structure. First, we discuss B-RSA relationships when different window sizes are 
used in smoothing RSA. Second, we show in detail how smoothed RSA (sRSA) are better 
correlated to B-factor than unsmoothed RSA (uRSA) in several example proteins and the 
phenomenon is generally true in a large dataset. Third, B-RSA correlations are calculated 
separately for residues located on protein surface, in the core, and in between. 

2.1 Methods 

2.1.1 The B-factor and the relative solvent accessibility profiles 

The amino acid solvent accessible areas of the proteins are obtained from DSSP (Kabsch & 
Sander, 1983). For each protein, we can compute its relative solvent accessibility (RSA) 
profile. The RSA of the ith amino acid of type x, x

ia , is computed from  

 x
0ii /A100Aa x  (1) 

where Ai is the solvent accessible area of the ith amino acid and xA0  is the maximal solvent 
accessible area of amino acid of type x. The RSA profile of a protein of N residues is denoted 
as )a,,a(aA Nu  21 .  

The smoothed RSA profile is computed by averaging the RSA of each amino acid together 
with those of its n flanking amino acids. In the case of the terminal amino acid, its one-sided 
flanking amino acids are used twice in averaging. The smoothed RSA profile of a protein of 
N residues is denoted as )a,a,a(A Nu  21 , where ia  is the smoothed relative solvent 
accessibility. For convenience, we will refer to the original RSA as uRSA and the smoothed 
RSA as sRSA. The predicted RSA is denoted as pRSA and the smoothed pRSA as spRSA. 
The spRSA is computed from pRSA by the smoothing method mentioned above. The B-
factors are extracted from the PDB files of x-ray protein structures. The B-factor profile is 
given as )b,,b(bB N 21 , where ib  is the B-factor of the C atom of the thi  residue.  
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2.1.2 The z-scores of the B-factor and the relative solvent accessibility 

For easy comparison, the B-value, the uRSA, the sRSA, the pRSA and the spRSA profiles are 
normalized to their corresponding z-scores  

 
x

x
xxz




  (2) 

where x  and x  are the mean and standard deviation of x , respectively. Here x  is b , a  
or a . We will use the notations Bz , uRSAz  , sRSAz , pRSAz  and spRSAz  and to denote the z values 
of B, uRSA, sRSA, pRSA and spRSA, respectively. Their corresponding profiles are denoted 
by the vectors Bz , uRSAz , sRSAz , pRSAz  and spRSAz . In terms of z , the correlation coefficient c  
between, for example, sRSAz  and Bz  is computed by BrRSA zz  . If 1c , these profiles are 
perfectly correlated; if 0c , they are completely independent of each other; 1c , they are 
perfectly anti-correlated. 

2.1.3 Data set 

The data set (PR972) is selected from PDB-REPRDB (Noguchi & Akiyama, 2003), including 
972 protein chains with sequence length larger than 60 residues and pair wise sequence 
identity smaller than 25%. All structures are solved by x-ray crystallography with resolution 
better than 2.0 Å and R-factors smaller than 0.2. Detail list of the data set can be found in our 
previous study on protein structure-dynamics relationship (Lu et al., 2008). 

2.2 Selection of smoothing window size of sRSA profiles 

The thermal fluctuation of a single residue is affected by its flanking amino acids because of 
various interactions between their atoms, for example, hydrogen bonds, van der Waals 
interaction, electrostatic force, etc. Here, we show that the correlation between B-factor and 
RSA increases obviously with proper smoothing window size. 

 
Fig. 1. Average correlation coefficients between normalized B-factor and RSA profiles based 
on the PR972 dataset. The RSA profiles are smoothed by different window sizes, from 0 
(unsmoothed) to 25. 



 
Protein Structure 

 

216 

Figure 1 shows the average correlation coefficients between B-factor and RSA profiles 
smoothed by different window sizes, ranging from 1 (unsmoothed) to 25. The calculations 
are done based on the PR972 dataset. The average correlation coefficient between B-factor 
and RSA increases greatly from 0.51 (unsmoothed) to 0.60 (window size = 3). It is interesting 
that the results are similar when the window sizes are between 3 to 9 and become worse 
when the window size is larger than 9. It suggests that the thermal fluctuation of a residue is 
mostly affected by the neighbouring residues in this range (window size from 3 to 9). When 
the window size is too large, it seems that the information from distant residues has little 
correlation with the thermal fluctuation. 

Based on the calculations shown in Figure 1, the window size is set to 3 (with the highest 
average correlation coefficient of 0.60) in the following sections. 

2.3 The effects of smoothing on the correlation between B-factor and RSA 

Figure 2 shows the B-factor, unsmoothed RSA (uRSA) and smoothed RSA (sRSA) profiles of 
a typical example: 5-carboxymethyl-2-hydroxymuconate isomerase (1OTG:C). The uRSA 
profile has a more rugged shape when compared with the B-value profile. If the rugged fine 
structures of uRSA profile are smoothed out, the global shapes of the B-factor and the sRSA 
profiles are seen to be quite similar (Figure 1B). The ruggedness of the uRSA profile is due to 
that the solvent accessibility of an amino acid may be quite different from its immediate 
flanking amino acids, but the B values of an amino acid and its immediate flanking amino 
acids appear to be more correlated.  

 
Fig. 2. Comparison of the B-value, uRSA and sRSA profiles of 5-carboxymethyl-2-
hydroxymuconate isomerase (1OTG:C): (A) the uRSA (solid line) and the B-factors (dotted 
line) profiles; (B) the sRSA (solid line) and the B-factors (dotted line) profiles. 



 
Protein Structure 

 

216 

Figure 1 shows the average correlation coefficients between B-factor and RSA profiles 
smoothed by different window sizes, ranging from 1 (unsmoothed) to 25. The calculations 
are done based on the PR972 dataset. The average correlation coefficient between B-factor 
and RSA increases greatly from 0.51 (unsmoothed) to 0.60 (window size = 3). It is interesting 
that the results are similar when the window sizes are between 3 to 9 and become worse 
when the window size is larger than 9. It suggests that the thermal fluctuation of a residue is 
mostly affected by the neighbouring residues in this range (window size from 3 to 9). When 
the window size is too large, it seems that the information from distant residues has little 
correlation with the thermal fluctuation. 

Based on the calculations shown in Figure 1, the window size is set to 3 (with the highest 
average correlation coefficient of 0.60) in the following sections. 

2.3 The effects of smoothing on the correlation between B-factor and RSA 

Figure 2 shows the B-factor, unsmoothed RSA (uRSA) and smoothed RSA (sRSA) profiles of 
a typical example: 5-carboxymethyl-2-hydroxymuconate isomerase (1OTG:C). The uRSA 
profile has a more rugged shape when compared with the B-value profile. If the rugged fine 
structures of uRSA profile are smoothed out, the global shapes of the B-factor and the sRSA 
profiles are seen to be quite similar (Figure 1B). The ruggedness of the uRSA profile is due to 
that the solvent accessibility of an amino acid may be quite different from its immediate 
flanking amino acids, but the B values of an amino acid and its immediate flanking amino 
acids appear to be more correlated.  

 
Fig. 2. Comparison of the B-value, uRSA and sRSA profiles of 5-carboxymethyl-2-
hydroxymuconate isomerase (1OTG:C): (A) the uRSA (solid line) and the B-factors (dotted 
line) profiles; (B) the sRSA (solid line) and the B-factors (dotted line) profiles. 

On the Relationship Between Residue  
Solvent Exposure and Thermal Fluctuations in Proteins 

 

217 

We computed the correlation coefficient between the B-factor, uRSA and sRSA profiles for 
the PR972 data set. Figure 3A shows the distribution of correlation coefficient between the 
B- factor and the uRSA profiles. The median of the correlation coefficients is 0.52 and 62% of 
the proteins have a correlation coefficient ≥ 0.5. Figure 3B shows the distribution of 
correlation coefficient between the B-factor and the sRSA profiles. The median of the 
correlation coefficients is now improved to 0.65 and 86% of the proteins have a correlation 
coefficient ≥ 0.5. 

 
Fig. 3. The distribution of correlation coefficients of (A) the uRSA and (B) the sRSA profiles 
for the nonhomologous data set of 972 chains (PR972). The shaded areas indicate the 
sequences that have correlation coefficients ≥ 0.5. 

2.4 Examples 

Figure 4 shows some examples of the uRSA and sRSA profiles together with the B-value 
profiles: iron (II) superoxide dismutase (1ISA:B), dimethylsulfoxide reductase (1EU1:A) and  
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the  /  domain of 6-phosphogluconate dehydrogenase (2PGD), Serratia endonuclease 
(1SMN:B). The B-factor profiles are very similar to sRSA profiles. Figure 4 shows the 
correlation between sRSAz  and Bz  of the corresponding proteins.  

 
Fig. 4. Comparison of the crystallographic B-factors (dotted lines) of C atoms and the sRSA 
profiles (solid lines) of the following proteins: 1ISA:B, iron (II) superoxide dismutase; 
1EU1:A, a dimethylsulfoxide reductase; 2PGD, the  /  domain of 6-phosphogluconate 
dehydrogenase; 1SMN:B, a Serratia endonuclease; 1RLR, the the  /  domain of 
ribonucleotide reductase protein R1. The sRSA profiles are normalized to the scale of the 
crystallographic B-factors. 

2.5 Comparison of B-RSA relationship for residues in different structural contexts 

Proteins are strongly interacting with their environment and protein dynamics have been 
shown to be affected or “slaved” to the solvent around them (Fenimore et al., 2004). Since 
we have observed close relationship between B-factor and RSA, it is interesting to examine 
the relationships separately for the surface residues, the partially buried residues and the 
residues deeply buried in protein core. 
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The residues in the PR972 dataset are grouped based on the local rigidity of each residue. 
The rigidity score is computed using the WCN model (Lin et al., 2008) which is a cutoff-free 
contact number model. The rigidity scores range from 0 to 1 and we use two bin sizes, bin 
size=0.1 and bin size=0.2, to separate the residues into 10 and 5 groups respectively. Figure 5 
shows the correlation coefficients between B values and sRSA for each group (bin size=0.1 
shown in filled circle, bin size=0.2 shown in rhomb). The results clearly show that the 
correlations between B values and sRSA decrease as the rigidity scores increase (correlation 
coefficient=-0.77). In other words, B values are better correlated to sRSA for residues located 
in less crowded environment or on the surface of the protein.  

 
Fig. 5. The correlation coefficients between B and sRSA profiles for residue groups with 
increasing rigidity scores. The bin size=0.1 (filled circle) and bin size = 0.2 (rhomb) are used 
to separate the residues into groups. The linear regression is based on the groups of bin 
size=0.1.The statistics are done using the PR972 dataset. 

3. Comparison between theoretical thermal fluctuation and actual RSA value 
Thermal fluctuations in protein can be computed theoretically from its structure. Here, we 
further compare RSA profiles with theoretical thermal fluctuations computed by two 
methods, the Protein-fixed-point (PFP) model (Shih et al., 2007; Lu et al., 2008) and 
Weighted-contact number (WCN) model (Lin et al., 2008). These two models are shown to 
be able to reproduce B-factor from protein structure. The WCN model was further applied 
to the prediction of NMR order parameters (Huang et al., 2008) and the identification of 
enzyme active sites (Huang et al., 2011). The basic idea of the PFP model is assume that 
thermal fluctuation of a residue is related to the squared distance between the residue and 
the center-of-mass of the protein: 

 2
iB ir  (3) 

where iB is the theoretical thermal fluctuation of residue i and ir is the distance between 
residue i and protein center-of-mass. The WCN model is a cutoff-free contact number 
model. Unlike traditional contact number calculation, the WCN model assumes that all 
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residues interact with each other in a protein. The contact number of a residue is contributed 
by all other residues but each contact term is weighted inversely by the squared distance 
between them: 

 



N

ij ijr 2i
1w  (4) 

where iw is the weighted contact number score of residue i, N is the total residue number of 
the protein, and ijr is the distance between residue i and j. 

Experimental thermal fluctuations are affected by different experimental conditions. For 
example, two structures of rubredoxin, 1CAA and 1IRO, have almost identical structure 
(RMSD = 0.44Å) but their B-factor profiles are dissimilar. Figure 6 compares their B-factor 
and WCN profiles, clearly showing that similar X-ray structures may have very different B-
factor profiles. 

 
Fig. 6. Comparison of Z-scores of (A) B-factor profiles and (B) WCN profiles of two 
structures of rubredoxin (PDB id: 1CAA and 1IRO) 

Figure 7 shows the distributions of correlation coefficients between sRSA and thermal 
fluctuations derived from different methods, including experimental B-factor, PFP model, 
and WCN model. The average correlation coefficients based on the PR972 dataset are 0.72 
(WCN) and 0.55 (PFP) which are higher than that of B-factor (0.52). The correlations 
between sRSA and theoretical thermal fluctuations are more obvious than that of sRSA and 
B-factor. One reason may be that B-factor is affected by experimental conditions as shown in 
the example illustrated in figure 6.  



 
Protein Structure 

 

220 

residues interact with each other in a protein. The contact number of a residue is contributed 
by all other residues but each contact term is weighted inversely by the squared distance 
between them: 

 



N

ij ijr 2i
1w  (4) 

where iw is the weighted contact number score of residue i, N is the total residue number of 
the protein, and ijr is the distance between residue i and j. 

Experimental thermal fluctuations are affected by different experimental conditions. For 
example, two structures of rubredoxin, 1CAA and 1IRO, have almost identical structure 
(RMSD = 0.44Å) but their B-factor profiles are dissimilar. Figure 6 compares their B-factor 
and WCN profiles, clearly showing that similar X-ray structures may have very different B-
factor profiles. 

 
Fig. 6. Comparison of Z-scores of (A) B-factor profiles and (B) WCN profiles of two 
structures of rubredoxin (PDB id: 1CAA and 1IRO) 

Figure 7 shows the distributions of correlation coefficients between sRSA and thermal 
fluctuations derived from different methods, including experimental B-factor, PFP model, 
and WCN model. The average correlation coefficients based on the PR972 dataset are 0.72 
(WCN) and 0.55 (PFP) which are higher than that of B-factor (0.52). The correlations 
between sRSA and theoretical thermal fluctuations are more obvious than that of sRSA and 
B-factor. One reason may be that B-factor is affected by experimental conditions as shown in 
the example illustrated in figure 6.  

On the Relationship Between Residue  
Solvent Exposure and Thermal Fluctuations in Proteins 

 

221 

 
Fig. 7. The distributions of correlation coefficients between sRSA and B-factor (white), PFP 
(grey), and WCN (black) profiles based on the PR972 dataset 

4. Prediction of B-factors from sequences based on predicted RSA profiles 
Since the smoothed solvent accessible surface profiles are quite similar to the B-factor 
profiles, we can indirectly predict B-factors from sequence using the smoothed RSA profile 
predicted from sequence. 

4.1 Methods 

4.1.1 Prediction of relative solvent accessibility 

The real value prediction of RSA (pRSA) is computed by the support vector machine (SVM) 
regression model. The inputs to the SVM are position–specific substitution matrix (PSSM) 
obtained from PSI-BLAST (Altschul et al., 1997), secondary structure profile predicted by 
PSIPRED (McGuffin et al., 2000) and hydropathy index. The PSSM profile was obtained 
after three iterations (E-value = 0.003) against the non-redundant protein sequence database. 
A 24N  scoring matrix is used as an input to the SVM, which including the PSSM profiles, 
secondary structure profiles and hydropathy index. Here, the size of the sliding window of 
the sequence, N, is set to 15. We train the SVM regression model by the commonly used 
RS126 dataset (Rost & Sander, 1993), a non-homologous data set with pair wise sequence 
identity less than 25% over a length of more than 80 residues.  

4.1.2 The support vector machine 

The support vector machine method (SVM) (Vapnik, 1995) has been successfully applied to 
secondary structure prediction (Hua & Sun, 2001; Kim & Park, 2003; Ward et al., 2003), 
subcellular localization prediction(Hua & Sun, 2001; Yu et al., 2004), protein fold assignment 
(Ding & Dubchak, 2001; Yuan et al., 2003) and other biological pattern classification 
problems (Dobson & Doig, 2003; Chen et al., 2004; Kim & Park, 2004). The original idea of 
the SVM is to find the separating hyperplane with the largest distance between two classes. 
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However, because the data to be classified may not always be linearly separable, the SVM 
overcomes this difficulty by using the kernel function to nonlinearly transform the original 
input space into a higher dimensional feature space, so that the data may be effectively 
separated in the higher dimensional space. SVMs perform well compared with other 
machine-learning methods because of convenient classifier's capacity control and effective 
avoidance of overfitting. In this work, the software package LIBSVM (Chang & Lin, 2001) 
was used. 

4.2 Prediction results and comparison with other methods 

The 2-state model is used to evaluate the performance of RSA prediction. Each residue is 
assigned buried or exposed by comparing its RSA value with a threshold and the prediction 
accuracy is defined by the percentage of correctly predicted residues. The prediction 
accuracies using different thresholds are listed in Table 1. The accuracies of two related 
prediction methods, SVMpsi and Fuzzy K-NN, are also listed for comparison with our 
results. The SVMpsi (Kim & Park, 2004) used SVM and the position-specific scoring matrix 
(PSSM) generated from PSI-BLAST and the Fuzzy K-NN (Sim et al., 2005) used fuzzy k-
nearest neighbor method and PSSM as feature vectors. 
 

Method 
State threshold 

25% 16% 5% 0% 
SVMpsi 76.8 77.8 79.8 86.2 

Fuzzy K-NN 78.3 79.0 82.2 87.2 
This work 77.8 78.1 80.0 88.8 

Table 1. The accuracies of predicting RSA from sequence in 2-state model based on the 
RS126 dataset 

The correlation coefficients between the B-factor profiles and the predicted RSA (pRSA) and 
smoothed pRSA (spRSA) profiles are computed for the PR972 data set. The correlation 
coefficient between the B-factor and pRSA profiles is 0.44 and 31% of the proteins have 
correlation coefficient ≥ 0.5. After smoothing the pRSA profiles, the correlation coefficient 
between the B-factor and spRSA profiles increases to 0.53 and 55% of the proteins have 
correlation coefficient ≥ 0.5. Since spRSA and B-factor are well correlated, we assume that 
the spRSA of each residue is its predicted B-factor value. We found that the results of 
utilizing spRSA are comparable to one of the current best B-factor prediction results (Yuan 
et al., 2005). Yuan used support vector regression approach and PSSM information to 
predict the B-factor distribution from sequence and reported a correlation coefficient of 0.53 
on a dataset of 766 high-resolution proteins. For fair comparison, we tested our method on 
the same dataset. The average correlation coefficient between spRSA and B-factor is 0.52 
which is comparable to theirs (0.53).  

Figure 8 shows the B-factor, pRSA and spRSA profiles of human uracil-DNA glycosylase 
inhibitor (1UGH:I). The correlation coefficient between the B-factor and pRSA profiles of the 
protein is 0.68 (Figure 8A). After smoothing, the correlation coefficient between the B-factor 
and spRSA profiles is 0.83. The B-factor profiles are better correlated to the spRSA profiles 
than the unsmoothed profiles, especially in the N-terminal and the P26-S39 residue regions 
(Figure 8B). 



 
Protein Structure 

 

222 

However, because the data to be classified may not always be linearly separable, the SVM 
overcomes this difficulty by using the kernel function to nonlinearly transform the original 
input space into a higher dimensional feature space, so that the data may be effectively 
separated in the higher dimensional space. SVMs perform well compared with other 
machine-learning methods because of convenient classifier's capacity control and effective 
avoidance of overfitting. In this work, the software package LIBSVM (Chang & Lin, 2001) 
was used. 

4.2 Prediction results and comparison with other methods 

The 2-state model is used to evaluate the performance of RSA prediction. Each residue is 
assigned buried or exposed by comparing its RSA value with a threshold and the prediction 
accuracy is defined by the percentage of correctly predicted residues. The prediction 
accuracies using different thresholds are listed in Table 1. The accuracies of two related 
prediction methods, SVMpsi and Fuzzy K-NN, are also listed for comparison with our 
results. The SVMpsi (Kim & Park, 2004) used SVM and the position-specific scoring matrix 
(PSSM) generated from PSI-BLAST and the Fuzzy K-NN (Sim et al., 2005) used fuzzy k-
nearest neighbor method and PSSM as feature vectors. 
 

Method 
State threshold 

25% 16% 5% 0% 
SVMpsi 76.8 77.8 79.8 86.2 

Fuzzy K-NN 78.3 79.0 82.2 87.2 
This work 77.8 78.1 80.0 88.8 

Table 1. The accuracies of predicting RSA from sequence in 2-state model based on the 
RS126 dataset 

The correlation coefficients between the B-factor profiles and the predicted RSA (pRSA) and 
smoothed pRSA (spRSA) profiles are computed for the PR972 data set. The correlation 
coefficient between the B-factor and pRSA profiles is 0.44 and 31% of the proteins have 
correlation coefficient ≥ 0.5. After smoothing the pRSA profiles, the correlation coefficient 
between the B-factor and spRSA profiles increases to 0.53 and 55% of the proteins have 
correlation coefficient ≥ 0.5. Since spRSA and B-factor are well correlated, we assume that 
the spRSA of each residue is its predicted B-factor value. We found that the results of 
utilizing spRSA are comparable to one of the current best B-factor prediction results (Yuan 
et al., 2005). Yuan used support vector regression approach and PSSM information to 
predict the B-factor distribution from sequence and reported a correlation coefficient of 0.53 
on a dataset of 766 high-resolution proteins. For fair comparison, we tested our method on 
the same dataset. The average correlation coefficient between spRSA and B-factor is 0.52 
which is comparable to theirs (0.53).  

Figure 8 shows the B-factor, pRSA and spRSA profiles of human uracil-DNA glycosylase 
inhibitor (1UGH:I). The correlation coefficient between the B-factor and pRSA profiles of the 
protein is 0.68 (Figure 8A). After smoothing, the correlation coefficient between the B-factor 
and spRSA profiles is 0.83. The B-factor profiles are better correlated to the spRSA profiles 
than the unsmoothed profiles, especially in the N-terminal and the P26-S39 residue regions 
(Figure 8B). 

On the Relationship Between Residue  
Solvent Exposure and Thermal Fluctuations in Proteins 

 

223 

 
Fig. 8. Comparison of the B-value, pRSA and spRSA profiles of human uracil-DNA 
glycosylase inhibitor (1UGH:I): (A) the pRSA (solide line) and the B-factors (dotted line) 
profiles; (B) the spRSA (solid line) and the B-factors (dotted line) profiles. 

Several methods have been developed to predict B-factor from sequence using different 
methodologies and testing datasets. The results of these methods have been compared using 
a small dataset (290 protein chains) (Radivojac et al., 2004). The average correlation 
coefficients are 0.32 (Vihinen et al., 1994) by a sliding window averaging technique and B-
factor propensities, 0.43 by using neural network and multiple sequence alignment 
information (Radivojac et al., 2004). There were also structure-based prediction methods, for 
example, it was reported that the elastic network model has an average correlation 
coefficient of 0.59 between B-factor and their residue flexibility score (Kundu et al., 2002). 

5. Conclusions 
Though the dynamic properties of a protein result from a complex network of various 
interactions, we found that the B-factors of crystallographic structures are closely related to 
solvent accessibility directly derived from the protein structure. Our results indicate that 
dynamic properties such as B-factors can be computed directly from the protein's 
geometrical shape without assuming any mechanical models. Furthermore, we found that 
the smoothed solvent accessibility profiles are very similar to the B-factor profiles, and in 
some proteins, these profiles can overlap with each other almost perfectly. In a dataset 
comprising 972 non-homologous protein sequences, 86% of the proteins have a correlation 
coefficient between zB  and zsRSA  larger than 0.5. The results are consistent with the 
research by previous work (Zhang et al., 2009) showing the linear relationship between RSA 
and B-value profiles. In addition, we show that the relationship is not equal for residues in 
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the environments of different rigidity. The correlations are higher for the residues located in 
the loose regions than those in the rigid environments.  

Our results suggest that protein structure and protein dynamics are so closely related that 
the relative solvent accessibility profile allow one to directly infer the complete B-factor 
profiles. It will be interesting to investigate further whether there exists similar relationship 
between B-factors and other structural properties other than solvent accessibility. Recent 
studies showed a close relationship between the sites of low B-factor values and the active 
or the binding sites (Yuan et al., 2003; Yang & Bahar, 2005). Our results suggest a potential 
way to identify active sites from sequence without structure information. Figure 9 shows the 
spRSA and B-value profiles of type 2 rhinovirus 3C protease (1CQQ). The catalytic residues, 
H40, E71 and C147 (shown in open circle), are located at the low-mobility regions in the 
spRSA profile. 

 

Fig. 9. B-value (dashed line) and spRSA (solid line) profiles of type 2 rhinovirus 3c protease 
(1CQQ). The catalytic residues, H40, E71 and C147, are labelled as open circle. 

Since the prediction of solvent accessibility(Ahmad et al., 2003; Kim & Park, 2004) as well as 
the prediction of secondary structure elements(Qian & Sejnowski, 1988; Rost & Sander, 1993; 
Jones, 1999) from protein sequences are among the earliest and the best developed 
methodologies in computational biology, our findings suggest an indirect way of predicting 
B-factors from sequences - approaches based on various machine-learning techniques such 
as the support vector machines or the neural networks have been quite successful in the 
prediction of real value solvent accessibility, and we can borrow these methods and directly 
apply them to the prediction of B-factors by the use of the smoothed relatively solvent 
accessibility. We predict the solvent accessibility from sequence using the support vector 
machine method. The results are comparable to that of the current best methods, with an 
average correlation coefficient of 0.53 between the B-factor and spRSA profiles over a data 
set of 972 proteins. 
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1. Introduction 
A promising method of preserving aqueous protein solutions is to subject them to high 
pressure and low temperature. However, two significant issues can arise under these 
conditions: (1) ice nucleation in aqueous solution at 273 K and 1.0 GPa, and (2) structural 
changes to the protein  (Kunugi & Tanaka, 2002; Frank, 1995; Heremans & Smeller, 1998; 
Vandekooi, 1998).  

The first issue can be avoided by addition of a freezing-protection agent such as sugar or 
salt. For example, Miyazaki et al. reported that myoglobin in a highly aqueous NaCl solution 
forms a glassy state during quenching and annealing processes (Miyazaki et al., 1993, 2000). 

Our group has a continuing interest in devising new freezing-protection agents. To this end, 
we have systematically investigated the structure of aqueous electrolyte salt solutions and 
room-temperature ionic liquids (RTILs), which consist of the cations and anions. We found 
that such water-mixed solutions remain liquid even at 1.0 GPa and 77 K (achieved by rapid 
cooling at 500 K/min) (Imai et al., 2010; Takekiyo et al., 2006a, 2006b; Yoshimura et al., 2009, 
2011) and that water-soluble RTILs such as 1-butyl-3-methylimidazolium tetrafluoroborate 
remain liquid even at 2.0 GPa (Imai et al., 2011, Takekiyo et al., 2011). These results suggest 
that high pressure and low temperature by the use of RTILs-water mixtures might be useful 
for the freezing preservation of aqueous protein solutions. 

The second issue can best be addressed by developing a better understanding of the 
structural stability of aqueous protein solutions under conditions of high pressure and low 
temperature. 

Pressure–temperature (P–T) phase diagrams provide valuable information about the 
structural stability of proteins. Such diagrams have been obtained by thermodynamic 
analysis of the pressure and temperature dependencies of structural stability by various 
experimental methods including NMR, UV–VIS, and vibrational spectroscopy (Brandts et 
al., 1970; Hawley, 1971; Lassale et al. 2000; Panick et al., 2005; Taniguchi & Suzuli, 1983; 
Yamaguchi et al., 1995; Zip & Kauzman, 1973). They show that, for many proteins, pressures 
of >0.5 GPa induce pressure unfolding and temperatures of <253 K induce cold unfolding. 
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With respect to pressure unfolding, many proteins—such as ribonuclease A(RNase A), 
lysozyme, myoglobin, and trypsin—pressure unfold at >0.5 GPa (Meersman et al, 2002, 
2003;Ruan et al., 1999; Smeller et al., 2006), whereas other proteins such as cytochrome c and 
trp repressor do not pressure unfold under high pressure. Dewa et al. and Dubins et al. 
showed that cytochrome c undergoes pressure-induced recovery (Dewa et al., 1998, Dubins 
et al., 2003). Moreover, Desai et al. showed that the population of the solvated α-helical 
structure of trp repressor increases from approximately 20% to 40% with increasing 
pressure, whereas the population of the buried α-helical structure, located in the interior of 
the protein, decreases from approximately 60% to 30% (Desai, et al., 1999). 

With respect to cold unfolding, Nash and Jonas suggest that, for some proteins, the cold-
unfolded state might resemble an early folding intermediate (Nash & Jonas, 1997). Zhang et 
al. showed that the cold-unfolded state retains a native-like core structure (Zhang et al., 
1995). Building on their results, Meersman et al. reported that cold unfolding results in the 
formation of a partially unfolded state in which some secondary contacts are still present 
(Meersman et al, 2002a). 

These results suggest the following: Under high pressure, helical proteins such as 
myoglobin and cytochrome c exhibit different structural stabilities, and α/β- and β-proteins 
such as RNase A, lysozyme, and trypsin tend to unfold in water. At low temperature, 
protein denaturation induces partial unfolding. 

Thus, two important questions arise: What dominant factor accounts for the different 
structural stabilities of α-proteins under high pressure? And what is the nature of the 
structural changes induced in proteins at low temperature? Our goal, in investigating the 
feasibility of protein preservation under high pressure and low temperature, is to answer 
these questions. To this end, we report herein the systematic investigation of pressure- and 
temperature-induced changes in the secondary structures of oligopeptides and helical 
proteins by means of FTIR and circular dichroism (CD) spectroscopy combined with density 
functional theory (DFT) and geometric volume calculations. 

2. Experimental methodology 
2.1 Samples 

For peptide samples, Ac-YGAA(KAAAA)2KA-NH2(AK peptide) (Shimizu Laboratory, Soka 
University) and poly-L-glutamic acid (PLGA) sodium salts (MW = 8000; Peptide Inc.) were 
used without further purification. For protein samples, bovine serum albumin (BSA) and 
horse-heart cytochrome c (Sigma-Aldrich Co.) were used without further purification. 
Figure 1 shows the three-dimensional structures of these peptide and proteins. 

Sample solutions were prepared as follows. For FTIR spectral measurements, solutions were 
prepared at concentrations of 20 mg/mL in two different buffer solutions (20 mM MES, pD 
5.0; 50 mM tris-DCl buffer, pD 7.6). All exchangeable backbone amide protons in the 
peptides and proteins were deuterated by incubating in a D2O solution at 298 K. Completion 
of hydrogen–deuterium exchange was confirmed by the cessation of shifts in the amide II 
band. This band, in the frequency region around 1550 cm1, is known to shift to around 1450 
cm1 on deuteration of the backbone amide protons. For CD spectral measurements, 
solutions were prepared at concentrations of 0.1 mg/mL (~0.06 mM) in a buffer solution 
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(pD 6.7). Sample concentrations were determined by UV absorption at 280 nm of Tyr and 
Trp (ε = 1197 M1 cm1 for Tyr and 5559 M1 cm1 for Trp). 

(a) AK peptide

(b) Serum Albumin (1AO6) (c) Cytochrome c (1HRC)

(a) AK peptide

(b) Serum Albumin (1AO6) (c) Cytochrome c (1HRC)
 

Fig. 1. Three-dimension structures of (a)AK peptide, (b) serum albumin (1AO6), and (c) 
cytochrome c (1HRC). The structure of AK peptide is built using the Gauss view program. 

2.2 High-pressure and low-temperature experiments 

FTIR and CD spectroscopy are powerful tools for investigating changes in the secondary 
structures of peptides and proteins. For our purposes, the amide I’ (the deuterium peptide 
groups) vibrational mode, which consists of C=O stretching, C–N stretching, and C–C–N 
deformation in the region 1620–1690 cm1 (Figure 2), is highly sensitive to the secondary 
structures of peptides and proteins, and thus serves as an indicator of α-helical and/or β-
sheet structures (Bandekar, 1992; Krimm & Bandekar, 1986). Similarly, CD spectroscopy 
enables estimation of the helical content of proteins. CD-ellipticity  at 208 and 222 nm, which 
originates from n–π* excitation of the peptide backbone, correlates strongly with helical 
content (Chen et al., 1974; Greenfield et al., 1969; Kelly et al., 2005). We previously reported 
the relevant details of FTIR and CD spectroscopy (Takekiyo et al., 2006c, 2009). 
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Fig. 2. Relationship between the amide I and I’ modes of protein. 

For high-pressure experiments, we used a diamond anvil cell (DAC) (Figure 3a). Sample 
solution was placed together with a small amount of α-quartz for a pressure marker 
(Siminovitch, et al., 1987; Wong, et al., 1985) in a Hasteloy C-276 gasket (φ = 1.0 mm, t = 0.05 
mm) mounted in the DAC (Figure 3b). Pressure was measured to a precision of ±0.05 GPa. The 
infrared beam was condensed by a zinc selenide lens system onto the sample in the DAC. 

 
Fig. 3. (a) Schematic picture of diamond anvil cell (DAC) and (b) Schematic diagram of 
diamond anvils with a gasket and α-quartz. 
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For low-temperature experiments, we used a cryostat chamber (Figure 4a). The outer 
windows of the chamber were made of CaF2. A Teflon spacer (100 μm) was placed between 
two CaF2 windows in the transmission cell (Figure 4b), the cell was set in the chamber, and 
the chamber was filled with liquid N2 at 0.1 MPa. Temperature was controlled with a mass 
flow controller. The cooling speed was 30 K/min. 

 
Fig. 4. Schematic picture of (a) cryostat stetted up with FTIR spectrophotometer and (b) 
transmission cell. 

2.3 Density Functional Theory (DFT) and geometric volume calculations 

Density functional theory (DFT) calculations have been used as the investigation 
methodology for the intermolecular interaction between the biomolecules and water 
molecules (Ham et al., 2003; Kubelka & Keiderling, 2001; Nemukhin et al., 2002). The 
present DFT calculations were performed using the GAUSSIAN03 program (Frish et al., 
2003). For our present calculations, we performed geometry-optimization and frequency 
calculations at the B3LYP/6-311G++(d,p) level (Becke, 1998, 1998; Lee et al., 1998), which 
includes the solvent effect, using the polarized continuum model (PCM) (Wiberg & Tomasi, 
1982). 

Geometric volume calculation has been conducted as the analysis methodology for 
obtaining the information on a relationship between the partial molar volume (PMV) and 
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the structure of a biomolecule (Imai et al., 2005a, 2005b; Ling et al., 1998). The geometric 
volume calculations of peptides and proteins were carried out using the alpha-shapes 
program (Edelsbrunner et al., 1995; Ling et al., 1998). Geometric volume component of 
peptides and proteins enables the calculation of the solvent accessibility of the molecular 
surface, assuming that a water molecule is a hard-sphere probe (Edelsbrunner et al., 1995; 
Imai et al., 2005a, 2005b; Ling et al., 1998). In the present study, we calculated both van der 
Waals volume (Vw) and molecular volume (VM). The latter, VM, consists of Vw plus void 
volume (Vv), which is the volume of the structural void within the solvent-inaccessible core 
of the solute molecule. Hence, Vv can be obtained by subtracting Vw from VM. That is, Vv = 
VM  Vw. The diameter of water molecule was taken as 2.928 Å, again assuming that a water 
molecule is a hard-sphere (Imai et al., 2005a). Figure 5 shows schematic definitions of these 
various volume contributions. 

Probe

Protein

Molecular volume (VM)

van der Waals volume (VW)

void volume (VV)

Probe

Protein

Molecular volume (VM)

van der Waals volume (VW)

void volume (VV)

 
Fig. 5. Definition of geometric volume contributions. 

3. Results and discussion 
3.1 Pressure-induced structural stability of proteins 

Figure 6 shows FTIR and second-derivative spectra as a function of pressure in the amide I’ 
region for AK peptide and PLGA. The spectra show three peaks at 1635, 1645, and 1672 cm1 
for AK peptide and three peaks at 1637, 1648, and 1670 cm1 for PLGA. In a previous FTIR 
study (Manas et al., 2000; Reisdorf et al., 1996; Silva et al., 2002, Walsh et al., 2003), two 
peaks at 1635 and 1637 cm1 for AK peptide and PLGA were assigned to the solvated α-
helical structure, as shown in the same figure. The peak frequency for a solvated α-helical 
structure is lower than the characteristic frequency for a buried α-helical structure (~1650 
cm1) due to the hydrogen bond between the -helix and water molecule as shown in Fig. 7. 
The peak at ~1645 cm1 for both peptides is thus assigned to a random-coil structure. The 
peaks at 1672 cm1 for AK peptide are assigned to the asymmetric carboxylate stretching of 
trifluoroacetic acid ion remained after dialysis (Williams et al., 1996). The peak at 1670 cm1 
for PLGA is assigned to a turn structure. 
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3. Results and discussion 
3.1 Pressure-induced structural stability of proteins 

Figure 6 shows FTIR and second-derivative spectra as a function of pressure in the amide I’ 
region for AK peptide and PLGA. The spectra show three peaks at 1635, 1645, and 1672 cm1 
for AK peptide and three peaks at 1637, 1648, and 1670 cm1 for PLGA. In a previous FTIR 
study (Manas et al., 2000; Reisdorf et al., 1996; Silva et al., 2002, Walsh et al., 2003), two 
peaks at 1635 and 1637 cm1 for AK peptide and PLGA were assigned to the solvated α-
helical structure, as shown in the same figure. The peak frequency for a solvated α-helical 
structure is lower than the characteristic frequency for a buried α-helical structure (~1650 
cm1) due to the hydrogen bond between the -helix and water molecule as shown in Fig. 7. 
The peak at ~1645 cm1 for both peptides is thus assigned to a random-coil structure. The 
peaks at 1672 cm1 for AK peptide are assigned to the asymmetric carboxylate stretching of 
trifluoroacetic acid ion remained after dialysis (Williams et al., 1996). The peak at 1670 cm1 
for PLGA is assigned to a turn structure. 
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Fig. 6. FTIR (upper) and second derivative (lower) spectra in the amide I’ region of (a) AK 
peptide and (b) PLGA in aqueous solution as a function of pressure. 
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Fig. 7. Scheme of the buried α-helix and solvated α-helix in proteins. 
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Significantly, for AK peptide and PLGA, the solvated α-helical structures increase with 
pressure but the random-coil structures decrease from the second derivative spectra. Thus, 
the solvated α-helical structures of AK peptide and PLGA are clearly stabilized at high 
pressure. Similar observations have previously been reported. For example, Desai et al. 
reported that the solvated α-helical structure of trp repressor is maintained at 0.8 GPa (Desai 
et al., 1999). A recent FTIR study showed that the solvated α-helical structures of alanine-
based peptide (Imamura et al., 2009), four-helix bundle protein (α-l-α)2 (Takekiyo et al., 
2006c) and GCN4-p1 (Imamura et al., 2010) do not unfold even at >1.0 GPa; rather, with 
increasing pressure, the populations of the buried α-helical structure decrease and those of 
the solvated α-helical structure increase, implying that the solvated α-helical structures of 
(α-l-α)2 and GCN4-p1 hydrate strongly under high pressure. In contrast, however, 
Meersman et al. reported that the α-helical structure of myoglobin begins to break down at 
>0.5 GPa and denatures completely at 0.7 GPa (Meersman et al., 2002), and Wojciech et al. 
reported that apo and holo types of α-lactalbumin unfold completely at 0.5 GPa (Wojciech et 
al., 1999). Thus, from the viewpoint of the pressure-induced unfolding of helical proteins, 
the structural stabilities of even similar helical proteins can differ from one another under 
high pressure. 

3.2 Pressure effect on amide I’ frequency shifts of proteins: Interpretation from dft 
calculations 

What, then, is the dominant factor affecting the structural stability of helical proteins under 
high pressure? We investigated this question by examining the amide I’ frequency shift and 
geometric volume. The pressure-induced amide I’ frequency shift of a protein is clearly 
related to environmental changes around the protein. 

Recent FTIR studies of helical peptides and proteins have shown that, for (α-l-α)2 and 
GCN4-p1, with increasing pressure, the amide I’ frequency of the solvated α-helical 
structures (~1635 cm1) shift to lower frequency (Takekiyo et al., 2006c; Imamura et al., 
2010). Our current results are consistent with these findings. Figure 8 shows that, for AK 
peptide and PLGA, with increasing pressure, both amide I’ frequencies of the solvated α-
helical structures shift to lower frequency. 

To clarify the nature of this pressure-induced amide I’ frequency shift for the α-helical 
structures of proteins, we focus on the hydrogen bond (H-bond): the intermolecular H-bond 
between the α-helical structure and water molecules. We then explain the pressure-induced 
shift to lower frequency by speculating that, with increasing pressure, the intermolecular H-
bond between the C=O group of the peptide bond and water molecules strengthens, the 
C=O force constant weakens, and the contribution of C=O bond unharmonicity increases.  

As a model system of solvated α-helical structure, we selected N-methylacetamide (NMA; 
CH3CONHCH3) dimer + D2O complex. NMA is the simplest model compound for 
investigating the structural and physical properties of the peptide group (Ham et al. 2003; 
Kubelka & Keiderling, 2001). For our present calculations for the NMA dimer + D2O 
complex, we examine the two peaks at 1632 and 1656 cm1, which are amide I’ peaks arising 
from the NMA–D2O H-bond and NMA H-bond free, respectively (Figure 9). The former H-
bond pattern corresponds to the solvated α-helical structure. 
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Fig. 8. The peak wavenumber of the solvated α-helical structure of AK peptide and PLGA in 
aqueous solution as a function of pressure. The closed and open circles represent PLGA and 
AK peptide, respectively. 
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Fig. 9. Amide I’ frequency and hydrogen bond of the peptide bond in the NMA-dimer + 
D2O complex. The red and blue long-dashed lines represent the H-bond between the NMA–
D2O and between the NMA–NMA, respectively. 
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The change in the intermolecular H-bond distance (dO･･･O) between the NMA dimer’s C=O 
group and the water molecule’s O–D group is related to pressure-induced changes of the 
intermolecular H-bond distance in the α-helical structure. We calculated the dO･･･O 
dependence of the amide I’ frequencies of NMA dimer + D2O (Figure 10). With decreasing 
dO･･･O (i.e., increasing pressure), the peak at 1632 cm1 (●) shifts to lower frequency. Below 
dO･･･O = 2.36 Å, the frequency shift at 1632 cm-1 (●) increases significantly. Thus, with 
decreasing dO･･･O, the intermolecular H-bond between the NMA dimer’s C=O group and the 
water molecule’s O–D group strengthens. Because the peak at 1632 cm1 shifts to a slightly 
extent than that at 1656 cm1, the average amide I’ frequency shift for NMA dimer + D2O 
below dO･･･O = 2.36 Å is dominated by the peak at 1632 cm1. This lower amide I’ frequency 
shift with decreasing dO･･･O (below dO･･･O = 2.36 Å) for NMA dimer + D2O is similar to that for 
the solvated α-helical structure. Thus, our results indicate that pressure-induced shorting 
distance of the intermolecular H-bond between the peptide’s C=O group and the water 
molecule’s O–D group causes shifts of the amide I’ mode to lower frequency for the solvated 
α-helical structure. Paschek et al., in a recent IR simulation study (Paschek et al., 2005), 
proposed that the pressure-induced shift of AK peptide’s amide I’ mode to lower frequency 
is due to hydration effects between the peptide and water molecules rather than structural 
changes in the peptide. Our results support this suggestion. The amide I’ frequency shifts 
for the solvated α-helical structure strongly correlate with changes in dC=O…D–O. 
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Fig. 10. Changes in the amide I’ frequency of NMA in the NMA-dimer + D2O complex as a 
function of the bond distance (dO･･･O) between the C=O group of the peptide bond of NMA 
dimmer and the O-D group of water calculated at B3LYP/6-311+(d,p) basis set. 
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Fig. 10. Changes in the amide I’ frequency of NMA in the NMA-dimer + D2O complex as a 
function of the bond distance (dO･･･O) between the C=O group of the peptide bond of NMA 
dimmer and the O-D group of water calculated at B3LYP/6-311+(d,p) basis set. 
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3.3 Origin of pressure stability of proteins: Interpretation from geometric volume 
calculations 

We now consider the pressure stability of proteins in terms of geometric volume. PMV is a 
fundamental thermodynamic quantity that characterizes protein conformation (Chalikian, 
2003) and is of principal importance in the analysis of pressure-induced denaturation of 
protein by Le Chatelier’s law (Balny et al., 2002; Royer, 2002). Assuming that the protein 
unfolding process is a two-state transition (folded (F) ↔ unfolded (U)), the relationship 
between the pressure dependence of the equilibrium constant (K) and PMV is as follows: 

(∂lnK/∂p)T = –ΔV/RT 

where K is the equilibrium constant, where ΔV is the difference in PMV between the 
protein’s folded and unfolded states. From this relationship, it is evident that increasing 
pressure causes the protein structure to change so as to minimize PMV (ΔV < 0). Therefore, 
analysis of PMV differences associated with pressure unfolding can improve our 
understanding of the structural stability of proteins under high pressure. 

