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Preface

The book is on the oligomerization of chemical and biological compounds. Oligomers are
built on the association of several copies of a unit. The units that compose a chemical
oligomer have a broad range of chemical compositions. The units that compose biological
oligomers are more restricted. There are polymers of amino acid units, called proteins and
polymers of nucleotides called DNA and RNA. They are also amphipathic polymers called
lipids which are made of a polar head and polymers of carbon atoms, commonly C14 to C24.
Those are covalent biological polymers, the units are covalently bound to one another. Then
there are protein oligomers whose unit is a protein chain. In both chemical and biological
oligomers, there are covalent and non-covalent oligomers as described in several chapters
(e.g. chapters 5 and 8). The book is divided in three sections.

The section 1 includes six chapters to highlight the grounds shared by the two types of
oligomers. The chapters 1 to 3 explore the use of chemical and biological oligomers as inno‐
vative materials. The first and the second chapters deal with the synthesis of olefin oligom‐
ers. They expose the challenges of synthetizing such chemical molecules with particular
properties and their application in the industrial world, in particular in the oil industry.
Thus, the chapters present technical challenges as well as applications. The first chapter by
Thomas Chenal and Marc Visseaux describes Coordinative Chain Transfer Polymerization
(CCTP) and how this method allows the production of functionalized end-capped olefin
oligomers. The second chapter by Csaba Fehér and co-authors is on the use of ionic liquids
as catalyst in the oligomerization of alkenes/olefins. The authors recall how olefin oligomers
are necessary in the oil industry, present an overview of the different methods of synthesis,
the different oligomeric products and finally focus on the promising use of ionic liquid as an
efficient catalyst for producing olefin compounds. The use of ionic liquid, also called molten
salts, is an alternative to two-phase catalysis. The detail understanding of the mechanism of
the olefins oligomerization illustrates the gap of knowledge between chemical and biologi‐
cal oligomerization. In chemical oligomerization, it is already possible, although still very
challenging, to create tailor-made molecules with expected/directed properties. In contrast,
in biological oligomerization, the research still mainly focuses on studying the biological
oligomers. The level of understanding required to produce biological compounds in a de‐
sign manner is not yet reached. Nevertheless, synthetic biology is a booming field and the
gap is certainly