Drawing upon the PMV analysis reported by Chalikian and Breslauer (Chalikian & 
Breslauer, 1996), we now systematically consider PMV differences between the folded and 
unfolded conformers of helical peptides and proteins. The PMV difference between the 
folded and unfolded states can be decomposed into three terms as follows: 

ΔV = ΔVw + ΔVv + ΔVHyd, 

where ΔVw and ΔVV are the van der Waals and void-volume differences, respectively, and 
ΔVHyd is the hydration volume difference caused by changes in intermolecular interactions 
between the solvent water and solute. 

We suggest that protein void space may be the most significant factor affecting the pressure 
stability of proteins. Lopez et al. have speculated similarly (Lopes et al., 2004). They 
investigated the pressure dependence of the volume contribution of the hydrophobic 
internal cavity inside three-helix bundle mutant proteins and showed that a large cavity 
space induces a large change in volume. Therefore, we focus herein on the void volume of 
various helical peptides and proteins to elucidate the relationship between the pressure 
stability and volume properties of proteins. 

We systematically calculated the geometric volumes of various peptides and proteins (probe 
size 2.98 Å). Table 1 shows the volume properties of various peptides and proteins. Figure 
11(a) shows plots of Vw, VM, and Vv as a function of molecular weight (MW). Vw, VM, and Vv 
all increase linearly with MW. Imai et al. recently calculated the MW dependence of the 
molecular volume of various proteins and showed that Vv correlates well with MW (Imai et 
al., 2005a); our results are consistent with these. Figure 11(b) shows plots of Vv/MW as a 
function of MW. Vv/MW increases up to MW = ~20000 and remains constant thereafter. 

The pressure stability of a protein structure is thought to correlate with the adiabatic 
compressibility (β) of the folded protein (Taulier & Chalikian, 2002; Gekko, 2004). That is, in 
a folded protein, increasing Vv causes an increase in β. The β values for the well-known 
helical proteins cytochrome c (Kamiyama et al., 1999) and myoglobin (Gekko & Noguchi, 
1974) are 3.60 and 8.98 Mbar1, respectively. The former is clearly smaller than the latter. 
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Similarly, the Vv/MW values for cytochrome c and myoglobin are 0.153 and 0.223 cm3mol−1 
MW1, respectively. Thus, for these two proteins, the difference in relationship of Vv/MW 
values correlates with the difference in β values. 

Protein PDB ID Vw VM Vv Vv/MWNresidue
* MW**

Helical peptide
GCN4-p1
Cytochrome c
Four helix bundle
Myohemerythrin
Myoglobin
Phospholipase c
Hemerythrin (deoxy)
Human Hemoglobin

1DJF
2TZA
1HRC
1MFT
2MHR
101M
1AH7
1HMD
1A3N

15
68

105
106
118
154
245
452
574

1586
7958

11688
12898
13761
17266
28373
53328
61922

955.6
4550.2
7126.1
6855.8
9679.0

11134.3
17438.2
31758.1
39184.1

1067.1
5900.4
8913.9
8691.9

12495.1
14987.6
23448.4
42452.6
53289.1

111.6
1353.3
1787.7
1836.2
2816.0
3853.3
6010.2

10694.5
14105.1

0.070
0.170
0.153
0.142
0.204
0.223
0.211
0.200
0.227

( ) p y g
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0.204
0.223
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0.227

( ) p y g

 
*Nresidue: Amino acid residue 
** MW: Molecular weight 

Table 1. Volume contributions (cm3/mol) of proteins by geometric volume calculation. 

Molecular weight

0 10000 20000 30000 40000 50000 60000 70000
0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

V vo
id

/ c
m

3 ・
m

ol
-1
・

M
W

-1

0 10000 20000 30000 40000 50000 60000 70000
0

10000

20000

30000

40000

50000

60000

V w
, V

v, 
an

d
V H

yd
/ c

m
3 ・

m
ol

-1

Molecular weight

(a) (b)

Molecular weight

0 10000 20000 30000 40000 50000 60000 70000
0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

V vo
id

/ c
m

3 ・
m

ol
-1
・

M
W

-1

0 10000 20000 30000 40000 50000 60000 70000
0

10000

20000

30000

40000

50000

60000

V w
, V

v, 
an

d
V H

yd
/ c

m
3 ・

m
ol

-1

Molecular weight

(a) (b)

Molecular weight

0 10000 20000 30000 40000 50000 60000 70000
0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

V vo
id

/ c
m

3 ・
m

ol
-1
・

M
W

-1

Molecular weight

0 10000 20000 30000 40000 50000 60000 70000
0.06

0.08

0.10

0.12

0.14

0.16

0.18

0.20

0.22

0.24

V vo
id

/ c
m

3 ・
m

ol
-1
・

M
W

-1

0 10000 20000 30000 40000 50000 60000 70000
0

10000

20000

30000

40000

50000

60000

V w
, V

v, 
an

d
V H

yd
/ c

m
3 ・

m
ol

-1

Molecular weight

0 10000 20000 30000 40000 50000 60000 70000
0

10000

20000

30000

40000

50000

60000

V w
, V

v, 
an

d
V H

yd
/ c

m
3 ・

m
ol

-1

Molecular weight

(a) (b)

 
Fig. 11. (a) Fig. 11. (a) The changes in the van der Waals volume (Vw)(●), molecular volume 
(VM)(○), and void volume (VV)(▲) of various helical peptide and proteins as a function of 
molecular weight. The straight lines are the results of the least-squares analysis. The 
correlation coefficient values (R) of the least-square fit are 0.9736 for Vw, 0.9769 for VM, and 
0.9398 for VV, respectively. (b) Change in the Vv per molecular weight of helical peptides 
and proteins as a function of molecular weight. 

Next, we consider the pressure stability of proteins obtained by our present and previous 
results. The helical structures of AK peptide (15 residues), helix bundle proteins (64 
residues) (Takekiyo et al., 2006c), and GCN4-P1 (68 residues) (Imamura et al., 2010) do not 
unfold even at ~1.0 GPa. The Vv/MW values for these helical peptides and proteins are all 
<0.2 cm3mol−1MW−1. In contrast, the helical structures of myoglobin (153 residues) 
(Meersman et al., 2002) and α-lactalbumin unfold completely at 0.7 GPa (Wojciech et al., 1999). 
The Vv/MW value for myoglobin is 0.223 cm3mol−1MW−1. From Figure 11 (b), we see that the 
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1MFT
2MHR
101M
1AH7
1HMD
1A3N

15
68

105
106
118
154
245
452
574

1586
7958

11688
12898
13761
17266
28373
53328
61922

955.6
4550.2
7126.1
6855.8
9679.0

11134.3
17438.2
31758.1
39184.1

1067.1
5900.4
8913.9
8691.9

12495.1
14987.6
23448.4
42452.6
53289.1

111.6
1353.3
1787.7
1836.2
2816.0
3853.3
6010.2

10694.5
14105.1

0.070
0.170
0.153
0.142
0.204
0.223
0.211
0.200
0.227

( ) p y g

 
*Nresidue: Amino acid residue 
** MW: Molecular weight 

Table 1. Volume contributions (cm3/mol) of proteins by geometric volume calculation. 
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Fig. 11. (a) Fig. 11. (a) The changes in the van der Waals volume (Vw)(●), molecular volume 
(VM)(○), and void volume (VV)(▲) of various helical peptide and proteins as a function of 
molecular weight. The straight lines are the results of the least-squares analysis. The 
correlation coefficient values (R) of the least-square fit are 0.9736 for Vw, 0.9769 for VM, and 
0.9398 for VV, respectively. (b) Change in the Vv per molecular weight of helical peptides 
and proteins as a function of molecular weight. 

Next, we consider the pressure stability of proteins obtained by our present and previous 
results. The helical structures of AK peptide (15 residues), helix bundle proteins (64 
residues) (Takekiyo et al., 2006c), and GCN4-P1 (68 residues) (Imamura et al., 2010) do not 
unfold even at ~1.0 GPa. The Vv/MW values for these helical peptides and proteins are all 
<0.2 cm3mol−1MW−1. In contrast, the helical structures of myoglobin (153 residues) 
(Meersman et al., 2002) and α-lactalbumin unfold completely at 0.7 GPa (Wojciech et al., 1999). 
The Vv/MW value for myoglobin is 0.223 cm3mol−1MW−1. From Figure 11 (b), we see that the 
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structures of helical peptides and proteins for which Vv/MW < 0.2 cm3･mol-1･MW-1 exhibit 
small pressure stability, and those for which Vv/MW > 0.2 cm3･mol-1･MW-1 exhibit large 
pressure stability. Thus, our calculation result is in qualitatively good agreement with previous 
experimental results for the pressure stability of helical peptides and proteins, and both the 
examined proteins do indeed exhibit large pressure stability. On the basis of these calculations, 
we suggest that helical proteins having a small void space are stabilized at high pressure. 

Our findings so far suggest that, for successful preservation under high pressure, two 
conditions must be met: (1) the α-helical structure must be sufficiently hydrated with water 
molecules, and (2) the protein must have a small void space. 

3.4 Comparisons of the structural stability of proteins at low temperature 

We have just discussed the structural stability of proteins under high pressure. We now 
focus on the structural stability of proteins at low temperature (liquid N2, 77 K).  

Figure 12 shows the FTIR (upper) and CD (lower) spectra of PLGA, BSA, and cytochrome c 
in aqueous solution at 298 K and 77 K, both at 0.1 MPa. The FTIR spectrum of PLGA shows 
an intriguing change: the peak at 1638 cm1 increases in intensity with decreasing 
temperature from 298 to 77 K. This peak position is close to that assigned to the solvated α-
helical structure, despite the fact that bulk water is crystallized at 77 K. If low temperature 
induces the solvated α-helical structure of PLGA, the associated CD spectrum at low 
temperature should show double negative bands at 208 and 222 nm, characteristic of an α-
helical structure. Indeed, the CD spectra of PLGA show, at 298 K, a negative band at 195 nm, 
characteristic of a random-coil structure, the CD spectra show the characteristic of α-helical 
structure. Thus, low temperature induces the transition of PLGA from coil to helix and then 
stabilizes the resulting solvated α-helical structure. 

What is the α-helical structure of proteins at 77 K? In Figure 12, the peaks for BSA and 
cytochrome c at ~1635 cm1 increase with decreasing temperature from 298 to 77 K. The CD 
spectra show negative bands at 208 nm and 222 nm even at 77 K, albeit at changed intensity. 
Thus, the solvated α-helical structure of PLGA, BSA, and cytochrome c is clearly stabilized 
at 77 K despite the crystallization of bulk water. Moreover, these spectral changes are 
completely reversible. Thus, the low-temperature-induced stabilities of the solvated α-
helical structure of helical proteins are very similar to the pressure-induced stabilities. 

Previous FTIR studies by Manas et al. and Walsh et al. showed that the solvated α-helical 
structure of α3D (a de novo designed three-helix bundle protein), GCN4-p1, and parvalbumin 
in glycerol–D2O mixed solution does not unfold at low temperature (10 K) but rather is 
stabilized (Manas et al., 2000; Walsh et al., 2003). Generally, addition of glycerol to a protein 
solution is known to induce incremental structural stability in the protein (Zelent et al., 2004; 
Wright et al., 2003). Our present results show that the solvated α-helical structures of PLGA, 
BSA, and cytochrome c are stabilized at 77 K without the addition of glycerol. On the other 
hand, the secondary structures of RNase A, lysozyme, and trypsin having a β-sheet 
structure show an increase in the ratio of unfolded structure to β-sheet structure at 77 K 
(data not shown). Based on these results, we found the difference of the structural stability 
of proteins at 77 K from the viewpoint of two secondary structure types (the α-helix and β-
sheet). A general rule is that the solvated α-helical structure is hydrophilic and the β-sheet  
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Fig. 12. FTIR (upper) and CD (lower) spectra of PLGA, BSA, and cytochrome c in water at 
298 (solid line) and 77 K (long-dashed line). 

structure is hydrophobic. Typically, the stability of β-sheet cores in proteins requires the 
exclusion of water since the hydrogen bonding is much sparser between the β-sheets 
(between individual strands) than between the turn or α-helix. If the bulk water is frozen it 
is impossible for the water exclusion effects to act and no reduction in free energy is 
achieved by formation of β-sheet structure. In contrast, as stated above, α-helical structures 
are formed by H-bonds between successive loops in the helix. These H-bonds would come 
more stable (relative to thermal fluctuations) at low temperature. Hence, lowering the 
temperature may even induce α-helix formation such as PLGA and helical proteins. 

In this section, our findings so far suggest that, for successful preservation under low 
pressure, one condition must be met: the α-helical structure must be sufficiently hydrated 
with water molecules as in the case of high pressure. 

3.5 Feasibility of protein preservation under high pressure and low temperature 

As mentioned in Section 1, a necessary condition for protein preservation under high 
pressure and low temperature is that ice formation must be avoided, and this can be 
accomplished by addition of a freezing-protection agent such as sugar or salt. For example, 
Yamamoto et al. recently reported compression recovery of the secondary structure of 
RNase A in a sucrose–D2O mixed solution (Yamamoto, et al. 2010). Manas et al. and Walsh et 
al. reported, by FTIR study, that the secondary structures of α3D, GCN4-p1, and 
parvalbumin in a glycerol–D2O mixed solution do not unfold at low temperature (10 K), 
suggesting that the solvated α-helical structure hydrated with water molecules is stabilized 
under this condition (Manas et al., 2000; Walsh et al., 2003). Moreover, Thus, under high 
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Fig. 12. FTIR (upper) and CD (lower) spectra of PLGA, BSA, and cytochrome c in water at 
298 (solid line) and 77 K (long-dashed line). 

structure is hydrophobic. Typically, the stability of β-sheet cores in proteins requires the 
exclusion of water since the hydrogen bonding is much sparser between the β-sheets 
(between individual strands) than between the turn or α-helix. If the bulk water is frozen it 
is impossible for the water exclusion effects to act and no reduction in free energy is 
achieved by formation of β-sheet structure. In contrast, as stated above, α-helical structures 
are formed by H-bonds between successive loops in the helix. These H-bonds would come 
more stable (relative to thermal fluctuations) at low temperature. Hence, lowering the 
temperature may even induce α-helix formation such as PLGA and helical proteins. 

In this section, our findings so far suggest that, for successful preservation under low 
pressure, one condition must be met: the α-helical structure must be sufficiently hydrated 
with water molecules as in the case of high pressure. 

3.5 Feasibility of protein preservation under high pressure and low temperature 

As mentioned in Section 1, a necessary condition for protein preservation under high 
pressure and low temperature is that ice formation must be avoided, and this can be 
accomplished by addition of a freezing-protection agent such as sugar or salt. For example, 
Yamamoto et al. recently reported compression recovery of the secondary structure of 
RNase A in a sucrose–D2O mixed solution (Yamamoto, et al. 2010). Manas et al. and Walsh et 
al. reported, by FTIR study, that the secondary structures of α3D, GCN4-p1, and 
parvalbumin in a glycerol–D2O mixed solution do not unfold at low temperature (10 K), 
suggesting that the solvated α-helical structure hydrated with water molecules is stabilized 
under this condition (Manas et al., 2000; Walsh et al., 2003). Moreover, Thus, under high 
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pressure and low temperature, sugar solutions can induce retention of the secondary 
structures of proteins. 

Given that the protein structure can be retained with addition of a freezing-protection agent, 
can it also be retained without addition of such an agent? Our present and previous results 
(Meersman et al, 2002, 2003; Ruan et al., 1999; Smeller et al., 2006) show that proteins having 
a β-sheet structure unfold at high pressure and show an increase in the ratio of unfolded 
structure to β-sheet structure at 77 K. Therefore, protein preservation under high pressure 
and low temperature is difficult without the use of a freezing-protection agent. However, 
our present results show that the secondary structures of helical proteins having a small 
void space do not unfold at high pressure and low temperature. Thus, helical proteins may 
resist low–temperature- and high-pressure-induced protein unfolding, and their 
preservation under high-pressure and low-temperature conditions may thus be feasible. 

4. Summary and conclusions 
Protein preservation under high pressure and low temperature can be hampered by two 
issues: (1) conversion of bulk water to ice, and (2) structural instability of the protein by 
pressure unfolding (which occurs at pressures of >0.5 GPa) and cold unfolding (which 
occurs at temperatures of <243 K). The first issue can be solved by use of a freezing-
protection agent. Our present results show that the second issue is not a concern for helical 
proteins having a small void space because these proteins are clearly stabilized at high 
pressure (~1.0 GPa) or low temperature (77 K). Thus, proteins having a high degree of 
solvated α-helicity have a high feasibility of preservation under high pressure and low 
temperature, even without the use of a freezing-protection agent. 

Many previous studies have reported the structural stability of proteins in aqueous sugar or 
salt solutions at low temperature, but only a few have done so at high pressure. However, 
both pressure and temperature play critical roles in regulating the structures and properties 
of proteins, and both are important tools for exploring new methods of protein preservation. 
Our present results demonstrate the feasibility of protein preservation under conditions of 
both high pressure and low temperature. 
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1. Introduction 
CutA1 is a universal protein distributed in bacteria, plants and animals, including humans. 
This protein was originally isolated and characterized from a gene locus of Escherichia coli 
called cutA (Fong et al., 1995). The CutA protein is involved in copper tolerance; moreover, 
it affects divalent cation tolerance levels of zinc, nickel, cobalt and cadmium salts. The cutA 
locus consists of two operons: one containing a single gene encoding a cytoplasmic protein, 
CutA1, and the other is composed of two genes encoding the inner-membrane proteins, 
CutA2 and CutA3. It has been reported that mammalian CutA1 is necessary for anchoring 
the enzyme acetylcholinesterase (AChE) in neuronal cell membranes (Navaratnam et al., 
2000; Perrier et al., 2000). Additionally, CutA1 affects the folding, oligomerization, and 
secretion of AChE (Falasca et al., 2005; Liang et al., 2009), and co-expression with CutA1 
increased the formation and secretion of AChE tetramers (Liang et al., 2009). Therefore, the 
presence of CutA1 in the secretory pathway affects the processing, probably the folding, and 
the oligomerization of AChE. However, the precise functions of CutA1 remain to be 
validated. 

The structure of bacterial and mammalian CutA1 has been crystallographically 
demonstrated in Pyrococcus horikoshii (Ph-CutA1) (Tanaka et al., 2004a), Thermus 
thermophilus (Tt-CutA1) (Tanaka et al., 2006), Oryza sativa (Os-CutA1) (Sawano et al., 
2008), Escherichia coli (Ec-CutA1) (Arnesano et al., 2003), Homo sapiens (Hs-CutA1) 
(Bagautdinov et al., 2008), Thermotoga maritima (Tm-CutA1) (Savchenko et al., 2004), and 
Xanthomonas campestris (Xc-CutA1) (Lin et al., 2006). In all cases, from bacterial to 
mammalian, the trimeric structure of CutA1 was conserved. Moreover, the heat-
denaturation temperatures of Ph-CutA1, Tt-CutA1, Os-CutA1, Es-CutA1, and Hs-CutA1 
are quite high: 150, 113, 97, 90, and 96°C, respectively. The denaturation temperature of 
Ph-CutA1 (150°C) is among the highest of known proteins. Several factors responsible for 
the extreme thermostability of proteins have been proposed, such as an increase in the 
number of ion pairs and hydrogen bonds (Aguilar et al., 1997; Perutz & Raidt, 1975; 
Tahirov et al., 1998; Tanner et al., 1996; Yamagata et al., 2001), core hydrophobicity 
(Schumann et al., 1993; Takano et al., 1995), packing density (Russell et al., 1994), as well 
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as the oligomerization of several subunits (Dams & Jaenicke, 1999; Jaenicke et al., 1996; 
Sterner et al., 1996), and entropic effects due to relatively shorter surface loops and 
peptide chains (Russell et al., 1994; Yamagata et al., 2001). The difference in stability 
among CutA1 was explained by the difference in electrostatic interactions (Matsuura et 
al., 2010; Sawano et al., 2008; Tanaka et al, 2004a; Tanaka et al., 2006) and the 
conformation of the β2-strand (Bagautdinov et al., 2008; Savchenko et al., 2004; Tanaka et 
al, 2004a). Though their stabilities fundamentally depended on the optimal growth 
temperatures of their host organisms, their denaturation temperatures were remarkably 
higher than the optimal growth temperatures. These results suggested that the unique 
trimeric structural motif, which enables tightly intertwined subunit interactions among 
the β-strands, was the critical factor in the unusually high stability of CutA1. 

Recently, we cloned the gene encoding CutA1 from Shewanella sp. strain SIB1 (SIB1-CutA1), 
overexpressed it in E. coli, purified the recombinant protein and crystallized it (Sato et al., 
2011). Shewanella sp. SIB1 is a psychrophilic bacterium that grows rapidly at 20°C (Kato et 
al., 2001). Although this bacterium can grow at temperatures as low as -0.15°C, growth was 
inhibited at temperatures exceeding 30°C. We demonstrated that the heat-denaturation 
temperature of SIB1-CutA1 was 95°C, suggesting that SIB1-CutA1 needs to maintain high 
stability in order to function, even in psychrophilic organisms. However, the precise 
function of Cut-A1 remains controversial. 

In this chapter, we discuss the robustness of CutA1 from the viewpoint of its structure. 
Herein, we first briefly introduce the structure and stability of Ph-CutA1, Tt-CutA1, Os-
CutA1, Tm-CutA1, Es-CutA1, Hs-CutA1, and SIB1-CutA1. Next, we will further discuss 
why the stability of CutA1 is so structurally remarkable using our novel results of CutA1 
from the psychrophilic bacterium Shewanella oneidensis MR-1 (So-CutA1). 

2. Structure and stability of CutA1 proteins 
2.1 CutA1 from Pyrococcus horikoshii 

Pyrococcus horikoshii OT3, a hyperthermophilic obligate anaerobe, can grow at temperatures 
between 88 and 104°C with an optimal temperature of 98°C. Differential scanning 
calorimetry (DSC) analysis revealed that the denaturation peak of Ph-CutA1 appeared near 
150°C at pH 7.0, indicating that the folding of Ph-CutA1 was maintained near this 
temperature and pH (Tanaka et al., 2006). Interestingly, this temperature was 50°C higher 
than the optimum growth temperature of the organism. 

The crystal structure of Ph-CutA1 consisted of a tightly intertwined trimer assembled so as 
to form a closed circular β-sheet structure (Fig. 1). The monomeric structure consisted of 
three α-helices and five β-strands. Two short (β1 and β4) and two long (β2 and β3) β-strands 
formed an askew curved sheet. The trimer was composed of monomers through interactions 
between the edges of three β-strands. Each trimer had three identical intersubunit interfaces, 
in which both edges of one strand (β2) interacted with the edges of the β2-strand in the 
other two subunits, and one short strand (β5) mutually interacted with the β4-strand of a 
different subunit. This tightly intertwined interaction appeared to contribute to the 
stabilization of the trimeric structures of the Ph-CutA1 protein. 
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Fig. 1. Ribbon diagram of trimeric structure of Ph-CutA1 (PDB code 1J2V) at 2.00 Å 
resolution. The figure was prepared using PyMol (DeLano, 2004). 

The structural characteristics of Ph-CutA1 revealed that Ph-CutA1 had many ionizable 
residues, though it had few neutral residues. The number of ionizable residues (Asp, Glu, 
Lys, Arg, and His) and intra-subunit ion pairs in Ph-CutA1 were prominent (43 and 30, 
respectively) compared to those in Ec-CutA1 (25 and 1, respectively). Importantly, the 
monomeric structure of Ph-CutA1 was highly stabilized by hydrogen bonds, ion pairs, and 
hydrophobic interactions (Tanaka et al., 2006). The intra-subunit ion pairs consisted of 14 
donor and 16 acceptor residues, which were partially exposed to the solvent. Six donor 
positively-charged residues formed ion pairs between different secondary segments in the 
same subunit (Arg82-Glu59, His35-Glu50, Arg36-Glu47, Arg68-Glu24, Arg25-Glu99, and 
Lys101-Glu64), where the other residues formed pairs within the same segment. All of the 
donor residues (Lys19, Lys66, Lys70, and Arg36) forming inter-subunit ion pairs shared 
intra-subunit ion pairs that formed of inter- and intra-subunit ion pair networks.  

Chemical denaturation by guanidine HCl (GdnHCl) or urea has been widely used to study 
protein folding and stability. These denaturants can influence not only the protein stability, 
but also the ensemble of the native structure. Tanaka et al. (2004b) reported the effects of 
GdnHCl on Ph-CutA1 through spectroscopic techniques and crystal structure studies. CD 
spectra results showed no changes in secondary structure of Ph-CutA1 even in 3 to 8 M 
GdnHCl, indicating that Ph-CutA1 had a rather rigid secondary structure. The crystal 
structure of Ph-CutA1 in 3 M GdnHCl was determined at 1.6 Å resolution by the molecular 
replacement method using native Ph-CutA1 as a search model. The crystal structure of 
native Ph-CutA1 had a large number of intermolecular hydrogen bonds, of which more than 
90% were retained in 3 M GdnHCl. The disrupted hydrogen bonds were mainly located on 
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were on the protein surface. These observations indicated that the intermolecular 
interactions of hydrogen bonds and ion pairs of Ph-CutA1 were extraordinary stable. 
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2.2 CutA1 from Thermus thermophilus, Oryza sativa, and Thermotoga maritima 

Thermus thermophilus, Oryza sativa, and Thermotoga maritima is an extreme thermophilic 
bacterium with an optimum growing temperature of 75°C. The optimum growth 
temperature of mesophilic Oryza sativa from the rice plant is 28°C. Both of the CutA1 
proteins from these organisms had a trimeric form (Fig. 2) composed of identical subunits 
between pH 2.5 and 9.0 (Sawano et al., 2008). DSC analysis has shown that the denaturation 
temperatures of Tt-CutA1 and Os-CutA1 were 113°C  at pH 7.0 and 97°C  at pH 7.0, 
respectively. These results indicated that both CutA1 proteins had high thermostability. On 
the other hand, Tt-CutA1 showed higher stability to heat, and moreover, resistance to 
denaturation than Ph-CutA1 at acidic pH (Tanaka et al., 2006). From a structural standpoint, 
the number of ionizable residues and intra-subunit ion pairs in Tt-CutA1 is not relatively 
high (29 and 12, respectively) compared to those in Ph-CutA1 (43 and 30, respectively). 
These phenomena occurred due to protonated ion pairs, which suggested that the ion pairs 
in Ph-CutA1 maintained its structural integrity at neutral pH. Changes in the cavity volume 
in the interior of a protein upon its denaturation affected the conformational stability 
(Eriksson et al., 1992; Funahashi et al., 2001). The total cavity volumes of the tertiary trimeric 
structure of Tt-CutA1 were smaller than those of Ph-CutA1. In addition, Ph-CutA1 had a 
large cavity near the center of a trimer along with four smaller cavities. These observations 
indicated that Tt-CutA1 formed tighter interactions at the trimer interfaces than Ph-CutA1, 
resulting in the high stability of Tt-CutA1 at acidic pH. 

 
Fig. 2. Ribbon diagrams of trimeric structures of (a) Tt-CutA1 (PDB code 1NZA), (b) Os-
CutA1 (PDB code 2Z0M) and (c) Tm-CutA1 (PDB code 1O5J) at 1.70 Å, 3.02 Å, and 1.95 Å 
resolution, respectively. The figures were generated with PyMol (DeLano, 2004). 

The CutA1 from Thermotoga maritima showed amino acid sequence identities to those of Ec-
CutA1 (35%), Hs-CutA1 (32%) and Ph-CutA1 (46%). The structure of Tm-CutA1 was very 
similar to those of other CutA1 proteins (Fig. 2). 

2.3 CutA1 from Escherichia coli 

The CutA1 protein was originally identified in the cutA gene locus of Escherichia coli, which 
was involved in divalent metal tolerance. Although the optimal growth temperature of 
Escherichia coli is 37°C, the denaturation temperature of Ec-CutA1 is greater than 90°C at pH 
9.0, which was also significantly higher than other proteins from mesophilic E. coli. 

The structure of Ec-CutA1 consisted of homotrimers (Arnesano et al., 2003) (Fig. 3). In the 
crystal asymmetric unit, two homotrimers were present that made extensive contacts 
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leading to a dimer of trimers. One trimer was rotated by 60° around the axis perpendicular 
to the trimer plane with respect to the other. 

 
Fig. 3. Ribbon diagram of two trimers of Ec-CutA1 (PDB code 1NAQ) at 1.7 Å resolution. 
The structures are shown in two different orientations; (a) front view and (b) side view with 
90° rotation of (a). The figure was prepared with PyMol (DeLano, 2004). 

Recently, it was reported that in order to confirm the thermostabilization mechanism, the 
structure-sequence compatibility between the conformation of Ec-CutA1 and its native 
sequence was examined using the Stability Profile of Mutant Protein (SPMP) (Matsuura et 
al., 2010). SPMP analysis is a method to rationally improve the estimation of the 
conformational stability of a protein (Ota et al., 1995). A pseudo-energy potential derived 
from a number of Protein Data Bank (http://www.pdb.org/pdb/home/home.do) 
structures was used in SPMP analysis to predict protein structures and consisted of four 
elements: packaging of the side-chains, hydration, local structure, and back-bone/side-chain 
repulsion. From the SPMP scores, seven positions of Ec-CutA1 were mutated to improve 
protein stability. The mutant Ec-CutA1 proteins were evaluated structurally and for changes 
in stability by DSC. The crystal structures of these mutant proteins were highly similar to 
the wild-type Ec-CutA1 structure, while the stabilities of the proteins with mutations at 
positions 11 and 61 were remarkably improved. The denaturation temperature of single 
mutant S11V and E61V were 105°C and 103°C, respectively, and that of the S11V/E61V 
double mutant was 114°C. The values of the denaturation temperatures were improved by 
15, 13 and 24°C, respectively, suggesting a cumulative effect for each single mutation. The 
SPMP evaluations were consistent with the DSC results. These observations suggested that 
these substitutions resulted in changes in the hydration effect, local structure, and side chain 
packaging. Positions 11 and 61 were located in the β-sheet and the two substitutions 
included residues with a higher propensity to form the β-sheet, which indicated enhanced 
stabilization (Matsuura et al., 2010). 

2.4 CutA1 from Homo sapiens 

The heat-denaturation temperature of CutA1 from Homo sapiens (Hs-CutA1) was 96°C, 
which was remarkably higher than the optimal temperature of Homo sapiens. The N-terminal 
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sequence of Hs-CutA1 was hydrophobic and might represent a cleavable secretion signal, a 
mitochondrial import signal, or a transmembrane anchor (Perrier et al., 2000); whereas, the 
bacterial CutA1 was devoid of this hydrophobic domain, and Ec-CutA1 was located in the 
cytoplasm (Arnesano et al., 2003).  

Hs-CutA1 was functional as a trimer and the orthorhombic crystal form contained two 
trimers per asymmetric unit (Bagautdinov et al., 2008). A rigid trimeric core structure 
appeared to be common to the CutA1 proteins. Similar to other CutA1 structures, the Hs-
CutA1 subunit was made up of a double βαβ motif. Strand β2 in Hs-CutA1, however, had a 
kink at its center that may have been caused by the presence of Pro101 in the middle of the 
β2-strand. This kink-type deformation of β2 close to Pro101 allowed the formation of 
hydrogen bond arrangements that stabilized the β2-strand in Hs-CutA1. The conformation 
of β2 may have a possible role in protein thermostability. 

The β2- and β3-strands and the loop between them (the β2-β3 loop) in Hs-CutA1 formed an 
extended β-hairpin. The six subunits in the asymmetric unit and the two trimers formed by 
them were very similar. However, superposition of the Hs-CutA1 subunits showed different 
conformations in the turn region of the β-hairpins, indicating a high degree of 
conformational flexibility. Actually, superposition of CutA1 trimers from different sources 
indicated that the main differences were observed in the turn area of the β-hairpins. 

The conserved residues were mainly isolated to two regions in the Hs-CutA1 subunit. A 
loop region between α2 and β4, spatially close to the β-hairpin turn, encompassed the 
conserved residues His141, Pro142 and Tyr143. The other highly conserved amino acids 
Cys96 and Tyr107 in β2, Glu118, Lys124 and Thr125 in β3, Trp109 and Gly111 in the β2-β3 
loop and Tyr160 and Trp163 in α3 were clustered at the opposite end of the scaffold. The 
tertiary fold was assembled such that the two conserved regions in the subunits were 
brought together and formed three potential active sites in the clefts at the trimer interfaces.  

In conclusion, the functionally important areas of Hs-CutA1 appeared to be the putative 
active site clefts and the flexible β-hairpins. Oligomerization of Hs-CutA1 allowed the small 
protein to form a compact cylinder-shaped structure and offered the three β-hairpins and 
cleft site for specific interactions with other proteins and molecules. These regions contained 
conserved residues and the flexible β-hairpin may have changed conformation upon 
binding of effectors and docking with a receptor. The negatively charged cleft of Hs-CutA1 
reflected the positive charge of the substrate ligands and was readily accessible to solvent.  

2.5 CutA1 from Shewanella sp. SIB1 

The CutA1 protein from Shewanella sp. SIB1 (SIB1-CutA1) contained 108 amino acid residues 
and shared 25, 30, and 39% identity with Ph-CutA1, Ec-CutA1, and Hs-CutA1, respectively. 
Recently, we determined the crystal structure of SIB1-CutA1 and measured its thermal 
stability (Sato et al., 2011).  

The overall structure of SIB1-CutA1 was a trimeric structure, which resembled other 
homologous CutA1 proteins (Fig. 4). The root-mean-square deviations (r.m.s.d.) of the Cα 
atoms for Ph-CutA1 and Ec-CutA1 against SIB1-CutA1 were 1.08 and 1.00 Å as a monomer, 
and 1.17 and 1.11 Å as a trimer, respectively. The r.m.s.d. of the Cα atoms between any pair 
of subunit SIB1-CutA1 was 0.50-0.58 Å. Each subunit consisted of three α-helices and six β-
strands, although the monomers of any other CutA1 had three α-helices and five β-strands. 
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The main difference was observed in the β2-strand (Figs. 4 and 5). The β2-strand was 
divided into two short β2-strands, β2a and β2b, in SIB1-CutA1. Ph-CutA1 and Tm-CutA1 
isolated from hyperthermophiles did not exhibit kinks, whereas Tt-CutA1, Os-CutA1, Ec-
CutA1, and Hs-CutA1 had a conformational kink in the β2-strand. This kink was caused 
from an insertion of a Pro residue into the β2-strand. In addition, a Pro deletion variant of 
Ec-CutA1 increased its stability. A Gln residue (Gln39) was inserted into a β2-strand and 
was divided into two short β-strands in the SIB1-CutA1 from a psychrotrophic bacterium. 
So-CutA1 also had an insertion of an Ala residue in the β2-strand. Therefore, these results 
suggested that the conformation of the β2-strand affected the thermostability of CutA1 since 
hyperthermophilic CutA1 had no kink, although mesophilic CutA1 contained a kink, and 
psychrotrophic CutA1 had two short divided β-strands. Moreover, hydrogen bonds 
between strands may have affected the stability. A kink caused by Pro (Pro58) in the β3-
strand was another peculiarity of SIB1-CutA1. The kink in the β3 strand also seemed to be a 
factor leading the split of the β2-strand in SIB-CutA1, since there was interaction between 
β2a and β2b of Gln39 and β3 of Pro58. 

 
Fig. 4. Ribbon diagram of trimeric structure of SIB1-CutA1 (PDB code 3AHP) at 2.7 Å 
resolution. The β-strand is shown in red. The figure was prepared using PyMol (DeLano, 2004). 

 
Fig. 5. Close-up views of β2 (β2a and β2b) and β3. (a) SIB1-CutA1. (b) Ec-CutA1. (c) Ph-
CutA1. The figure was prepared using PyMol (DeLano, 2004). 
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The SIB1-CutA1 protein began to unfold at 80°C at pH 7.0. However, the unfolding was not 
completed at 95°C, because the CD value at 95°C and pH 7.0 differed from that at 95°C  and 
pH 5.0. Shewanella sp. could not grow at temperatures over 30°C, and other enzymes from 
Shewanella sp. SIB1, FKBP22 and ribonuclease H1 were inactivated at temperatures less than 
40°C. These results illustrated the high stability of SIB1-CutA1. 

3. Function of CutA1 proteins from the viewpoint of their structure 
Despite the similarities in folding of copper chaperones and roles in copper tolerance, CutA1 
proteins did not possess the classical CXXC motif that has been shown to bind metal ions via 
thiol sulphurs in Cys residues (Bull & Cox, 1994; O’Halloran, 1993). In Ec-CutA1, three 
cysteine residues (16, 39, and 79) were far apart both in sequence and structure, as none 
were located within a single subunit or trimer. This suggested that potential metal-binding 
features of CutA1 were different from those of metallochaperones. Moreover, in Tm-CutA1, 
there was a cavity accessible from the outside via three solvent accessible channels. The 
cavity of Tm-CutA1 was formed by a number of conserved aromatic residues (Tyr45, Trp47, 
Tyr81, and Trp101), and charged residues (Asp54, Glu56, and Glu82), which made this cleft 
a strong candidate for a conserved function. Several conserved residues including Cys35 
covered inner surfaces of the cavity that may serve as potential metal binding sites. Though 
CutA has been known to be involved in metal homeostasis, the metal-binding CXXC 
sequence motif was not found in Tm-CutA1.  

The CutA1 architecture was similar to those of several well-characterized PII signal 
transducer proteins (Arnesano et al., 2003; Savchenko et al., 2004). PII proteins are trimeric 
structures and integrate intracellular nitrogen and carbon status signals to the control of 
enzymes responsible for nitrogen assimilation (Ninfa & Atkinson, 2000). The trimeric PII-
like domains were reported to act as signal sensors that regulated unknown catalytic 
activities of more conserved domains (Godsey et al., 2007; Saikatendu et al., 2006), which 
might suggest that the conserved trimeric assembly showed a similar mechanism of action 
as PII proteins and CutA1. On the other hand, the major structural differences included the 
presence of a C-terminal β-strand in PII proteins, while in CutA1 they replaced the α3-
helices. Additionally, a large loop between strands β2 and β3 protruded into the solvent, 
whereas strands β2 and β3 in CutA1 were longer and formed β-hairpin strands. In PII 
proteins, the two central β-strands (β3 and β4) were joined by the T-loop, which were 
composed of 17 amino acids and played a key role in protein-protein interactions. In Tm-
CutA1, the β3- and β4-strands were joined by a two amino acid turn to form a hairpin loop. 
The residues in the C-terminal extension of the Tm-CutA1 β3-strand (Tyr45, Trp46, and 
Trp47) were conserved. However, the structure of this region in Tm-CutA1 was different 
from that in PII proteins, suggesting that this region in Tm-CutA1 may not participate in 
protein-protein interactions (Savchenko et al., 2004).  

Recently, it was shown that overexpressed CutA isoform2 sensitized HeLa cells to copper 
toxicity by promoting copper-induced apoptosis (Yang et al., 2008); moreover, the inhibitory 
effect of excessive copper on cell proliferation was enhanced by over-expression of CutA 
isoform2. Based on these results, it was suggested that CutA isoform2 was implicated in an 
important role in copper toxicity. These studies will be helpful to guide future investigations 
in understanding the physiological role of the CutA1 protein. 
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4. High stability of the trimeric structural motif of CutA1 proteins 
CutA1 has an extraordinary stability that fundamentally depends on the optimal growth 
temperatures of their host organisms. The difference in stability among CutA1 proteins was 
explained by the difference in electrostatic interactions and the conformation of the β2-
strand. From a structural point of view, the high stability of CutA1 originated from the 
common trimer structural motif. The trimeric structure enabled tightly intertwined 
interactions among the β-strands. It was indicated that hydrophobic interactions in Ph-
CutA1 were responsible for stabilizing the trimeric structure. Moreover, it was observed that 
in SIB1-CutA1, the trimer subunits were solidly locked to each other with highly conserved 
aromatic residues, such as Tyr45, Trp47, Tyr81, Tyr98 and Trp101 (Fig. 6). These residues 
were located in the subunit interfaces. Therefore, we suggest that increasing stability of 
CutA1 was caused by the aromatic cluster. There was no report which provided evidence 
indicating that the aromatic cluster affected the stability of the CutA1 protein. 

 
Fig. 6. Close-up view of the subunit interface of SIB1-CutA1. Each monomer is coloured 
differently. The highly conserved aromatic residues are shown. The figure was prepared 
using PyMol (DeLano, 2004). 

SIB1-CutA1 subunit A (B or C) interacted with hydrogen bonds between β2a and β2b of 
subunit C (A or B), between β2b and β2a of subunit B (C or A) and between β4 and β5 of 
subunit B (C or A), resulting in a tightly intertwined trimer. The intertwined interactions 
among β strands of SIB1-CutA1 appeared to stabilize the trimeric structure as in other 
CutA1 proteins. Furthermore, three α-helices were located on the outside of the trimer and 
cover β-strands. Highly conserved aromatic residues, Tyr45, Trp47, and Tyr81 from subunit 
A (B or C) and Tyr98 and Trp101 from subunit B (C or A) existed in the subunit interfaces. 
These residues formed a hydrophobic core at the trimer interfaces. 

In this section, we discussed our novel results in order to demonstrate the effects of the 
aromatic cluster on So-CutA1 protein stabilization. The highly conserved aromatic residues 
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of So-CutA1 were replaced (Y44A, W46A, Y97A, W100A, and W100F) and the CD spectra 
measurements and DSC analysis of these mutant proteins were evaluated.  

The gene encoding So-CutA1 was amplified by polymerase chain reaction (PCR), where the 
genomic DNA of Shewanella oneidensis MR-1 was used as a template. The resultant DNA 
fragment was digested with NdeI and BamHI. Plasmids for overproduction of So-CutA1 were 
constructed by ligating the resultant DNA fragment into the NdeI-BamHI sites of pET25b. The 
pET25b derivatives for overproduction of the five mutant proteins were constructed by PCR 
using the QuikChange II site-directed mutagenesis kit (Stratagene). The pET25b derivative for 
overproduction of So-CutA1 was used as a template. The mutagenic primers were designed 
such that the codons for Tyr44, Trp46, Tyr97 and Trp100 were changed to Ala, and the codon 
for Trp100 was changed to Phe. The resultant DNA fragments were digested with NdeI and 
BamHI and ligated into the NdeI-BamHI sites of pET25b. For overproduction of WT and 
mutant So-CutA1, E. coli BL21 (DE3) was transformed with WT or mutant pETCutA1 and 
grown at 37°C. When D600 reached 0.6, 1 mM IPTG was added to the culture medium and 
cultivation was continued at 37°C for 4 h. The cells were harvested by centrifugation, 
disrupted by sonication, and heat-treated at 60°C for 10 min. The supernatant was dialyzed 
against 50 mM Tris-HCl at pH 8.0 and applied to a HiPrep DEAE column (GE Healthcare Life 
Sciences). The protein was eluted from the column with a linear gradient of 0 to 1.0 M NaCl 
and the purity was analyzed by SDS-PAGE.  
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Fig. 7. CD spectra of the WT and mutant So-CutA1 at pH 8.0 and 30°C. 

The CD spectra measurements were made on a J-725 automatic spectropolarimeter from 
Japan Spectroscopic Co., Ltd. (Tokyo, Japan). The mean residue ellipticity, θ, which has units 
of degrees cm2 dmol-1, was calculated. For CD spectra measurements, the buffer used 
consisted of 50 mM Tris-HCl at pH 8.0, 1 mM EDTA, and 1 mM DTT. The protein 
concentration was 0.2 mg ml-1. DSC measurements were carried out on a high-sensitivity 
VP-DSC controlled by the VPVIEWERTM software package (Microcal, Inc., Northampton, 
MA, USA) at a scan rate of 1°C min-1. The buffer for DSC measurements contained 50 mM 
Glycine-NaOH at pH 9.0, and 1 mM EDTA. The protein concentration during the 
measurements was ≈ 0.5 mg ml-1. The reversibility of thermal denaturation was verified by 
reheating the samples. 
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The CD spectra measurements were made on a J-725 automatic spectropolarimeter from 
Japan Spectroscopic Co., Ltd. (Tokyo, Japan). The mean residue ellipticity, θ, which has units 
of degrees cm2 dmol-1, was calculated. For CD spectra measurements, the buffer used 
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concentration was 0.2 mg ml-1. DSC measurements were carried out on a high-sensitivity 
VP-DSC controlled by the VPVIEWERTM software package (Microcal, Inc., Northampton, 
MA, USA) at a scan rate of 1°C min-1. The buffer for DSC measurements contained 50 mM 
Glycine-NaOH at pH 9.0, and 1 mM EDTA. The protein concentration during the 
measurements was ≈ 0.5 mg ml-1. The reversibility of thermal denaturation was verified by 
reheating the samples. 
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The far-UV spectra of these five proteins at pH 8.0 and 30°C were nearly similar to those of 
WT-So-CutA1 as shown in Fig. 7, suggesting they have folded structures. Since far-UV CD 
spectra of a protein had been affected due to the aromatic residues (Woody, 1994), the 
differences in far-UV spectra of the six proteins might be caused mainly by differences in the 
content of aromatic residues. Fig. 8 shows the DSC curves of WT and five mutant proteins at 
pH 9.0. The peak temperatures of WT-So-CutA1 was 100°C, and those of five mutant proteins 
were 89 (Y44A), 99 (W46A), 85 (Y97A), 90 (W100A), and 94°C (W100F), respectively. The peak 
temperatures of mutant proteins were lower than that of WT-So-CutA1, suggesting that the 
aromatic cluster, especially Tyr44, Tyr97, and Trp100, which were located within the interface 
of the trimer, contributed to the stabilization of So-CutA1 (Fig. 9). 
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Fig. 8 DSC curves of the WT and mutant So-CutA1 at pH 9.0. 

 
Fig. 9. Close-up view of the subunit interface (model) of So-CutA1. Each monomer is 
coloured differently. The highly conserved aromatic residues are shown in magenta. The 
figure was prepared using PyMol (DeLano, 2004). 
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5. Conclusion 
In general, high thermostability of proteins correlated with high resistance against 
proteolysis. CutA1 unfolded at a remarkably higher temperature compared to the growth 
temperatures of the host organisms. The stability of CutA1 depended upon the growth 
temperature. Therefore, CutA1 must maintain the robustness for its function. At this present 
stage, we cannot explain the relationship between the exact functions and stability of CutA1. 
Nevertheless, the unusual high stability of CutA1 basically originated from a common 
trimer structure of these proteins. Structurally, the aromatic cluster, which combined the 
subunits, participated in the stabilization of CutA1. The evolutionarily conserved trimeric 
structure and thermostability might point to a similar mechanism of CutA1 action. 
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1. Introduction 
A tremendous diversity of ligand binding proteins exists in nature. This undoubtedly 
creates considerable opportunities for scientific and medicinal applications. In this chapter, 
we will consider a range of ligand binding proteins, with particular attention to two classes, 
namely the ligand-binding proteins of the bacterial periplasm and odorant-binding proteins, 
because these proteins are the building blocks for biosensor development. 

2. Diversity of ligand-binding proteins 
All functions of living organisms are related to proteins that are present in enormous 
numbers in the living cell. Usually, proteins are classified by their function. Often, proteins 
have a range of different functions. Interestingly, the functions of many proteins involved in 
different biological processes begin with the binding of specific molecules: carbohydrates, 
amino acids, anions, metal ions, ions, oligo-peptides, proteins, lipids, odorant molecules and 
others, collectively known as ligands. Vital cell processes, such as DNA replication, gene 
expression, cell signaling and so on, are initiated by the binding of specific ligands. 
Trafficking of molecules throughout cellular compartments is possible after the binding of 
such molecules to a specific carrier protein. To perform their biological functions, enzymes 
must bind to their cognate substrates. Though performing diverse biological functions, all of 
these proteins fall into the category of ligand-binding proteins. Such proteins include 
periplasmic binding proteins, biotin-binding proteins, lipid-binding proteins, lectins, serum 
albumins, immunoglobulins, and others (De Wolf & Brett, 2000). Given that ligand binding 
proteins have a high affinity for their ligands, ligand-binding proteins can be used in 
protein-based controlled delivery systems for bioactive compounds sensitive to 
environmental factors. Another application of ligand-binding proteins is for biosensing of 
different disease markers, pathogenic molecules, environmental toxins and chemically or 
biologically hazardous compounds. Some of these proteins do not alter their structure in 
response to ligand binding (lipid-binding proteins, lectins). By contrast, other proteins show 
significant ligand-induced conformational changes. For example, the two-lobed ligand 
binding proteins of bacterial periplasm switch from their open-form in the absence of 
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ligands to their closed-form in the presence of ligands (Stratton & Loh, 2011). In general, 
ligand-binding proteins, including lipid-binding proteins, some of the lectins, serum 
albumins and biotin-binding proteins, recognize a wide array of bound ligands. By contrast, 
there are proteins with narrow specificity (for example, most of the periplasmic binding 
proteins). Ligand-binding proteins vary in their overall structure and number of binding 
sites, but most such proteins have a complex multi-domain structure or exist as multi-mers. 
As there are excellent reviews on the aforementioned families of ligand-binding proteins, 
here, we will only briefly discuss ligand-binding proteins and their possible therapeutic and 
clinical applications. 

The biotin-binding proteins, namely, chicken egg-white avidin, bacterial streptavidin and 
newly discovered tamavidins from basidiomycete fungi, have numerous medical, biological, 
biochemical and biotechnological applications (Laitinen et al., 2006; Takakura et al., 2010; 
Wilchek et al., 2006). These tetrameric proteins, consisting of classical -barrel monomers, 
bind biotin with exceptionally high affinity. Several peptides having the consensus HPQ 
tripeptide sequence are reported to be ligands of biotin-binding proteins, though with much 
lower affinity. The diverse family of lipid-binding proteins (LBP; Banaszak et al., 1994) is 
made up of extracellular LBPs (eLBPs, which are also known as lipocalins; Grzyb et al., 
2006) and intracellular LBPs (iLBPs; Glatz et al., 2002; Haunerland & Spener, 2004). These 
low-molecular weight proteins share a remarkably similar -barrel structure, albeit with 
some differences between iLBPs and lipocalins, and are found in diverse cell types. 
Individual LBPs can bind a wide range of small hydrophobic ligands, including fatty acids 
and retinol analogs. A representative member of the lipocalins is -lactoglobulin (-LG; 
Perez & Calvo, 1995), which is shown to be a promising carrier for fatty-acids, as well as a 
protective agent for bioactive compounds and therapeutically relevant synthetic retinoid 
derivatives (Liang & Subirade, 2010; Riihimaki-Lampen et al., 2010). An extensive group of 
lipocalins are the odorant-binding proteins (OBPs) that were successfully adapted to serve 
as biosensors for dangerous substances, including polyaromatic hydrocarbons (Wei et al., 
2008). Other lipocalins, such as neutrophil gelatinase-assotiated lipocalin (NGAL; Taub et 
al., 2010; Xu & Venge, 2000), are utilized in clinical applications. Importantly, the high 
structural plasticity of the lipocalin’s binding site allows, with the aid of genetic engineering, 
the generation of artificial lipocalins with novel ligand specificities, that is, the so-called 
anticalins (Skerra, 2008). Anticalins are immunologically active molecules that bind to small 
hapten-like compounds and to large protein antigens. Compared with antibodies, they are 
small (composed of just one polypeptide chain), do not require post-translational 
modification and exhibit robust biophysical properties. Owing to these properties, anticalins 
offer many potential applications, not only as reagents for biochemical research but also as a 
new class of drugs for medical therapy. Other ligand-binding proteins, namely serum 
albumins, bind to an extremely large number of diverse ligands (more than 70), including 
fatty acids, amino acids, therapeutic drugs and inorganic ions (Fasano et al., 2005; Varshney 
et al., 2010). Serum albumins are composed of three structurally homologous domains that 
are predominantly helical (Carter & Ho, 1994). The binding sites for a variety of ligands are 
distributed among distinct locations on the protein. The main advantage of serum albumins 
for in vivo applications is their compatibility with human blood, plasma and body 
components. Currently, serum albumins are playing an increasing role in the development 
of drug-delivery systems (Kratz, 2008) and in diverse clinical applications (Caironi & 
Gattinoni, 2009). A versatile family of periplasmic binding proteins originating in the 
periplasmic space of bacteria share a characteristic two-lobed structure and traffic different 



 
Protein Structure 

 

266 

ligands to their closed-form in the presence of ligands (Stratton & Loh, 2011). In general, 
ligand-binding proteins, including lipid-binding proteins, some of the lectins, serum 
albumins and biotin-binding proteins, recognize a wide array of bound ligands. By contrast, 
there are proteins with narrow specificity (for example, most of the periplasmic binding 
proteins). Ligand-binding proteins vary in their overall structure and number of binding 
sites, but most such proteins have a complex multi-domain structure or exist as multi-mers. 
As there are excellent reviews on the aforementioned families of ligand-binding proteins, 
here, we will only briefly discuss ligand-binding proteins and their possible therapeutic and 
clinical applications. 

The biotin-binding proteins, namely, chicken egg-white avidin, bacterial streptavidin and 
newly discovered tamavidins from basidiomycete fungi, have numerous medical, biological, 
biochemical and biotechnological applications (Laitinen et al., 2006; Takakura et al., 2010; 
Wilchek et al., 2006). These tetrameric proteins, consisting of classical -barrel monomers, 
bind biotin with exceptionally high affinity. Several peptides having the consensus HPQ 
tripeptide sequence are reported to be ligands of biotin-binding proteins, though with much 
lower affinity. The diverse family of lipid-binding proteins (LBP; Banaszak et al., 1994) is 
made up of extracellular LBPs (eLBPs, which are also known as lipocalins; Grzyb et al., 
2006) and intracellular LBPs (iLBPs; Glatz et al., 2002; Haunerland & Spener, 2004). These 
low-molecular weight proteins share a remarkably similar -barrel structure, albeit with 
some differences between iLBPs and lipocalins, and are found in diverse cell types. 
Individual LBPs can bind a wide range of small hydrophobic ligands, including fatty acids 
and retinol analogs. A representative member of the lipocalins is -lactoglobulin (-LG; 
Perez & Calvo, 1995), which is shown to be a promising carrier for fatty-acids, as well as a 
protective agent for bioactive compounds and therapeutically relevant synthetic retinoid 
derivatives (Liang & Subirade, 2010; Riihimaki-Lampen et al., 2010). An extensive group of 
lipocalins are the odorant-binding proteins (OBPs) that were successfully adapted to serve 
as biosensors for dangerous substances, including polyaromatic hydrocarbons (Wei et al., 
2008). Other lipocalins, such as neutrophil gelatinase-assotiated lipocalin (NGAL; Taub et 
al., 2010; Xu & Venge, 2000), are utilized in clinical applications. Importantly, the high 
structural plasticity of the lipocalin’s binding site allows, with the aid of genetic engineering, 
the generation of artificial lipocalins with novel ligand specificities, that is, the so-called 
anticalins (Skerra, 2008). Anticalins are immunologically active molecules that bind to small 
hapten-like compounds and to large protein antigens. Compared with antibodies, they are 
small (composed of just one polypeptide chain), do not require post-translational 
modification and exhibit robust biophysical properties. Owing to these properties, anticalins 
offer many potential applications, not only as reagents for biochemical research but also as a 
new class of drugs for medical therapy. Other ligand-binding proteins, namely serum 
albumins, bind to an extremely large number of diverse ligands (more than 70), including 
fatty acids, amino acids, therapeutic drugs and inorganic ions (Fasano et al., 2005; Varshney 
et al., 2010). Serum albumins are composed of three structurally homologous domains that 
are predominantly helical (Carter & Ho, 1994). The binding sites for a variety of ligands are 
distributed among distinct locations on the protein. The main advantage of serum albumins 
for in vivo applications is their compatibility with human blood, plasma and body 
components. Currently, serum albumins are playing an increasing role in the development 
of drug-delivery systems (Kratz, 2008) and in diverse clinical applications (Caironi & 
Gattinoni, 2009). A versatile family of periplasmic binding proteins originating in the 
periplasmic space of bacteria share a characteristic two-lobed structure and traffic different 

 
Ligand-Binding Proteins: Structure, Stability and Practical Application 

 

267 

nutrients, such as carbohydrates, amino acids, anions, metal ions, and di- and oligo-peptides 
(Felder et al., 1999; Fukami-Kobayashi et al., 1999; Tam & Saier, 1993). The members of this 
family commonly have high specificity for their cognate ligands, though there are 
exceptions (the case of the di/oligopeptide-binding protein). Their intrinsic ability to 
undergo a significant, ligand-induced conformational change has been utilized in the 
engineering of reagentless biosensors to monitor ligand concentration (Dwyer & Hellinga, 
2004; de Lorimier et al., 2002). Members of another ubiquitous family of sugar-specific and 
cell-agglutinating proteins, the lectins, have been found in all kinds of organisms, from 
viruses to humans (Sharon & Lis, 2004). Lectins function as recognition molecules in ligand-
cell and cell-cell interactions in a variety of biological systems. Mature plant lectins are 
divided into merolectins, hololectins, chimerolectins and superlectins, according to the 
number of carbohydrate-binding domains (Liu et al., 2010). There are only one or at most 
two carbohydrate-binding domains in merolectins and hololectins, respectively. It is 
important to note that different carbohydrate-binding domains of hololectins bind either to 
the same or structurally similar sugars. Chimerolectins are fusion proteins containing one or 
more carbohydrate-binding domains and an unrelated domain. Superlectins have at least 
two carbohydrate-binding domains with specificity for structurally unrelated sugars. Plant 
lectins have a similar tertiary structure, referred to as the lectin fold. This structural motif 
consists of a characteristically elaborate jelly roll, derived from antiparallel -strands, and 
arranged as two -sheets. This fold has also been noted in animal lectins. Animal lectins can 
be divided into 12 groups based on the similarity of their primary structures, including the 
previously discovered C-type lectins (requiring Ca2+ for activity) and the galectins 
(Kilpatrick, 2002). Animal lectins are often bi-functional, with a carbohydrate-binding 
domain and an additional domain, which is responsible for the ability of animal lectins to 
bind to non-carbohydrate ligands via protein-protein, protein-lipid and protein-nucleic acid 
interactions. Furthermore, there are examples of animal lectins with a carbohydrate-binding 
domain capable of interaction with non-sugar ligands. Many studies are devoted to the anti-
tumor activity of plant lectins against a variety of malignant cells. Lectins have a high 
potential for development of antineoplastic drugs for cancer therapy and of targeted drug 
delivery systems (Liu et al., 2010; Robinson et al., 2004). Immunoglobulins, with their typical 
tetrameric organization consisting of two light and two heavy polypeptide chains, are 
indispensable in basic research and diagnostics, as they can be adapted for the binding of an 
incredible variety of ligands (Chester & Hawkins, 1995; Sundberg, 2009). Bispecific 
antibodies that are capable of simultaneous binding to two different antigens are further 
improving the prospects for clinical applications of conventional antibodies (Fitzgerald & 
Lugovskoy, 2011). Some shortcomings of antibodies, such as their lengthy timeframe and 
high cost of production, and their large size can be overcome by development of small 
single-domain antibody fragments of high stability with the unique capacity to recognize 
molecules that are inaccessible to conventional antibodies (de Marco, 2011). Several 
additional classes of ligand-binding proteins, including inactivated enzymes, penicillin-
binding proteins, immunophilins and others, further expand the possibilities for diverse 
practical applications. 

In the next sections, we will focus on two classes of ligand-binding proteins, the two-domain 
ligand-binding proteins of the bacterial periplasm and odorant-binding proteins for which 
the use as the sensitive elements in socially important biosensor systems is mostly 
elaborated. The structure, stability and possible practical applications of these proteins will 
be discussed in detail. 
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2.1 Two-domain ligand-binding proteins of bacterial periplasm 

Two-domain ligand-binding proteins of the periplasm of gram-negative bacteria (PBPs; 
Dwyer & Hellinga, 2004; Tam & Saier, 1993) constitute a large bacterial family of proteins 
serving as primary receptors for a large number of compounds. The ligands of periplasmic 
binding proteins are represented by carbohydrates such as glucose, maltose, ribose and 
arabinose; amino acids such as glutamine, leucine, valine and histidine; metal ions such as 
phosphate, sulfate, iron, zinc and nickel; di- and oligo-peptides and vitamins. Thus, they are 
involved in the active transport of the soluble molecules inside the bacterial cell. Two-
domain ligand-binding proteins are constituents of the ATP-binding cassette in which 
ligand transport across the membrane is powered by ATP hydrolysis. In general, the ATP-
binding cassette consists of two trans-membrane domains, which assist in ligand 
translocation across the inner membrane, and two nucleotide-binding domains, which 
provide the energy required for the transport process. The periplasmic binding protein is 
responsible for trafficking of its ligand across the periplasmic space and release of its ligand 
near the inner membrane. According to recent studies, the ATP-switch model for the 
transport function of the ATP-binding cassette has been proposed. In this model, the 
coupled nucleotide-binding domains switch between an ATP-dependent closed 
conformation and a nucleotide-free, open conformation to drive the translocation of ligand 
(Dawson et al., 2007; Linton, 2007). In some cases, the periplasmic binding proteins 
participate in chemotaxis toward different substances. For example, chemotaxis toward such 
attractants as some sugars (galactose, ribose and maltose) and amino acids is activated by 
interaction between a complex of defined binding proteins and attractant molecules 
recognizing specific chemoreceptors (Felder et al., 1999; Szurmant & Ordal, 2004). 
Periplasmic binding proteins are involved in bacterial intercellular communication 
processes, termed quorum sensing (Neiditch et al., 2006; Schauder & Bassler, 2001). In this 
case, binding of small molecules, the so-called autoinducers, leads to a series of chemical 
reactions that provide the bacteria with information about the cellular density of the 
surrounding environment. Some periplasmic binding proteins act as chaperones promoting 
the proper folding of denatured proteins or their fusion partners (Dalken et al., 2010; 
Richarme & Caldas, 1997).  

The molecular weight of periplasmic binding proteins ranges from 22 to 59 kDa. Despite 
significant differences in their amino acid sequences, all ligand-binding proteins share the 
same structural topology of the polypeptide chain. All of them display a secondary structure 
of the /β type that is organized at the tertiary level into two domains linked by what is 
commonly referred to as a hinge region. This hinge region is formed by two or three short 
flexible peptide segments. The protein ligand-binding site is located in the cleft between the 
two domains. The periplasmic binding proteins can interconvert through a pronounced 
(depending on the protein) bending motion around the hinge from a ligand-free open 
conformation to a ligand-bound closed conformation. Both protein domains adopt a three-
layered /β/ sandwich fold, and the distribution of β-strands between the two domains 
defines the structural subclass of the periplasmic binding protein (figure 1). One of the 
structural sub-classes (group I), includes Escherichia coli D-galactose/D-glucose-binding 
protein (GGBP; Borrok et al., 2007); and the other subclass (group II) includes Escherichia coli 
glutamine-binding protein (GlnBP; Hsiao et al., 1996; Sun et al., 1998; Fukami-Kobayashi et 
al., 1999). Both domains possess a CheY-like fold, which gave rise to the hypothesis that the 
ancestral protein for PBP family members is derived from a one-domain CheY-like protein  
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Fig. 1. Spatial pattern of PBP of group I and group II. Tertiary structures of GGBP (a) and its 
complex with glucose GGBP/Glc (b), representing group I, are shown. The residues of the Ca-
binding site are shown in green, including the loop in the protein’s C-terminal domain 
(residues 134-142; 1) and Glu 205. Calcium is represented as a yellow sphere. The structures of 
group II GlnBP (e) and its complex with glutamine GlnBP/Gln (f) are shown. In both cases, the 
ligand (glucose or glutamine) is represented as a red stick union. The structures were created 
based on PDB data (Dutta et al., 2009); PDP codes 2GBP.ent15 (Vyas et al., 1988), 2FWO.ent16 
(Borrok et al., 2007), 1GGG (Hsiao et al., 1996) and 1WDN (Sun et al., 1998) using the graphical 
software VMD (Hsin et al., 2008) and Raster 3D (Merritt & Bacon, 1977). The topology of group 
I (c) and group II (d) proteins is drawn with -strands and -helices indicated as arrows and 
cylinders, respectively. Secondary structural elements originating from a monomeric ancestral 
protein are represented in the same color (red or blue).  

through its duplication and subsequent fusion (Lewis et al., 2000). In group I, the domain's 
β-strands have a 21345 topology and have more regular organization of its secondary 
structure, while group II proteins, derived later on the evolutionary time scale, are 
characterized by a more complex topology of their β-strand distribution within each 
separate domain. The sheet topology of both domains of group II periplasmic binding 
proteins follows a 213N4 sequence, with βN becoming the first strand after crossing-over 
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from the N-terminal domain to the C-terminal domain. The group II proteins are supposed 
to have arisen from the group I proteins through the mutual dislocation of two β-strands in 
each domain from their original domain to the other: one β-strand in the first domain 
penetrates into the parallel β-sheet of the second domain, making a new anti-parallel β-
sheet, as does the β-strand of the second domain (Fukami-Kobayashi et al., 1999). It is 
interesting that GGBP has the most regular distribution of ββ repeats throughout its 
separate domains. Additionally, there are two extra -helices in each of the GGBP domains 
that are absent in all periplasmic binding proteins of group II and in some members of 
group I. Thus, the spatial structure of GGBP seems to be the closest to that of the ancestral 
periplasmic binding protein. It is worth noting that di/oligopeptide-binding proteins 
contain a third domain in addition to the two widely recognized domains of periplasmic 
binding proteins (Nickitenko et al., 1995; Sleigh et al., 1999). According to the topology of 
the -strands typical of periplasmic binding proteins, two domains of the di/oligopeptide-
binding proteins can be regarded as group II proteins. The third domain is organized into 
two hairpins that make only a few contacts with the ligand. Still, some of the periplasmic 
binding proteins do not fall into any of the two aforementioned structural groups. These 
include, for example, zinc-binding protein TroA (Lee et al., 2002) and vitamin B12-binding 
protein BtuF (Karpowich et al., 2003), wherein the protein’s N- and C-domains are linked by 
a single long helix, imposing some rigidity on the overall protein structure. These 
periplasmic binding proteins can be regarded as group III proteins. 

Many solved structures of periplasmic binding proteins, both in the presence and in the 
absence of ligand, show large-scale motion of the two domains, described as bending and 
twisting motions around two axes. The degree of the hinge-bending motion varies from 14 
to 62  for different periplasmic binding proteins (Shilton et al., 1996). The ligand-bound 
closed state of a periplasmic binding protein in complex with its ligand possesses a protein 
surface that is quite different from that observed in the open conformation of the protein. 
This difference in protein conformation is important for recognition of protein-ligand 
complexes by the trans-membrane proteins of the ATP-binding cassette (Hollenstein et al., 
2007). For a long time, these conformational changes were assumed to be triggered by ligand 
binding. Recent studies revealed that ligand-free forms of periplasmic binding proteins are 
very flexible compared to ligand-bound forms (Bucher et al., 2011; Pang et al., 2003). This 
feature is common among all proteins of the PBP family, even among proteins in group III 
(Kandt et al., 2006; Krewulak et al., 2005). The flexible apo-form of the periplasmic binding 
proteins tends to oscillate along the modes that lead from the open to closed structure. 
Further support for this concept is provided by the existence of a dynamic equilibrium 
between the open and semi-closed conformations of the apo-form of the protein as revealed 
in the case of maltose-binding protein (MBP; Bucher et al., 2011). Additionally, the fully 
closed-form of the protein in the absence of ligand is not observed. To the contrary, GlnBP, 
in its ligand-free state, cannot achieve a partially closed conformation (Bermejo et al., 2010). 
Possible reasons for this are the stability of the hinge region of GlnBP – unusual in 
periplasmic binding proteins – and/or instability of the protein’s partially closed-
unliganded conformation. Whether other members of the PBP family can adopt a semi-
closed conformation in the absence of ligand is the subject of future studies. 

Generally, the amino acids of the protein ligand-binding site have extensive specific 
interactions with their cognate ligands, resulting in a high degree of selectivity between 
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anomeric or epimeric carbohydrates, carbohydrates of different sizes or chemically similar 
anions (Bruns et al., 1997; Cuneo et al., 2009). At the same time, semi-specific ligand-binding 
takes place. This is the case for the di/oligopeptide-binding protein that binds to peptides 
ranging in size from two to nine amino acids with little discrimination between the side 
chains of the peptides (Sleigh et al., 1999). A network of strong hydrogen bonds is formed 
with the atoms of the main peptide chains, while the peptide’s side chains adapt to the 
binding pocket with the aid of water molecules that donate hydrogen bonds to them and 
shield the ligand’s charge. 

The protein family of extra-cellularly bound lipoproteins homologous to the periplasmic 
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hamsters isolated from the vaginal discharge (Briand et al., 2004) and lipocalins of boar 
saliva (Marchese et al., 1998). These proteins are believed to serve as reservoirs for 
delivering to the environments and sustained dissemination of pheromones. Chemical 
information borne by pheromones is perceived by conspecifics and invokes various 
behavior responses in them (Hurst & Beynon, 2004).  

In contrast to pheromone-binding lipocalins, OBPs are secreted in the nasal mucus of the 
oral sphere epithelia of both sexes. OBPs have been identified in a variety of species, 
including cow (Pevsner et al., 1985), pig (Dal Monte et al., 1991), rabbit (Garibotti et al., 
1997), mouse (Pes et al., 1992), rat (Lobel et al., 2002), elephant (Lazar et al., 2002) and 
human (Briand et al., 2002). The first OBPs were discovered in the nasal mucus of the cow 
and several other animals according to their ability to bind pyrazine with a low detection 
threshold (Baldaccini et al., 1986). The studies of the binding specificity of OBPs toward 
several common odorants, which were performed mostly with bovine OBP (OBPb) and pig 
OBP-I (OBPp), have revealed that OBPs can bind a broad spectrum of hydrophobic 
molecules of medium size (Herent et al., 1995). Among the ligands with the highest affinity 
for OBPs (dissociation constants in the range of 0.1-1 M) are heterocyclic derivatives, such 
as alkyl-substituted pyrazines and thiazoles, terpenoids and their derivatives, such as 
menthol and thymol, and medium size aliphatic alcohols and aldehyes (Herent et al., 1995). 
Spherically shaped terpenoids, such as camphor and its analogues, and polar compounds, 
such as the short chain fatty acids, exhibit poor affinity to OBPs. The low selectivity of OBPs 
gave rise to the hypothesis that these soluble proteins might function as chaperones for 
volatile hydrophobic odorants and pheromone molecules crossing the aqueous mucus layer 
to the olfactory receptors embedded in the membrane of olfactory neurons (Pevsner & 
Snyder, 1990; Steinbrecht, 1998). Later, it was proposed that OBPs probably play a more 
specific role in olfaction through their involvement in the first step of odorant 
discrimination. Indeed, the expression of several sub-types of OBP in the same animal 
species differing in their primary structure and having different ligand binding patterns has 
been observed in some animal species (Ganni et al., 1997; Garibotti et al., 1997; Utsumi et al., 
1999). Three rat OBPs are specially tuned for distinct chemical classes of odorant molecules 
(Löbel et al., 2002). Rat OBP-1 preferentially binds heterocyclic compounds such as pyrazine 
derivatives. Rat OBP-2 is more specific for long-chain aliphatic aldehydes and carboxylic 
acids, while OBP-3 interacts strongly with odorant molecules having a saturated or 
unsaturated ring structure (Löbel et al., 2002). Microheterogeneity of OBPs was reported in 
the pig (Scaloni et al., 2001), mouse (Utsumi et al., 1999), rabbit (Garibotti et al., 1997) and 
porcupine (Ganni et al., 1997). Recently, it was shown that post-translational modifications 
can further increase the micro-diversity of OBPs (Le Danvic et al., 2009; Nagnan-Le Meillour 
et al., 2009). Indeed, porcine OBP can be posttranslationally modified by phosphorylation, 
resulting in a set of OBPp isoforms with different binding properties (Brimau et al., 2010). 
Moreover, the binding specificity of the VEG1 isoform, an olfactory binding protein 
expressed in the vomeronasal organ of the pig, to steroids is linked to the O-N-
acetylglucosaminylation of the protein. The porcine VEG2 isoform, which does not undergo 
this modification, showed specificity for fatty acids rather than steroids (Le Danvic et al., 
2009). Thus, it is supposed that phosphorylation and glycosylation could be a mechanism of 
regulation of OBP binding properties toward odorant and pheromone ligands, and an 
expanded set of OBP isoforms can serve to preliminary discriminate among ligands prior 
binding to the olfactory receptor (Le Danvic et al., 2009; Nagnan-Le Meillour et al., 2009). 
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The similarity in the amino acid sequences of different OBPs is limited with a sequence 
homology in the range of only 21-26 %. However, few amino acid residues are absolutely 
conserved within all OBP classes as well as within the lipocalin family (Flower, 2000). They 
include a GxW motif at the N terminal element (residues 14-16; here and throughout, the 
section numeration is given according to OBPp), two cysteine residues located on the 4th 
strand -barrel and at the C terminal element, respectively (residues 63 and 155), and a Gly 
(residue 119). Cysteine residues form a disulfide bridge, thus tightening the - helix domain 
and the -barrel. The motif YxxxYxG is also highly conserved (residues 78-84). Bovine OBP 
is the only protein in the OBP class that has only two of four conserved patches, including 
GxW and the YxxxYxG motifs (Bianchet et al., 1996). Members of the lipocalin family, 
including the OBP class, share a common β-barrel structure (figure 2). The nine-stranded -
barrel comprises residues 9-120 (strands 1-8) linked by a turn in the sequence to a short -
helical domain (residues 124-141), followed by the 9th strand of the barrel (residues 146-148) 
and by a C-terminal tail (residues 149-157). The -barrel is often preceded by an N-terminal 
segment, containing a short 310-like helical moiety (residues 1-8). The barrel of OBPs is 
markedly deformed to have an elliptical shape in cross-section. The -barrel encloses a 
ligand binding site composed of both an internal cavity and an external loop scaffold. Loops 
L2-L7 connecting strands 2-8 are all typical of short -hairpins; the exception is loop L1 
between the 1st and 2nd strands, which is a large loop. Loop L1 forms a lid, partially 
closing the internal ligand-binding site at this end of the barrel. The internal ligand-binding 
cavity is formed of mainly hydrophobic and aromatic amino acids. The cavity is shielded 
from the solvent, and during the interaction of OBP with the ligand, an opening event takes 
place, allowing the ligand to enter the binding pocket (Golebiowski et al., 2007; Vincent et al., 
2004). A molecular dynamics study shows that these events occur mainly at the junction 
between the -strands and loops L1 and L5 with the Tyr-82 residue serving as a gate in the 
OBPs (Golebiowski et al., 2007). The tyrosine residue at this position is highly conserved  

 
Fig. 2. Structure of OBPp (PDB code 1A3Y, Spinelly et al., 1998) in two projections. 
Conserved patches are shown in blue, including the Y78xxxYxG84 (1), G14xW16 (2) motifs and 
Gly-119 residue. Residues Cys-63 and Cys-155 are shown as yellow stick unions. The drawing 
was generated by the graphic programs VMD (Hsin et al., 2008) and Raster3D (Merritt & 
Bacon, 1977). 
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within the OBP class and tolerates substitution only with a phenylalanine residue, which 
preserves the structure of “the door”. Investigation of the crystallographic structure of OBPb 
and OBPp complexed with different ligands revealed that the orientation of the ligands 
inside the cavity appeared to be opportunistic with no specific target patches for aromatic or 
charged groups and no correlation between the number of contacts and the affinity 
measured in solution (Vincent et al., 2004). 

In contrast to classical lipocalin, dimeric bovine OBP, OBPb, is characterized by a unique 
folding pattern that involves the crossing of the -helical domain of each monomer over the 
-barrel of the other (Bianchet et al., 1996). In addition to the ligand binding site formed by 
the internal cavity of the -barrel in each monomer, OBPb has a putative third binding site 
called the “central pocket”, which is located at the dimer interface in communication with 
the solvent (Bianchet et al., 1996; Pevsner et al., 1985). The function of the central pocket is 
not well understood. It has been recently proposed that the holo-form of OBPb captures the 
first encountered odorant molecules at the central pocket irrespective of their affinity to 
OBPb (Ikematsu et al., 2005). The initial ligand binding is supposed to be a prerequisite for 
stabilization of the OBPb structure and for the adjustment of internal binding sites for 
interaction with ligands. OBPb can further bind the odorant with high affinity at its internal 
cavity, releasing the pre-bound ligand at the central odorant-binding pocket. The internal 
cavity-bound odorant can be released by the binding of other odorants at the internal cavity 
of the second OBPb subunit or at the central pocket, depending on the nature of the odorant. 
It is believed that such interactions of OBPb with its ligands make it more reactive than 
other monomeric OBPs and enable a quick recognition of a change in the environment that 
is highly desirable for ruminant animals, thus permitting them to escape from danger. 

Careful examination of the structure of OBPb and OBPp, which exhibits a classical lipocalin 
fold, revealed the presence of a single insertion of a glycine residue at the hinge between the 
-helical moiety and -barrel domain in OBPp with respect to OBPb (the stretch 
L117LGKG121TDIED126 in OBPp; Spinelli et al., 1998). The Gly-121 residue is located exactly at 
the position where domain swapping occurs in OBPb, and its presence induces a shift in the 
alignment of the structural elements joining the swappable domains. The longer and more 
flexible linker segment between the -helical and -barrel domains in OBPp is proposed to 
be sufficient for preventing domain swapping in the protein (Spinelli et al., 1998), while a 
conserved disulfide bridge between Cys-63 and Cys-155 stabilizes this non-swapped 
conformation. The fact that the mutant variant of OBPb, with an insertion of a glycine 
residue after position 121, became monomeric has further confirmed these findings (Ramoni 
et al., 2002). 

Studies of OBPs over a period of more than 20 years were not able to completely clarify their 
role. A broad range of ligands and the low number of OBPs with respect to the number of 
olfactory receptors in mammalian species argue in favor of OBP function as a non-specific 
carrier of hydrophobic molecules (Pevsner & Snyder, 1990). A role of OBPs in the 
termination of the olfactory signal has also been proposed, which entails the "removal" of 
odorants from the olfactory receptors once they have been stimulated to keep them in their 
active state. The low specificity of OBPs led to the hypothesis  that OBPs function as a 
scavenger of excess odorants to prevent olfactory receptor saturation (Burchell, 1991). 
Recent findings imply a more active role for OBPs in olfaction, which could involve the 
preliminary discrimination of odorant molecules or even a direct interaction with olfactory 
receptors. As already mentioned, the spectrum of OBPs in animal species can be expanded 
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through phosphorylation and glycosylation. Further, it has been shown with the chip based 
surface plasmon resonance technique that the OBP is able to modulate the activity of olfactory 
receptors (Vidic et al., 2008). Some evidence for subtle conformational changes in rat and 
porcine OBPs after ligand binding has been obtained in molecular dynamics studies wherein 
opening of the -strand pair was observed (Hajjar et al., 2006). These structural dynamics of 
OBPs might be essential for recognition of the OBP-ligand complex by the olfactory receptor. 
OBPs, at least in ruminants, might fulfill a protective role. The natural ligand of the bovine 
OBP, 1-octen-3-ol, which is produced by endogenous ruminal microflora of ruminants, is an 
attractant for many insect species (Ramoni et al., 2001). Thus, the OBP can be used to capture 1-
octen-3-ol and decrease the risk of infections carried by insects. OBPs have been shown to bind 
to high affinity aldehydes derived from lipid peroxidation. This observation gave rise to the 
proposal that OBPs might be used to scavenge toxic substances from nasal epithelia to protect 
them against oxidative stress (Grolli et al., 2006). 

3. Structure and stability of ligand-binding proteins 
One of the most intriguing questions in modern molecular and cell biology is how a 
globular protein folds into a unique, compact, highly organized and functionally active 
state. In the past decade, our knowledge about protein folding into the native state and even 
the notion of the native state itself has undergone considerable changes. At the turn of the 
century, publications appeared that showed that the polypeptide chains of many proteins 
could not, in principle, fold into a compact globular state. Although these proteins are 
intrinsically disordered, they are functionally active and notably are in their native state. 
These proteins form a compact globular state only upon interaction with their specific 
binding partners, such as low-molecular weight ligands, other proteins, or nucleic acids. As 
a consequence, understanding the effects of ligand binding on proteins is of great interest 
(Turoverov et al., 2010). From this point of view, ligand-binding proteins can be convenient 
models to investigate the role of the ligand in the structure and in the stabilization of 
proteins in their native state. 

3.1 The role of ligands in the process of folding and stability of two-domain ligand-
binding proteins 

The division of periplasmic binding proteins into two different structural sub-classes 
according to their structural topology makes it tempting to attribute this fact to differences 
in folding pathways of these protein sub-classes. In fact, group I proteins in general are 
characterized by simple two-state folding processes (Kashiwagi et al., 2003). More complex 
folding, accompanied by intermediate state accumulation, is observed for periplasmic 
binding proteins of group II (Chun et al., 1993; Staiano et al., 2005). For example, the folding 
of the Escherichia coli glutamine-binding protein, as studied by protein intrinsic fluorescence, 
1-anilinonaphthalene-8-sulfonic acid (ANS) emission fluorescence, far- and near-UV circular 
dichroism spectroscopy, and the parametric presentation of fluorescence data (Kuznetsova 
et al., 2004), proceeds through the formation of two intermediate states I1 and I2 (Staiano et 
al., 2005). Glutamine binding makes the GlnBP structure more resistant to the denaturing 
action of the chemical agent, guanidine hydrochloride (GdnHCl); thus, unfolding of the 
GlnBP complex with Gln (GlnBP/Gln) begins at higher GdnHCl concentrations, and the 
denaturing process becomes more cooperative. This creates the illusion of a single stage of 
GlnBP/Gln folding. However, GlnBP/Gln folding successively passes through the same 
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intermediate states as GlnBP but in a narrower range of denaturant concentrations so that 
the three stages of the folding process essentially overlap. Thus, the ligand serves as an 
agent to protect the entire protein structure from denaturation (figure 3, a – c).  

The folding mechanism for the Escherichia coli D-galactose/D-glucose-binding protein and its 
complex with glucose (GGBP/Glc), representing group I proteins, is shown to be a one-stage 
process, with GGBP/Glc being more stable to denaturation than GGBP alone (Stepanenko et 
al., 2011a). This is supported by the sigmoidal contour of all recorded characteristics, such as 
fluorescence and far- and near-CD. The linear shape of the parametrically represented 
fluorescent data and the absence of an increase in ANS fluorescence during GGBP and 
GGBP/Glc complex unfolding also argue for the lack of any intermediate states in protein 
folding (figure 3, d; Stepanenko et al., 2011a). It is noteworthy that GGBP has an extra ligand, 
the calcium ion, located at a distinct position from the glucose-binding site (Vyas et al., 1988). 
The Ca-binding site consists of the loop of the protein’s C-terminal domain (residues 134-142), 
and its structure resembles the “EF-hand” motif, which is typical of intracellular Ca-binding 
proteins (figure 1). The calcium ion forms coordination bonds with the oxygen atoms of every 
second residue of this loop and with the Glu 205 residue. The role of calcium in GGBP stability 
and folding has been evaluated. Although producing little effect on protein structure both in 
the absence and in the presence of glucose, calcium removal results in pronounced 
destabilization of GGBP even at small denaturing actions. Meanwhile, calcium depletion has 
practically no effect on GGBP/Glc stability (figure 3, d). Thus, the calcium ion serves as a 
guardian of the protein’s structure in the absence of glucose. These results indicate that the role 
of calcium consists of maintaining the native structure of GGBP in its open form. Such a 
stabilizing effect of calcium was previously observed for other calcium-containing proteins 
(Turoverov et al., 2010). Recently, the folding mechanism of GGBP has been shown to be more 
complex than expected for the folding pathways of group I proteins (Piszczek et al., 2004; 
Stepanenko et al., 2011b). An extensive analysis of the experimental data reveals that the two 
domains of GGBP have a slightly different thermal stability, which is more marked for mutant 
variants of GGBP carrying point amino acid substitutions in the ligand-binding site of the 
protein (figure 3, g – i; Stepanenko et al., 2011b). These results suggest that more careful 
interpretation of accumulated data are needed. 

While studying GdnHCl-induced unfolding – refolding of GGBP in the presence of glucose 
an interesting effect was observed (figure 3, e – f; Stepanenko et al., 2011a). The equilibrium 
curves for complex refolding-unfolding are attained only after 10 days of incubation of 
GGBP/Glc with GdnHCl. This effect is not revealed upon GGBP/Glc heating. Slow 
equilibrium acquisition between the native protein in the form of the GGBP/Glc complex 
and the unfolded state of the protein in the presence of GdnHCl is connected with increased 
viscosity of the solution at moderate and high GdnHCl concentrations, which interferes with 
diffusion of glucose molecules. Before equilibrium is established for an appreciable period 
of time, an excess concentration exists (in comparison with equilibrium) of the native 
complex (GGBP/Glc)N in the unfolding pathway or of the unfolded protein (GGBP)U in the 
refolding pathway. These imbalances are caused by the activation barrier, which must be 
overcome in both cases. In the unfolding pathway, the elementary process of complex 
dissociation does not bring about a disturbance in the configuration fit of the interacting 
GGBP and Glc molecules, so that the probability of the inverse reaction remains high. In the 
refolding pathway, (GGBP/Glc)N is formed because of the coincidence of two conditions: 
the formation of the native molecule (GGBP)N and the appearance of a configuration fit 
between (GGBP)N and Glc. Thus, the rate-limiting step in the unfolding-refolding process 
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for the GGBP/Glc complex is the disruption/tuning of the configuration fit between the 
protein in its native state and the ligand. 

 
Fig. 3. Conformational changes of GlnBP (panels a – c) and GGBP (panels d – i). GdnHCl-
induced transitions of GlnBP (blue circles) and complex with glutamine GlnBP/Gln (red 
triangles) were recorded by tryptophan fluorescence intensity at 365 nm (a, ex=297 nm), 
ANS fluorescence intensity (b) and parametric presentation of fluorescence intensities at 320 
and 365 nm (c). GdnHCl-induced transitions of GGBP (red circles) and complex with 
glucose GGBP/Glc (blue circles) and their calcium-depleted forms GGBP-Ca (pink circles) 
and GGBP-Ca/Glc (light blue circles) were characterized by equilibrium changes in 
parameter A = I320/I365, ex=297 nm (d) and parametric presentation of fluorescence 
intensities at 320 and 365 nm (inset in d). In panels a – d, data for unfolding are depicted 
with empty symbols and data for refolding, with filled symbols. Equilibration (e) of 
unfolding – refolding curves as recorded by parameter A was achieved for GGBP after an 
incubation of less than 24 h in the presence of GdnHCl (red circles) and for GGBP/Glc, only 
after an incubation of 10 days (blue circles). The renaturation (closed blue squares) and 
denaturation (open blue squares) curves for GGBP/Glc do not coincide after 24 h 
incubation, but the curves tend to approach each other. The kinetics scheme characterizes 
the GGBP and GGBP/Glc unfolding —refolding processes (f). Heat-induced denaturation of 
GGBP (red) and GGBP/Glc (blue) was recorded by differential scanning calorimetry (g) and 
by the fluorescence intensity at 365 nm (h) and the first derivative of fluorescence intensity 
(i). The deconvolution of the calorimetric traces into two separate thermal transitions in 
panel g is shown in gray. Two sequential scans (solid and dashed lines, respectively) of the 
temperature dependency of the fluorescence intensity at 365 nm of the studied proteins are 
shown to characterize the reversibility of the thermal transitions (h). 
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All of the data reveal a common effect of the ligand on the folding and stability of all 
periplasmic binding proteins. The presence of the bound ligand does not change the folding 
pattern of the individual ligand-binding protein, but makes the protein more cooperative. 
Additionally, the structure of these proteins becomes more stable to various denaturing 
actions on the binding of their cognate ligands. The protein preserves its native structure up 
to the point of ligand dissociation induced by increased denaturing effects. 

3.2 Beta-barrel scaffold of odor-binding proteins 

Investigations into heat-induced and chemical denaturation of a series of OBPs revealed 
their high structural stability. Indeed, in the case of denaturation of porcine OBPp by the 
chemical denaturing agent GdnHCl, the difference in free energy between native and 
unfolded states of OBPp is as high as –5.95 kcal/mol (Staiano et al., 2007). The native 
structure of OBPp is highly resistant to heating with a transition mid-point of approximately 
70 C (Burova et al., 1999; Paolini et al., 1999; Stepanenko et al., 2008). In the absence of 
GdnHCl, OBPp preserves some residual structure under heating up to 80 C as indicated by 
parameter A measurements (figure 4, a; Stepanenko et al., 2008). It noteworthy that 
parameter A being calculated as A = I320/I365 (where I320 and I365 are fluorescence intensities 
measured at the emission wavelengths of 320 and 365 nm, respectively), characterizes the  

 
Fig. 4. Conformational changes of OBPp.  

Heat-induced denaturation of OBPp in the absence and in the presence of different 
concentrations of GdnHCl recorded as a change in the parameter A (a). Numbers near the 
curves are GdnHCl concentrations. GdnHCl-induced conformational transitions of OBPp as 
revealed by changes in the fluorescence lifetime (green circles) and fluorescence intensities 
at 320 (red circles) and 365 (blue circles) nm (b). ex = 297 nm. The microenvironment for Trp 
16 of OBPp is shown (insert to b). Open circles represent the protein denaturation processes, 
while closed circles show the protein renaturation processes.  

shape and position of protein’s fluorescence spectra (Turoverov & Kuznetsova, 2003). 
Changes of the parameter A can provides information about even subtle perturbation of 
spatial structure of proteins. Complete temperature denaturation of the protein can be 
achieved only in the presence of GdnHCl. Aggregation of OBPp that occurs at high 
temperatures is explained as the result of increased conformational mobility of the loop 
with a loss of an ion pair connecting Glu 31 and Arg 152 (Stepanenko et al., 2008). As shown 
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by studies of the double mutant variant of OBPp with C63A and C155A substitutions, the 
conserved disulfide bridge between Cys-63 and Cys-155 plays an important role in the 
stability and function of this protein (Parisi et al., 2005). 

Interestingly, the study of GdnHCl-induced denaturation of OBPp revealed unusual 
characteristics of the fluorescence of the single Trp residue (Trp 16) in this protein (Staiano 
et al., 2007). In OBPp, the only polar group in the vicinity of Trp 16 is Lys 120. The side chain 
of Lys 120 is virtually parallel to the indole ring of Trp 16 with its positive charge located 
just over the center of the indole ring of Trp 16. This is the most favorable position for the 
formation of a complex between this group and the indole ring that could be responsible for 
the low fluorescence intensity of the native OBPp. Pre-denaturating GdnHCl concentrations 
result in an increase in the fluorescence quantum yield and a decrease in the fluorescence 
lifetime of Trp16 in OBPp (figure 4, b). These effects are not accompanied by noticeable 
changes in protein secondary and tertiary structure. The accessibility of Trp16 to the solvent 
remains unchanged, and near UV CD spectra become more pronounced, indicating 
disturbances to the microenvironment of the tryptophan residue. This likely leads to the 
disruption of the complex between Trp 16 and the positively charged NZ atom of Lys 120 
and consequently to the enhancement of fluorescence intensity. The possibility of a distance 
change between atom NZ of Lys 120 and the indole ring of the tryptophan residue of OBPp 
in water was confirmed by molecular dynamic simulations. At the same time, the increase in 
the asymmetry of the tryptophan residue microenvironment can also promote the formation 
of exciplexes of Trp 16 with bound water molecules in close vicinity to the indole ring and 
can explain the decrease in the fluorescence lifetime. Thus, pre-denaturating GdnHCl 
concentrations induce local changes in the microenvironment of Trp16 in OBPp. 

Increased stability of OBPs can be attributed to their -barrel fold. The other group of 
proteins with β-barrel topology is the family of fluorescent proteins (FPs) that are widely 
used in a variety of applications in modern biology. For FPs, an extremely high resistance to 
environmental conditions has also been observed (Stepanenko et al., 2010). 

4. Ligand-binding proteins as the sensitive element of socially important 
biosensors 
The selective interaction of ligand-binding proteins with their partners is the major 
prerequisite for their use as sensitive elements in biosensor systems for definite analytes 
(Deuchle et al., 2005). In some cases, binding of a ligand to a ligand-binding protein is 
followed by a change in total charge, refractive index or molecular mass that can be detected 
(Stratton and Loh, 2011). These approaches in vivo are complicated by a significant noise 
level, e.g., in serum blood, there are approximately 3000 proteins, and the total protein 
concentration is approximately 70 mg/mL (Tang et al., 2005). Two-domain ligand-binding 
proteins sharing the intrinsic feature of ligand-induced conformational changes and 
targeting a diversity of natural ligands have been exploited in protein engineering to 
construct different biosensor systems (Dwyer and Hellinga, 2004; Tolosa et al., 2010). The 
large protein domains motion about the hinge has been utilized to transduce the ligand 
binding event to a variety of physical signals. Though the most preferable approaches for 
analyte registration are fluorescent methods, intrinsic protein fluorescence is not suitable as 
cells and living tissues are completely impervious to UV-light. Rational introduction of 
FRET-compatible protein pairs and environmentally sensitive dyes into different sites on the 
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ligand-binding protein, as well as use of surface plasmon resonance methods, have been 
successful approaches to the design of biosensor systems (Ge et al., 2004; Khan et al., 2008, 
2010; de Lorimier et al., 2002; Okada et al., 2009; Thomas et al., 2006). Changing the affinity 
and specificity of ligand-binding proteins has been achieved by the re-engineering of the 
protein’s ligand-binding site. Much work has been performed with PBP-based biosensors 
for sugar detection (e.g., glucose, ribose and other) (Amiss et al., 2007; Medintz & 
Deschamps, 2006; Vercillo et al., 2007). Utilization of the Escherichia coli D-galactose/D-
glucose-binding protein as the sensitive element in the glucose biosensor is one of the most 
promising directions for continuous glucose monitoring (Deuchle et al., 2005; Shilton et al., 
1996). In this case, the necessity to lower the affinity of GGBP to glucose should be taken 
into account in the development of methods to monitor the glucose level in human blood 
(Amiss et al., 2007). It is worth mentioning that the ligand-binding proteins represent a 
target for the development of antimicrobial agents. These small molecules that are 
antagonists to native PBP ligands act as inhibitors of the conformational changes in proteins 
and thus block key processes in bacteria driven by PBP (Borrok et al., 2009).  

Odorant binding proteins have been proposed as promising building blocks for construction 
of optical biosensors for dangerous substances such as toxic, explosive molecules and so on. 
It has been shown that the ligand-binding site of lipocalins can be optimized to bind 
molecules that are structurally different from their cognate ligands. For example, mutant 
OBPp has been successfully utilized for the monitoring of polyaromatic hydrocarbons that 
are among the most dangerous pollutants in water and atmosphere (Wei et al., 2007).  

Thus, the construction of biosensor systems with sensors derived from ligand-binding 
proteins is one of the most promising areas in modern science. The development of an 
increasing number of such biosensor systems is dictated by the requirements of our daily 
lives, as they can be applied to the control of foodstuff quality and drug purity, 
environmental safety, detection of explosive and dangerous substances, monitoring of 
clinically relevant molecules and narcotics control (Tolosa, 2010). 

5. Conclusion 
The ligand-binding proteins, which are diverse in their structure and function, have 
numerous applications. Still, there is another way to enhance their practical importance. In 
particular, proteins from extremophilic sources, e.g., from hyperthermophilic bacteria 
(Staiano et al., 2010), could broaden the exploitation of ligand-binding proteins owing to 
their high stability under extreme conditions. In addition, ligand-binding proteins are 
convenient subjects of inquiry to elucidate one of the most intriguing and perplexing 
questions in structural and molecular biology, namely, the problem of protein folding into a 
unique, compact, highly ordered and functionally active form and, especially, the role of 
ligands in the structure and in the stabilization of proteins in their native states. 
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1. Introduction  
Water (H2O) is very important to living materials, but it is a very strange liquid in the 
physical sense, because it has an unexpectedly high melting point (0 °C), boiling point (100 
°C), density (0.998 g/cm3), heat of vaporization (10,515 cal/mol), specific heat capacity and 
temperature of maximum density (4 °C), compared with other typical hydrogen 
compounds, such as H2S, H2Se and H2Te. Furthermore, it has higher conductivity of proton 
than that of electron.  

To make a water molecule, one pair of bonding hydrogen lose electrons and give them to 
electro-negative oxygen, and then each hydrogen will have a charge of +0.17e and one pair 
of electrons near oxygen will give 2x( -0.17e), this asymmetry of the water molecule leads to 
a dipole moment. The system of hydrogen bond in water determines the key to its 
biologically significant properties in forming a water network on the surface of proteins. 

What is expected when hydrogen (H) is replaced by deuterium (D)?  Heavy water (D2O) has 
completely the same chemical characteristics as H2O, but it is quite different in physical 
aspects, such as melting point (3.82 °C), boiling point (101.72 °C), density (1.017 g/cm3), 
temperature of maximum density (11.6 °C) and heat of vaporization (10,864 cal/mol). It has 
been accepted that two independent physiological effects occur when a living system is 
exposed to D2O: i) an isotope exchange effect on functional proteins and ii) a solvent isotope 
effect on ionic conductivity, meaning that mobility of monovalent cation is reduced to <20% 
(Bass & Moore, 1973). When H is replaced with D in the biological molecule, the C-D bond is 
about 10 times stronger than the C-H bond, which means the C-D bond is more resistant 
than the C-H bond. O-D, N-D and S-D bonds are stronger than the corresponding 
protonated forms (Katz, 1965; Thomas, 1971). This H/D exchange effect on the functional 
protein can be observed by using thermal imaging and calcium imaging (Hirakura et al., 
2011). In the following sections, we will discuss these two effects from the physical aspect 
and will propose a thermo-dynamical model for elucidation of water-protein interaction. 

2. Effect of D2O on the ion channel activity 
According to the list of ionic conductance appearing in a previous report (Bass & Moore, 
1973), the mobility of proton in H2O is 1.44 times higher than that in D2O (H/D ratio). The 
H/D ratio of other cations, K+ and Na+, was also higher in mobility as 1.35 and 1.47, 
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respectively. Interestingly, the H/D ratio in proton mobility in ice is enormously high (= 
6.25). Therefore, it will be important to study the inside structure of the channel pore by 
measuring the proton current under D2O medium. 

2.1 Proton channel 

The latest data on D2O effect on proton conductance was obtained by DeCoursey and 
Cherny (DeCoursey & Cherny, 1997), which showed the H/D ratio in proton conductance to 
be estimated at 1.9. Simultaneously they obtained some other results, such as (a) D+ 
permeated proton channels, (b) the relative permeability of proton channel, however, was 10 
times more greater for D+, (c) D+ regulated the voltage dependence of the proton channel 
gating like H+, (d) D+ current induced with depolarization was 3 times slower than that for 
H+ current, but deactivation was at most 1.5 times slower in D2O. Both activation and 
inactivation for D+ current were found to be slower in general. Does proton go through 
water in the channel pore or on the surface of channel protein?  In order to answer to this 
question we need to consider how proton flows in the water. We need to consider that 
proton flow in the hydrated protein appears abruptly when water content exceeds critical 
concentration, which was predicted by percolation theory (Careri et al., 1990). 

Namely, proton is flowing through the hydrated water layer on the protein surface. Since 
the critical value of water content for proton flow is independent on the pH values, a model 
for proton flow will be clear by the measurement of pH dependency. Unexpectedly, 
DeCoursey and Cherny (DeCoursey & Cherny, 1997) found the threshold of applied voltage 
to generate proton current was pH dependent, while proton conductance was pH 
independent. What is the role of the proton channel in the cell?  We will discuss this 
problem in the next section. 

2.2 Na+ channel 

As was described previously, the H/D ratio in conductance of Na+ is 1.35 (Schauf & Bullock, 
1982). Different from other ionic currents, when the Na+ channel is abruptly depolarized, a 
small outward current precedes the Na+ current. This small displacement current is 
asymmetric, named “gating current”, because it is always associated with the opening of 
Na+ channels. The gating current can be isolated by blocking Na+ current by tetrodotoxin 
(Armstrong & Bezanilla, 1973). About 30 years later, the gating current was found to be 
decreased by about 30% when H2O was changed to D2O (Landowne, 2000). Na+ current 
itself decreased as observed previously by other researchers (Meves, 1974), although these 
two types of current could be separated by a drug. The interpretation of the gating current 
by Landowne is that D2O slowed the rate of the conformational change of channel protein 
by 30%, thus reducing the amplitude of the gating current and increasing the time required 
to open the channel due to the high viscosity of D2O near the channel protein (Landowne, 
2000). K+ channel conductance was also studied by Schauf and Bullock, and H/D ratio in K+ 
conductance was reported as 1.47, which was almost the same as that of Na+ (1.35) (Schauf 
& Bullock, 1980). Accordingly, the D2O exchange effect for both channels may be the same 
as each other. In order to examine the D2O effect on Na+ and K+, high-K+-induced 
depolarization of membrane potential was measured using AtT-20 cells (Ikeda et al., 2004). 
As shown in Fig 1, when the cell is exposed to 30mM KCl, the membrane potential was 
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respectively. Interestingly, the H/D ratio in proton mobility in ice is enormously high (= 
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(~ +4.4mV, about 10% of 30mM K+-induced depolarization). This difference agreed well 
with the channel conductance difference between Na+ and K+ as reported by Shauf and 
Bullock (~9%) (Schauf & Bullock, 1980). 

 
Fig. 1. Effects of 90% D2O solution on high-K+-induced membrane depolarization. Open bars 
= 30mM K+, black bars = 90% D2O treatment, grey bar = a mixture of voltage-sensitive Ca2+ 
channel blockers (VSCCsX). (Ikeda et al., 2004)  
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conductance and 1.45 times higher than that of Na+ conductance). Significant difference in 
H/D ratio of the conductance between Ca2+ and Na+ (or K+) cannot be explained by a simple 
model. To elucidate this unique feature of the Ca2+ ion in the living cell, we attempted 
further experiments. The results obtained are shown in Fig. 2.  

 
Fig. 2. The effects of D2O on high-K+-induced Ca2+ influx in AtT-20 cells. Open bars = 30mM 
K+, grey bar = voltage-sensitive Ca2+ channel blockers (VSCCsX), black bars = 90% D2O 
medium. (Ikeda et al., 2004) 

As shown in Fig. 2, high-K+-induced depolarization made a reproducible and rapid increase 
in the intracellular Ca2+ concentration (Fig. 2A). This Ca2+ elevation is primarily due to the 
Ca2+ influx through voltage-sensitive Ca2+ channels (VSCCs), because typical Ca2+ channel 
blockers, such as nifedipine (10µM) and ω-conotoxin (100nM), significantly reduced (~90%) 
the amplitude of the high-K+-induced Ca2+ elevation (Fig. 2B). High-K+-induced Ca2+ influx 
during treatment with D2O-contained extracellular solution was not changed, whereas Ca2+ 
responses after wash out of D2O was found to be reduced significantly. But this reduction 
was recovered gradually within several minutes after D2O wash out (Fig. 2D). A 1 minute 
treatment with D2O solution was sufficient to inhibit such a high-K+-induced Ca2+ entry 
(~90% reduction; Fig. 2E), whereas longer D2O treatment (up to 17 min), unexpectedly, 
showed a slight inhibitory effect (~8% reduction). Based on the data shown in Fig. 1, Fig. 2 
and the voltage clamp experiment, it was concluded that the differences between a strong 
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inhibition of Ca2+ channel by transient D2O treatment and a slight inhibition with longer 
D2O treatment will be explained by asymmetric distribution of D2O (inside) and H2O 
(outside) in a transient and stable D2O effect, respectively. Consequently, the H/D ratio on 
the Ca2+ channel is estimated as ~1.08 from Ca2+ imaging data and ~1.20 from 
electrophysiological data. 

How can the asymmetric distribution of D2O and H2O modulate the Ca2+ channel?  The 
involvement of stress-sensitive mechanisms can be excluded, because cell shape change was 
not observed. The solvent isotope effect was also unlikely to explain the delayed effect of D2O. 
Tentatively, it is likely that local unbalanced distribution of D and H in the O-H bonding of the 
channel protein is the cause. This D/H competition was already observed by Vasdev et al. 
(1994) with the anti-hypertensive effect of D2O related to L-type Ca2+ channel conductance in 
myocyte. Proudhon et al. showed that D+ could compete with H+ for a single site in the L-type 
Ca2+ channels of guinea pig ventricular myocytes (Proudhon et al., 1994). It was thought that 
binding and unbinding of protons to this site were essential for Ca2+ movement (Kushner et 
al., 1998). This model can be expanded to the case of Na+ channels as well as K+ channels. The 
mechanism of this phenomenon will be discussed further in section 5. 

3. Effect of D2O on the cytoskeleton 
As a solvent, D2O increases the stability of proteins and other molecules, such as heliozoan 
microtubule formation, by hydrophobic bond formation (Marsland et al., 1971) and it has 
been used as a polymerizer of tubulin in a number of systems. 

3.1 Tubulin is stabilized by D2O 

A number of studies on the effect of D2O on protein aggregation have been conducted since 
the 1970s. It was almost accepted that D2O stabilized the aggregated form of oligomeric 
proteins (Baghurst et al., 1972; Bonnete & Zaccai, 1994; Henderson et al., 1970). In 1999, 
Chakrabarti et al. reported clear results indicating that unstable tubulin protein was 
stabilized in D2O and they proposed a mechanism whereby D2O can have an effect on the 
conformational step or steps of hydrophobic force disruptions (Chakrabarti et al., 1999). 
Furthermore, they observed that D2O stimulated formation of microtubule from tubulin as 
was observed previously (Ito & Sato, 1984). More interesting, when 8% of DMSO is added in 
the D2O solution, tubulin polymerized as a ribbon structure rather than microtubules.  

Although classical interpretations of D2O-induced inhibition of cellular secretion have been 
based on D2O-mediated stabilization of microtubules (Hill & Rhoten, 1983; Malaisse-Lagae 
et al., 1971; Montag & Umanskii, 1976), the effect of D2O on cytoskeleton appear to be more 
prevalent and varied. In order to study relationships between cellular function and 
microtubule aggregation by D2O, several researchers investigated the effect of some agents 
on the interaction between D2O and tubulin. Urata et al. studied the effect of demecolcine 
(microtubule depolymerizing agent), taxol (microtubule stabilizing agent) and cytochalasin 
B&D (microfilament blocker) on the IgE-mediated Ca2+ influx, arachidonic acid and 
histamine release in rat basophilic leukaemia cells (Urata et al., 1989). They concluded that 
microtubule aggregation may be related to the process of secretion. Also, D2O enhanced 
secretion of histamine from cultured mouse spleen cells and other mediators from 
homologous mast cells (Sulowska & Wyczolkowska, 1991). By exposing covalent oligomers 
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of IgE to RBL-2H3 cells (a rat basophilic leukaemia tumour cell), substantial increases in a 
secretion of histamine was demonstrated by using D2O in the medium (Maeyama et al., 1986). 
The differential effects of microtubule-altering agents (vinblastine; VB) on beta-cells during 
development were shown by comparison with D2O and they speculated that microtubule is 
not coupled physico-chemically to other molecules in insulin secretion at day 17 of gestation 
during development (Hill & Rhoten, 1983). All these data suggest that tubulin microtubule 
transition is highly regulated by exchange of H/D. That means that the transition may be 
related to the mass difference between H (= 1.007) and D (= 2.014). The effect of mass 
difference of water molecules on the cell function will be discussed in section 5. 

3.2 Effect of D2O on the actin structure 

Zimmermann et al. reported that D2O induces the redistribution of filamentous actin (F-
actin) and changes the morphology of human neutrophil granulocytes (Zimmermann et al., 
1988).  More recently, Omori et al. assessed the effect of D2O on microfilaments and on in 
vivo actin polymerization using BALB/3T3 cell (Omori et al., 1997). They observed that the 
cells’ stress fibres in the peripheral region became thick and distinct from other regions after 
being exposed to D2O (>30%), while the quantity of perinuclear microfilaments was 
drastically reduced. Cytoplasmic F-actin was found to be increased with the stress fibres. 
Cell locomotion activity was suppressed in a D2O concentration. The rate of actin 
polymerization was accelerated when purified globular actin (G-actin) was polymerized in 
D2O. They concluded that alteration of stress fibres in cultured cells may be caused by a 
direct effect of D2O on cellular microfilament dynamics (Omori et al., 1997). One possible 
mechanism underling D2O-induced actin filament redistribution may involve H to D 
exchange in globular protein (Hermans & Scheraga, 1959; Scheraga, 1960), which results in a 
more stable protein structure (Karasz & Gajnos, 1976; Sing & Wood, 1976).  

We tested this assumption by Ca2+ imaging method with the use of AtT-20 cells. Initially, we 
examined rhodamine-phalloidin labelling of actin filaments and immunostaining of β- 
tubulin.  

As shown in Fig. 3, actin filaments were observed as filamentous structures that were found 
to be more highly concentrated in the cell processes than in cell soma (Fig. 3A & 3Ba). 
Treatment with D2O-containing solution for 5 minutes immediately increased the amount of 
actin filaments in the cell soma and eliminated its filamentous structure (Fig. 3A). The 
relative amount of actin filaments in the cell process was decreased with D2O treatment (Fig. 
3Bb). Longer (15 minutes) treatment with 90% D2O resulted in an increase in the actin 
filaments in the cell processes again, however, the filamentous structure was still lacking 
(Fig. 3A). After D2O wash out, the filamentous structure of the actin filament recovered, but 
the shape of the filaments in the cell processes was similar to that of varicose filaments (Fig. 
3A & 3Bc). The original shape of the actin filaments did not recover until 30 minutes after 
the D2O wash out. Despite the marked changes in the distribution and structure of actin 
filament, those of -tubulin (Fig. 3A) or those of neurofilament-M were not changed by D2O 
treatment. The results described above indicate that among several cytoskeletal components, 
D2O affected actin filaments especially. The effect of D2O on the amount of actin filament 
was found to be transient (15 minutes), which is consistent with the results of the previous 
report (Omori et al., 1974).   
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Fig. 3. Effects of 90% D2O treatment on actin filaments (rhodamine-phalloidin labelling, red) 
and -tubulin (FITC-labelling, green) in AtT-20 pituitary cells. The typical changes in the 
distribution of actin filaments (marked as red frame a-c) are enlarged in (B). Bar = 50m in 
(A), 20m in (B). (Ikeda et al., 2004) 
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3.3 Novel hypothesis for the molecular mechanism of interaction between channel 
protein and D2O 

More than 40 years has passed since the beginning of D2O study, but the molecular 
mechanism of the interaction between D2O and cytoskeleton remains unresolved. Therefore, 
we would like to attempt making a novel model based on the water structure near the 
cytosol protein proposed by Mentre and Hui Bon Hoa (Mentre & Hui Bon Hoa, 2001). First 
of all, we have to recall that the H/D ratio of the proton mobility in water is 1.44, while that 
in ice is 6.25 (4.3 times higher in the ice!). This is the most important numerical value to 
explain the difference of cellular function between H2O and D2O, because, in general, water 
structure on the surface of protein and lipid membrane is known as bound water, which has 
a similar structure to ice. According to Kellenberger, water structure on the surface of high 
polymer is quite different from free water (Kellenberger, 1991). It is called structural water, 
polarized water, strained water or vicinal water, which form the hydration shell of the 
surface of high polymer. Water molecules will be structural by hydration with a dissociated 
group and hydrogen bonding with a polarized group. Attention must be paid so that the 
structural water can convert chemical energy to mechanical energy, transfer several types of 
signals and make a biological structure. The structure and characteristics of bound water is 
very similar to those of ice. It is difficult to be frozen and sublimated. Furthermore, 
solubility of bound water is changed by hydrated ion, such as Na+, K+ and Ca2+, due to 
exclusion. The order of exclusion follows the Hofmeister series. For example, the exclusion 
values of Na+ and Ca2+ can be excluded more than that of K+, which will induce a higher 
H/D ratio for Ca2+ to some extent. 

3.4 New hypothesis for interaction between D2O and cytoskeleton 

Albrecht et al. proposed that linear structures in the cell, such as cytoskeleton, transmitted 
and propagated a signal by changing their structure (Albrecht et al., 1990). Dimer of tubulin 
 and  can be exchanged in a seesaw action and can make different structures from  to 
 by the signal initiation, called flipping. This flipping model is available for the 
explanation of structural change associated with H/D changes. The signal transfer along 
actin fibre is more complex because of actin binding to trans-membranous fibronectin. When 
the cell is moving, such as microglia, actin is supported by fibronectin as a fulcrum. Another 
example is skeletal muscle, where several proteins, such as myosin, dynein and kinesin, can 
move with the structural change of water induced by Ca2+ concentration change near the 
actin fibre. Thus, cellular signalling will be transferred along actin fibre or microtubule with 
the assistance of water structure change associated with Ca2+ concentration change. 

4. Molecular mechanism of hysteresis in the D/H and H/D exchanges in the 
protein structure 
During D/H and H/D exchange experiment, we have noticed that the H/D exchange rate is 
faster than that of D/H in any type of experiment. In order to confirm the anisotropic effect, 
a series of new methods was carried out using metabotropic glutamate receptor type 1 
(mGluR1)-expressing CHO cells by Ca2+ imaging (Hirakura et al., 2011). The first hysteresis 
experiment was to measure the exchange rate of H2O to D2O by utilizing differences in 
fluorescence intensity of fura-2 in H2O and D2O under the same concentration of Ca2+. 



 
Protein Structure 

 

298 

3.3 Novel hypothesis for the molecular mechanism of interaction between channel 
protein and D2O 

More than 40 years has passed since the beginning of D2O study, but the molecular 
mechanism of the interaction between D2O and cytoskeleton remains unresolved. Therefore, 
we would like to attempt making a novel model based on the water structure near the 
cytosol protein proposed by Mentre and Hui Bon Hoa (Mentre & Hui Bon Hoa, 2001). First 
of all, we have to recall that the H/D ratio of the proton mobility in water is 1.44, while that 
in ice is 6.25 (4.3 times higher in the ice!). This is the most important numerical value to 
explain the difference of cellular function between H2O and D2O, because, in general, water 
structure on the surface of protein and lipid membrane is known as bound water, which has 
a similar structure to ice. According to Kellenberger, water structure on the surface of high 
polymer is quite different from free water (Kellenberger, 1991). It is called structural water, 
polarized water, strained water or vicinal water, which form the hydration shell of the 
surface of high polymer. Water molecules will be structural by hydration with a dissociated 
group and hydrogen bonding with a polarized group. Attention must be paid so that the 
structural water can convert chemical energy to mechanical energy, transfer several types of 
signals and make a biological structure. The structure and characteristics of bound water is 
very similar to those of ice. It is difficult to be frozen and sublimated. Furthermore, 
solubility of bound water is changed by hydrated ion, such as Na+, K+ and Ca2+, due to 
exclusion. The order of exclusion follows the Hofmeister series. For example, the exclusion 
values of Na+ and Ca2+ can be excluded more than that of K+, which will induce a higher 
H/D ratio for Ca2+ to some extent. 

3.4 New hypothesis for interaction between D2O and cytoskeleton 

Albrecht et al. proposed that linear structures in the cell, such as cytoskeleton, transmitted 
and propagated a signal by changing their structure (Albrecht et al., 1990). Dimer of tubulin 
 and  can be exchanged in a seesaw action and can make different structures from  to 
 by the signal initiation, called flipping. This flipping model is available for the 
explanation of structural change associated with H/D changes. The signal transfer along 
actin fibre is more complex because of actin binding to trans-membranous fibronectin. When 
the cell is moving, such as microglia, actin is supported by fibronectin as a fulcrum. Another 
example is skeletal muscle, where several proteins, such as myosin, dynein and kinesin, can 
move with the structural change of water induced by Ca2+ concentration change near the 
actin fibre. Thus, cellular signalling will be transferred along actin fibre or microtubule with 
the assistance of water structure change associated with Ca2+ concentration change. 

4. Molecular mechanism of hysteresis in the D/H and H/D exchanges in the 
protein structure 
During D/H and H/D exchange experiment, we have noticed that the H/D exchange rate is 
faster than that of D/H in any type of experiment. In order to confirm the anisotropic effect, 
a series of new methods was carried out using metabotropic glutamate receptor type 1 
(mGluR1)-expressing CHO cells by Ca2+ imaging (Hirakura et al., 2011). The first hysteresis 
experiment was to measure the exchange rate of H2O to D2O by utilizing differences in 
fluorescence intensity of fura-2 in H2O and D2O under the same concentration of Ca2+. 

 
Functional Difference Between Deuterated and Protonated Macromolecules 

 

299 

 
Fig. 4. Measurement of flow rate of D2O entering the cell and the D/H exchange rate for 
fura-2 molecules in Ca2+-free media. (A) Ex =340 nm, (B) Ex = 380 nm. (Hirakura et al., 2011) 

As shown in Fig. 4, when the external solution was changed from H2O to D2O medium, the 
fluorescence intensity of fura-2 was increased at 380nm excitation. In contrast, when the 
external solution was changed from D2O to H2O, a slight rebound signal appeared and then 
the intensity declined slowly. The time of fluorescence increase in H to D exchange is about 
5 sec, while the decaying time is more than 100 sec. Another example of hysteresis was 
observed more clearly as shown in Fig. 5. 

In these experiments, exchange of extracellular medium was carried out with changes from 
H2O to D2O and back to H2O at 5 minute intervals and the cells were stimulated with 
dihydroxyphenylglycine (DHPG; agonist of mGluR1) to induce Ca2+ elevation. DHPG-
induced Ca2+ responses were relatively constant in D2O, while Ca2+ responses were 
completely blocked during 5 minutes of incubation in H2O after an incubation in D2O 
medium (Fig. 5A). With a 15 minute incubation in H2O medium after 5 minutes of exposure 
to D2O, DHPG-induced Ca2+ responses partially recovered (Fig. 5B). When the incubation 
time in H2O medium was increased to 30 minutes, Ca2+ responses were fully recovered (Fig. 
5C & 5D).  
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Fig. 5. Hysteresis of DHPG-induced Ca2+ responses induced by D/H exchange. Open bars = 
H2O, shaded bars = 90% D2O medium, small black squares = DHPG (30M). Summary of 
the Ca2+ responses are shown in (D). **p < 0.01  (Hirakura et al., 2011) 

It is reasonable to explain that these data demonstrate the incubation period in H2O medium 
is a critical factor for the recovery after D2O exposure. When the cells were incubated in D2O 
without agonist stimulation, however, DHPG-induced Ca2+ responses seemed normal. 
These results suggest that receptor stimulation is associated with large structural change of 
receptor that promotes deuteration of the intracellular portion in the receptor protein, which 
is consistent with a previous report showing that D/H exchange was facilitated during 
photo-activation of rhodopsin (Rath et al., 1998). The backbone structure of rhodopsin,  
G-protein-coupled photo-receptor with seven membrane spanning regions, becomes more 
accessible to D2O during photo-activation. After stimulation, the receptor protein is more 
stable and resistant to D/H exchange. The increased stability of the deuterated protein may 
contribute to the prolonged stable state of the receptor. This hypothesis can be expanded to 
various types of receptor dynamics, including mGluR1 in the CHO cells. A similar 
hysteresis effect of H/D exchanges on the voltage-dependent Ca2+ channels was also 
reported previously (Ikeda et al., 2004). Thus we suggest that such hysteresis effect may be 
due to impairment of D/H exchanges. This may be a typical isotope exchange effect, which 
is due to a difference in the stability of proteins: deuterated proteins are more stable than 
protonated protein (Chakrabarti et al., 1999; Omori et al., 1997). Among the many known 
effects due to the difference in reactivity of D+ and H+, the most relevant to the effect 
observed in this study may be the zero-point energy differences. A quantum chemical 
calculation indicates that the isotopic substitution of hydrogen by deuterium lowers total 
energy of hydrophilic amino acids, because of the decrease in zero-point vibration energy  
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Fig. 6. Schematic illustration of changes in the zero-point vibrational energy and the energy 
differences between protonated and deuterated amino acids when hydrogen is exchanged by 
deuterium in hydrophilic amino acid residues of proteins. (A) Solid curve denotes the 
electronic energy of the system. Single deuterium substitution for hydrogen reduces 
approximately 2.1 kcal/mol (ΔZPVE) in hydrophilic amino acids. Total vibrational energy 
reduction in functional proteins depends on the number of deuterated amino acids replaced. 
(B) For the energy differences between protonated and deuterated amino acids, replacement of 
H2O buffer to D2O buffer immediately exchanges protonated amino acids to deuterated amino 
acids while replacement of D2O buffer to H2O buffer slowly exchanges deuterated amino acids 
and thus produces long-lasting transient states with asymmetrically deuterated amino acids. 
The increase in the high K+-induced -endorphin release is in the phase of deuterated amino 
acids and the most probable cause is due to the loss of actin filament barriers in the cell 
processes, although this effect coincides with many other effects including solvent isotope 
effects. On the other hand, the decrease in the high K+-induced -endorphin release is in the 
phase of asymmetrically deuterated amino acids and the most probable cause is the complete 
inhibition of voltage-sensitive Ca2+ channels. (Ikeda et al., 2004) 
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(Ikeda et al., 2004). Therefore, it is likely that cells rapidly reach equilibrium after an 
exchange of H2O to D2O, but take a longer time to reach equilibrium after switching from 
D2O back to H2O. Within the hydrophilic amino acids, a relatively large zero-point energy 
was found in tyrosine that is known as a critical residue for the voltage sensor of L-type Ca2+ 
channels (Bodi et al., 1997). Thus, this may produce a relatively long lasting transient state in 
voltage-sensitive Ca2+ channels with asymmetric deuterated amino acids after treatment by 
D2O medium that will inhibit the Ca2+ channel activity (Fig. 6). 

5. Role of proton in the regulation of functional proteins 
As described above, the H/D exchange experiment was found to be effective to elucidate 
the role of water in the functional protein. When H is replaced by D, the structure and 
function of protein was largely changed, although chemical characteristics of D2O are the 
same as H2O. These facts facilitate us to consider carefully the physical properties of H2O 
and the physical interaction between H2O and protein. Here, we will discuss the role of 
proton in the ion channel and cytoskeleton in the cells, and hysteresis in H/D exchange; it 
was tentatively proposed that the channel conductivity was regulated by the local 
unbalanced distribution of D+ and H+ in the O-H residue of the channel proteins. 
Stabilization of cytoskeleton in D2O will be due to the contribution of structural water and 
significance of the Hofmeister series. On the hysteresis effect observed in H/D exchange 
experiment, the significance of zero-point energy was proposed. These three models seem 
different to each other, but there is a possibility of making a simple model if we accept 
structural water layer model on the protein surface. Prior to making a novel model, drastic 
concept for cellular signalling is needed as proposed by Tsong (Tsong, 1989). 

5.1 Electro conformational coupling (ECC) model for cellular signalling and energy 
transduction    

In 1989, Tsong insisted that cells can communicate with each other by dispatching and 
receiving electro-magnetic signals. He observed that Na+/K+ ATPase (transmembrane ion 
transport protein) is sensitive to electric signal and it is most sensitive for alternative electric 
field of 1000 Hz 20V/cm. Based on these facts, he proposed his theory to explain 
communication between protein molecules in the cell; all kinds of proteins can respond to 
electric, electro-magnetic (EM) and acoustic oscillation. This theory was supported by many 
experimental results. Pulsed EM field was found to promote DNA, RNA and protein 
biosynthesis (Becker, 1981; Goodman et al., 1983; Pilla et al., 1987). The activity of many 
membrane enzymes are affected by weak EM signals (Adey, 1986; Blank, 1987). This model 
postulated that a protein can undergo conformational changes by a coulombic interaction 
with an oscillating electric field. When the frequency of the electric field matches the kinetic 
characteristics of the conformational transformation reaction, a phenomenological 
oscillation among different conformers of the enzyme is induced. He also insisted that this 
ECC model was consistent with the electric property of the most membrane proteins (Tsong 
& Astumian, 1987). This model is very attractive for the explanation of the cell-to-cell 
interaction and intracellular signalling by protein networks. However, some points of 
modification are needed, because this hypothesis cannot explain completely the functional 
change by H/D exchange. Therefore, we will try to make a novel model including H/D 
exchanges. 
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5.2 Proton signalling model for cellular function 

The ECC model described above seems to assume electron transfer occurs in the protein 
molecule. But it is already accepted by many researchers that the transfer of electron along 
protein is accomplished by a series of redox centres incorporated into the protein structure 
or along a chain of conjugated orbital (Tuszynski, 2003). This protein-electron carrier system 
consists of a protein localized within a lipid bilayer having a single redox centre. The redox 
centres are usually prosthetic-group-containing non-protein molecules that have conjugated 
orbital systems and often incorporate metal ion. Furthermore, it has been proposed that 
protein is insulator at physiological temperature and that electron transport is mediated by 
proton. In this model, an electron is moving along the protein backbone by protons. 
Therefore, it is reasonable to assume that such a conformational dynamics of protein is 
depending on the solvent in in vitro experiment. Such a protein–solvent structure should be 
treated as a single system whose behaviour can be controlled by the environment 
(Tuszynski, 2003). If that is the case, proton signalling by proton transport will be likely. 
Accordingly, it is worth noting that structural water in the vicinity of protein molecule has a 
structure similar to ice. First of all, attention should be given to the fact that ice and water 
have very low conductivity for electron, while it is a good conductor for proton. In 1962, 
Grottus proposed an initial model for proton transfer in the water and the model was 
presented by Klotz in his book (Klotz, 1962). When one signalling proton reaches to the tip 
of the chain of water molecules, the proton is taken by the first water molecule. The first 
water molecule transfers one proton of two protons to the second one. Thus, the same type 
of proton transfer is repeated until the end of a line of water molecules, and then the proton 
will be released. In this process, the proton itself is not transferred from first water molecule 
to the last one, but chain-like molecular structure is changed successively. This is a typical 
type of salutatory conduction of proton in the water (or ice). Since the thickness of structural 
water layer is very thin (0.2 ~ 1.0 nm), the proton signalling in the water layer was a 
hypothesis in the 1980s, but it is measureable at present. Let us discuss the water layer 
inside of the channel pore and surface of cytoskeleton more deeply.  

5.2.1 How ion channel permeate ion 

According to a typical text book published in 2008, conductivity of the ion channel is 
formulated based on the diffusion theory (Dale Purves et al., 2008). In famous experiments 
performed by Hodgkin and Katz using squid giant axon, they found that the value of 
resting potential became less negative as external K+ concentration was raised. When the 
external K+ concentration was raised high enough to equal the concentration of K+ inside the 
neuron, thus K+ equilibrium potential was 0 mV, the resting membrane potential was also 
0mV. In short, the resting membrane potential was not varied exactly 58 mV by ten-fold 
change in K+ concentration. They thought the deviation from theoretical value may be due 
to the contribution of another ion, such as Cl- and Na+. But there is clear evidence that the 
inside of a K+ channel is covered by a structural water layer and the iceberg structure of 
water can be disrupted by K+. Therefore, the resting membrane potential of nerve cell 
membrane is approaching to Nernst equation because the iceberg structure of the water 
layer becomes free water at higher concentrations of K+. If it is the case, ion selectivity of ion 
channel does not depend on the size of hydrated ion, but on that of metallic ion.  



 
Protein Structure 

 

304 

5.2.2 Relationship between shape change of cytoskeleton and iceberg water. 

An explanation of the complex behaviour of cytoskeleton is still very difficult. The long 
fibres of the cytoskeleton are polymers composed of protein subunits. In this article, we will 
focus on tubulin (microtubules) and actin (microfilament). The tubulin that polymerizes to 
form microtubule has two isoforms (-tubulin and -tubulin) and forms a hetero dimer. The 
- and -tubulin monomers each consist of two -sheets flanked by  helices to each other. 
The elementary building block of a microtubule is  and  hetero dimer whose dimensions 
are 4 by 5 by 8 nm that assemble into a cylindrical structure typically of 13 protofilaments. 
The outer diameter of a microtubule is 25 nm and the inner diameter is 15 nm. Microtubules 
are larger and more rigid than actin microfilaments and intermediate filament, and thus 
serve as major architectural struts of the cytoplasm. Above a certain tubulin concentration 
threshold, microtubule ensembles show a quasi-periodic regular pattern of damped 
oscillations (Carlier & Sellier, 1987). It is intriguing to know how the stochastic individual 
behaviour may change into smooth collective oscillations at high tubulin concentration 
(Mandelkow & Mandelkow, 1992).  

Actin is one of the most abundant proteins in eukaryotic cells. G-actin and F-actin are 
reversible structures of actin. F-actin is a polymer of G-actin. Actin can be found in non-
muscle cells and often is associated with other proteins in the cytoskeletons, where actin 
works as a dynamic component. G-actin monomers assemble into F-actin filaments in two-
stranded geometry. The polymerization of F-actin from G-actin is a largely monotonic 
process dependent on the concentration of ATP. Once G-actin is assembled, microfilaments 
have diameters of about 8 nm. Microfilaments are often found with the lattice configuration 
near the leading edges of growing or motile cells, where they provide greater stability to the 
newly formed regions. New actin filaments are nucleated at the leading edge of cell growth 
and trailing microfilaments are disassembled. 

These dynamic properties of cytoskeleton can also be explained by structural water theory. 
The concept of cluster of water molecules proposed by Watterson [Watterson, 1991] is 
predominant (Watterson, 1991). Water molecules have a resonance due to co-laborational 
work by hydrogen molecules, and then strong oscillation will be generated. This resonance 
will not be expanded to the large scale because of disturbance by thermal agitation, but it 
may be a cause of surface tension of the water molecules and the ordered structure of water, 
which is called “cluster”. The cluster is thought to have the oscillations, whose wave length 
is calculated as 3.4 nm (~with network [addition of ion]), this impact will be spread out in 
the network rapidly just like a propagated wave of sound. The wave will decay rapidly in 
the region with high viscosity and it propagated far away. Therefore, the wave propagation 
mode is disturbed largely when ion is added to the cluster. Consequently, dynamic shape 
change can be induced by abrupt application of ion or other molecules. 

6. Concluding remarks 
In this article we demonstrated the change of activity of ion channels and glutamate 
receptor, and the structural change of cytoskeleton by H/D changes. These cellular changes 
were always associated with hysteresis effect of the change of incubation medium from H2O 
to D2O and vice versa. Initially, we tried to approach these phenomena independently, such 
as zero-point energy difference between protonated and deuterated protein. Finally, we 
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reached the reasonable conclusion that the difference between H2O and D2O might be 
caused by a structural water or proton. If we introduce proton signalling pathway in the 
structural water in the vicinity of protein, all types of changes in the protein function could 
be explained without contradiction.  

It is worthwhile to note that this model can be interpreted as a docking of the water layer 
model (Mentrè, 1995) and ECC model (Tsong, 1989), and improved them to some extent to 
explain reasonably the imaging data recently obtained (Hirakura et al., 2011; Ikeda et al., 2004). 
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1. Introduction 
Localized inflammation and the associated influx of leukocytes is a hallmark of the 
pathogenesis of many diseases. The ability to target the recruitment of leukocytes holds vast 
therapeutic potential in inflammatory diseases where there is excessive cell recruitment due 
to an overactive immune response, or the improper resolution of the initial response 
resulting in chronic leukocyte infiltration. 

1.1 The neutrophil 

Polymorphonuclear leukocytes, or neutrophils, are a critical component of the innate immune 
system, participating in host defence against bacterial and fungal infections. Not surprisingly, 
neutropenias can lead to severe infections and sepsis. During an inflammatory response, 
neutrophils are recruited to the sites of infection and/or injury by chemoattractants, including 
the chemokine family of proteins. Once in the tissue, neutrophils fight infections by ingesting 
microorganisms and producing reactive oxygen intermediates (ROI) as well as other anti-
microbial substances, such as defensins (Ganz, T., 2003). Neutrophils can also produce and/or 
exacerbate inflammatory disease states as a result of the potent systems that have evolved in 
these cells for microbial killing. Inappropriate or excessive activation of these systems results 
in tissue damage (Fujishima et al., 1995). To better understand the role of the neutrophil in the 
fine balance between host defence and tissue injury, the mechanisms underlying neutrophil 
recruitment will be discussed. 

1.2 Neutrophils and tissue injury 

Neutrophils have been implicated in the pathogenesis of several inflammatory conditions, 
including: ischemia reperfusion injury (following coronary artery occlusion) (Frangogiannis 
et al., 2002), idiopathic pulmonary fibrosis (Haslam et al., 1980), arthritis (Weissmann et al., 
1984), asthma (Lemanske et al., 1983), vasculitis (Fauci et al., 1978), glomerulonephritis 
(Holdsworth et al., 1984) and acute respiratory distress syndrome (ARDS) (Wieland et al., 
1999). Neutrophil-mediated tissue injury results from the release of neutrophil anti-
microbial factors such as ROI and proteases, and other mediators that amplify cell 
recruitment into the extracellular milieu (Frangogiannis et al., 2001). This can occur in two 
ways: 1) activation of neutrophils leads to fusion of antimicrobial granules to the plasma 
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membrane and subsequent release of granule contents, and 2) attempts to ingest large 
particles result in a large open vacuole, and subsequent granule fusion and release of 
granule contents into the extracellular space (Weissmann et al., 1971).  

ROI are strong oxidizing and reducing agents that damage the integrity of cell membranes 
by lipid peroxidation (Li et al., 2002). ROI also promote arachidonic acid synthesis by 
activating phospholipase A2. Arachidonic acid is an important precursor of eicosanoids and 
prostaglandins, including thromboxane A2 and leukotriene B4 (Toyokuni et al., 1999). 
Increased production of these pro-inflammatory molecules enhances recruitment of 
leukocytes. ROI also induce activation of transcription factors such as nuclear factor κB (NF-
κB) and activator protein1 (AP1) (Toyokuni et al., 1999), leading to increased expression of 
adhesion molecules, including P-selectin, and chemokines (such as IL-8) thereby facilitating 
leukocyte arrest and recruitment from the circulation (Eltzschig et al., 2004). 

Activated neutrophils also secrete matrix metalloproteases (MMPs), including collagenase 
and gelatinase. These enzymes are structurally specialized to digest basement membranes and 
interstitial structural proteins to facilitate neutrophil extravasation and subsequent migration 
through the interstitium (Kang et al., 2001). MMPs degrade several major structural 
components of the extracellular matrix (ECM), including collagen, fibronectin, proteoglycans, 
laminin and gelatin. MMPs are antagonized by tissue inhibitors of metalloproteases (TIMPs; 
Own et al., 1999). It has been shown that the imbalance between TIMPs and neutrophil-
derived MMPs is a key feature of inflammatory conditions, including ARDS and asthma 
(Cederqvist et al., 2001). Neutrophil derived elastase is another bactericidal protease that is 
also associated with tissue damage. Like the MMPs, elastase displays proteolytic activity 
against structural components of the ECM. Elevated levels of neutrophil derived elastase and 
collagenase have been detected in patients with chronic inflammatory conditions, such as 
rheumatoid arthritis (Garcia et al., 1987). Increased neutrophil-derived protease activity has 
also been linked to cartilage destruction (Mohr et al., 1981). In ARDS, elastase activity has been 
associated with degradation of surfactant proteins in the lung (Hirche et al., 2004; Rubio et al., 
2004). These proteins increase bacterial opsonization and clearance of apoptotic neutrophils 
(Vandivier et al., 2002). Therefore, increased elastase activity could indirectly increase 
susceptibility to infection and delay resolution of inflammation in the lung. 

Commonly prescribed anti-inflammatory drugs, such as aspirin and glucocorticoids, have 
shown some success in reducing neutrophil-mediated tissue damage. However, these drugs 
generally attenuate activation of transcription factors such as NF-κB, thereby non-
specifically reducing expression of cytokines and leukocyte adhesion molecules (Panes et al., 
1999). One alternative method to prevent neutrophil-mediated tissue injury is to selectively 
block neutrophil recruitment to inflammatory foci. However, the redundancy in 
chemoattractant pathways means that interruption of a particular chemoattractant pathway 
may result in another pathway assuming its function. In principle, localized general 
chemoattractant blockade could be a useful strategy. Unique strategies to achieve this may 
be gained from studying central nervous system (CNS) development, in which positive and 
negative guidance cues for neuronal migration and axonal pathfinding have been defined. 

1.3 Leukocyte trafficking and the adhesion cascade 

The purpose of the inflammatory response is to selectively recruit the appropriate subsets of 
leukocytes to a site of inflammation. Inflammatory cytokines, such as interleukin 1 (IL-1) 
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and tumour necrosis factor α (TNF-α), and soluble chemoattractants, are released within the 
local inflammatory environment. This results in local vasodilation, increased volume of 
blood perfusing the inflamed area, and a simultaneous decrease in the flow velocity within 
the vessel, facilitating extravasation of circulating leukocytes. Leukocytes are recruited to 
sites of inflammation in a series of coordinated interactions with endothelial cells lining the 
vascular wall. The classical leukocyte adhesion cascade involves these main steps: i) 
leukocyte capture and rolling, ii) activation and arrest, and iii) transendothelial migration 
(Fig. 1). Failure in any one of these steps can result in severe immunodeficiencies (Beutler, 
B., 2004). However, there exists a substantial therapeutic potential for the localized blockade 
of leukocyte adhesion and diapedesis.  

 

 

Fig. 1. Endothelial–leukocyte interactions leading to transmigration across the vascular wall. 
(i) Capture and (ii)rolling: The initial tethering of leukocytes to the endothelial cells lining 
the vessel wall is mediated by the selectins. These structural interactions enable the 
leukocyte to roll along the venular wall and to ‘sample’ the endothelial surface for activating 
factors (iii) Arrest: These interactions lead to leukocyte integrin activation. Firm adhesion of 
the leukocyte is mediated through binding of integrins to members of the immunoglobulin 
superfamily expressed in stimulated endothelial cells.(iv) Diapedesis: Following firm 
adhesion, the cell changes shape in response to local chemoattractant gradients and 
transmigrates across the endothelial barrier.  

Selectins are a family of adhesion molecules that are structurally specialized for the initial 
capture of circulating leukocytes. Rolling is mediated by E-selectin and P-selectin, expressed 
by endothelial cells, and by L-selectin expressed on the majority of circulating neutrophils, 
monocytes, eosinophils, and T and B lymphocytes (Kansas, G., 1996). The broad expression 
pattern of L-selectin allows for nonspecific recruitment of all leukocyte lineages. P-selectin is 
constitutively found in Weibel-Palade bodies of endothelial cells, and mobilized to the cell 
surface within minutes following activation by inflammatory mediators (Frangogiannis et 
al., 2002). All of the selectins interact with P-selectin glycoprotein ligand 1 (PSGL1), 
although other glycoprotein ligands exist, such as CD34 and MadCAM-1 (McEver et al., 
1997; Puri et al., 1995). Following initial leukocyte capture, the binding of leukocyte L-
selectin to PSGL1 facilitates secondary leukocyte capture, where adherent leukocytes assist 
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in the recruitment of additional cells (Eriksson et al., 2001). Interactions of selectins with 
their ligands allow leukocytes to roll on inflamed endothelium under the rapid flow of the 
bloodstream (Alon et al., 1995). In fact, shear stress is required to support L-selectin and P-
selectin dependent adhesion, and rolling cells detach when flow is stopped (Finger et al., 
1996; Lawrence et al., 1997). This selectin-mediated slow rolling allows the leukocyte to 
‘sample’ the repertoire of chemokines and other activation signals presented on the luminal 
surface of endothelial cells. 

In addition to selectins, various integrins participate in rolling. Integrins bind members of the 
immunoglobulin superfamily, including vascular cell-adhesion molecule 1 (VCAM-1) and 
intercellular adhesion molecule 1 (ICAM-1). Neutrophils roll on immobilized VCAM-1 by 
engaging the leukocyte integrin receptor, very late antigen 4 (VLA-4; α4β1-integrin). β2-
integrins also support rolling (Sigal et al., 2000). Resting mouse neutrophils roll on surfaces 
coated with E-selectin ligand and ICAM-1. Ligation of endothelial E-selectin induces a 
structural conformational change in leukocyte lymphocyte function-associated antigen 1 (LFA-
1; αLβ2-integrin) allowing it to bind to its endothelial ligand, ICAM-1 (Salas et al., 2004). In 
addition, it has recently been demonstrated that the mechanochemical design of LFA-1 allows 
shear stress to induce and maintain a state of high ligand-binding affinity (Astrof et al., 2006). 
Rolling in vivo requires E-selectin (Kunkel et al., 1996), engagement of the β2-integrins (Jung et 
al., 1998), LFA-1 and macrophage antigen-1 (MAC1; Dunne et al., 2002).  

Although leukocytes (particularly neutrophils) roll under normal conditions, during 
inflammation leukocytes undergo integrin-dependent arrest. Arrest of leukocytes on 
endothelial cells is rapidly triggered by the binding of chemokines and other chemoattractants 
(Campbell et al., 1998). These chemoattractants are secreted by activated endothelial cells and 
platelets. In fact, platelets can deposit chemokines, such as CC-chemokine ligand 5 (CCL5), 
CXC-chemokine ligand 4 (CXCL4), and CXCL5 onto the inflamed endothelial lumen to trigger 
leukocyte arrest (von Hundelshausen et al., 2001; Huo et al., 2003).  

Following firm arrest, leukocytes migrate, by a process called diapedesis, across the 
endothelial cell barrier, its associated basement membrane, and the pericyte sheath. 
Leukocyte diapedesis and chemotaxis is triggered by chemokines (such as IL-8) presented to 
rolling leukocytes on the luminal surface of endothelial cells. Leukocytes can cross the 
endothelium between adjacent endothelial cells (paracellular route) or directly through an 
endothelial cell (transcellular route). Transcellular migration generally occurs in 'thin' parts 
of the endothelium where there is less distance for the leukocyte to migrate (Ley et al., 2007). 
In addition, caveolae containing ICAM-1 link together to form vesiculo-vacuolar organelles 
(VVOs), providing shortcuts for transcellular leukocyte diapedesis (Dvorak et al., 2001). This 
creates a channel inside the cell through which leukocytes can migrate. During paracellular 
migration, ligation of endothelial-cell adhesion molecules results in reduced interendothelial 
contacts, facilitating the migration of leukocytes through endothelial cell junctions (Ley et 
al., 2007). Transendothelial migration requires an increase in intracellular endothelial 
calcium, which promotes opening of endothelial cell junctions via the activation of myosin 
light chain kinase and endothelial cell contraction. The route of leukocyte migration is 
determined by both the surface density of ICAM-1 and the shape of endothelial cells (Yang 
et al., 2005). Both a high density of ICAM-1 and endothelial cells with a polygonal 
morphology promote transcellular migration (Yang et al., 2005). Many endothelial junctional 
molecules, such as platelet/endothelial-cell adhesion molecule 1 (PECAM-1), ICAM -1, 
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ICAM-2, junctional adhesion molecule A (JAM-A), (JAM-B), (JAM-C), endothelial cell-
selective adhesion molecule (ESAM), and CD99, play a role in leukocyte transmigration. 
Although the leukocyte adhesion cascade has been divided into several steps, these are not 
temporally exclusive, but instead synergistically promote leukocyte arrest and diapedesis. 
Leukocyte diapedesis was described almost 200 years ago, but its molecular mechanisms are 
only now beginning to be more fully understood (Imhof et al., 2004). In the past decade, new 
insights have been gained into the signaling events that underlie integrin activation, post-
adhesion strengthening of leukocyte attachment and the structural significance of molecules 
involved in diapedesis (Muller, W., 2003). 

1.4 Chemotaxis 

Following extravasation, leukocytes migrate through the interstitial ECM, following a 
chemoattractant gradient, to reach the site of inflammation. Chemotaxis, directed cell 
migration towards external chemical gradients, occurs in many eukaryotic cells including: 
free-living organisms, leukocytes (during inflammation), endothelial cells (angiogenesis), 
spermatocytes (fertilization) and neurons (neurogenesis) (Singer et al., 1986). Upon exposure 
to a chemoattractant the cell orients itself in the direction of locomotion along the 
chemoattractant gradient. Polarization results from preferential pseudopod extension towards 
areas of higher chemoattractant concentration (Zigmond, S., 1974). Efficient chemotaxis 
requires coordination between pseudopod formation at the leading edge of the cell, and 
uropod retraction at the trailing edge. During chemotaxis, neutrophils extend short surface 
protrusions called filopodia, or microspikes, which are membrane extensions of approximately 
0.1-0.2 μm in diameter and up to 20 μm in length. These structures act as cellular tentacles and 
are supported by a core bundle of actin microfilaments (Mattila et al., 2008). In neutrophils, 
filopodia support thin sheets of membrane-enclosed cytoplasm, called lamellipodia. 
Lamellipodia contain actin filaments and a meshwork of myosin II-associated microfilaments. 
In neutrophils, the actin network within the lamellipodia, together with other structural and 
regulatory proteins, comprises the molecular motor which drives cell locomotion (Jones et al., 
1998). This locomotory apparatus works against cell-to-substratum adhesions called focal 
contacts or focal adhesions. Focal adhesions are molecular structures that utilize integrins to 
link the myosin II-containing bundles of cytoplasmic microfilaments (called stress fibers) to 
proteins in the extracellular matrix (ECM) (Critchley et al., 1999). In neutrophils, integrin-
mediated contacts to the ECM take two forms: focal complexes and podosomes. Focal 
complexes are structurally similar to focal adhesions but lack stress fibers (Allen et al., 1997), 
while podosomes are distinct circular structures that are only observed in cells of the myeloid 
lineage (DeFife et al., 1999; Correia et al., 1999; Linder et al., 2003). In this way, cytoskeletal 
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chemoattractants involved in leukocyte recruitment to inflammatory foci is a family of 
chemoattractant cytokines called chemokines. Chemokines constitute a large family of small 
peptides that are structurally similar and that bind to a family of seven transmembrane G-
protein coupled receptors (Rossi et al., 2000). The specific expression, regulation, and 
receptor binding patterns of each chemokine determine their functional diversity. Most 
chemokines are structurally conserved to bind to glycosaminoglycans (GAGs) on the 
luminal surface of endothelial cells. This binding is required for leukocyte recruitment in 
vivo. Indeed, chemokines with mutations in their GAG binding domains can induce in vitro 
chemotaxis, but are unable to recruit leukocytes to the peritoneal cavity in vivo (Johnson et 
al., 2005).  

The binding of chemoattractants to their receptors activates leukocyte integrins 
instantaneously by inside-out signalling mechanisms (Shamri et al., 2005). They rapidly 
regulate integrin avidity by increasing both integrin affinity (by a conformational change 
that results in increased ligand binding energy and a decreased ligand dissociation rate), 
and valency (the density of integrins per area of plasma membrane involved in adhesion, 
determined by expression levels and lateral mobility) (Laudanna et al., 2002; Constantin et 
al., 2000). Through these signaling mechanisms, chemokines work as powerful activators of 
integrin-mediated adhesion and leukocyte recruitment. 

1.6 Intracellular signaling of chemoattractant receptors 

Several neutrophil chemoattractants, particularly chemokines, interact with specific 
receptors on the plasma membrane, transducing signals by coupling to heterotrimeric G 
proteins. Heterotrimeric G proteins are composed of an α, β, and γ subunit. The α subunit is 
the GDP/GTP binding element. When bound to GDP, the α subunit interacts with the β and 
γ subunits to form an inactive heterotrimer complex. Chemoattractant binding induces a 
conformational change in the receptor, exchanging GDP for GTP on the α subunit. The α 
subunit then dissociates from the receptor, releasing the Gβγ complex. The free Gα and Gβγ 
subunits are then available to bind and activate target enzymes such as phosphatidylinositol 
3-kinase (PI3K), phospholipase C (PLC), or adenyl cyclase (Fig. 2). These enzymes generate 
secondary intracellular messengers that initiate a cascade of signaling events that ultimately 
culminate in cytoskeletal rearrangement and leukocyte migration.  

Ligation of chemoattractant receptors leads to the activation of four major signaling 
pathways (Fig. 2): PLC, PI3K, mitogen-activated protein kinases (MAPKs) and Rho 
guanosine triphosphatases (GTPases). Once the Gα subunit dissociates, the Gβγ complex 
activates PLC, which cleaves phosphatidylinositol (4,5)-bisphosphate (PI(4,5)P2) to generate 
inositol (1,4,5)-triphosphate (IP3) and diacylglycerol (DAG). Generation of IP3 leads to the 
mobilization of intracellular calcium stores from the endoplasmic reticulum, and together 
with DAG, activates protein kinase C (PKC) (Li et al., 2000). The activation and recruitment 
of PKC to the plasma membrane promotes changes in the actin cytoskeleton that facilitate 
and/or drive cell spreading and migration (Fig. 2).  

A convincing role for PI3K in chemoattractant receptor signaling and chemotaxis has been 
established (Li et al., 2000; Sasaki et al., 2000; Hirsch et al., 2000; Servant et al., 2000; Jin et al., 
2000). Although there are at least four Class I PI3K isoforms in mammalian cells 
(Vanhaesebroeck et al., 1999), only a single Class IB variant has been shown to interact with 



 
Protein Structure 

 

314 

chemoattractants involved in leukocyte recruitment to inflammatory foci is a family of 
chemoattractant cytokines called chemokines. Chemokines constitute a large family of small 
peptides that are structurally similar and that bind to a family of seven transmembrane G-
protein coupled receptors (Rossi et al., 2000). The specific expression, regulation, and 
receptor binding patterns of each chemokine determine their functional diversity. Most 
chemokines are structurally conserved to bind to glycosaminoglycans (GAGs) on the 
luminal surface of endothelial cells. This binding is required for leukocyte recruitment in 
vivo. Indeed, chemokines with mutations in their GAG binding domains can induce in vitro 
chemotaxis, but are unable to recruit leukocytes to the peritoneal cavity in vivo (Johnson et 
al., 2005).  

The binding of chemoattractants to their receptors activates leukocyte integrins 
instantaneously by inside-out signalling mechanisms (Shamri et al., 2005). They rapidly 
regulate integrin avidity by increasing both integrin affinity (by a conformational change 
that results in increased ligand binding energy and a decreased ligand dissociation rate), 
and valency (the density of integrins per area of plasma membrane involved in adhesion, 
determined by expression levels and lateral mobility) (Laudanna et al., 2002; Constantin et 
al., 2000). Through these signaling mechanisms, chemokines work as powerful activators of 
integrin-mediated adhesion and leukocyte recruitment. 

1.6 Intracellular signaling of chemoattractant receptors 

Several neutrophil chemoattractants, particularly chemokines, interact with specific 
receptors on the plasma membrane, transducing signals by coupling to heterotrimeric G 
proteins. Heterotrimeric G proteins are composed of an α, β, and γ subunit. The α subunit is 
the GDP/GTP binding element. When bound to GDP, the α subunit interacts with the β and 
γ subunits to form an inactive heterotrimer complex. Chemoattractant binding induces a 
conformational change in the receptor, exchanging GDP for GTP on the α subunit. The α 
subunit then dissociates from the receptor, releasing the Gβγ complex. The free Gα and Gβγ 
subunits are then available to bind and activate target enzymes such as phosphatidylinositol 
3-kinase (PI3K), phospholipase C (PLC), or adenyl cyclase (Fig. 2). These enzymes generate 
secondary intracellular messengers that initiate a cascade of signaling events that ultimately 
culminate in cytoskeletal rearrangement and leukocyte migration.  

Ligation of chemoattractant receptors leads to the activation of four major signaling 
pathways (Fig. 2): PLC, PI3K, mitogen-activated protein kinases (MAPKs) and Rho 
guanosine triphosphatases (GTPases). Once the Gα subunit dissociates, the Gβγ complex 
activates PLC, which cleaves phosphatidylinositol (4,5)-bisphosphate (PI(4,5)P2) to generate 
inositol (1,4,5)-triphosphate (IP3) and diacylglycerol (DAG). Generation of IP3 leads to the 
mobilization of intracellular calcium stores from the endoplasmic reticulum, and together 
with DAG, activates protein kinase C (PKC) (Li et al., 2000). The activation and recruitment 
of PKC to the plasma membrane promotes changes in the actin cytoskeleton that facilitate 
and/or drive cell spreading and migration (Fig. 2).  

A convincing role for PI3K in chemoattractant receptor signaling and chemotaxis has been 
established (Li et al., 2000; Sasaki et al., 2000; Hirsch et al., 2000; Servant et al., 2000; Jin et al., 
2000). Although there are at least four Class I PI3K isoforms in mammalian cells 
(Vanhaesebroeck et al., 1999), only a single Class IB variant has been shown to interact with 

 
Slit/Robo Signaling: Inhibition of Directional Leukocyte Migration 

 

315 

chemoattractant receptors in leukocytes. The outcome of Class I PI3K activation is 
phosphorylation of membrane PI(4,5)P2 by activated PI3K, generating PI(3,4,5)P3 at the 
plasmalemma. The Gβγ complex also activates PI3Kγ, activating Src-family kinases and 
generating PI(3,4,5)P3 from membrane PI(4,5)P2 (Krugmann et al., 1999), resulting in the 
recruitment of Ras GTPases and subsequent activation of MAPK pathways (Fig. 2) 
(Kintscher et al., 2000). Although MAPK signaling pathways are involved in chemotaxis and 
adhesion, the most important biochemical events for cell polarization are the production of 
PIP3 and activation of Rho GTPases at the leading edge of the cell.  

 
Fig. 2. Intracellular signaling cascade upon ligation of chemoattractant receptors. 
Chemoattractant binding to GPCRs induces a conformational change that results in the 
dissociation of Gα subunits from the Gβγ complex. This leads to rapid outside-in signaling 
resulting in the activation of four major signaling pathways that contribute to the generation 
of cell polarity and chemotaxis: Rho GTPases, PI3K, PLC, and MAPKs. 

The PI3K dependent production of PIP3 at the cell membrane allows for the recruitment of 
the Rho-family GTPases, Rac and Cdc42, to the cell membrane. The localization of PIP3, Rac 
and Cdc42 then stimulate polymerization of actin, a process necessary for the formation of 
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filopodia and lamellipodia at the front of the cell. At the back of the cell, Rho-kinase 
phosphorylation results in inactivation of myosin light chain phosphatase, leading to 
increased myosin light-chain kinase (MLK) dependent activation of myosin (Nguyen et al., 
1999). These biochemical conditions favour the formation of actomyosin bundles, 
contraction, de-adhesion from the substratum and tail retraction (Ridley, A., 2001; Bokoch, 
G., 2005). Interestingly, signals at the leading edge inhibit signals at the trailing edge, 
allowing for the maintenance of cell polarity (Fenteany et al., 2004). To prevent the 
accumulation of PIP3 at the trailing edge, PTEN dephosphorylates PI(3,4,5)P3 to PI(4,5)P2. 
The lack of PIP3 in the back of the cell prevents activation and recruitment of Rho GTPases 
and subsequent actin polymerization, allowing the formation of actomyosin bundles and 
tail retraction (Worthylake et al., 2001). Actin polymerization at the leading edge coupled 
with tail retraction in the back allows for directed leukocyte chemotaxis. 

1.7 Rho-family GTPases: Rac, Cdc42, and Rho 

Small GTPases of the Rho family are a part of the Ras superfamily of small GTP-binding 
proteins. They are pivotal regulators of many signaling networks that are activated by a 
diverse variety of receptor types. To date, over 20 mammalian Rho GTPases have been 
characterized, and these can be grouped into 6 different classes: Rac (Rac1, Rac2, Rac3, 
RhoG), Rho (RhoA, RhoB, RhoC), Cdc42 (Cdc42Hs, G25K, TC10), Rnd (Rnd3/RhoE, 
Rnd1/Rho6, Rnd2/Rho7), RhoD, and RhoH/translocation three four (TTF) (Aspenström, P., 
1999; Kjoller et al., 1999). When activated, Rho GTPases regulate many important processes 
in all eukaryotic cells, including actin cytoskeleton dynamics, transcription, cell cycle 
progression, and membrane trafficking. The activity of Rho GTPases is regulated by outside-
in signals from a variety of receptor types, including GPCR, tyrosine kinase receptors, 
cytokine receptors and adhesion receptors. Rho-family GTPases play a critical role in 
regulating leukocyte chemotaxis, adhesion and phagocytosis. 

1.7.1 Rho GTPases: Structure and regulation  

All Rho GTPases contain two main structural domains, the C-terminal 'CAAX' motif and a 
catalytic GTP domain. The 'CAAX' motif undergoes post-translational processing, involving 
carboxy-terminal proteolysis of the AAX residues followed by carboxyl-methylation. The 
modified C-terminal domain can then attach to membrane lipids and facilitates membrane 
association and subcellular localization of Rho GTPases (Gutierrez et al., 1989; Casey et al., 
1989; Fujiyama et al., 1990). The catalytic domain contains two regions, switch I and switch 
II. These domains correspond to different structural conformations in the GTP-bound and 
GDP-bound forms. Rho GTPases function as molecular switches by cycling between GDP-
bound and GTP-bound forms. When bound to GDP, Rho GTPases are inactive. Binding of 
ligands to cell surface receptors, results in exchange of GDP for GTP, switching the protein 
to an active state. The active form interacts with downstream effector molecules. The 
intrinsic GTPase activity of Rho GTPases completes this cycle by hydrolyzing GTP, 
returning the GTPase to its inactive GDP-bound state.  

Three classes of molecules interact with Rho GTPases and regulate their activation state: 
guanine nucleotide exchange factors (GEFs), GTPase-activating proteins (GAPs), and 
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guanine nucleotide dissociation inhibitors (GDIs). GEFs catalyze the exchange of GDP for 
GTP, leading to the activation of Rho GTPases. To date, over 69 mammalian GEFs for Rho 
GTPases have been identified (Rossman et al., 2005). They are characterized by the presence 
of a Dbl homology domain (DH), which interacts with both the switch I and switch II 
regions and catalyses the exchange of GDP for GTP. In addition, many of these DH-domain 
containing proteins, such as Vav, contain a Pleckstrin homology (PH) domain which allows 
GEFs to bind phosphoinositides, such as PIP3. This localizes GEFs to the plasma membrane 
where they can bind other Rho-family GTPase-interacting proteins. GAPs enhance the 
intrinsic GTPase activity of Rho GTPases, and thus suppress their activity. Although 
GTPases possess intrinsic GTPase activity, the actual rate of GTP hydrolysis is relatively 
slow. Therefore, the interaction with a GAP is required for efficient GTP hydrolysis, as this 
accelerates the cleavage step by several orders of magnitude (Vetter et al., 2001). To date, 
more than 70 eukaryotic RhoGAPs have been discovered, of which 35 are found in humans 
(Tcherkezian et al., 2007). There exists a large diversity in the primary sequences of the 
various GAPs. However, each one contains a Rho GAP domain with a conserved tertiary 
structure composed of α helices and a catalytically critical 'arginine finger' which stabilizes 
the formation of the transition state during GTP hydrolysis (Nassar et al., 1998). In addition, 
the Rho GAP domain interacts with both the switch I and switch II regions on the GTPase 
domain (Gamblin et al., 1998), allowing GAPs to facilitate the intrinsic hydrolysis of GTP, 
resulting in the inactivation of Rho GTPases. 

Finally, GDIs associate with Rho GTPases in their inactive GDP-bound state and inhibit 
their activation by GEFs. GDIs also bind to GTP-bound GTPases, and suppress their activity 
(Oloffson, B., 1999). There is evidence that GDIs can bind to isoprenyl moieties on the C-
terminus of GTPases in order to sequester them in the cytosol (Keep et al., 1997). The role of 
GDIs in partitioning GTPases between the membrane and cytosol may be physiologically 
more important than the inhibition of their activation, as this may provide a storage pool of 
Rho GTPases that is readily utilized upon cell activation. Overall, GDIs prevent the 
activation of Rho GTPases, prevent their interaction with membranes, and inhibit 
downstream signaling networks. 

1.7.2 Rho GTPases and the actin cytoskeleton 

The movement of eukaryotic cells relies on the coordinated extension of actin-rich 
lamellipodia in the leading edge and retraction of the uropod at the rear of the cell. The 
extension of lamellae in the leading edge involves rapid turnover of actin filaments (Symons 
et al., 1991; Wang, Y., 1985). More stable actin-myosin cables can be found in more 
established protrusions and in the middle and rear of the cell (DeBiasio et al., 1988). 
Recycling of the plasma membrane and integrin-mediated adhesion to the substratum 
and/or ECM are also important for cell motility (Bretscher, M., 1996; Martenson et al., 1993; 
Yamada et al., 1995; Mitra et al., 2005). Coordinated mobilization of the actin cytoskeleton is 
regulated by deployment of actin-binding proteins by activated Rho-family GTPases. Rho-
family GTPases control cell motility and morphological changes in response to extracellular 
chemoattractants. Activation of Rho in fibroblasts results in the assembly of stress fibers and 
focal adhesions (Ridley et al., 1992). The activation of Rac causes extension of lamellipodia 
and assembly of small focal complexes (Nobes et al., 1995; Ridley et al., 1992). In contrast, 
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activation of the Cdc42 Rho-family GTPase leads to the formation of filopodial extensions 
(Nobes et al., 1995).  

As discussed above, the influx of neutrophils and other leukocytes to inflammatory foci 
relies on activation of Rho-family GTPases and dynamic actin turnover. In principle, one 
method to prevent neutrophil-mediated tissue injury would involve blocking neutrophil 
recruitment. However, the redundancy in chemoattractant pathways means that 
interruption of a particular chemoattractant may result in another assuming its function. 
Thus, a localized general chemoattractant blockade could be a useful strategy. Unique 
strategies to target neutrophil recruitment may be gained from studying central nervous 
system (CNS) development, in which structurally distinct positive and negative guidance 
cues for migration and axonal pathfinding have been defined. 

2. Slit2: A guidance cue for cell migration 
During the development of the CNS, neurons must migrate and project axons over long 
distances. Most axons emanating from the CNS must cross the midline and then project 
longitudinally towards their synaptic targets. The molecular mechanisms that guide this 
pathfinding include contact attraction, chemoattraction, contact repulsion and 
chemorepulsion. Guidance cues selectively promote or repress migration of neurons and 
axonal projection. For example, netrins are diffusible chemotropic factors that attract 
commissural axons to the midline (Kennedy et al., 1994). The Slit family of secreted proteins, 
together with their cell-surface receptor Roundabout (Robo), repel neurons during CNS 
development. Once commissural axons have crossed the midline, midline glial cells express 
Slit to prevent axons from re-crossing the midline. Mutant Drosophila lacking Slit proteins 
exhibit midline defects, such as collapse of the regular scaffold of commissural and 
longitudinal axon tracts in the embryonic CNS (Rothberg et al., 1988; Rothberg et al., 1990). 
A similar defect is observed in mutant Drosophila lacking Robo, where projecting axon 
tracts cross the midline repeatedly (Kidd et al., 1998). 

2.1 Slit and robo: Structure 

The Slit family of proteins contain an N-terminal signal peptide, four leucine-rich repeats 
(LRRs), nine epidermal growth factor (EGF) repeats and a C-terminal cysteine knot (Fig. 3) 
(Rothberg et al., 1988; Rothberg et al., 1990; Rothberg et al., 1992). The EGF repeats and LRR 
allow Slit proteins to interact with ECM components, such as glypican-1, enabling them to 
act as localized, non-diffusible, signaling molecules (Ronca et al., 2001). Furthermore, Slit2 
can be proteolytically cleaved after the fifth EGF repeat to form N-terminal (Slit2-N) and C-
terminal (Slit2-C) fragments (Brose et al., 1999; Wang et al., 1999). Slit2-N includes the first 
1118 amino acids and contains the four LRRs and the first five EGF repeats, while Slit2-C 
contains the remaining residues (Brose et al., 1999). Importantly, only the second LRR of 
human Slit2 is required to bind with the first Ig domain of Robo and initiate downstream 
signaling (Morlot et al., 2007). Therefore, both full length Slit2 and Slit2-N bind Robo 
receptors to repel migrating cells and projecting axons (Nguyen Ba-Charvet et al., 2001). 
Although the cleavage of Slit2 does not eliminate its activity, it may play a role in its 
diffusion since Slit-N appears to be more tightly associated with the cell membrane. In rat 
neural tissue both Slit2-N and Slit2-C were shown to bind heparan sulfate proteoglycan 
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glypican-1 (Liang et al., 1999), although Slit2-C bound with higher affinity, suggesting a 
possible regulatory mechanism for its diffusion.  

Robo, a member of the immunoglobulin superfamily, is a single-pass type-1 receptor for 
the Slit proteins. The extracellular region of human Robo-1 contains five immunoglobulin 
(Ig) repeats and three fibronectin type III domains. The cytoplasmic region of Robo-1 
contains four conserved cytoplasmic signaling motifs, CC0, CC1, CC2 and CC3 (Kidd et 
al., 1998; Zallen et al., 1998). Only the first Ig domain of Robo is required to bind to the 
second LRR domain in Slit2 and Slit2-N (Battye et al., 2001; Chen et al., 2001; Nguyen Ba-
Charvet et al., 2001). The cytoplasmic CC motifs of Robo are required for response to Slit 
(Bashaw et al., 2000). 

 

Fig. 3. Primary Protein Structure of Mammalian Slit2 and Robo-1 Proteins. Mammalian Slit2 
contains four leucine rich repeats (LRRs), nine epidermal growth factor (EGF) repeats, a 
laminin G (G) domain, and a cysteine rich C terminus. The Robo-1 receptor contains five 
immunoglobulin (Ig) repeats, three fibronectin (FN) type III, a transmembrane Domain (TM) 
and four conserved cytoplasmic (CC) signaling motifs. 

The detection of an amino-terminal fragment of Robo-1 (Robo-1-NTF) in the conditioned 
medium of cancer cell lines and in the serum of patients with hepatocellular carcinoma 
suggests that Robo-1 may undergo proteolytic cleavage (Ito et al., 2006). The cleavage site 
was recently shown to be between Glu852 and Glu853, only 10 residues away from the 
plane of the plasma membrane (Seki et al., 2010). Following cleavage of transmembrane 
Robo-1 by MMPs, a soluble Robo-1-NTF is generated. The remaining carboxy-terminal 
fragment (Robo-1-CTF1) is subsequently cleaved by γ-secretase to form Robo-1-CTF2 (Fig. 
4). Robo-1-CTF2 translocates to the nucleus, although its function is unknown (Seki et al., 
2010).  
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Fig. 4. Successive cleavage of the Robo-1 receptor. Full-length Robo-1 is first cleaved by 
MMPs to form Robo-1-NTF and Robo-1-CTF1. The second cleavage, mediated by γ-
secretase, releases Robo-1-CTF2 which translocates to the nucleus. The function of Robo-1-
CTF2 at this location is unknown. 

2.2 Slit and robo: Expression 

Expression of the Slit genes has been demonstrated in many organisms, including 
Drosophila (Battye et al., 1999), Caenorhabditis elegans (Hao et al., 2001), Xenopus (Chen et al., 
2000), Gallus gallus domesticus (Holmes et al., 2001; Vargesson et al., 2001), mice (Holmes et 
al., 1998; Piper et al., 2000), rats (Marillat et al., 2002) and humans (Itoh et al., 1998). In 
mammals there are three members of the Slit family. Although Slit1 is predominantly 
expressed in the developing CNS (Yuan et al., 1999), Slit2 and Slit3 are expressed outside the 
CNS, particularly in lung, kidney, and heart (Wu et al., 2001). Importantly, Slit expression 
persists in the adult organism, suggesting a role for Slit proteins beyond embryogenesis.  

Expression of Robo has been demonstrated in Drosophila (Kidd et al., 1998), mice (Yuan et 
al., 1999) and humans (Kidd et al., 1998). There are four isoforms of Robo in mammals. 
Robo-1 is most highly expressed in tissues outside the CNS, including human leukocytes 
(Wu et al., 2001). Robo-2 is expressed during vertebrate limb development (Vargesson et al., 
2001). Robo-3 is expressed following cerebellar and spinal cord lesions (Wehrle et al., 2005). 
Robo-4 is expressed in the adult organism by primary human endothelial cells, including 
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secretase, releases Robo-1-CTF2 which translocates to the nucleus. The function of Robo-1-
CTF2 at this location is unknown. 

2.2 Slit and robo: Expression 

Expression of the Slit genes has been demonstrated in many organisms, including 
Drosophila (Battye et al., 1999), Caenorhabditis elegans (Hao et al., 2001), Xenopus (Chen et al., 
2000), Gallus gallus domesticus (Holmes et al., 2001; Vargesson et al., 2001), mice (Holmes et 
al., 1998; Piper et al., 2000), rats (Marillat et al., 2002) and humans (Itoh et al., 1998). In 
mammals there are three members of the Slit family. Although Slit1 is predominantly 
expressed in the developing CNS (Yuan et al., 1999), Slit2 and Slit3 are expressed outside the 
CNS, particularly in lung, kidney, and heart (Wu et al., 2001). Importantly, Slit expression 
persists in the adult organism, suggesting a role for Slit proteins beyond embryogenesis.  

Expression of Robo has been demonstrated in Drosophila (Kidd et al., 1998), mice (Yuan et 
al., 1999) and humans (Kidd et al., 1998). There are four isoforms of Robo in mammals. 
Robo-1 is most highly expressed in tissues outside the CNS, including human leukocytes 
(Wu et al., 2001). Robo-2 is expressed during vertebrate limb development (Vargesson et al., 
2001). Robo-3 is expressed following cerebellar and spinal cord lesions (Wehrle et al., 2005). 
Robo-4 is expressed in the adult organism by primary human endothelial cells, including 
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umbilical vein endothelial cells and microvascular endothelial cells (Suchting et al., 2005). 
Interestingly, the tissue expression of Slit and Robo is relatively complementary, suggesting 
a synergistic relationship (Yuan et al., 1999). 

2.3 Slit and robo: Function 

Recent studies demonstrate a role for Slit and Robo as repellents outside the CNS. For 
example, in mesoderm migration in Drosophila, myocyte precursors migrate away from the 
midline towards peripheral target sites where they fuse to form muscle fibers. In Slit and 
Robo mutants, these cells do not migrate away from the midline and instead fuse across it 
(Rothberg et al., 1990). Interestingly, this defect can be reversed by expressing Slit protein in 
midline cells (Kramer et al., 2001). Slit and Robo signaling also plays a role in nephrogenesis. 
During renal development, formation of a ureteric bud requires secretion of glial cell 
derived neurotrophic factor (GDNF) by nearby mesenchymal cells. Slit2 and Robo-2 
knockout mice display abnormal patterns of GDNF secretion and develop multiple ureteric 
buds and multiple urinary collecting systems (Ray, L., 2004). Furthermore, polymorphisms 
in the human Robo2 gene are associated with familial vesicoureteral reflux (Bertoli-Avella et 
al., 2008), a condition involving improper insertion of ureters into the bladder resulting in 
retrograde flow of urine from the bladder to the kidney. Slit2 also acts as a repellent in the 
mature organism. A recent study demonstrated that Slit2 inhibits vascular smooth muscle 
cell migration toward a gradient of platelet-derived growth factor (PDGF) (Liu et al., 2006). 
This inhibition occurred by suppression of activation of the small GTPase, Rac1. Slit2 has 
been shown to prevent cancer cell metastasis. The chemokine receptor, CXCR4, is expressed 
by some human breast cancer cells, allowing them to migrate towards gradients of the 
CXCR4 ligand, stromal cell-derived factor-1 (SDF-1α), and promoting their metastasis to the 
lung. Slit2 inhibited chemotaxis, adhesion and chemoinvasion of these breast cancer cells 
(Prasad et al., 2004). Several other studies have demonstrated a role for Slit2 as a tumor 
suppressor. Slit2 was shown to inhibit colony formation in lung, colorectal and breast cancer 
cell lines (Dallol et al., 2002). Slit2 has also been shown to be epigenetically silenced in more 
aggressive forms of these and other cancers (Dallol et al., 2003; Dallol et al., 2003; Dickinson 
et al., 2004). Collectively, these studies demonstrate a repellent role for Slit and Robo in the 
adult organism and in cancer biology.  

The role of Robo-4 signaling in endothelial cells is controversial. Kaur et al. (2006) showed 
that Robo-4 signaling mediates attractive guidance mechanisms by activating Cdc42 and 
Rac1 in endothelial cells and inducing actin-mediated cell protrusions, including filopodia 
and lamellipodia. In fact, Robo-4-induced phenotypic effects in endothelial cells are rescued 
by dominant negative constructs of Cdc42. Thus, Robo-4 may mediate attractive signaling 
via activation of Rho-family GTPases, Cdc42 and Rac1. However, in 2008, Jones et al. 
showed that Slit inhibits endothelial cell migration and angiogenesis. In fact, Robo-4 
signaling was shown to stabilize endothelial cell barriers (Jones et al., 2009). Thus, the 
precise role of Slit/Robo signaling in endothelial cells is yet to be determined.  

2.4 Slit2/Robo-1 intracellular signal transduction  

Studies of neuronal tissue have demonstrated that Robo-1 signals through two pathways 
that lead to remodeling of the cytoskeleton: Enabled (Ena) protein and Rho GTPases. Both of 
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these pathways require the CC motifs in the cytoplasmic domain of Robo. Ena and its 
mammalian homologue (Mena) are members of a family of proteins that link signal 
transduction to localized remodeling of the actin cytoskeleton by binding to profilin, an 
actin binding protein which regulates actin polymerization (Lanier et al., 1999; Wills et al., 
1999). Ena is a substrate for Abelson kinase (Gertler et al., 1989). Ena and Abelson both bind 
to Robo. Ena binds to the CC1 motifs while Abelson binds to the CC3 motif (Fig. 5) (Bashaw 
et al., 2000). Impairing Ena binding reduces Robo function, while mutations in Abelson 
result in Robo hyperactivity (Bashaw et al., 2000).  

  

Fig. 5. Intracellular signaling downstream of the Robo-1 receptor. Enabled protein bind to 
Robo-1 and may contribute to Slit-mediated repulsion. Abelson kinase phosphorylates 
intracellular domains of Robo and antagonizes Robo function. Ligation of Robo-1 by Slit2 
results in the recruitment of srGAPs to the plasma membrane. srGAPs convert active GTP-
bound forms of Cdc42 and Rac to their inactive, GDP-bound counterparts, thereby 
inhibiting the dynamic actin polymerization required for chemotaxis and preventing cell 
migration.  
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Slit/Robo also mediate cell repulsion through modulation of Rho GTPase activity. A family 
of GTPase activating proteins, Slit Robo GTPase activating proteins (srGAPs), were shown 
to bind Robo (Fig. 5) (Wong et al., 2001). The SH3 domain of srGAP binds the CC3 motif of 
Robo, while the GAP domain has activity for the Rho GTPases, Rac, Cdc42 and Rho (Wong 
et al., 2001). Ligation of Robo by Slit induces the recruitment of srGAP, thereby inactivating 
Rho-family GTPases and inhibiting actin remodeling and cell motility (Wong et al., 2001). 

2.5 Slit/Robo in cell trafficking 

Both neuronal and leukocyte chemotaxis require recognition of guidance cues, polarization of 
the cell, and mobilization of the actin cytoskeleton. In addition to repelling developing axons, 
Slit2 also inhibits chemotaxis of other cell types including vascular smooth muscle cells (Liu et 
al., 2006). However, the first study to demonstrate that Slit2 inhibits leukocyte chemotaxis, in 
2001, utilized transwell migration assays to show that Slit2 inhibits chemotaxis of rat lymph 
node cells and neutrophil-like HL-60 cells towards MCP-1 and fMLP respectively (Wu et al., 
2001). Subsequently, Kanellis et al. (2004) demonstrated that Slit2 inhibits chemotaxis of rat-
derived macrophages towards MCP-1 and fMLP. Another study showed that Slit2 inhibited 
migration of dendritic cells (DCs) (Guan et al., 2003). In 2007, Prasad et al. demonstrated that 
Slit2 inhibits chemotaxis and transendothelial migration of primary CD4+ T lymphocytes 
toward SDF-1. Recently, Slit2 was shown to promote chemotaxis of eosinophils towards the 
chemokine, eotaxin, and to exacerbate allergic airway inflammation (Ye et al., 2010). Thus, Slit2 
can negatively or positively regulate directional migration of individual leukocyte subsets. 

3. Slit2/Robo-1 signaling inhibits neutrophil migration 
Using immunoblotting, we previously demonstrated Robo-1 protein in human and mouse 
neutrophils (Tole et al., 2009). Immunofluorescence microscopy and flow cytometry 
revealed that Robo-1 was on the surface of cells. 

We used Transwell migration assays to study the effects of Slit2 on chemotaxis of primary 
human neutrophils. In the presence of Slit2, fMLP-induced migration of neutrophils was 
inhibited in a dose-dependent manner. In fact, we observed that Slit2 is a potent inhibitor of 
neutrophil migration toward diverse types of chemotactic cues, including IL-8 and C5a (Tole 
et al., 2009). 

Neutrophil exposure to chemoattractants results in the activation of the Rho GTPases, Rac 
and Cdc42 and the subsequent reorganization of actin filaments. (Sun et al., 2004; Srinivasan 
et al., 2003). Since the predominant isoform of Rac in human neutrophils is Rac2, not Rac1, 
the activation of Rac2 was studied. Following stimulation with fMLP, levels of activated 
Cdc42 and Rac2 in the presence of Slit2 were less than half of those observed in untreated 
control cells.. We found that Slit2 inhibits neutrophil chemotaxis and actin polymerization 
by preventing cell polarization and disrupting generation and recruitment of activated Rac2 
and Cdc42. 

We examined the effects of Slit2 on the activation of kinase signaling pathways associated 
with neutrophil chemotaxis, namely, PI3K, Akt, Erk, and p38 MAPK. Stimulation of 
neutrophils with fMLP resulted in levels of activated Akt that were comparable in the 
presence or absence of Slit2, indicating that Slit2 does not impair the ability of neutrophils to 
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generate membrane PIP3. Similarly, Slit2 treatment had no effect on fMLP-induced 
phosphorylation of Erk and p38 MAPK. Thus, Slit2 inhibits neutrophil chemotaxis by 
specifically preventing activation of Cdc42 and Rac2 but not activation of Akt, Erk, or p38 
MAPK (Tole et al., 2009). 

We studied the effect of Slit2 on neutrophil recruitment in vivo using a mouse model of 
chemical irritant peritonitis (Glogauer et al., 2003). The administration of Slit2 prior to 
induction of peritonitis with sodium periodate, resulted in a significant decrease in 
neutrophil recruitment to the peritioneum.. Slit2 also prevented neutrophil recruitment to 
the peritoneal cavity in response to other chemoattractant factors tested, including C5a and 
MIP-2. These data demonstrate that Slit2 acts as a potent inhibitor of chemotaxis for 
circulating neutrophils toward diverse inflammatory stimuli. Slit2 also inhibited infiltration 
of other leukocyte subsets, especially monocytes/macrophages (Tole et al., 2009). 

 
Fig. 6. Slit2/Robo-1 signaling inhibits actin remodelling required for chemotaxis. 
Chemoattractant signaling induces the activation of Rho GTPases Cdc42 and Rac, allowing 
for actin remodeling and chemotaxis. The binding of the LRRs on Slit2 to Robo-1 recruits 
srGAPs to the membrane, converting active Rho GTPases to their inactive, GDP-bound, 
forms. Inactivation of Rho GTPases abolishes actin remodeling and prevents cell 
chemotaxis.  

4. Conclusion and discussion 
The LRRs contained in Slit proteins can inhibit the migration of diverse cells, including 
neuronal cells and vascular smooth muscle cells. The conserved structure of Slit proteins 
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also allows them to inhibit the migration of several subsets of leukocytes, including DCs and 
lymphocytes (Guan et al., 2003; Kanellis et al., 2004; Prasad et al., 2007). We have recently 
shown that Slit2 inhibits migration of neutrophils to diverse inflammatory attractants, in 
vitro and in vivo. Furthermore, we have demonstrated that this inhibition is mediated by 
inactivation of Rho-family GTPases, Rac and Cdc42 (Fig. 5). Excessive infiltration of 
leukocytes, particularly neutrophils, is associated with local tissue damage seen in 
inflammatory conditions such as rheumatoid arthritis and ischemia reperfusion injury 
(Weissmann et al., 1984; Kaminski et al., 2002). Thus, the protein structure of the conserved 
LRR regions contained in Slit proteins may be utilized as a novel therapeutic strategy to 
locally inhibit leukocyte recruitment.  

Extensive glycosylation makes Slit2 a large and relatively "sticky" protein, potentially 
allowing it to maintain a high local concentration through adherence to extracellular matrix 
proteins such as glypican-1 (Ronca et al., 2001). Thus, after regional administration, Slit2 
may be retained at sites of inflammation, such as joints and transplanted organs, thereby 
alleviating neutrophil-inflicted tissue injury associated with rheumatoid arthritis and 
ischemia reperfusion injury. As Slit2 blocks migration of several types of inflammatory cells, 
including neutrophils, T lymphocytes, macrophages, and dendritic cells, toward diverse 
chemoattractant signals, it could act as a highly effective anti-inflammatory agent (Guan et 
al., 2003; Kanellis et al., 2004; Prasad et al., 2007; Wu et al., 2001). Further studies are 
required to explore the therapeutic use of Slit2, or of a Slit-like compound containing the 
structurally critical LRRs, for prevention and treatment of localized inflammation. 
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1. Introduction 
Mushrooms, a special group of macrofungi, are not plants and thus do not use 
photosynthesis for nutrient acquisition. Mushrooms are fleshy, have the spore-bearing 
fruiting body of fungi, and typically grow above ground on soil, or other food sources. Most 
mushrooms are Basidiomycota or Agaricomycetes. The fruiting body of mushrooms is an 
important food and is used in many cuisines worldwide. Additionally, several species have 
been consumed extensively as a crude drug or folk tonics; in East Asia, these mushrooms 
are considered as medicinal mushrooms. Some medicinal mushrooms can be cultured and 
are an abundant source of natural proteins and polysaccharides. These mushrooms have 
garnered considerable attention for clinical research and for modern scientific and medicinal 
researches investigating their biological functions (Kino et al., 1989). 

1.1 Functional mushrooms 

In recent decades, medicinal mushrooms have been used to improve human health and 
strengthen the immune system, which have become significant issues in medical and 
pharmacological researchers (Guillamon et al., 2010; Kwok et al., 2005). The activities that 
have been identified include immunomodulatory and hypocholesterolemic actions, and 
antitumor, anti-inflammatory, anti-allergic, anticoagulation, and antithrombin activity as 
well as fibrino(geno)lysis stimulation (Lu et al., 2010b; Wang et al., 1995). Based on the 
medicinal potentials of edible mushrooms, scientists and businesses have devoted 
considerable effort to increase the quality of cultivated mushroom. It’s estimated that 
approximately 14,000 species of mushrooms exist (Miles & Chang, 2004); as edible and 
medicinal mushrooms account for only a small proportion. More than 10 million metric tons 
of edible and medicinal mushrooms are cultivated annually worldwide. Products from 
cultivated mushrooms have been used extensively as food additives, health foods, and for 
medicinal purposes to treat cancers and circulatory disorders (Kim et al., 2003; Mao et al., 
2005; Park et al., 2001). Improvements in mushroom cultivation technology have brought 
countless benefits to commercial production and laboratory applications of mushroom. 

1.2 Bioactive compounds in mushrooms 

Many bioactive compounds, such as cordycepin, polysaccharides, polysaccharide-peptide 
complex, ergosterol, mannitol, peptides and protein/protease, in various mushrooms have 
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chemotherapeutic or medicinal activity (Das et al., 2010). The sources of these bioactive 
compounds include fruiting body, mycelia, cultivation broth, submerged cultivation 
mycelia and fermentation derivatives (Cheung, 1996; Fiore & Kakkar, 2003; Kwok et al., 
2005; Sugimoto et al., 2007; Wang et al., 1995; Wong et al., 2011; Wu et al., 2010, Yamamoto 
et al., 2005; Yoon et al., 2003). This chapter focuses on the fibrinolytic enzymes derived from 
medicinal mushrooms. The function and characterization of these fibrinolytic enzymes are 
described in detail. Technologies for purification and characterization of fibrinolytic enzyme 
from Schizophyllum commune are discussed. 

2. Haemostasis and antithrombotic studies 
Cardiovascular diseases are the leading cause of death worldwide. A common cause of 
cardiovascular diseases is abnormal fibrin accumulation in the blood vessels or a fibrin clot 
adhering to the unbroken vessel walls of the endoepithelium. An abnormal clot formation is 
called a “thrombus”. Thrombosis can stop blood circulation in vessels (arteries or veins), 
and may cause a hypoxiation syndrome such as acute myocardial infarction, high blood 
pressure, ischemic heart, and stroke (Mine et al., 2005). In response to the high mortality 
rates associated with thrombosis, antithrombotic studies and clinical therapies are 
progressing rapidly. 

2.1 Mechanisms of coagulation 

The balance of circulation blood in a liquid or clotted state is called haemostasis, which 
includes two complementary mechanisms: blood coagulation and fibrinolysis. 
Coagulation limits blood loss from a damaged vessel via clot formation. After the 
rehabilitation of the vessel’s endoepithelium, fibrinolysis system processes dissolve clots 
and recover circulating blood (Takada et al., 1994). When a blood vessel is damaged by 
external force (e.g. a cut or scrape), this damage induces the platelet activation and 
aggregation of clotting plasma proteins. Platelets adhere to the subendothelium and 
simultaneously activate a coagulation cascade that induces fibrin production (Heemskerk 
et al., 2002). This coagulation cascade is the outcome of multiple interdependent 
interactions among plasma proteins (tissue factors), platelets, prothrombin, thrombin, 
fibrinogen, and fibrin. Via the intrinsic and extrinsic pathways, soluble fibrinogen is 
converted into insoluble fibrin. Fibrins construct a mesh structure over the platelet plug, 
sealing the injury site (Gentry, 2004; Norris, 2003; Wolberg, 2007). 

2.2 Fibrinolysis 

Under normal conditions, fibrin clots formed in blood vessels should be disassembled 
rapidly and removed by the fibrinolysis system effectively. The key enzyme in the 
fibrinolysis system is plasmin, a serine protease, which is activated from proenzyme 
plasminogen via a tissue-type plasminogen activator (tPA) or a urinary plasminogen 
activator (u-PA) trigger. The fibrinolysis system is regulated by a number of orchestrated 
interactions between fibrin, specific inhibitors, and plasminogen; plasminogen activators are 
indeed necessary that generate clot degradation (Medved & Nieuwenhuizen, 2003). Collen 
(1999) demonstrated that a fibrin formation can trigger activation of fibrinolytic system and 
generate of active plasmin; the latter substance may then degrade fibrin into soluble fibrin 
degradation products (FDPs), followed by clot disintegration (Collen, 1999). 
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2.3 Clinical thrombolytic agents 

Pharmacologic dissolution of an established thrombus is now an accepted therapeutic 
approach for thrombotic occlusive disease. Intravenous infusion of commercial thrombolytic 
agents - plasminogen activators (PA), including recombinant tPA (r-tPA), u-PA, rokinase, 
streptokinase, and anisoylated plasminogen streptokinase-activator complex is effective in 
restoring blood flow in occluded arteries and veins (Liu et al., 2005). However, these agents 
are expensive and have a number of drawbacks, such as rapid degradation, uncontrollable 
acceleration of fibrinolysis and haemorrhage. Widespread systemic activation of fibrinolysis 
leads to potentially life-threatening side effects. To overcome these risks, a safer 
thrombolytic agent is need for treating thrombolytic processes. 

3. Overview of fibrinolytic enzymes  
Fibrinolytic enzymes have been found in natural sources. Their activity resembles that of 
plasmin, which can degrade fibrin and inhibit fibrin clot formation (Chen et al., 1991; 
Mihara et al., 1991; Sumi et al., 1987). Moreover, some fibrinolytic enzymes exhibit activity 
similar to that of a PA. These enzymes may have great potential for antithrombotic therapy. 
Their specific characteristics, such as fibrinolysis, fibrinogenolysis and the proteolytic effect, 
alter the balance between coagulation and anticoagulation, resulting in wide-ranging 
therapeutic applications. 

3.1 Fibrinolytic enzymes from animals 

Earthworms have been used for their antithrombotic effect in East Asia traditional fork 
medicine for a thousand years. However, their precise physiological and biochemical 
mechanism remains unclear. In this century, applications of earthworms have been 
investigated intensively. In 1991, lumbrokinase (LK), a proteolytic enzyme, was first 
extracted from the Lumbricus rubellus by Mihara et al. (Mihara et al., 1991). Studies of LK 
demonstrated that these enzymes, which have a molecular weight of 25-32 kDa, found in the 
earthworm’s body cavity and digestive organs, perform PA and plasmin activities. Recent 
studies have shown that LK enzymes can dissolve blood fibrin clots and inhibit platelets 
activation and aggregation, such that LK enzymes can be administered to treat stroke 
patients as well those with cardiovascular diseases (Nakajima et al., 1993; Tang et al., 2002). 
In 2008, absorption and efficacy of earthworm fibrinolytic enzyme d (EFE-d) was enhanced 
when delivered in water-in-oil (w/o) microemulsions to rats (Cheng et al., 2008). Intestinal 
absorption experiments for LK enzymes have also showed that these heterologous 
proteolytic enzymes have potent properties, facilitating their development as anti-
thrombotic drugs (Fan et al., 2001). 

Many snake venoms, which consist of a multitude of biologically active proteins and peptides, 
are lethal to humans by adversely altering haemostasis. These biological molecules have been 
classified as serine proteases, metalloproteinases, C-type lectins, disintegrins and 
phospholipases. Each may act selectively on different blood coagulation factors, blood cells, 
and tissues (Clemetson et al., 2007). Venom proteases may involve activation or inactivation of 
each factor related to coagulation and fibrinolysis. Notably, a thrombin-like function, which 
stimulates fibrinogen forward clotting processes, and a fibrino(geno)lytic function which can 
digest fibrin and fibrinogen, also exist in snake venoms. Further study has showed that venom 
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contains two groups of fibrino(geno)lytic enzyme, with molecular masses of approximately 25 
and 60 kDa, respectively. Fibrino(geno)lytic enzymes have been isolated in snake venom, 
including those of Agkistrodon acutus, A. contortrix, A. rhodostoma, A. halys brevicaudus, A. 
piscivorus piscivorus, A. piscivorus conami, and Crotalus atrox. The most significant characteristic 
of the amino acid composition of an enzyme is very high levels of Asx and Glx residues (Hahn 
et al., 1995). Swenson and Markland (2005) characterized venom fibrino(geno)lytic 
metalloproteinases and serine proteinases. Two sub-classes of proteinases that have distinct 
sensibility to enzymatic inhibitors, such as EDTA, a metalloproteinase inhibitor, and 
phenylmethanesulfonylfluoride (PMSF), a serine proteinase inhibitor. The mechanism of 
action of venom fibrin(ogen)olytic metalloproteinases and serine proteinases differs, and they 
target different amino acid sequences in fibrin(ogen). The α-chain and β-chain fibrinogenases 
can be defined as venom enzymes degrading preferentially (although not exclusively) either 
the α- or β-chain of fibrinogen, respectively (Swenson & Markland, 2005). Recently, several 
venom fibrin(ogen)olytic enzymes and genetically recombined venom fibrin(ogen)olytic 
enzymes have been examined using animal models and a promising result was obtained 
(Gasmi et al., 1997; Marsh & Fyffe, 1996; Moise & Kashyap, 2008; Toombs, 2001). Based on the 
high fibrinolytic activity of the fibrinolytic enzyme process in venom, these enzymes are 
currently examined under examination in preclinical and clinical experiments for their 
thrombolytic efficacy and haemostatic safety. 

3.2 Fibrinolytic enzymes from microbial 

Peng et al. (2005) presented an overview of microbial fibrinolytic enzymes. Microbial 
fibrinolytic enzymes are derivatives from bacteria (e. g. streptomyces, actinomyces, and 
bacilli), fungi, and algae (Peng et al., 2005). Two well-known plasminogen activators, 
streptokinase and staphylokinase from Streptococcus hemolyticus and Streptococcus aureus, 
were demonstrated to be effective in thrombolytic therapy. In 1997, the streptokinase gene 
was cloned and its expression in the non-pathogenic Escherichia coli was characterized. The 
recombinant 47.5 kDa protein corrected to native streptokinase has a peptide sequence that 
was successfully used to treat Thrombus (Avilan et al., 1997). Unlike native streptokinase, 
the recombinant forms of streptokinase have low antigenicity and high fibrin-selective 
activity in human circulatory system (Collen & Lijnen, 1994). The recombinant fibrinolytic 
enzyme produced by recombinant technology is now mass-produced. Additionally, the side 
effect of the recombinant fibrinolytic enzyme is reduced. 

Studies of fermented foods showed that fibrinolytic enzymes may be purified from such 
sources as Japanese Natto, Korean Chungkook-Jang soy sauce, dochi, fermented shrimp 
paste, salt-fermented fish, fermented vegetables (e.g., Kimchi), and Indonesia soy products 
(e.g., Tempeh). Most fermented foods are derived from raw materials such as beans, grains, 
fish, meat, vegetables, and dairy products. Fermentation is carried out by edible bacteria or 
fungi (Kim et al., 1996; Sugimoto et al., 2007; Sumi et al., 1987; Sumi et al., 1995; Wong & 
Mine, 2004). For example, the Bacillus genus contains microbial species that usually are used 
for fermentation during fermented-foods production. Natto a popular soybean food in 
Japan, is fermented by the microorganism Bacillus subtilis natto. The first commercial 
fibrinolytic enzyme, Nattokinase (NK), was purified and characterized from Natto. 
Nattokinases, which were found with fibrin and plasmin substrate H-D-Val-Leu-Lys-pNA 
(S-2251) digestion activity (Sumi et al., 1987), have been investigated extensively worldwide.  
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In 1993, NK was characterized as a substilin-like serine protease, base on its high sensitivity to 
protein substrate Suc-Ala-Ala-Pro-Phe-pNA for substilin (Fujita et al., 1993). In 2005, a novel 
NK protein (NKCP) with both antithrombotic and fibrinolytic effects was discovered. Dose-
dependent prolongations of both prothrombin time (PT) and active partial thromboplastin 
time (APTT) were observed in rats administered NKCP intraduodenally (Omura et al., 2005). 
Two fibrinolytic enzymes, QK-1 and QK-2, from supernatant of B. subtilis QK02 culture broth 
were purified and characterized in 2004; QK-1 is a plasmin-like serine protease and QK-2 is a 
subtilisin family serine protease (Ko et al., 2004). A strong fibrinolytic subtilisin doenjang (DJ)-
4 was purified from doenjang, a traditional Korean fermented soybean paste (Kim & Choi, 
2000). Fibrinolytic recombinant full-subtilisin DJ-4 (rf-subDJ-4) and mature-subtilisin DJ-4 (rm-
subDJ-4) were expressed by a pET29 vector system (Choi et al., 2004). The rf-subDJ-4 had 
higher heat- and acid-resisting (pH 3.0–4.0) properties than native subtilisin DJ-4. Notably, rf-
subDJ-4 has the same abilities as the hydrolyzed α-, β-, and γ-chains of fibrinogen; however, 
rm-subDJ-4 does not. Sumi et al. (1990) further demonstrated that Natto or NK capsules 
administered orally enhance fibrinolysis in canine plasma. NK has great potential as a drug 
candidate for treating and preventing thrombus in animal models (Fujita et al., 1995; Sumi et 
al., 1990). Moreover, as the fibrinolytic enzyme was purified from common edible sources, oral 
administration is likely safe. 

4. Mushroom fibrinolytic enzymes 
The fruiting body of mushrooms can produce and disperse a large number of spores within 
a short period. Spores may create new individuals when in an environment suitable for 
growth. Previously, the fruiting body was cultured in growing mediums comprising 
woodchips, straw, sawdust, coffee grounds, logs, and similar organic items. However, after 
seeding spores or the mycelium of fungi on artificial solid or liquid culture medium under 
controlled temperature and moisture, now desired mushroom cultures can be successfully 
created. The products of mushroom cultivation include hyphae, mycelium, fruiting body, 
culture broth, and derivatives that dissolve in broth. Many fibrinolytic enzymes were 
discovered from these products recently. Table 1 lists fibrinolytic enzymes derived from 
mushrooms. 

4.1 Fibrin(ogen)olytic enzyme of mushroom 

The proteolytic complex from fungus Flammulina velutipes was studied by gel 
chromatography and the activities of the enzyme complex were compared with those of 
Aspergillus terricola and Streptomyces griseus proteinases (Morozova et al., 1982). This was the 
first study of fibrinolytic enzyme from mushrooms and their application as therapeutic 
agents. Thereafter, fibrin(ogen)olytic proteases were discovered in the fruiting of Pleurotus 
ostreatus, Armillaria mellea, Tricholoma saponaceum, and Cordyceps militaris (Choi & Shin, 1998, 
Kim & Kim, 1999, 2001; Kim et al., 2006). The mushroom fruiting body can be collected from 
nature and cultured via a sterilized growth medium made of organic substances for 
saprophytic utilization. Since air, ground, plants (e.g., trees) and ground water can be 
pollute, non-polluted substances for growing mediums are becoming rare. Moreover, 
cultivation of mushroom fruiting body is space occupied and labor-intensive. In the last 
decade, technology for mushroom submerged path culture has been established in the 
laboratory and at an industrial level. Mushrooms (fungi) may generate a new generation  
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Mushroom Protease Fibrinogen 
Degradation 

Native 
Mol. Wt. Reference 

From fruiting body 
Flammulina velutipes Two protease 

(no name) 
N* N (Morozova et al., 1982) 

Pleurotus ostreatus Metalloprotease ＋ 24 kDa (Choi & Shin, 1998) 
Armillaria mellea Metalloprotease ＋ 18.5 kDa (Kim & Kim, 1999) 
Tricholoma saponaceum TSMEP1 ＋ 18.1 kDa (Kim & Kim, 2001) 
Cordyceps militaris no name ＋ 52 kDa (Kim et al., 2006) 
From mycelium 
Ganoderma lucidum metalloprotease N 100 kDa (Choi & Sa, 2000) 
Armillaria mellea AMMP ＋ 21 kDa (Lee et al., 2005) 
Flammulina velutipes FVP-1 ＋ 37 kDa (Park et al., 2007) 
Perenniporia fraxinea metalloprotease ＋ 42 kDa (Kim et al., 2008) 
From culture broth 
Fomitella fraxinea FFP1 

FFP2 
＋ 
＋ 

32 kDa 
42 kDa 

(Lee et al., 2006) 

Cordyceps sinensis CSP ＋ 31 kDa (Li et al., 2007) 
Fusarium sp. BLB FP N 27 kDa (Ueda et al., 2007) 
Schizophyllum commune no name ＋ 21.32 kDa (Lu et al., 2010a) 
From recombinant source 
Fusarium sp. BLB FP N 28.5 kDa (Sugimoto et al., 2007) 

* N means undetermined 

Table 1. Fibrinolytic enzymes derived from mushrooms 

when a fresh environment and nutrients are provided. The mycelium may grow stably 
without pollutants. Choi and Sa (2000) isolated a metalloprotease with fibrinolytic activity 
from cultured mycelium of Ganoderma lucidum (Choi & Sa, 2000). In the following decade, 
fibrin(ogen)olytic proteases from mushroom mycelium, including metalloprotease from A. 
mellea (AMMP), metalloprotease from F. velutipes FVP-1, and metalloprotease from 
Perenniporia fraxinea, were identified (Kim et al., 2008; Lee et al., 2005; Park et al., 2007). 
Fibrinolytic metalloproteases are sensitive to metalloprotease inhibitors (e.g., EDTA and 
1,10-phenanthroline) and metal ions. 

Mushrooms grown in medium or submerged broth may differ morphologically. Nutrients and 
differences between growth mediums and submerged broth contribute to the particular 
metabolite of mushrooms. Fukushima et al. (1991) reported that when soy sauce oil was the 
carbon source for Asperyillus oryzae, protease secretion was increased significantly during 
submerged cultivation. Furthermore, specific protease production was stimulated selectively 
by the oils (Fukushima et al., 1991). Changing culture medium parameters, such as osmotic 
pressure, salt concentrations, protein content, and the carbon source, markedly alter the 
extracellular performance of fungi mycelium (Archer et al., 1995; Archer & Peberdy, 1997; 
Bobowicz-Lassociska & Grajek, 1995; Kadimaliev et al., 2008). Broth for submerged cultivation 
is rich in mushroom derivatives. Over the last 50 years, mushroom derivatives with biological 
activities for humans have been investigated extensively. Several extracellular fibrinolytic 
enzymes have been purified from submerged broth of Fomitella fraxinea (i.e., FFP1 and FFP2), 
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Cordyceps sinensis (i.e., CSP) and S. commune (Lee et al., 2006; Li et al., 2007; Lu et al., 2010a; 
Ueda et al., 2007). Previous studies have demonstrated that the fibrinolytic enzymes may be 
available in the fruiting bodies of some mushrooms but not in the cultured mycelium (Kim et 
al., 2008). The purification stratagem for these extracellular fibrinolytic enzymes differs from 
those of fruiting bodies or mycelium. Fungi derivatives in submerged broth are biological 
molecules considered important for human health (Papagianni, 2004). 

Ueda et al. (2007) first purified a fibrinolytic protease from Fusarium sp. BLB (FP), and 
identified the N-terminal amino acid (Ueda et al., 2007). Sugimoto et al. (2007) cloned an FP 
gene encoding a novel protease derived from Fusarium sp. BLB. The hydrolytic activity of FP 
toward synthetic peptide subtracts is higher than that of proteases from Bacillus subtilis 
natto, Aspergillus oryzae, Streptomyces griseus and commercial plasmin (Sugimoto et al., 2007). 
This development of FP from Fusarium sp. BLB may demonstrate that manufacturing 
mushroom fibrinolytic enzymes may be possible in the future. Extracellular secreted 
protease of fungi is in some cases the fungi metabolite that may reflect cultivation 
conditions. Nutrition and the physical environment may be the dominant factor for growth 
of fungi and the rate at which extracellular proteases are produced in a submerged culture 
system. Base on the critical influence that produce mushroom extracellular secreted protease 
in submerged culture system, we expect that the high production efficiency of mushroom 
fibrin(ogen)olytic enzymes can be achieved by well-designed cultivation processes. 

4.2 Characteristics of medicinal mushroom fibrin(ogen)olytic enzymes 

Fibrin(ogen)olytic enzymes including those from P. ostreatus, A. mellea, T. saponaceum, C. 
militaris, G. lucidum, P. fraxinea, F. fraxinea, C. sinensis, F. velutipes, Fusarium sp. BLB, and S. 
commune, have been identified. Table 2 lists their biochemical properties, including 
molecular weight, optimal pH, thermal stability, inhibitors, and substrate specificity. The N-
terminal sequences of most fibrinolytic enzymes have been determined. These 
fibrin(ogen)olytic enzymes, except for metalloprotease derived from A. mella fruiting body 
and mycelia, have markedly different N-terminal sequences. The optimal pH for these 
mushroom fibrin(ogen)olytic enzymes is 5-10; the optimal temperature is 20-60°C. An 
overview of microbial fibrinolytic enzymes (Table 2) showed that mushroom fibrinolytic 
enzymes may be classified as serine protease (i.e., inhibited by serine protease inhibitors) 
and metalloprotease (i.e., inhibited by metalloprotease inhibitors) according to protease 
inhibitor specificity. 

The protease activity of mushroom serine fibrinolytic enzymes can be irreversibly inhibited by 
PMSF but no other protease inhibitors. Previous studies have showed that most fibrinolytic 
serine protease from traditional fermented foods belong to subtilisin of Bacillus origin such as 
nattokinase, subtilisin DFE and subtilisin QK-1 (Peng et al., 2005). Via study of N-terminal 
sequence alignment; a chymotrypsin-like serine protease from mushroom C. militaris had high 
sequence identify with subtilisin PR1J (GeneBank, CAC95048) (Kim et al., 2006); FFP1 from F. 
fraxinea also has 20% identify with Nattokinase and subtilisin E (Lee et al., 2006). Serine 
fibrinolytic enzymes from mushrooms of F. fraxinea (i.e., FFP1), Fusarium sp. BLB (i.e., FP), and 
C. sinensis (i.e., CSP) were found to have a broad substrate specificity for synthetic substrates, 
which including fibrin, fibrinogen, casein, substrates for subtilisin and substrates for plasmin. 
In laboratory works, fibrinolytic protease from Fusarium sp. BLB had higher fibrin degradation 
and plasminogen activation than Nattokinase (Sugimoto et al., 2007). 
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Mushroom 
Protease 

Optimal 
pH and 
temperature 

Ion  
induced 

Ion 
inhibit 

Fibrinogen 
degrade 

Protein 
inhibitor 

N- 
Terminal 
sequence 

Reference 

Serine protease type- 
Cordyceps 
militaris (52 kDa ) 

pH 7.4, 37°C Ca, Mg Cu, Co YES PMSF, 
PMASF 

Yes (Kim et al., 
2006) 

Fomitella fraxinea 
(32 kDa, FFP1) 

pH 10, 40°C N＊ N Yes PMSF, 
aprotinin 

Yes (Lee et al., 
2006) 

Cordyceps sinensis 
(31 kD, CSP) 

pH 7, 40°C N Mn, Cu, 
Hg 

Yes PMSF Yes (Li et al., 
2007) 

Fusarium sp. BLB 
(27 kDa, FP) 

pH 9.5, 50°C N N N DFP, PMSF Yes (Ueda et al., 
2007) 

Fusarium sp. BLB 
(28.5 kDa, FP) 

N N N N N Yes (Sugimoto et 
al., 2007) 

Metalloprotease type-- 
Flammulina 
velutipes 
(metalloprotease) 

N N N N EDTA N (Morozova et 
al., 1982) 

Pleurotus 
ostreatus (24 kDa, 
metalloprotease) 

pH 7.5~8.0, up 
to 50°C 

Zn, Co N Yes 1,10-
phenanthr
oline 

N (Choi & Shin, 
1998) 

Armillaria mellea 
(18.5 kDa, 
metalloprotease) 

pH 7, 45~55°C Zn, Co, 
Mg 

Hg Yes 1,10-
phenanthr
oline, 
EDTA 

Yes (Kim & Kim, 
1999) 

Ganoderma 
lucidum (100 
kDa, 
metalloprotease) 

pH 7.0~7.5, up 
to 60°C 

Zn, Co N Yes 
(assume) 

1,10-
phenanthr
oline, 
EDTA 

N (Choi & Sa, 
2000) 

Tricholoma 
saponaceum (18.1 
kDa, TSMEP1) 

pH 7.5~9, 
30~40°C 

Zn, Co, 
Mg,Fe 

Hg, Cu Yes 1,10-
phenanthr
oline, 
EDTA 

Yes (Kim & Kim, 
2001) 

Armillaria mellea  
(21 kDa, AMMP) 

pH 6, 33°C Ca, Mg Cu, Co Yes EDTA Yes (Lee et al., 
2005) 

Fomitella fraxinea 
(42 kDa, FFP2) 

pH 5, 40°C Zn, Co Cu, Ni Yes 1,10-
phenanthr
oline, 
EDTA 

Yes (Lee et al., 
2006) 

Flammulina 
velutipes (37 kDa, 
FVP-1) 

pH 6, 20~30°C Mn,Mg Cu, Fe2+, 
Fe3+ 

Yes EDTA, 
EGTA 

Yes (Park et al. 
2007) 

Perenniporia 
fraxinea (42 kDa, 
metalloprotease) 

pH 6, 35~40°C Mn, Mg Cu,Fe,Zn Yes EDTA Yes (Kim et al., 
2008) 

Schizophyllum 
commune  
(21.3 kDa, 
metalloprotease) 

pH 5, 45°C Mg Hg, Cu, 
Co 

Yes EDTA Yes (Lu et al., 
2010) 

*N means undetermined. 

Table 2. Review of medicinal mushroom fibrin(ogen)olytic enzymes 
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Table 2. Review of medicinal mushroom fibrin(ogen)olytic enzymes 
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Mushroom fibrinolytic metalloproteases were discovered in F. velutipes, P. ostreatus, A. 
mellea, G. lucidum, T. saponaceum, F. fraxinea, P. fraxinea and S. commune (Choi & Shin, 1998; 
Kim & Kim, 1999, 2001; Kim et al., 2008; Lee et al., 2005, Lee et al., 2006; Lu et al., 2010; 
Morozova et al., 1982; Park et al., 2007). Proteases were purified in the fruiting body, or 
mycelium, or culture supernatant. The presence of Zn2+ was detected in metalloprotease 
from P. ostreatus and G. lucidum by mass spectrometry; both of these metalloproteases have 
Zn2+-dependent protease activity. Additionally, Zn2+-dependent protease activity exists in 
metalloprotease derived from F. fraxinea (FFP2), A. mellea and T. saponaceum (TSMEP1), with 
an undefined ion structure. Mg2+-dependent protease activity was found in 
metalloproteases from F. velutipes (FVP-1), A. mellea (AMMP), P. fraxinea and S. commune. 
The activity of mushroom fibrinolytic metalloproteases can be inhibited by EDTA and 1,10-
phenanthroline predominantly . The metal ions dependent activity is not only a character of 
mushroom fibrin(ogen)olytic enzymes but also can be considered as a critical point for 
proteases under the clinical application for thrombolytic therapy (Lu & Chen, 2010). 

5. Production, purification and characterization of mushroom fibrinolytic 
enzymes 
Streptokinase (SK) from streptococci is a widely used therapeutic agent for acute myocardial 
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YM agar plate (contains peptone, malt extract, dextrose, yeast extract and 0.2% agar) at 25°C 
for one week. The mycelia grew and covered plate surface, was like white flannelette. 
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25°C. For mass production, the seed culture then transferred to 15L YM broth for additional 
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7 days with shaking platform and air exchangeable cover. Colonies of fungi in submerged 
cultivation grow exponentially, that is different from yeast cells grow at a constant rate. The 
growth rate increases with time so that the logarithm of the amount of fungus mycelium 
increases with time. 

5.2 Purification of fibrinolytic enzyme from S. commune 

Mycelia in submerged culture broth were removed by centrifugation at 4°C, 8,200 ×g, for 
30min. The supernatant was filtered by 0.45μm membrane and fractionized by cross-flow 
filtration, to collect the <100-kDa fraction, which was further concentrated by 3-kDa ceramic 
column filtration. Due to the extracellular polysaccharide with huge molecular weight 
present in broth, that will obstruct the protein purification. The ceramic cross-flow filtration 
is done before protein precipitation. Protease purification was then performed by fast 
performance liquid chromatography. The protein concentration of each eluted fraction was 
detected with A280 in real time by ÄKTA purifier 10 (GE Healthcare). Measuring activity to 
azocasein is a general selected detection method to identify target protease fractions. 
Combination of liquid chromatography and protease activity screening, the purified fraction 
containing target protease is available. 

The concentrated fraction (molecular weight 3 -100 kDa) was precipitated by saturated 
ammonium sulfate at 4°C for 8 hour followed by centrifugation at 10,000×g, 30min at 4°C. 
The protein pellet was dissolved in ddH2O and followed by dialysis with FPLC column 
buffer containing 50mM sodium phosphate (pH 8.0) and 1M (NH4)2SO4 as 1st dialysis 
substrate. In step 1, a hydrophobic interaction column, Phenyl SepharoseTM High 
Performance beaded packing column was preequilibrated with column buffer. Equilibrated 
1st dialysis substrate was loaded on column at flow rate of 1 ml/min. Figure 1A illustrated 
the result of elution processes with column buffer without (NH4)2SO4 in a stepwise manner 
of 60 min interval at flow rate of 1 ml/min. Eluted fractions were analyzed for protease 
activity to azocasein and recorded (Fig. 1A). The active fractions were pooled; protein 
precipitated and dialyzed against 20mM Tris (pH 8.0) as 2nd dialysis substrate for next step 
of chromatography.  

In step 2, an ion exchange column, Mono QTM 5/50 GL column was preequilibrated with 
20mM Tris buffer (pH 8.0). The 2nd dialysis substrate was loaded on Mono QTM 5/50 GL 
column at flow rate of 1 ml/min. Elution was carried out with the same buffer but 
containing 1M NaCl, by linear gradient of 20-fold column volume to 40% 1M NaCl. After 
examination of protease activity to azocasein (see in Fig. 1B), the active fractions were 
pooled; protein precipitated and dialyzed against 50mM sodium phosphate buffer (pH 8.0) 
as 3rd dialysis substrate for next step of chromatography. 

In step 3, a size exclusion column, Superdex 75 10/300 GL column was preequilibrated with 
50mM sodium phosphate buffer. The 3rd dialysis substrate was loaded with same buffer at 
flow rate of 1.2 ml/min. Eluted fractions were analyzed for protease activity to azocasein 
(see in Fig. 1C). Figure 2 showed the purification purity by SDS-PAGE (Fig. 2). The purified 
protease then can be applied for more. 

Fibrinolytic enzyme purification from mushroom may divide into two processes. One is the 
pre-treatment of resource, including the crude protein extraction from fruiting body, or 
mycelium, or culture supernatant. Another is the chromatography stratagem, which 
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including the combination of ion exchange, hydrophobic interaction and size exclusion 
chromatography. Techniques with selectivity are highly independent of protease resources 
and the enzyme properties. 
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Fig. 1. Chromatography purification of S. commune fibrinolytic enzyme (A) Eluted fractions 
of Phenyl SepharoseTM High Performance column; (B) Eluted fractions of Mono Q column; 
(C) Eluted fractions of Superdex 75 10/300 GL column. 

 
Fig. 2. SDS-PAGE result of chromatographic purification M: protein markers; Lane 1: 1st 
dialysis substrate; Lane 2: 2nd dialysis substrate; Lane 3: 3rd dialysis substrate; Lane 4: 
Protein with highest protease activity eluted from Superdex 75 10/300 GL column. 
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5.3 Characterization of fibrinolytic enzyme from S. commune 

To study the effects of pH and temperature to fibrinolytic enzyme from S. commune, purified 
enzyme was incubated in various pH and temperature respectively, and the protease 
activity to azocasein then examined. Optimal protease activity reveal at pH 5.0 and 45°C, the 
data was illustrated in Fig. 3A and 3B.  

 

 
Fig. 3. The effects of pH and temperature on protease activity of fibrinolytic enzyme from S. 
commune (A) pH effects; (B) Temperature effects. 
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Three replicates of fibrinolytic enzyme were mixed with HgCl2, C4H6O4Zn2H2O, CuSO4, 
MgCl2, CoCl2, CaCl2, Pb(NO3)2, ddH2O (control) and protease inhibitors of PMSF (serine 
protease inhibitor), EDTA (metalloprotease inhibitor), benzamidine hydrochloride hydrate 
(trypsin, trypsin-like protease inhibitor), pepstatin A (aspartyl peptidases inhibitor), aprotinin 
(serine protease) and phosphoramidon (endopeptidase inhibitor) respectively. Protease 
activity of mixed solution was then examined by azocasein assay. Figure 4 demonstrated the 
relative protease activity to the control treatment (100%=1) (Fig. 4A & 4B). The result indicated 
that the protease shows Mg2+-dependent activity, and inhibits by EDTA. 

 

 
Fig. 4. The effects of divalent cations and protein inhibitors on protease activity of 
fibrinolytic enzyme from S. commune (A) Divalent cations effects; (B) Protein inhibitors 
effects. 
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N-terminal sequence of protease is another character for protein identification. However, 
fibrinolytic enzymes from microorganisms show low homology except the fibrinolytic 
enzyme from substilisin group, such as substilisin NAT (Nakamura et al., 1992) , substilisin 
E (Wong et al., 1984), substilisin DFE (Peng et al., 2003). Table 3 illustrated the results of N-
terminal sequence comparison; it demonstrated the distinctive feature of the fibrinolytic 
enzyme from S. commune to other mushroom. 
 

Enzyme1) N-terminal amino acid sequence 
NK & substilisin DFE A Q S V P Y G I S 
GFMEP  T Y N G C S S S 
POMEP A T F V G C S A  
AMMEP X2) X Y N G X T X  
TSMEP A L Y V G X S P  
Fibrinolytic enzyme from S. commune A S Y N G X S S  

(1) GFMEP, POMEP, AMMEP and TSMEP are metalloendopeptidases from Grifola frondosa, Pleurotus 
ostreatu, Armillariella mellea and Tricholoma saponaceum. (2) X means amino acid undetermined. 

Table 3. Comparison of N-terminal amino acid sequence of mushroom fibrinoytic enzyme 

6. Antithrombotic effect of mushroom fibrinolytic enzymes 
Current clinical thrombolytic agents are used to convert plasminogen to active enzyme, 
plasmin, which degrades fibrin and process antithrombotic effect. It’s an effective way to 
decompose harmful thrombus in circulation system, but the side effect, the excess 
stimulation of plasmin that may cause haemorrhage within patients. Newly thrombolytic 
agents now are developed for fibrin-specific property, acting on the surface of thrombus that 
avoids excessive induction of systemic fibrinolytic system. Fibrinolytic enzymes from 
medicinal mushroom are novel proteases with fibrin and fibrinogen degradation activity, 
which directly break the clot and interfere the clotting system. In order to identify the 
clinical functions and risks of medicinal mushroom fibrinolytic enzymes; mushroom 
fibrinolytic enzymes were examined by various antithrombotic examinations, such as 
fibrinolytic assay, fibrinogenolytic assay, plasminogen activation assay, and the dynamic 
tracking of blood clot formation.  

6.1 Fibrinolytic activity assay and clot degradation test 

Fibrinolytic activity was determined by artificial fibrin plate assay, which synthesized by the 
method described by Astrup and Mullertz (Astrup & Mullertz, 1952). Fibrin plate was made 
at room temperature in a petri dish containing 1.5% agarose, 0.2% human fibrinogen, and 
10U thrombin. Purified protease were loaded on a fibrin plate, and incubated for 24 hours. 
Plasmin from human plasma (3U/mg protein) was applied as a positive control. The result 
showed that the purified S. commune fibrinolytic enzyme display stronger fibrinolytic 
activity than commercial plasmin (Fig. 5).  

Rat blood was withdrawn without anticoagulant and stayed for clot formation in a tube. A 
piece of clot was placed on Petri dish, followed by dropping 0.2μg and 0.5μg fibrinolytic 
enzyme on clot disks and incubated in 20°C for 8 hours to observe the clot degradation 
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effects. Phosphate buffer was dropped on clot disk as the control treatment and another clot 
disk as the blank without any treatment. Figure 6 demonstrated that S. commune fibrinolytic 
enzyme digests the blood clot dominantly (Fig.6). 

 
Fig. 5. Fibrinolytic activity of the fibrinolytic enzyme from S. commune Fibrin digestion zones 
A, B, C, and D: 0.2, 0.5, 0.8, and 1.0μg of human plasmin, respectively. Fibrin digestion zones 
E, F, G, and H: 0.1, 0.25, 0.5, and 1μg of fibrinolytic enzyme S. commune, respectively. 
Treatment of 1.0μg human plasmin (zones D) showed the equal digestion effects to 0.5μg 
fibrinolytic enzyme from S. commune (zone G). 

 
Fig. 6. Clot degradation assay of fibrinolytic enzyme from S. commune 0.2μg and 0.5μg: 
blood clot disks treated with 0.2μg and 0.5μg fibrinolytic enzyme; Control: clot disk treated 
with PBS; Blank: blank blood clot disk. Treatment of 0.2μg and 0.5μg fibrinolytic enzyme 
digested the clot disks, but opposite results were observed in control and blank. 
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6.2 Fibrinogenolytic activity assay 

A fibrinogenolytic degradation assay was performed using a 1% fibrinogen solution mixed 
with the protease from S. commune at 37°C. At different time intervals, the reaction mixture 
was removed and SDS-PAGE electrophoresis was performed. Fibrinogen is composed of 
peptides α-, β- and γ-chains, and shows three bands on the SDS-PAGE. The fibrinogenolytic 
activity assay was carried out by the incubation of fibrinolytic enzyme with fibrinogen. 
Significant degradation of the fibrinogen α-chain and β-chain occurred within 0.5 hour after 
the reaction. Degradation of the γ-chain occurred after 6 hours of incubation. Most of the γ-
chain was digested after 22 hours of incubation. Afterward, the fibrinolytic enzyme 
completely digested all of peptide chains in 30 hours. Fibrinolytic enzyme from S. commune 
displayed a higher activity in digesting the α-chain and β-chain, and it was less efficient in 
digesting the γ-chain (Fig. 7). 

 
Fig. 7. Fibrinogenolytic assay of the fibrinolytic enzyme from S. commune α, β and γ means : 
α, β, and γ-chains of fibrinogen. M: Protein marker. Lane 1~7: Time course sampling in 
reaction. Black arrows: Fibrinogen degradation products. 

6.3 Plasminogen activation assay 

Plassminogen activation assay was performed by incubating 12.5μg purified enzyme with 
plasminogen (0.1UN) and a 10mM plasmin-specific substrate S2251 at 37°C. Substrate S2251 
can be cleaved by plasmin and generated measurable p-nitroaniline (p-NA). In this assay, 
human plasmin and urokinase were used as positive control for S2251 digestion and 
plasminogen activation. In this assay, fibrinolytic enzyme from S. commune was mixed with 
plasminogen, plasmin substrate S2251and without fibrin. As the results in Fig. 8, the 
presence of urokinase, which is known to activate plasminogen, resulted in the digestion of 
S2251 and an increase in absorbance. The purified fibrinolytic enzyme from S. commune 
failed to digest the S2251 directly and without plasminogen activation activity. 
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Fig. 8. Plasminogen activation assay of fibrinolytic enzyme from S. commune ○ : 1 μg 
purified enzyme and plasminogen at 0.0001 UN. ■ : 1 μg urokinase and plasminogen at 
0.0001 UN. □ : 1 μg purified protease. ＊ : 1 μg human plasmin (≧3 units/mg protein). � : 
plasminogen at 0.0001 UN. ● : 20 μg urokinase. 

In order to test the plasminogen activation while fibrin present, fibrinolytic enzyme from S. 
commune was applied on a plasminogen-rich fibrin plate containing 0.1UN plasminogen. 
The protease-digested zone in the plasminogen-rich fibrin plate was then compared to that 
of the plasminogen-free fibrin plate. In the presence of fibrin, digest representation were 
equal on the plasminogen-rich and plasminogen-free plates (data not shown). Fibrinolytic 
enzyme from S. commune is not a serine protease for S2251 and does not activate 
plasminogen in vitro, regardless of whether fibrin exists or not. 

6.4 Coagulation effects of protease from S. commune 

In previous study, G. lucidum fibrinolytic enzyme was examined in human plasma by 
activated partial thromboplastin time (APTT) and thrombin time (TT). The anticoagulant 
activity was performed by inhibition of thrombin and hydrolyzation of fibrin and fibrinogen 
(Choi & Sa, 2000). In our research, S. commune fibrinolytic enzyme applied in rat citrated 
blood, and the coagulation processes were monitored by thromboelastrography (TEG®) 
analysis. Four TEG parameters, including the reaction time for clot initiation (R), the time to 
reach a 20-mm level of clot formation (K), the slope angle from R to K (α value), and the 
maximum vertical amplitude of the developed clot (MA) were measured. Fibrinolytic 
enzyme from S. commune was mixed with CaCl2 and citrated rat blood to initiate 
recalcification. Fibrinolysis after MA was determined by measuring the loss of clot strength. 
Urokinase was used as positive treatment to activate plasminogen and resulted in 
fibrinolysis after reaching of MA (Fig. 9). 

The result of TEG reaction time (R) indicated that the protease did not affect the clotting 
aggregation by the platelets, since clotting initiation completed normally. Fibrinolytic 
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enzyme of S. commune suppressed blood coagulation without excessive fibrinolysis. Clotting 
time prolongation, clotting velocity depresses and significant decrease of clotting strength 
were occurred (Table 4). Coagulation suppression effect here we predicate may resulted 
from fibrinolysis and platelet-medicated clot retraction. 

 
Fig. 9. Thromboelastography tracings of citrated blood added fibrinolytic enzyme from S. 
commune and human urokinase Curve A: Human urokinase 0.5μg added. Curve B, C, D, E 
and F: Purified protease from S. commune 1.5, 1.2, 0.6, 0.3, 0 (control)μg added respectively. 
 

TEG  parameters Range of 
values 

Amount of fibrinolytic enzyme in TEG 
0 μg 0.3 μg 0.6 μg 1.2 μg 1.5 μg 

Reaction time (R) 2.2-4.7 min 100a 92.07 86.43 88.14 81.21 
Coagulation time (K) 0.8-3.3 min 100 96.67 97.96 127.22 165.17b 

Velocity of clot (α) 50.2-81.1° 100 99.69 101.44 98.76 92.74b 
Maximum amplitude 

(MA) 
75.8-24.5 

mm 100 94.14 90.00 73.51b 59.07b 

a TEG Parameters with the addition of protease are presented as the relative index obtained by 
normalized to the values in control sample (0μg) which are set to 100%. (n=8). 
b Statistically significant compared to control samples, P＜0.05 

Table 4. Effects of various concentrations of fibrinolytic enzyme from S. commune to citrated 
blood by thromboelastography analysis 

In an experiment of coexist with Mg2+ ion, citrated blood treated by S. commune fibrinolytic 
enzyme and Mg2+ ion. The supplementation of Mg2+ ion stimulated the depression of blood 
clot amplitude (Fig. 10). Magnesium therapy in coronary heart disease has recently been 
proposed and documented in clinical trials (Shechter et al., 1999; Whiss & Andersson, 2002). 
Additionally, magnesium ion stimulate activity of fibrinolytic enzyme from S. commune was 
proved in study. Thus, a regulatory manipulation of S. commune fibrinolytic enzyme activity 
by magnesium supplementation can be expected in the future. The cost reducing effect by 
magnesium supplementation is also an innovative ideal for the currently used fibrin-specific 
antithrombotic agents. 
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Fig. 10. Blood clot amplitude analysis of fibrinolytic enzyme coexist to Mg2+ Control: citrated 
blood mixed with PBS; Mg: citrated blood mixed with MgCl2 (2.5mM); 0.6 / 1.2μg: citrated 
blood mixed with 0.6 / 1.2μg fibrinolytic enzyme; 0.6μg&Mg: citrated blood mixed with 
0.6μg fibrinolytic enzyme and 2.5mM MgCl2. Alphabetical lowercase means significant 
variation between other treatments, a difference was considered statistically significant at p 
< 0.05. TEG values were expressed relative to the control sample (at 100%). 

7. Conclusion 
In recent decades, pharmacologic intervention of an established thrombus has become an ideal 
therapeutic approach for thrombotic occlusive disease. Clinical application of several 
plasminogen activators results in activation of circulating plasminogen, which successfully 
digest abnormal blood clot occluded in arteries or vein; however, risk accompanied with this 
treatment option may include a life-threatening haemorrhage caused by the systemic 
activation of fibrinolytic mechanism. While scientists and clinicians are in the search for a 
better, safer therapeutic agent with fewer side effects, the discovery of the fibrinolytic enzymes 
from medicinal mushroom may shed the light for the modern thrombolytic therapies.  

So far, the methods for purification and characterization of medicinal mushroom fibrinolytic 
enzyme were carried out by mushroom cultivation, crude protein extraction, protein 
chromatography, fibrin(ogen)olytic identification and characterization. Purification and 
characterization of fibrinolytic enzyme from S. commune were illustrated in this chapter, and 
might be a representative model for purification of medicinal mushroom fibrinolytic enzyme. 

Fibrin(ogen)olytic enzymes were discovered from mushrooms, such as P. ostreatus, A. mellea, 
T. saponaceum, C. militaris, G. lucidum, P. fraxinea, F. fraxinea, C. sinensis, F. velutipes, Fusarium 
sp. BLB and S. commune. Most of them have been universal dietetic additives and traditional 
fork medicine for a long time. The low antigenicity and allergic affections of these 
mushroom fibrinolytic enzymes when human taken orally may be expected definitely. In 
previous studies, many mushroom fibrinolytic enzymes were investigated which perform 
superior fibrinolytic activity than known thrombolytic agents and inhibit thrombus 
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might be a representative model for purification of medicinal mushroom fibrinolytic enzyme. 

Fibrin(ogen)olytic enzymes were discovered from mushrooms, such as P. ostreatus, A. mellea, 
T. saponaceum, C. militaris, G. lucidum, P. fraxinea, F. fraxinea, C. sinensis, F. velutipes, Fusarium 
sp. BLB and S. commune. Most of them have been universal dietetic additives and traditional 
fork medicine for a long time. The low antigenicity and allergic affections of these 
mushroom fibrinolytic enzymes when human taken orally may be expected definitely. In 
previous studies, many mushroom fibrinolytic enzymes were investigated which perform 
superior fibrinolytic activity than known thrombolytic agents and inhibit thrombus 
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formation. As fibrinolytic effect is not the only solution for thrombus occurrence and 
decomposition, the therapeutic effect of mushroom fibrinolytic enzyme were further 
examined in citrated blood on thromboelastography, which monitored the clotting and 
fibrinolysis action in blood. Fibrinolytic enzymes interfere in antithrombotic interaction may 
occur amongst plasma proteins, such as platelets, prothrombin, thrombin, plasminogen, 
plasmin, fibrinogen, and fibrin. As results have shown, using S. commune as the model, 
mushroom fibrinolytic enzyme suppressed blood coagulation without excessive fibrinolysis 
by prolonging clotting time and decreasing clotting velocity. Consequently, the result is a 
significant decrease in clot strength. Most notably, the initiation of clotting system and 
plasminogen activation occurrences were maintained at a normal level. Mushroom 
fibrinolytic enzyme did not offset haemostasis, but rather reduced the likelihood of 
thrombus formation without increasing the risk of haemorrhage. These data indicated that 
the safer antithrombotic effect of mushroom fibrinolytic enzyme and the board application 
may use as thrombolytic agents clinically. 

Metal ion therapy in coronary heart disease has recently been proposed. Although the 
therapeutic results are still ambivalent, the researches and therapeutic development are never 
finished to search a more effective therapy for such coronary patients. Review of characters 
from medicinal mushroom fibrinolytic enzymes, these enzymes revealed significant metal ion 
dependent activity. The inhibition or the stimulation of enzyme activity by metal ion may 
provide a pharmaceutical conservation and a critical control manipulation in clinical uses. 
Although the description in this chapter showed the investigation of mushroom fibrinolytic 
enzyme is currently at stage of in vitro and ex-vivo experiment. However, the effectiveness of 
medicinal mushroom fibrinolytic enzyme in antithrombotic assays indicated the possible 
clinical application of mushroom fibrinolytic enzyme in the future. 
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1. Introduction 
Phospholipases are enzymes that hydrolyze phospholipids into fatty acids and other 
lipophilic substances. There are four main classes, named A, B, C and D, which are 
distinguished by the type of reaction they catalyze. The phospholipase A2 (PLA2), EC 
3.1.1.4, are enzymes that release fatty acids from the second carbon group of glycerol. These 
enzymes are common in many living organisms and can be found both intra and 
extracellularly, which are referred to as secretory PLA2 ( sPLA2) and cytosolic PLA2 
(cPLA2), respectively (Burke & Dennis, 2009; Dennis,  1997; Diz Filho et al., 2009; Schaloske 
& Dennis, 2006). The enzymatic action of cPLA2 on lipids, allows the formation of a 
compound that acts as mediators of inflammatory diseases (Chakraborti, 2003; Dennis, 
1994). Furthermore sPLA2 is divided in 5 different groups among them group I (sPLA2 from 
mammalian pancreas) and group II (sPLA2 from venom snake) are the most studied since 
they are also involved in pathological processes (Fonteh et al., 2000). The focus of this 
chapter is on the structure and interaction of snake venom sPLA2 with natural compounds. 
These sPLA2 also present pharmacological activities such as: neurotoxicity, cardiotoxicity, 
myotoxicity, edema formation and hemorrhagic effects (Kini Chan, 1999; Valentin & 
Lambeau, 2000). Due to the implication of these enzymes in the inflammatory process, 
several studies have been proposed in order to find new compounds able to inhibit the 
action of sPLA2. 
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2. Structural features and biological activities of sPLA2 
Enzymatic reactions promoted by sPLA2 happen in a lipid-aqueous interface and the 
phospholipase activity is more efficient on substrates such as monolayers, bilayers, micelles, 
membranes and vesicles with monomolecular dispersed soluble substrates. This 
phenomenon has been termed "interfacial activation" and includes "inter-facial-binding" 
enzyme and 'activation' steps (Berg et al., 2001; Chakraborti, 2003; Burke & Dennis, 2009). 
The proposed mechanism of sPLA2 involves the side chain of Asp99 and His48 and a 
molecule of water (Scott, 1994). According to the mechanism, a proton in the position 3 of 
the imidazole ring from His48 is bound to the carboxylic group of Asp99, and rotation is 
prevented, this way the nitrogen (position 1) is able to attack the molecule of water releasing 
a molecule of hydroxyl. The hydroxyl through a nucleophilic attack, to tie up the carbon 
from ester group substrate and an intermediate is formed. Afterwards, the oxygen form 
ester group attacks the proton (position 1) of imidazole ring to produce a lysophospholipid 
alcohol and a double bond between carbon and oxygen of ester group is remade and then 
occurs the hydrolysis of acyl-ester sn-2 releasing two products: a phospholipid and a fatty 
acid (Verheij et al., 1980). 

They are known several isoforms of sPLA2 all of then have a conserved His/Asp catalytic 
dyad and a Ca2+-binding loop. sPLA2-IB, a pancreatic sPLA2, is characterized by a N-terminal 
pro-peptide whose proteolytic removal gives rise to a functional enzyme, besides the presence 
of a Cys11-Cys77 disulfide bonds (group I-specific disulfide), which is a unique bond of 
pancreas sPLA2s. The group II subfamily (IIA, IIC, IID, IIE and IIF) is characterized by the 
absence of the pro-peptide and the presence of Cys 49 in the C-terminal extension (group II-
specific disulfide). sPLA2-IIF has a long C-terminal extension, which is pro-rich. sPLA2-V is 
evolutionarily close to the group II subfamily, but has no group II-specific disulfide and no C-5 
terminal extension. sPLA2-X has properties of both groups I and II, since it has an N-terminal 
pro-peptide and both groups I and II-specific disulphide bonds. sPLA2-III is unique 
considering the central domain sPLA2, which is more similar to bee venom PLA2 than to 
group I / II / V / X sPLA2s, that is flanked by unique and highly cationic N-terminal and C-
terminal domains. C-terminal domain is removed to produce a unique domain, the mature 
sPLA2 form. The group XII contains two isoforms collection, XIIa and XIIb, whose general 
structures (except for the catalytic domain and Ca2+-binding site) do not show any homology 
with other sPLA2s. The catalytic site is replaced by Leu in sPLA2-XIIb, indicating that this 
enzyme has no catalytic active (Murakami et al., 2010; Murakami et al., 2011). 

The sPLA2 compose a superfamily of hydrolases, which can be divided into calcium 
depended and independent and can be classified mainly based on sequence homology and 
the position of disulfide bonds. Recently, a large number of new enzymes that hydrolysis 
glycerophospholipids in the sn-2 position have been characterized and classified into three 
main groups and several subgroups were extended. There is structural similarity between 
sPLA2 and that its catalytic domain is characterized by a three-tier architecture employing a 
being saved the Asp catalytic dyad instead of the classical catalytic triad, these similarities 
and other structural and biochemical evidences suggest that sPLA2 evolved a common 
ancestral gene. The information gathered on the physiological action, structure and 
functioning of these enzymes suggest that in addition to its complex distribution, these 
enzymes may have different regulatory mechanisms and functional roles (Schaloske, 2006; 
Murakami et al., 2011). 
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The sPLA2 molecules are well characterized and established as important enzymes. 
Evidences show that some of these sPLA2 are involved in the release of arachidonic acid 
from cellular phospholipids for the biosynthesis of eicosanoids in the inflammatory process 
(Lambeau, 2008; Lättig et al., 2007; Murakami et al., 1997; Oliveira et al., 2008; Toyama et al., 
2011; ValentinLambeau, 2000). Although several experimental data show that sPLA2 may 
also modulate the activity of cPLA2 and that this modulation may be mediated through 
specific cell receptors for sPLA2, there is still a discrete mechanism elucidation of the 
molecular events generated by the interaction of sPLA2 with their receptors (Fonteh et al., 
2000; Boilard et al., 2010).  

Experimental evidence shows that certain sPLA2 Group IIA, V, X can have many different 
pro-atherogenic properties in the blood vessel walls. This pro-atherogenic activity depends 
on the generation of pro-inflammatory lipid mediators such as prostaglandins, 
thromboxanes, leukotrienes, and lysophospholipids; hydrolysis of low-density lipoprotein 
(LDL) and conversion of them into more pro-atherogenic particles, besides promote 
multiple inflammatory processes in various artery wall cells (Boyanovsky et al., 2010; 
(Divchev, 2008; Hanasaki, 2002; Jayaraman et al., 2011; Murakami, 2003; Oestvang & 
Johansen, 2006; Rosengren et al., 2006; Webb, 2005). Scientific evidence supports the 
importance of sPLA2 in physiological and pathological processes. 

Due to the large variability of the structure and function of sPLA2, they can be considered 
the most important class of phospholipases. Therefore this important class of enzymes is 
promising as a therapeutic target for the development of new drugs sPLA2 inhibitors which 
may be used in the treatment and control of cellular processes, such as acute inflammation. 

2.1 Natural compounds as inhibitors of sPLA2 

Due to the role of sPLA2 in the inflammatory process, there is interest in pharmacological 
inhibitors of sPLA2 from natural products isolated from plants, algae and other sources. 
Polyphenols constitute one of the most abundant and widely distributed plant secondary 
metabolites, present in plants that are commonly consumed in the diet including various 
grains, vegetables, fruits, extra virgin olive oil, red wine and tea (Garcia-Salas et al., 2010; 
Yang et al., 2006).   

Polyphenols have been reported to have a wide range of biological activities. Many studies 
show that the beneficial effects of phenolic compounds and suggests its role as a promising 
therapeutic tools in several acute and chronic diseases. They are extensively metabolized in 
vivo and several studies have focused on the interaction of polyphenols with intracellular 
proteins involved in vital signalling pathways to cell function.  One important anti-
inflammatory mechanism played by polyphenols is the inhibition of eicosanoid generating 
enzymes, including PLA2, cyclooxygenase and lipoxygenase, thereby reducing the 
concentration of prostanoids and leukotrienes. Arachidonic acid (AA) is released from 
membrane phospholipids by PLA2 cleavage, which can be metabolized by cyclooxygenases 
(COX) into prostaglandins (PGs) and thromboxane A2 (TXA2), or by lipoxygenases (LOX) to 
hydroperoxyeicosatetraenoic acids (HPETE), hydroxyeicosatetraenoic acids (HETES) and 
leukotrienes (Lts) (Blanchard et al., 1998; Kim et al., 2008; Tanaka, 1995; Terracciano et al., 
2006). 
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Among the polyphenolic compounds, flavonoids are the most common in human diet. 
Studies have shown that the ability of sPLA2 inhibition by flavonoids is related to structural 
features, such as: the 5-hydroxyl group and the double bond and the double bonded oxygen 
in the ring oxana, and that the groups in the 3'-hydroxyl and 4 ' -position are necessary for 
the selective inhibition of sPLA2 (Lindahl, 1997). However, the exact mechanism by which 
flavonoids inhibit sPLA2 remains unclear. Iglesias et al. (2005) showed that morin modifies 
the secondary structure of sPLA2 from Crotalus durissus cascavella venom, but did not 
significantly affect its pharmacological activity. 

Flavonoids and other natural compounds isolated from plants have shown promising 
results in the development of anti-inflammatory candidates, because they may interact with 
key enzymes such as PLA2, COX and LOX. In this chapter is presented an overview of 
general techniques that can be used to measure the effectiveness of new sPLA2 inhibitory 
compounds, including techniques for analyzing proteins in tanden using HPLC detectors in 
combination with circular dichroism, fluorescence, UV-Vis and other techniques such as 
mass spectrometry and molecular docking. The sPLA2 isolated from Crotalus durissus  and 
Bothrops jararacussu are the two main models used by our research group as molecular 
targets to study mechanisms of different anti-inflammatory compounds, because they are 
abundant in snake venom and structurally well characterized with atomic coordinates 
deposited in protein data banks (Chioato & Ward, 2003 Oliveira, Fonseca, Antunes et al., 
2008; Lomonte et al., 2003; Nunes et al., 2009; Soares et al., 2003). 

Furthermore, integrated biochemical-pharmacological techniques such as paw and skin 
edema, mast cell degranulation and myotoxicity are shown here. Finally, techniques for 
measuring enzyme activity using specific substrates for sPLA2 are also explained. 

2.2. Experimental procedures to evaluate interactions between sPLA2 and natural 
compounds 

2.2.1 Snake venom sPLA2: a model for molecular target of NC 

sPLA2 used for assessing potential inhibitors from natural compounds in our research 
group are usually isolated from Crotalus durissus terrificus and Bothrops jararacussu venoms. 
The first sPLA2 was purified by crystallization in 1938 by Slotta and Fraenkel-Conrat from 
the venom of Crotalus terrificus (Crotalus durissus terrificus) and has been one of the 
catalytically active sPLA2 molecules better characterized in terms of cellular interaction and 
an example of cooperation between different venom components, because when sPLA2 is 
associated with crotapotin, the pharmacological and biochemical properties change (Nunes, 
Zychar, Della-Casa et al., 2009). The sPLA2 from Bothrops jararacussu venom has been 
studied since the 80's and the great interest in this poison is the presence of a non-
catalytically active sPLA2 (BthTX-I), which represents approximately 28% of dried whole 
venom. In addition, the whole venom of Bothrops jararacussu has approximately 7 to 8% of 
catalytically active sPLA2 (BthTX-II) (Lomonte, Angulo, Santamaria, 2003). These two 
sPLA2 have already been well characterized in terms of their pharmacological, 
physiological, biochemical and structural properties, highlighting good crystallographic 
data deposited in proteins data banks. The fractioning of these two venoms have been 
determined and maximized to obtain the maximum achievement of sPLA2 (Chioato, 2003).   
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The first sPLA2 was purified by crystallization in 1938 by Slotta and Fraenkel-Conrat from 
the venom of Crotalus terrificus (Crotalus durissus terrificus) and has been one of the 
catalytically active sPLA2 molecules better characterized in terms of cellular interaction and 
an example of cooperation between different venom components, because when sPLA2 is 
associated with crotapotin, the pharmacological and biochemical properties change (Nunes, 
Zychar, Della-Casa et al., 2009). The sPLA2 from Bothrops jararacussu venom has been 
studied since the 80's and the great interest in this poison is the presence of a non-
catalytically active sPLA2 (BthTX-I), which represents approximately 28% of dried whole 
venom. In addition, the whole venom of Bothrops jararacussu has approximately 7 to 8% of 
catalytically active sPLA2 (BthTX-II) (Lomonte, Angulo, Santamaria, 2003). These two 
sPLA2 have already been well characterized in terms of their pharmacological, 
physiological, biochemical and structural properties, highlighting good crystallographic 
data deposited in proteins data banks. The fractioning of these two venoms have been 
determined and maximized to obtain the maximum achievement of sPLA2 (Chioato, 2003).   
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For the isolation and purification of sPLA2 from the venom of Crotalus durissus terrificus, two 
chromatographic steps are done. First, venom of Crotalus durissus terrificus is fractionated on 
a molecular exclusion HPLC column, which allows the purification of the major toxin 
groups: convulxin (CLC, ~ 85kDa), gyroxin (Gyr, ~ 50 kDa), crotoxin (Crtx, ~ 35kDa) and 
crotamine (Crot, ~ 10kDa). The crotoxin fraction is then subjected to a new chromatographic 
run on a reversed-phase HPLC column, isolating the catalytically active sPLA2. 
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step comprises the fractioning of whole venom on a column of Cation Exchange 
Chromatography (CEC), which allows to obtain both catalytically active sPLA2 (D49, BhtTx-
II) and catalytically inactive sPLA2 (K49, BthTX-II). These two fractions are then subjected to 
a new chromatographic run using a reverse phase HPLC column. All sPLA2 obtained from 
both venoms of Crotalus durissus terrificus and Bothrops jararacussu are examined to 
characterize its enzymatic activity and molecular weight by MALDI-TOF mass spectrometry 
(Fig. 1). 

 
Fig. 1. Profile of purification of the whole venom of Crotalus durissus terrificus (Cotrim et 
al., 2010). 
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2.2.2 Natural compounds (bioassay-guided fractioning of secondary metabolites) 

Isolation of natural compounds (NC) with specific pharmacological activities requires a 
bioassay-guided fractioning which usually uses crude extracts and 
polarity/chromatographic fractioning to find active fractions for the specific 
pharmacological effects wanted (Militao et al., 2007). Herein, sPLA2 and specific substrate 4-
nitro-3-octanoyloxy-benzoic acid (4NOB3A) were used to screening samples with inhibitory 
properties (Cotrim, De Oliveira, Diz Filho et al., 2010). Briefly, crude extract is tested and if it 
inhibited the substrate cleavage by the enzyme, this extract is subjected to different 
extractions with increasing polarity solvents. Then, these new fractions are tested and those 
with inhibitory properties subjected to chromatographic techniques to isolate secondary 
metabolites according to their chemical classes as described by (Proença Da Cunha Roque, 
2009). 

2.2.3 Treatment of sPLA2 with NC 

The development of this kind of protocol is important to create an adequate environment for 
molecular interaction between sPLA2 and NC, and allow the isolation of sPLA2 chemically 
treated, without any kind of interference. In some cases, it is possible to obtain also the 
modified NC. The incubation of sPLA2 with NC (mol:mol), followed procedures described 
by (Iglesias, Aparicio, Rodrigues-Simioni et al., 2005). Natural compounds were dissolved in 
dimethyl sulphoxide (DMSO) at maximum concentration of 1%. Purified sPLA2 (1.5 mg, 100 
nmol/mL) was dissolved in 1000 µl of water and after complete homogenization, 10 µl of 
NC solution (100 nmol) was added and the samples were warmed for 30 minutes in a water 
bath at 37 ºC. Samples of 200 µl of this mixture were loaded onto a preparative reverse phase 
HPLC column to separate the modified sPLA2 (sPLA2:NC) from NC. Samples were eluted 
using a discontinuous buffer gradient (66.6% of acetonitrile in TFA 0.1%) at a constant flow 
rate of 2.0 mL/min. The chromatographic run was monitored at A280 nm. 

After purification of chemically treated sPLA2 with NC (sPLA2: NC), assessments on the 
ability of NC to inhibit sPLA2 are carried out. Most of the NC are coloured substances that 
can interfere with the measurements of inhibition of enzymatic activity, since the reaction 
product, of sPLA2 with 4N3OBA, absorbs at 405 – 425 nm. This substrate was tested and 
optimized for simple microplate assay for PLA2 in human serum. Using this substrate, 
PLA2 activity levels were similar to that measured with the previously characterized 
chromogenic phospholipid substrate 1,2-bis heptanoylthioglycerophosphocholine, which is 
one of the substrates routinely used to determine the activity enzymatic of PLA2. The use of 
NOB substrate introduces some technical advantages over the use of 1,2-bis 
heptanoylthioglycerophosphocholine,  in terms of one step product quantification as well as 
its stability.  The evaluation of residual enzyme activity of sPLA2 is a standard procedure to 
check the ability of NC to reduce the enzymatic activity of these enzymes. The protocol for 
measuring the activity of the enzyme following protocols described by (Rigden et al., 2003) 
and modified by (Toyama et al., 2000) or the 96-well plate, using 4N3OBA as substrate is 
follow described. 

Enzymatic activity is expressed as the initial velocity of the reaction (Vo) and is calculated 
from the increase in absorbance after 30 min of experiment. All assays are performed using 
n = 12 and absorbance at 425 nm are measured using a SpectraMax 340 multi-wells plate 



 
Protein Structure 

 

368 

2.2.2 Natural compounds (bioassay-guided fractioning of secondary metabolites) 

Isolation of natural compounds (NC) with specific pharmacological activities requires a 
bioassay-guided fractioning which usually uses crude extracts and 
polarity/chromatographic fractioning to find active fractions for the specific 
pharmacological effects wanted (Militao et al., 2007). Herein, sPLA2 and specific substrate 4-
nitro-3-octanoyloxy-benzoic acid (4NOB3A) were used to screening samples with inhibitory 
properties (Cotrim, De Oliveira, Diz Filho et al., 2010). Briefly, crude extract is tested and if it 
inhibited the substrate cleavage by the enzyme, this extract is subjected to different 
extractions with increasing polarity solvents. Then, these new fractions are tested and those 
with inhibitory properties subjected to chromatographic techniques to isolate secondary 
metabolites according to their chemical classes as described by (Proença Da Cunha Roque, 
2009). 

2.2.3 Treatment of sPLA2 with NC 

The development of this kind of protocol is important to create an adequate environment for 
molecular interaction between sPLA2 and NC, and allow the isolation of sPLA2 chemically 
treated, without any kind of interference. In some cases, it is possible to obtain also the 
modified NC. The incubation of sPLA2 with NC (mol:mol), followed procedures described 
by (Iglesias, Aparicio, Rodrigues-Simioni et al., 2005). Natural compounds were dissolved in 
dimethyl sulphoxide (DMSO) at maximum concentration of 1%. Purified sPLA2 (1.5 mg, 100 
nmol/mL) was dissolved in 1000 µl of water and after complete homogenization, 10 µl of 
NC solution (100 nmol) was added and the samples were warmed for 30 minutes in a water 
bath at 37 ºC. Samples of 200 µl of this mixture were loaded onto a preparative reverse phase 
HPLC column to separate the modified sPLA2 (sPLA2:NC) from NC. Samples were eluted 
using a discontinuous buffer gradient (66.6% of acetonitrile in TFA 0.1%) at a constant flow 
rate of 2.0 mL/min. The chromatographic run was monitored at A280 nm. 

After purification of chemically treated sPLA2 with NC (sPLA2: NC), assessments on the 
ability of NC to inhibit sPLA2 are carried out. Most of the NC are coloured substances that 
can interfere with the measurements of inhibition of enzymatic activity, since the reaction 
product, of sPLA2 with 4N3OBA, absorbs at 405 – 425 nm. This substrate was tested and 
optimized for simple microplate assay for PLA2 in human serum. Using this substrate, 
PLA2 activity levels were similar to that measured with the previously characterized 
chromogenic phospholipid substrate 1,2-bis heptanoylthioglycerophosphocholine, which is 
one of the substrates routinely used to determine the activity enzymatic of PLA2. The use of 
NOB substrate introduces some technical advantages over the use of 1,2-bis 
heptanoylthioglycerophosphocholine,  in terms of one step product quantification as well as 
its stability.  The evaluation of residual enzyme activity of sPLA2 is a standard procedure to 
check the ability of NC to reduce the enzymatic activity of these enzymes. The protocol for 
measuring the activity of the enzyme following protocols described by (Rigden et al., 2003) 
and modified by (Toyama et al., 2000) or the 96-well plate, using 4N3OBA as substrate is 
follow described. 

Enzymatic activity is expressed as the initial velocity of the reaction (Vo) and is calculated 
from the increase in absorbance after 30 min of experiment. All assays are performed using 
n = 12 and absorbance at 425 nm are measured using a SpectraMax 340 multi-wells plate 

Phospholipases A2 Protein Structure and  
Natural Products Interactions in Development of New Pharmaceuticals 

 

369 

reader (Molecular Devices, Sunnyvale, CA). After the addition of sPLA2 native or treated 
with NC (20 mg), the reaction mixture is incubated for 30 min at 37°C and absorbance is 
read at 10 min intervals. Moreover, using this procedure is possible to estimate the 
minimum inhibitory concentration of NC on the enzymatic activity of sPLA2 in this way can 
be assessed in a comparative inhibitory activity of different NC.   

In addition, sPLA2 treated with NC allows us to estimate structural changes induced by 
their interaction. The detection of fluorescence from either specific molecular probes or the 
inherent fluorescence of molecules allows the investigation of the interactions between of 
sPLA2 and NC. Monitoring the intrinsic fluorescence of tryptophan (Trp) is used to estimate 
protein unfolding, but this technique is not efficient when the NC absorbs the same 
wavelength that the Trp.  

Circular Dichroism (CD) spectroscopy is a powerful technique that is more sensitive to 
evaluate the molecular interactions between NC and sPLA2. CD spectroscopy is an 
extremely valuable technique for the study of the secondary structural components of 
proteins, such as α-helix and β-sheet. In this technique, circularly polarized light interacts 
differently with chiral centers and is absorbed. CD is characterized as a very fast way for 
obtaining information about protein structural integrity, conformational changes and 
folding-unfolding process (Corrêa, 2009). Recently, such method has been used for the 
evaluation of the sPLA2 treatment with different NC, mainly flavonoids. (Cotrim, De 
Oliveira, Diz Filho et al., 2010; De Oliveira et al., 2009; Iglesias, Aparicio, Rodrigues-Simioni 
et al., 2005; Santos et al., 2011; Toyama, Diz Filho, Cavada et al., 2011). In these studies native 
and modified PLA2 with different flavonoids (naringin, quercetin and morin) were 
prepared in 10 mM sodium phosphate buffer pH 7.4. Samples were transferred to quartz 
cuvettes with an optical path length of 1 mm.CD spectra in the wavelength range 185-300 
nm were acquired in-house on a J720 spectropolarimeter (Jasco Corp., Japan) using a 
bandwidth of 1 nm and a response between 1-4 s. Scans were accumulated for each sample 
and all spectra were corrected by subtraction of buffer blanks. Comparison of spectra was 
performed after concentration and optical path length normalization. Results from CD 
revealed significant changes in the secondary structure composition of sPLA2 after 
treatment with flavonoids. In order to correlate CD spectral information and sPLA2 
structure, homology modeling and secondary structure prediction using SWISS-MODEL 
(Schwede et al., 2003) and PSIPRED (Mcguffin et al., 2000) web servers, respectively, were 
performed. This evaluation suggested that CD signal alteration was consequence of 
modifications of mainly helical components, which in sPLA2 are responsible for forming the 
hydrophobic channel (Arni, 1996). 

2.2.4 Mass spectroscopy 

Mass Spectrometry (MS) can also be used for the evaluation of sPLA2 modifications induced 
by NC treatment, as was previously done to naringin and quercetin (Cotrim, De Oliveira, 
Diz Filho et al., 2010; Santos, Toyama, Oliveira et al., 2011). This technique can be applied to 
measure the mass-to-charge ratio of native and NC-treated PLA2. In these studies, mass 
measurements are performed through matrix-assisted laser desorption/ionization-time-of-
flight (MALDI-TOF) using a Voyager-DE PRO MALDI-TOF mass spectrometer (Applied 
Biosystems). Samples of one microliter are mixed with 2 µL of the matrix α-cyano-4-
hydroxycinnamic acid, 50% acetonitrile, and 0.1% TFA (v/v). The matrix is prepared with 
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30% acetonitrile and 0.1% TFA (v/v). Ion masses are determined under the following 
conditions: accelerate voltage 25 kV, the laser operated at 2890 µJ/com2, delay of 300 
nanoseconds, and in the linear analysis mode. Results from MALDI-TOF mass spectrometry 
displayed an increasing in sPLA2 mass-to-charge ratio after NC treatment in comparison 
with the native protein if chemical stable complexes are formed. Our data shows that 
chemical shift observed for naringin treatment was discrete; therefore, modifications on the 
PLA2 structure as consequence of this flavonoid action did not indicate an attachment of 
such specie, similarly to the results found in a previous study of sPLA2 treated with 
umbelliferone (Toyama, Diz Filho, Cavada et al., 2011). 

2.2.5 Molecular docking 

When the target protein has its crystal structure elucidated and deposited in databases 
online, these data can be used to perform a virtual screening of possibly active compounds 
which bind in specific regions of protein surface. For this purpose, the structural 
optimization of the natural compounds are initially achieved using the quantum chemical 
AM1 method (Tang et al., 1999) implemented in the BioMedCache program with default 
values for the convergence criteria. Docking calculations are performed with the GOLD 4.0 
program (Jones et al., 1997) to obtain the in silica affinity of natural compounds to the target 
proteins, herein, sPLA2 from snake venoms. These PLA2 structures were taken from the 
RCSB Protein Data Bank [PDB]. Usually, if the chains are homologous and the active sites 
(docking regions) are not close in the dimeric form, only one chain is chosen for calculations. 
Docking calculations are performed to consider the flexibility of the natural compound 
ligand in such a way that torsions were considered active during the calculation. The active 
site is defined as all atoms within a 10 A radius from His48, an important residue according 
to the literature (Scott, 1994; Scott et al., 1990). When the docking is performed in Asp49 
PLA2s, calculation maintaining the Ca2+ ion and the coordination water molecule is also 
done (Fig. 2; Fig. 3). 
 

 
Fig. 2. Analysis of the interaction of a natural compound with phospholipase A2 by docking 
technique (Cotrim, De Oliveira, Diz Filho et al., 2010). 
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Fig. 3. Analysis of the interaction of a natural compound with phospholipase A2 by docking 
technique (Cotrim, De Oliveira, Diz Filho et al., 2010). 

2.2.6 Small Angle X-ray Scattering (SAXS) 

Small Angle X-ray Scattering (SAXS) is a very useful technique for analysing shape and size 
of macromolecules in solution (Svergun, Koch, 2002). Using SAXS, structural information 
about tertiary and quaternary structures of proteins at the nanometer level can be recovered 
from the elastic scattering of X-rays by the sample. Such methodology has been also 
employed in the study of structural modifications induced in PLA2 by its treatment with 
different flavonoids, especially naringin (Santos, Toyama, Oliveira et al., 2011). SAXS 
measurements were carried out at the D02A-SAXS2 beamline of the Brazilian Synchrotron 
Light Laboratory (LNLS) (Kellermann et al., 1997). Data collection was performed at a 
sample-to-detector distance of 985.7 mm using a MAR CCD detector (MAR Research) with 
X-rays at a wavelength of 1.488 Å, to cover q (q = 4πsinθ/λ) values ranging from 0.013 to 
0.34 Å-1, with samples in different concentrations. X-ray scattering intensities were reduced 
to a 1D profile using the Fit2D program (Hammersley et al., 1996). The several frames 
collected for each sample (native and naringin-treated PLA2) were inspected and averaged 
with the program PRIMUS (Konarev et al., 2003). GNOM program (Svergun, 1992) was used 
to calculate distance distribution functions, p(r), and radius of gyration, Rg, by the indirect 
Fourier transform method. Rg values were also obtained employing Guinier analysis 
(Guinier, 1955). The degree of protein globularization was evaluated by the so-called Kratky 
plot (Iq2 x q) (Putnam et al., 2007). Molecular weight of proteins was estimated using the 
web tool “SAXS MoW” (Fischer et al., 2010). Low resolution models were recovered from 
the scattering curves through the ab initio procedure embedded in the program GASBOR 
(Svergun et al., 2001). Final envelopes were obtained by spatial average of 50 independent 
models with the program DAMAVER (Konarev, Volkov, Sokolova et al., 2003). 
Interpretation of native and naringin-tretated PLA2 SAXS models were performed by the 
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superposition of crystallographic models of several PLA2 found in the Protein Data Bank 
(PDB) using the program SUPCOMB (Kozin, 2001). The smallest discrepancy (Chi) 
calculated by the program CRYSOL (Svergun et al., 1995) between experimental data and 
PLA2 PDB models was achieved to the dimer composed of chains A and E of 
agkistrodotoxin (PDB ID 1BJJ) (Tang, Zhou, Lin, 1999).  

According to our results, SAXS models displayed a dimeric enlogated shape, but completely 
different from two previous reports published regarding PLA2 SAXS studies (Arni et al., 
1999) (Murakami et al., 2007). The most remarkable result derived from our work 
corresponds to a conformational change observed for the PLA2 dimer after naringin 
treatment. SAXS envelope obtained for naringin-treated PLA2 exhibited a clear bending in 
comparison with the models for native PLA2 that has been attributed to the action of 
naringin in the dimerization interface of this protein (Santos, Toyama, Oliveira et al., 2011). 

3. Conclusion 
One of the biggest challenges for pharmacology is to find molecules that are able to interact 
with specific sPLA2 because the side effects are often related to low-affinity inhibitors of the 
proteins. The screening of inhibitors by in vitro enzyme activity inhibition enables a quick 
approach to molecules of interest, which will be assessed for their efficiency by techniques 
of molecular interaction as SAX and molecular docking. 
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1. Introduction 
In recent decades the activity of conventional antibiotics against pathogenic bacteria has 
decreased due to the development of resistance. This phenomenon has generated the so-
called ‘superbugs’, which are multi-resistant bacteria. In this context, antimicrobial peptides 
(AMP) appear as an alternative to control them. AMPs have been found in several sources, 
including animals, plants and fungi, constituting the first line of host defence against 
pathogens. However, the use of AMPs as therapeutic agents has some limitations, such as 
stability, cytotoxicity and mainly their amino acid length, since amino acids are expensive 
building blocks. Despite these limitations they have compensatory properties, including 
secondary activities such as immunomodulation or antitumor ones. Several methods have 
been applied since the 1990s for rational AMPs design, in order to generate analogues with 
improved activity, looking to reduce limitations and increase advantages. Computer-aided 
identification and design of AMPs play a crucial role in this area. The discovery of AMP 
properties, through the first rational design studies, will allow the development of methods 
for prediction of AMPs, which in turn, should lead to identification prior to synthesis of 
novel analogues. Thus, this chapter will be dedicated to describing important techniques in 
prediction and rational design of AMPs and their applications for drug development. 

1.1 Multi-resistant bacteria: The ‘superbugs’ 
A number of lethal infections became tractable and curable after the discovery and 
subsequent use of antimicrobial agents in clinical therapy, as the case of syphilis, rheumatic 
fever and cellulitis. However, this success has dimmed over the course of time due to the 
uncontrolled and inappropriate use of antibiotics, including the administration of under or 
overestimated doses, the insufficient duration of treatment and mistakes in the choice of 
drugs. Currently various microorganisms are resistant to antimicrobials, leading to the 
emergence and spread of so-called ‘superbugs’ resistant to virtually all available antibiotics 
on the market (Breidenstein et al., 2011).  

Among a variety of mechanisms of bacterial resistance, the production of β-lactamases is the 
main resistance factor of Gram-negative bacteria to β-lactam antibiotics.  
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Indeed, resistance to β-lactam antibiotics has increased in recent years, being mediated by a 
variety of mechanisms, most commonly the cleavage of β-lactam ring, antibiotics efflux 
and/or reduced drug uptake due to loss of outer membrane porin proteins (Pfeifer et al., 
2010). The large number of bacteria resistant to multiple antibiotics represents a challenge in 
the treatment of infections, since the rate of obtaining new antibiotics today cannot match 
the increasingly large number of resistant strains. Our next step must include the careful use 
of antibiotics in clinical and agricultural fields as well as the search for novel drugs. 

1.2 Antimicrobial peptides 
AMPs have emerged as an alternative strategy for the treatment of infections caused by 
resistant bacteria. These peptides are evolutionarily ancient molecules that have been 
isolated from microorganisms, plants, invertebrates, fish, amphibians, birds and mammals, 
including humans. They play an important role in the innate immune system and are the 
first line of defence to protect internal and external surfaces of the host (reviewed in Silva et 
al., 2011). The AMPs may have a broad spectrum of antibacterial and antifungal activities. 
Moreover, in some cases, antiviral, antiparasitic and antitumor activities have also been 
observed (Nijnik & Hancock, 2009). Despite the enormous diversity in their sequences and 
structures, the majority of AMPs show a positive charge (+2 to +9), 12-100 amino acid 
residues and variable three-dimensional structures. Among them are included -helices (e.g., 
magainin, cecropin and cathelicidin), β-sheets (e.g., hepcidin and human -defensin 1), a 
combination of -helices and β-sheets (e.g., human β-defensin 1 and plant defensins), head-
to-tail cyclized fold (e.g., cyclotides), as well as extended and flexible loops (e.g., indolicidins) 
(reviewed in Silva et al., 2011). In addition to their action against microorganisms, AMPs 
have activities related to innate and adaptive immunity (immunomodulatory activity) that 
include the induction or modulation of proinflammatory cytokines and chemokines 
production, chemotaxis, apoptosis, inhibition of inflammatory response, recruitment and 
stimulation of proliferation of macrophages, neutrophils, eosinophils and T lymphocytes 
(Nijnik & Hancock, 2009). 

The AMPs have a wide variety of mechanisms, showing that they clearly act bound to the 
lipid bilayer, using it as a primary target and leading to a membrane disruption (reviewed 
in Silva et al., 2011). It was at first believed that the initial AMP mechanism of action was 
solely on the cell membrane. However, AMPs can also perform their functions through 
interactions with intracellular targets or by disturbing cellular processes, as well as causing 
synthesis inhibition of the cell wall, nucleic acids or proteins (Brogden, 2005). 

The AMPs are molecules of great relevance to the pharmaceutical, biotechnology and food 
industries. The structural diversity and chemical nature displayed by these molecules is a 
condition that has led researchers to consider them as natural antibiotics, an innovative 
alternative to conventional antibiotics as a new class of drugs to prevent and treat systemic 
and topical infections (Gordon et al., 2005). Due to these facts, some AMPs are already 
utilized with clinical and commercial purposes, including ambicin (nisin), polymixin B and 
gramicidin S (Bradshaw, 2003). However a restriction on the use of AMPs for therapeutic 
use is their limited stability (especially when composed of L-amino acids), toxicity against 
eukaryotic cells, susceptibility to proteolytic degradation and development of allergies. 
Thus, the rational design of AMPs emerges as an important tool that aims to develop AMPs 
with maximum performance against resistant bacteria. 
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1.3 Computer-aided identification and design of AMPs 
Rational design of AMPs is a modern approach to antibiotic development, nevertheless, a 
more detailed target characterization is needed. Indeed, a target with sufficient 
differences between the host and the pathogen is necessary, in order to reduce or abolish 
adverse effects, according to the principle of selective toxicity. The principal barrier to the 
use of AMPs as antibiotics lies in their cytotoxicity for mammalian cells. This is perhaps 
not surprising since AMP activity is mostly dependent on membrane-peptide interaction. 
However, for AMPs become useful as broad-spectrum antibiotics it would be necessary to 
dissociate toxicity to mammalian cells from antimicrobial activity,  which could be 
reached by increasing antimicrobial activity or reducing haemolytic activity, or both 
(Chen et al., 2005). Another obstacle to the use of AMPs as antibiotics is their susceptibility 
to proteolysis, since peptides formed by L-amino acid are sensitive to degradation and 
clearance of serum components. These problems can be solved through amino acid 
substitutions, including replacement of L-amino acids to D-amino acids. These 
substitutions may promote alterations in amphipathicity/hydrophobicity, leading to a 
reduction in the cytotoxicity of the peptides to mammalian cells, without changing the 
antimicrobial activity, besides leaving the AMPs less susceptible to proteolytic 
degradation (Chen et al., 2005; Pag et al., 2004). 

The first studies of rational design of AMPs generated several analogues of known AMPs 
(e.g., cathelicidins, defensins, magainins and cecropins). Nevertheless, many of them were 
less active than the original prototype. In fact, these studies played a critical role in 
identifying the AMP properties involved in antimicrobial activity. These properties served 
as the basis for developing approaches for antimicrobial activity prediction, through several 
methods, such as support vector machine (SVM, Lata et al., 2007; Porto et al., 2010; Thomas et 
al., 2010), artificial neural network (ANN, Fjell et al., 2009; Torrent et al., 2011) and 
quantitative structure-activity relationship (QSAR, Jenssen et al., 2007) as will be further 
detailed. By using machine learning methods, this field became more scientific than 
descriptive. Nevertheless, the AMP mode of action is still an open subject since there are no 
definite models of prediction or rational design, and so novel methods tend to appear. 
Certainly, the AMPs emerge as a promising class of therapeutics, despite their limitations. 
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as the basis for designing studies. While physicochemical approaches generate several 
analogues with different physicochemical properties, the template-based methods search for 
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size reduction, adding selectivity and/or killer activity to known sequences. Furthermore, de 
novo methods that generate AMP without a template sequence, using only frequencies or 
patterns. Essentially, these three classes define the rational design methods, but there are 
also hybrid methods. 

2.1 Physicochemical methods of rational design of AMPs 
The first rational design methods were based on the most commonly proposed AMP 
mechanism of action, which is membrane disruption. This process is first mediated by 
electrostatic interactions among positive charged residues and negatively charged lipid 
heads, and then by insertions of hydrophobic residues into the membrane. The majority of 
physicochemical methods use -helical peptides as the basis for study. Since -helical 
peptides present wide distribution and the broadest activities spectrum, their 
physicochemical properties can be easily measured. In addition to charge and 
hydrophobicity, another property that can be easily measured is the hydrophobic moment, 
given by Eisenberg’s equation (Eisenberg et al., 1982): 

   (1) 

Where δ is the angle separating side chains along the backbone (100° for -helix); i is the 
number of residues and Hi is the hydrophobicity of amino acid i in a determined 
hydrophobicity scale, such as Eisenberg’s (Eisenberg et al., 1982) or Kite-Doolittle’s (Kite & 
Doolittle, 1982). In fact, it is more common to use a normalized hydrophobic moment, 
dividing it by the total amino acid residues. These physicochemical properties are, 
apparently, directly involved in interactions between -helical AMPs and bacterial 
membranes, by some “rules”. First, increasing hydrophobicity boosts the lipid’s affinity. 
Second, enhancing the hydrophobic moment may favour the -helix peptide fold, and third, 
increasing the net charge could lead to a higher interaction with anionic membranes (Drin 
and Antonny, 2010). 

Using this approach, Dathe et al. (1997) developed several magainin 2 analogues and an 18-
residue model peptide with KLA repetitions, modulating their activity by changing only 
hydrophobicity, hydrophobic moment and the angle of positively charged face helix (Figure 
1). Moreover other features were conserved, such as helix propensity and total charge. This 
showed that when the hydrophobicity and hydrophobic moment increase, the antimicrobial 
and haemolytic activities from those peptides also increase (Dathe et al., 1997). It also 
showed that the angle of positively charged face has little influence on antimicrobial 
activity. Haemolytic activity increases if the angle is more obtuse than the original. 
Nonetheless, it varies according to peptide. For example, an angle of 120° applied to KLA 
model peptide increases haemolytic activity, but the same angle applied to magainin 2 does 
not affect its activity (Dathe et al., 1997). On the other hand, very low hydrophobicity 
abolishes the antimicrobial activity of those peptides, which can be compensated by 
increasing the hydrophobic moment. Therefore, while increasing those parameters the 
peptide becomes unspecific, a selective peptide may be reached with moderated 
hydrophobicity, increasing the hydrophobic moment and keeping the angle of charged face 
small. Further, the same group would show that changes in net charge of magainin 2 also 
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modulate its activity (Dathe et al., 2001). This study designed six magainin 2 analogues, 
keeping helix propensity, hydrophobicity, hydrophobic moment and the angle of charged 
residues, and changing only the net charge. So for each charge modification, one or more 
amino acid substitutions were required to keep the other parameters (i.e., the MK6 analogue 
has a charge of +7, while magainin 2 has +4; the identity between them is only 39%, but the 
other properties were very similar). A charge threshold was observed to develop an 
analogue with specificity to bacteria, and increasing the charge from +3 to +5 made the 
peptide more active against bacteria and less toxic to erythrocytes. Nevertheless increasing 
its charges to +6 or +7 could generate a very haemolytic analogue. The relation between the 
angle of charged face and haemolytic activity has a bias: the net charge must be great, but 
not too great. In the case of magainin 2 this threshold is +5. Therefore, increasing the peptide 
charge makes the peptide lose its specificity to bacterial membranes. Perhaps, when the 
charge is too positive, the neutral membrane ends up interacting with the peptide as an 
acidic membrane. 

 
Fig. 1. Schematic representation of an -helical amphipathic peptide. The angle of polar face 
is indicated by Φ. Positive charged residues are represented in pentagons, polar ones as 
circles and nonpolar as diamonds. 

Giangaspero et al. (2001) also observed similar results in their study about -helical peptides 
with non-proteinogenic amino acids. In fact, this work employs a hybrid method, first using 
a de novo technique and, subsequently, a physicochemical one. De novo design uses a model 
developed through amino acid frequencies by type of amino acid (structure determining, 
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hydrophobic, hydrophilic, positively charged, negatively charged and polar uncharged). 
Then the model was filled up with a restricted set of amino acids: norleucine to hydrophobic 
positions and ornithine, glutamine or glutamic acid to hydrophilic ones. These residues 
were chosen since they have the same side-chain length, ensuring a homogeneous cross-
section to the helix. This step generates two peptides, P19 (5) and P19 (6). In the next step, 18 
novel sequences were derived from the initial model in order to verify the effects on activity 
by charge, helicity, amphipathicity, hydrophobicity and size reduction. Four sequences were 
developed with different charges: +1, +3, +8 and +9. As observed by Dathe et al. (2001), 
charge reduction leads to a decrease in antimicrobial activity. However, Giangaspero et al. 
(2001) propose that the activity is independent of positioning of charged residues within the 
helical domain. The addition of two ornithine or glutamic acid residues to the N-terminal of 
those peptides can increase or decrease the activity, respectively: adding two ornithine 
residues to the analogue with charge +1, its charge became +3 and it became active, with a 
similar spectrum of analogue with charge +3. 

The amphipathicity and hydrophobicity were tested by developing a shuffled peptide 
version of P19 (6). This peptide has a moderate, and restricted to Gram-negative, 
antimicrobial activity when compared to P19 (6), even with the same amino acid 
composition, charge and hydrophobicity, showing that amphipathic arrangement is 
important to activity (Giangaspero et al., 2001). Size reduction also was tested, by deleting 
either N- or C-terminal from the most active peptide. This reduces or abolishes the activity, 
however, switching polar to nonpolar residues, resulting in activity recovery, being similar 
to or better than the original peptide. These data indicate that in small peptides, there must 
be equilibrium among charges, helix formers and hydrophobic residues. Helicity 
modifications were also measured, showing that an increase in the helix propensity also 
increases the antimicrobial potency. However, it has little additional effect on peptides that 
have a high helix propensity. On the other hand, decreasing the helix propensity, by proline 
or D-amino acid insertions could clearly decrease the antimicrobial activity. 

Nonetheless, Chen et al. (2005) observed a different relationship between helicity and 
antimicrobial activity in their study about analogues of V681, a designed amphipathic -helix 
antimicrobial peptide. Its nonpolar face comprises 12 amino acid residues, while the polar 
face shows 14 of these (Figure 1). The central residue from each face was chosen for 
substitutions, Ser11 and Val13 for polar and nonpolar faces, respectively. Amino acid 
substitutions were made by increasing or decreasing the peptide’s hydrophobicity and/or 
amphipathicity. Each analogue were generated by only one amino acid substitution, being 
divided in two groups, the ones with alterations in the polar face named S11X, where ‘S’ is 
replaced by ‘X’; and the second group with alterations in the nonpolar face named V13X, 
with the same logic as S11X analogues. Five L-amino acids (Leu, Val, Ala, Ser and Lys) plus 
glycine were selected to replace the central residues, representing a wide range of 
hydrophobicity, on a decreasing scale in the following order: Leu > Val > Ala > Gly > Ser > 
Lys. Moreover, D-enantiomers of each selected L-amino acid were also incorporated in the 
same positions in order to disrupt helical structures generating a total of 20 analogues. It 
was observed that some D-amino acid analogues were stronger than their L-amino acid 
equivalents. Probably, D-amino acids analogues overcome the helix disruption through 
other properties, such as hydrophobicity or amphipathicity. Moreover, they also observed 
that changes in the hydrophilic face of V681 does not reduce peptide activity against Gram-
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positive or -negative bacteria or human erythrocytes, in contrast to changes in hydrophobic 
face. A similar result was observed by Blondelle et al. (1996). 

The D-enantiomer of analogue V13K was used by Jiang et al. (2011) as the basis of another 
physicochemical study. The all-D-enantiomer analogues were developed in order to create 
peptides with specificity to Gram-negative bacteria. Five analogues (D11, D14, D15, D16 and 
D22) were designed to investigate the influence of charge (analogue D11), hydrophobicity 
(analogue D22), insertions of charged residues into nonpolar face (analogue D14) and 
composition of the nonpolar face (analogues D15 and D16). They observed that when charge 
and hydrophobicity increase (comparing V13K and D11), antimicrobial activity also 
increases, as observed by Dathe et al. (2001) and Giangaspero et al. (2001). By increasing 
hydrophobicity (comparing D11 to D22), haemolytic activity increases, confirming the data 
proposed by Dathe et al. (1997). However, by introducing a second lysine in the nonpolar 
face (comparing D22 to D14), hydrophobicity can be kept higher and haemolytic activity can 
decrease. Finally, the composition of the nonpolar face (comparing D11 and D14 to D15 and 
D16, respectively), D15 and D16 were generated by switching all large side-chain 
hydrophobic residues for leucine residues. Those changes increase hydrophobicity and 
antimicrobial activity, but they have different effects on haemolytic activity, while D15 
becomes more haemolytic and D16 becomes less haemolytic, probably due to the presence 
of second lysine residue in the polar face of D16. These data show that the same 
physicochemical rules can be applied to D- or L-enantiomers. 

Few studies with another kind of folding have been reported. In 1999, Wu & Hancock 
carried out a study based on bactenecin, a 12-amino acid residue peptide that adopts a β-
turn structure cyclized via disulphide bond. Linear analogues of bactenecin show its activity 
depleted. However, C-terminal amidation partially restores the activities. In this study, 
several changes in both forms (linear and cyclic) of bactenecins were evaluated. Several 
analogues were designed to test the importance of ring size (numbers of amino acids 
between the cysteine residues), charge, and amphipathicity. The results are similar to -
helical peptides, in which it was observed that increasing the charge leads to an 
improvement in antimicrobial activity. Moreover, the same study showed that the positions 
of charged residues are more important than the number of positive charged residues. 
Increasing the ring size by insertion of a tryptophan in the middle of the ring increases the 
activities, while a proline residue insertion was able to abolish the activity. Additionally, the 
cyclic analogues also have agglutination activities, in contrast to linear versions. The linear 
analogue Bac2A-NH2 was the most desirable candidate generated in this study, due to its 
broad spectrum of activity and absence of agglutination activity. Further, several analogues 
of Bac2A were developed through point substitutions, scrambling, and deletions in 
sequence; IDR1018 is the most promising of all Bac2A analogues. Besides bactericidal 
activity, IDR1018 also displays chemokine induction activity and suppresses pro-
inflammatory responses to Gram-negative bacteria (Wieczorek et al., 2010). 

Conversely, this kind of analysis, considering the minimum inhibitory concentration (MIC) 
as a consequence of structural and physicochemical properties, leads us to false conclusions. 
MIC values can be very similar for peptides with different properties. This is easily observed 
when peptides KLA12 and KLA7 (Dathe et al., 1997) are compared. They have similar MICs; 
nevertheless, their hydrophobicity and hydrophobic moment are different. The 
hydrophobicity of KLA7 is a half of KLA12, while its hydrophobic moment is 1.15 times 
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higher than KLA12. Moreover, this kind of study is almost completely restricted to -helical 
peptides. The lack of study of other varieties of folding might bring novel information about 
the relationship between physicochemical properties and antimicrobial activities. 

2.2 Sequence template methods of rational design of AMP 
Sequence template methods involve generating novel AMPs based on a known sequence, 
whether of an active or an inactive peptide. These approaches can seek to reduce size, add 
selectivity and/or increase the activity. In several cases, the information generated by 
physicochemical methods can be used to reach these objectives, by switching residues, 
changing the net charge or pursuing minor peptides with the same properties, without 
performing a physicochemical study itself. 

In 1996, Thennarasu & Nagaraj developed three analogues of pardaxin by switching some 
amino acid residues for others with different properties. Pardaxin is a toxic peptide secreted 
by the sole fish from the genus Pardachirus. At low concentrations pardaxin is able to form 
ion channel-like structures and at high concentrations that causes cell membrane disruption. 
This toxin can also induce neurotransmitter release from neurons. Firstly, the authors 
identified the probable region responsible for membrane permeation activity. Preliminary 
studies have shown that the C-terminal region did not have this activity, since the positive 
charges were concentrated at N-terminal. Then, the first designed analogue was the N-
terminal 18 residue segment, named 18P. The second analogue, 18A, was designed by 
switching the residue Pro7 to an alanine residue, since proline residues cause structural 
distortions to helix backbone. The last analogue, 18Q, was developed switching the two 
lysines (Lys8 and Lys16) for glutamines in the 18A sequence, since glutamine residues play 
an important role in channel formation by peptides with neutral charges. Having designed 
these analogues, their activities were examined against Escherichia coli, Staphylococcus aureus 
and human erythrocytes. 18P analogue showed activity only against E. coli, while 18A 
showed haemolytic activity in addition to antimicrobial activity against E. coli. On the other 
hand, 18Q showed only haemolytic activity. No activities against S. aureus were observed. 
Although the minimum identity among the sequences was 83.3% (18P and 18Q) the 
activities were different. While 18P showed simply antimicrobial activity, 18Q had only 
haemolytic one. These differences can be explained by their intrinsic structures. Circular 
dichroism (CD) analysis showed that 18P had a low propensity to occur in helical 
conformation when compared to 18A, even though both have a typical helical CD spectrum, 
while 18Q adopted a clear β-structure, probably forming an amphipathic β-sheet, even in 
~65% of 2,2,2-trifluoroethanol, indicating the importance of structure-activity relationship. 

Ueno et al. (2011) developed a strategy that does not generate great conformational changes 
in relation to original sequences. This strategy is based on acid-amide substitutions by 
switching aspartic acids and glutamic acids to asparagine and glutamine, respectively. Since 
these substitutions are conservative, the structure has few changes and if the original 
peptide has basic residues, there will be an increased charge in the novel peptides. This 
strategy was successfully applied to three pro-regions of nematode cecropins. The pro-
regions are inactive against bacteria and human erythrocytes. After modifications, the 
sequences became antimicrobial peptides with slight haemolytic activity. CD spectra reveal 
that the structure of original peptides and its analogues are similar. 
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Likewise, Ahn et al. (2006) developed an AMP based on the 11-residue -helical domain 
from tenecin 1, an insect defensin isolated from Tenebrio molitor. This -helical domain, 
named L1, shows no antimicrobial activity. In defensins, the activity is related to the γ-core 
motif, comprised of a β-hairpin (Yount & Yeaman, 2004). However, L1 shows 
physicochemical properties similar to well-known AMPs, except the net charge. L1 has a net 
charge of +2, while AMPs have a charge of +4 or +5. Three analogues of L1 were developed 
(L2, L3 and L4) by switching some residues. L4 was the most active analogue, showing even 
greater activity than tenecin 1. L4 was developed by switching an aspartic acid and a 
histidine for lysine residues, increasing the charge to +3. Thereafter, L4 showed activity 
against bacteria and fungi, including E. coli, Pseudomonas aeruginosa and Candida albicans, 
besides activity against S. aureus and Micrococcus luteus, while tenecin 1 had no activity 
toward these pathogens. 

Another work involving defensins was developed in 2008 by Landon et al. In this study, 70 
chimeric defensins were designed by combining conserved regions of Anopheles gambiae 
defensin and variable regions of other insect defensins. From these, 45 were expressed in 
yeast Saccharomyces cerevisiae. Five of them were selected for study. These five hybrid 
defensins originated from combinations of A. gambiae defensin (DEF-AAA) with defensins 
from Belostoma gigas, T. molitor, Acrocinus longimanus and/or Drosophila melanogaster. All 
hybrid defensins have the same structural scaffold of a cysteine-stabilized β motif. On the 
other hand, their activities against S. aureus multi-resistant strains were different. Two 
analogues were more effective in vitro against S. aureus (DEF-AcAA and DEF-DAA). DEF-
DAA was toxic to mice models, with a lethal dose of 30 mg.kg-1, while DEF-AcAA showed a 
lethal dose higher than 100 mg.kg-1. Indeed, since the active site of defensins consists of the 
γ-core, these two hybrid defensins have an identical γ-core sequence, indicating that the N-
terminal loop of defensins may also contribute to the activity. So the in vivo activity of DEF-
AcAA and DEF-AAA was evaluated against S. aureus peritonitis model on mice. The results 
showed that both defensins have the same efficacy for S. aureus multi-sensitive strain, with a 
dose of 3 mg.kg-1. Nevertheless, on the same model with a multi-resistant strain DEF-AcAA 
was shown to be the most effective with a dose of 3 mg.kg-1, while DEF-AAA needed a dose 
of 10 mg.kg-1. These results demonstrate that these AMPs are more efficient than 
vancomycin, which requires a dose ranging from 10 to 30 mg.kg-1 for treatment on the same 
model. 

Also focusing on development of peptides with potential for systemic use, Sigurdardottir et 
al. (2006) identified a 21-amino acid fragment of human cathelicidin antimicrobial peptide 
LL-37 with similar or stronger activities than the complete peptide. LL-37 is an attractive 
candidate for treatment of sepsis, due to its broad spectrum of antimicrobial activity, the 
immune system’s cell chemotactic abilities and also abilities to bind and neutralize bacterial 
lipopolysaccharides. However, LL-37 also has cytotoxic activity against eukaryotic cells. 
Therefore, using the helical propensity prediction of AGADIR (Lacroix, 1998) and the amino 
acid preference for -helix terminals, they identified a fragment starting from Gly14 going up 
to Arg34, named GKE. For comparisons, two other 21-amino acid fragments were derived, 
one from the N-terminal (LLG) and other from C-terminal (FKR). GKE was more active than 
LL-37 against bacteria and fungi. Moreover, GKE and LL-37 showed similar chemotaxis and 
inhibition of nitric oxide production activities. The same patterns were not observed for LLG 
and FKR fragments. Interestingly, all fragments showed 100% of identity to LL-37. 
However, they differed in helix propensity, although GKE and FKR do not present much 
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difference in helical content and have 85.7% of identity. The amino acid preference for -
helix terminals might explain those differences in activity. 

Another successful strategy is the use of synthetic combinatory libraries (Blondelle et al., 
1996). A synthetic combinatory library is composed of a set of mixtures of peptides 
generated from a template. In this approach, several positions of template sequence were 
chosen for amino acid substitutions. One of them was chosen for individual defined 
substitutions, where each modification is controlled, generating one subset for each 
modification. Thus it can generate 20 subsets, by using the proteinogenic amino acids. The 
other selected positions are randomly filled up in each subset. Following this strategy, 
Blondelle et al. (1996) used the sequence ‘YKLLKKLLKKLKKLLKKL-NH2’ as a template for 
design of two synthetic combinatory libraries, the first one with changes in hydrophobic 
face and the second one in hydrophilic face. In hydrophobic face, Leu4 was chosen for 
individual defined substitutions (represented by “O”), while Leu7, Leu11 and Leu14 were 
chosen for random filling (represented by “X”); this library was represented by the sequence 
YKLO4KKX7LKKX11KKX14LKKL-NH2. The same logic was applied to hydrophilic face, 
being represented by the sequence YKLLKO6LLX9KLKX13LLX16KL-NH2. The assays showed 
that substitutions in hydrophobic face depleted the activity of the original peptide. During 
the second stage of design, the library with changes in polar face was redefined by changing 
the residue used for individual defined substitutions (positions 6, 9, 13 and 16). In this way, 
the best residues for each position could be selected. Thus leucine was selected at position 6 
as a representative hydrophobic residue, proline at position 9, proline and glycine at 
position 13, and phenylalanine, isoleucine and proline at position 16, six peptides being 
generated by combining those selected residues (1 x 1 x 2 x 3 = 6). Five of the six designed 
peptides showed a 10-fold improvement in activity. 

Indeed, sequence template methods can generate novel AMPs with enhanced activity 
against bacteria and lower effectiveness toward mammalian cells than original sequences. 
However, there are no directives for using this kind of method. Which residues are 
important for activities? What must be substituted to obtain a higher deleterious activity 
and lower side effects? Are the physicochemical properties useful for this kind of study? 
Can the methodology applied to peptide A be applied to peptide B? For these methods, it is 
necessary to identify the governing principle that allows the enhancement of antimicrobial 
activity. In fact, there must be something beyond switching residues or development of 
chimeric proteins. Identifying this principle will be helpful for developing novel methods of 
rational design. 

2.3 De novo methods of rational design of AMP 
De novo methods are very interesting in terms of achieving a yield from multiple AMPs with 
little amino acid conservation. Instead of using one pivotal sequence to develop analogues, 
de novo methods can use amino acid patterns or amino acid frequencies and positioning 
preferences, generating several sequences with no clear relation. 

Tossi et al. (1997) developed a de novo method that considers the length of the peptide, its 
cationicity, its amphipathicity and its helicity, in addition to sequence patterns. First, 20 
residues from the N-terminal of 85 natural -helical AMPs were aligned without gap 
insertions or any attempt to improve the alignment. Based on this alignment, frequencies 
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and kinds of amino acids were extracted, in order to create a novel pattern. Despite the 
simplicity of this method, a well-defined pattern of residue distribution was developed. 
Next, the pattern was filled up with the most frequent amino acids in each position, 
generating an AMP with 20 amino acid residues. The same method was applied to 
mammalian cathelecidin with some modifications, using a reduced number of sequences 
and adding gaps in the alignment, creating three novel patterns ranging from 18 to 22 amino 
acids (Tossi et al., 1997). Thus, the patterns were filled up with the most frequent amino 
acids. The helicity was evaluated by using secondary structure predictions and helical wheel 
diagrams. The four designed peptides showed a potent and broad-spectrum activity against 
Gram-positive and Gram-negative bacteria. 

Some years later, Loose et al. (2006) developed a similar but more sophisticated de novo 
method, the linguistic model. According to this model, AMPs seem to be a formal language 
with grammar composed of several rules (patterns) and a vocabulary (amino acids). Instead 
of using alignments to define the patterns, the TEIRESIAS algorithm was used for pattern 
discovery (Rigoutsos & Floratos, 1998). Thus, ~700 grammars sequences were established, 
and then all possible grammar sequences with 20 amino acid residues were written out. 
Sequences with at least 60% of identity with natural AMPs were removed, resulting in 12 
million remaining sequences. Next, by removing sequences with at least 70% of identity, 41 
candidates were obtained. From these, one peptide was insoluble, but 18 had MIC at 
maximum of 256 μg.ml-1 and the remaining peptides showed no activity against E. coli and 
Bacillus cereus. Through this method, novel antimicrobial peptides were designed without 
any information about their structures (Loose et al., 2006). In fact, as well as generating novel 
AMPs, this work was of great importance in that it explained some results of 
physicochemical methods of rational design. For each grammatical peptide, a non-
grammatical peptide was designed with the same amino acid composition, by shuffling the 
sequence. Giangaspero et al. (2001) had already used this strategy and the shuffled peptide 
showed a reduced activity. However, Loose et al. (2006) generated shuffled peptides with no 
grammars, expecting that they had no activity because they were non-grammatical peptides. 
As result, only two shuffled peptides were active. From this, it could be seen that there are 
no direct relations between scalar physicochemical properties and antimicrobial activity, 
because shuffled and grammatical peptides have the same charge, hydrophobicity, size and 
molecular mass (Loose et al., 2006). This explains why the conclusions of physicochemical 
methods were not completely correct, and in some cases, controversial (i.e., equal MICs but 
different physicochemical properties and vice-versa). The scalar physicochemical properties 
had led researchers to false conclusions because they have a secondary role in activity.  

On the other hand, a property widely used in physicochemical methods does change when 
the sequence is shuffled, and that is the hydrophobic moment, a vector property. Loose et al. 
(2006) also used the hydrophobic moment. In a second step of rational design, the best 
designed sequence was submitted to a redesign process to increase its activity using a 
heuristic approach, and one of proposals of this redesign process was to “improve the 
segregation of positive and hydrophobic residues based on a helical projection” or, in other 
words, to improve the hydrophobic moment. The fact that no structural information is 
needed is certainly an advantage, but this method has some limitations, such as the 
difficulty in designing larger proteins with complex structures. So this method is restricted 
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to generating AMPs similar to those that are deposited in the main data set, i.e., the two 
most active peptides obtained through this method have 50 and 60% of identity to natural 
AMPs. 

All these methods have been helpful, in their time, in reaching a better understanding of 
relationships between sequence, structure, physicochemical properties and antimicrobial 
activity. Overall, these methods have been effective in designing potent AMPs able to kill 
bacteria at low concentrations. Furthermore, they have also been helpful in the development 
of antimicrobial prediction tools, as will be seen in the next section. 

3. Methods to predict antimicrobial activity 
The understanding of antimicrobial peptides’ behaviour led some groups to propose 
different approaches to predict antimicrobial activity, and this field saw much progress in 
last years. Several methods of antimicrobial activity prediction emerged from studies of 
rational design, mainly the physicochemical and de novo methods. The rules extracted from 
rational design methods can be extrapolated to other sequences with good reliability by 
computer-aided predictions. As a result, several tools have been developed, such as 
prediction tools from Collection of Antimicrobial Peptides (CAMP, Thomas et al., 2010) and 
AntiBP Server (Lata et al., 2010). Overall, there are two main strategies for predicting AMPs, 
the empirical methods and the supervised machine learning ones.  

3.1 Empirical methods of AMP prediction 
The empirical methods are qualitative, being based only on characters of AMPs without 
taking into account peptides without antimicrobial activity. In fact, these models are based 
on rules or patterns correlated to antimicrobial activity. However, the methods cannot be 
extrapolated to other classes of AMP, being restricted to the class that generated the model. 
Moreover, they have no standard accuracy measurement, since there is no larger set of non-
antimicrobial sequences to test them. In fact, there is no accuracy value, making it 
complicated to compare the methods, which are summarized in Table 1. 

The most simple prediction method is that employed by the Antimicrobial Peptides 
Database prediction tool (Wang & Wang, 2004). In this case no artificial intelligence was 
used. It is based only on logical questions about the sequence. It returns a positive 
prediction whenever a sequence is less than 50 amino acid residues in length, has 
hydrophobicity below 75% and a cationic net charge. Moreover, the prediction is also going 
to be positive if the sequences present an even number of cysteines. This method seems to be 
merely based on rules extracted from physicochemical studies. However, this method 
neglects some AMPs (e.g., anionic and hydrophilic antimicrobial peptides). 

Despite these clear limitations the APD prediction tool was used by Nagarajan et al. (2006) 
for validating their prediction method. This method was developed in order to mine protein 
data sets, being based on Fourier transformations and Euclidian distances. Comparisons 
were made with a power spectrum generated by the Fourier transformation of five indices. 
The indices were based on hydrophobicity, charge, polarity, cysteine content and amino 
acid distribution. For analysis, the method was applied to six antimicrobial peptides with 16 
amino acid residues. In all cases, the power spectrum shows a peak at period 5, and the 
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major contribution to power spectrum is given by hydrophobicity index. Those power 
spectra were used to generate a reference power spectrum used in further comparisons. A 
set of 10,000 random peptides with 16 amino acid residues were generated by PERL scripts. 
The power spectrum of each random sequence was obtained and compared to the reference 
through Euclidian distance. From 10,000 random sequences, only three hits were obtained. 
Two of three hits had positive charge and were predicted as AMPs by the APD prediction 
tool. However, the three hits showed at least 30% of identity to a known AMP. 

Similarly, Fernandes et al. (2009) developed a classification method based on fuzzy 
modelling, also focusing on data set mining. This approach is based on the linguistic model 
developed by Loose et al. (2006) and also on the peptide’s amphipathicity. It made each 
screening into a data set, searching for sequences with a defined pattern. The found 
sequences were then classified by fuzzy modelling. This consists of a surface plot generated 
by two membership functions: a triangular function relating the ratio of polar to charged 
residues and a Gaussian hydrophobicity membership. The best candidates fall into a region 
between 2:1 and 1:1 polar to charged residues and the regions of moderated hydrophobicity 
in Gaussian membership, identifying the amphipathic sequences. Assuming hydrophobicity 
to be low or the ratio to be lower than 1, the sequence is a weak AMP; if hydrophobicity is 
medium and the ratio is adequate the peptide is a specific AMP; and if hydrophobicity or 
the ratio is high, the peptide is non-specific. The system was tested in NCBI’s non-
redundant protein data set (NR) and the seed sequence was Cn-AMP1 (Mandal et al., 2009). 
Through this, three sequences were obtained from a total of 7,153,872 sequences in NR. 

Another method that involves patterns is the multidimensional signatures developed by 
Yount & Yeaman (2004). This method is based on recognition of sequence patterns and 
motifs in three dimensional structures to correlate them to antimicrobial activity. It was 
successfully applied to cysteine-stabilized peptides. In this work, a γ-core motif was 
recognized by the patterns “X[1,3]GXCX[3,9]C”, “CX[3,9]CXGX[1,3]” and 
“CX[3,9]GXCX[1,3]”, where X corresponds to any natural amino acid and the numbers 
between brackets represent sequence variations (i.e., X[3,9] represents an extension of three 
to nine residues, being composed of any natural amino acid residue). Based on a data set of 
500 antimicrobial peptides with length of up to 75 amino acids residues and cysteine 
content, prototypic sequences were chosen as representative of their classes. The conserved 
motif GXC was identified by visual inspection of multiple alignments. However, in some 
sequences this motif was inverted, so the three patterns of γ-core motif were proposed. 
Structurally the three patterns are absolutely conserved, corresponding to an antiparallel β-
sheet composed of two strands. In order to validate the model, two peptides without 
previously reported antimicrobial activity were selected, the sweet-tasting protein brazzein 
and the toxin charybdotoxin, both containing the γ-core motif in their 3D structures. These 
two peptides exerted direct antimicrobial activity against bacteria and fungi. The method 
was also validated by identification of γ-core sequence into well-known antimicrobial 
peptides without known 3D structure. The γ-core motif was identified in tachyplesins before 
its structure became available. Its three-dimensional structure really exhibits the motif of 
two antiparallel β-strands. 

Jenssen et al. (2007) also developed and tested their model in vitro. They constructed a 
mathematical model for prediction based on the statistical methods, principal component 
analysis (PCA) and partial least squares (PLS). This model was filled up with three major 
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classes of descriptors, (i) amino acid (charge, hydrophobicity and size); (ii) a series of contact 
energy for each pair of amino acids and (iii) 78 biophysical inductive and conventional 
quantitative QSAR descriptors. These data were extracted from a single-substitution Bac2a-
library containing 228 peptides. This model was capable of predicting 84% of tested 
peptides. 

 
Method How is the evaluation done? References 

APD Prediction Tool Well-known AMP properties Wang & Wang, 2004 
Fourier Transformation Physicochemical properties Nagarajan et al., 2006 

Fuzzy Modelling Sequence motifs and 
physicochemical properties Fernandes et al., 2009 

PCA/PLS 
Amino acid descriptors, pairs of 

amino acid descriptors and QSAR 
descriptors 

Jenssen et al., 2007 

Multidimensional 
Signatures Sequence and structure motifs Yount & Yeaman, 2004 

Table 1. Empirical antimicrobial prediction methods. 

In fact, the last two methods are the most important among the methods discussed so far, 
mainly due to the in vitro validation of predictions. Without this kind of validation, these 
methods become only good hypotheses, without contributing much knowledge. However, 
they can achieve a more accurate prediction when they are more restricted to some class of 
AMP, without a generalization model. 

3.2 Supervised machine learning methods of AMP prediction 
Supervised machine learning methods for predicting antimicrobial activities have a well-
established validation procedure, allowing these methods to be compared. The reliability of 
these methods is evaluated by several parameters, the main three being calculated as 
follows: 

  (2) 

 

   (3) 

 

   (4) 

TP corresponds to the number of true positives; FN, the false negatives; TN, the true 
negative; and FP, the false positives. However, the evaluation of precision on positive 
predictions can be done by calculating the positive predictive value (PPV), given by the 
following equation: 
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   (5) 

Here, comparisons among the methods are going to be made based on PPV and accuracy 
values (Table 2), since for discovering novel AMPs it is more important that the probability 
of a positive prediction be true. Overall, these methods require two data sets, the training set 
and the blind set. The training set is composed of two subsets, the positive data set (the 
AMPs) and the negative data set (the non-AMPs). Through these sets the algorithm is 
trained and then, tested against the blind set. From the results against the blind set, the true 
positives, negative and false positives and negatives are estimated and then the parameters 
(e.g., accuracy) are calculated. 

There are two major challenges in the usage of supervised machine learning to predict 
antimicrobial activity: the AMPs’ size variation, and the absence of a dataset for non-
antimicrobial peptides (Lata et al., 2007). There are at least two choices of positive set, APD 
(Wang & Wang, 2004) and CAMP (Thomas et al., 2010). Nevertheless, there are no non-
antimicrobial data bases to use as a negative set. Another difficulty is the variation in size of 
AMPs, since the machine learning techniques need fixed length input vectors. Several 
strategies have been developed in order to overcome these problems. 

Lata et al. (2007) developed the first supervised machine learning methods for prediction of 
antimicrobial activity. In this pioneer work, three algorithms were tested: SVM, ANN and 
quantitative matrices (QM). The positive data set was composed of 436 AMPs from APD and 
the negative set was composed of an equal number of non-secretory proteins randomly 
selected from SwissProt. Initially, an SVM model using amino acid composition of whole 
sequence was built with 20 inputs, one for each amino acid. This model achieves the highest 
accuracy of all generated models in 5-fold cross validation (89.04%). However, the authors 
proposed that is impossible to utilize this approach to search for AMPs in genomes or proteins 
due to the enormous size variation. Thus, it was decided that a fixed length would be used, 
using binary patterns, where each amino acid is represented by one binary pattern. SVM 
models with the 5, 10, 15 or 20 first N-terminal residues were constructed. The best accuracy 
observed in 5-fold cross validation was in SVM model with 15 residues (87.85%). Therefore, 
another two approaches using SVM were developed, the C-terminal approach (with 15 C-
terminal residues) and the N+C-terminal approach (with 30 residues, 15 from N-terminal and 
15 from C-terminal). The C-terminal approach achieves an accuracy of 85.16 %, while the N+C-
terminal one achieves 92.11% in 5-fold cross validation. The three approaches were applied to 
QM and ANN. In both cases, the N+C-Terminal approach achieved the best accuracies in 5-
fold cross validation, 90.37% and 88.17%, respectively. In a blind data set composed of 24 
mature sequences extracted from SwissProt, the N+C-terminal approach had the higher 
performance in all algorithms, achieving a PPV of 91.66% for all algorithms. 

In 2010, this system was improved, but only the SVM was used (Lata et al., 2010). In this new 
version, the positive data set was composed of 999 AMPs and the negative data set was 
constructed with an equal number of non-secretory proteins extracted from SwissProt. The 
blind set was composed of 466 AMPs from SwissProt, none of which were present in the 
positive set. The N+C-terminal approach continued to show higher accuracy (91.64%). Despite 
the drop in precision (92.11 to 91.64%), the improved version was more reliable because the 
number of sequences used in training and testing were higher than the previous version. 
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Thomas et al. (2009) used two other methods in addition to SVM. Random forest (RF) and 
discriminant analysis (DA) were implemented. RF showed the finest accuracy (93.2%), 
followed by SVM (91.5%) and DA (87.5%). The positive data set was composed of 2578 
AMPs and 4011 sequences derived from SwissProt or randomly generated sequences. 70% 
of each set was used for training the machines and the other 30% composed the blind set. 
The algorithms were trained with 275 features, including composition, physicochemical 
properties and structural characteristics of each amino acid. In contrast to that of Lata et al. 
2007 and 2010, the method developed by Thomas et al. (2009) was able to predict 
antimicrobial activity for sequences with variable size. 
 

Method Positive 
Set Negative Set Accuracy (%) PPV 

(%) References 

SVM APD SwissProt 92.11 92.11 Lata et al., 2007 
QM APD SwissProt 90.37 90.65 Lata et al., 2007 

ANN APD SwissProt 88.17 88.17 Lata et al., 2007 
SVM APD SwissProt 91.64 90.43 Lata et al., 2010 

RF CAMP 
SwissProt and 

Random 
Sequences 

93.20 95.13 Thomas et al., 2010 

SVM CAMP 
SwissProt and 

Random 
Sequences 

91.50 93.42 Thomas et al., 2010 

DA CAMP 
SwissProt and 

Random 
Sequences 

87.50 87.45 Thomas et al., 2010 

SVM APD 
Random 

Transmembrane 
Sequences 

83.02 96.54 Porto et al., 2010 

ANN CAMP SwissProt 89.20 88.60 Torrent et al., 2011 

ANN AMP 
Library 

Non-AMP 
Library 86.50 92.94 Fjell et al., 2009 

Table 2. Supervised machine learning methods of antimicrobial prediction. 

Our group has developed an SVM model based on physicochemical properties for prediction 
of peptides with cysteine knot motifs (Porto et al., 2010). Despite the absence of direct 
correlation between antimicrobial activity and physicochemical properties, their use solved the 
problem of size variation. However, it generated another problem, which is that shuffled 
sequences have the same scalar properties, since they are simple averages and the order of 
residues does not imply average modifications. That problem is avoided by including the 
hydrophobic moment, since the modification of sequence clearly modifies the hydrophobic 
moment. For the second challenge, a set of predicted transmembrane proteins was used as the 
set of non-antimicrobial peptides, since the transmembranes are non-secretory proteins. 
Through this approach, an overall accuracy of 83% was observed in a blind dataset. This 
model can be helpful to predict antimicrobial activity of a wide number of cysteine-stabilized 
peptides, such as conotoxins, proteinase inhibitors, metallothioneins, defensins and cyclotides. 
The only requirement is the presence of disulphide bonds in the peptide structure.  
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hydrophobic moment, since the modification of sequence clearly modifies the hydrophobic 
moment. For the second challenge, a set of predicted transmembrane proteins was used as the 
set of non-antimicrobial peptides, since the transmembranes are non-secretory proteins. 
Through this approach, an overall accuracy of 83% was observed in a blind dataset. This 
model can be helpful to predict antimicrobial activity of a wide number of cysteine-stabilized 
peptides, such as conotoxins, proteinase inhibitors, metallothioneins, defensins and cyclotides. 
The only requirement is the presence of disulphide bonds in the peptide structure.  
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Also using physicochemical properties, Torrent et al. (2011) developed an ANN with eight 
properties: isoelectric point (pI), peptide length, -helix, β-sheet and turn structure 
propensity, in vivo and in vitro aggregation propensity and hydrophobicity. The main data 
set was composed of 1157 AMPs from CAMP and 991 non-AMPs from SwissProt. The 
training set was composed of 1074 peptides, while the testing and validation sets contained 
537 peptides. The system achieved an accuracy of 90%. Indeed, the aggregation propensity 
was seen to be crucial for this method in much the same way as the hydrophobic moment in 
the method developed by Porto et al. (2010). The aggregation propensity changes if the 
sequence is shuffled, but the other six properties do not. When the aggregation parameter is 
removed, the system’s reliability decreases. 

The methods discussed so far show that AMP size variation problem is easy to solve, by 
using fixed sizes or physicochemical properties. Both strategies achieve similar accuracies. 
On the other hand, the non-AMP data set only seems to be easier to solve by using random 
proteins or proteins from SwissProt. However, comparing AMPs to randomly selected 
proteins from SwissProt is almost the same as comparing oranges to strawberries; it is 
relatively easy to distinguish each, generating high accuracies. Moreover, as shown in 
section 2, two peptides with high identities and subsequently similar properties can have 
different activities, as is the case of peptides derived from pardaxin (Thennarasu & Nagaraj, 
1996) and LL-37 (Sigurdardottir et al., 2006). 

Lately, a combined approach of QSAR and machine learning techniques has been developed 
(Fjell et al., 2009). Through 44 QSAR descriptors, an ANN was built based on 1433 random 
nine-mer peptides. The ANN was trained to predict sequence activity in relation to the control 
peptide Bac2A. For model evaluation, a library of nine-mer peptides composed of 
approximately 100,000 sequences was screened in silico. These sequences were divided into 
four classes: (I) most likely to be more active than the control; (II) likely to be more active than 
the control; (III) likely to be less active than the control; and (IV) most likely to be less active 
than the control. The topmost 50 positions of each class were synthesized and tested. For class 
I, an accuracy of 94% was observed, although the overall accuracy was around 85%. 

The methods discussed here show that the great difficulties in antimicrobial activity prediction 
are the absence of a non-antimicrobial database and the enormous variation in sequence size. 
The greatest challenge for prediction methods is perhaps the heterogeneity of AMPs, which 
are part of a group with different sequences, structures and mechanisms of action. 

4. Conclusions and prospects 
In the future, novel treatments against resistant bacteria should be developed, including 
strategies that use unnatural AMPs as their basis. The development of unnatural AMPs can 
be carried out by various methods, including those discussed here. This kind of study brings 
new knowledge and also generates novel AMPs, in turn boosting the development of 
prediction methods that can help evaluate rational designed AMPs. A more accurate 
prediction model may be developed when the patterns of the linguistic model can be used 
to train machine learning techniques. In addition, a more efficient approach to pattern 
recognition is needed, since a single sequence is insufficient for patterns identification. In 
this view TEIRESIAS could be used once two or more sequences were need by this approach. 
This methodology will be helpful not only for novel AMPs development, but also for other 
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protein chemistry fields. The development of this new methodology is a real challenge and 
could reduce current limitations, leading us to develop novel and more potent antimicrobial 
peptide agents.  
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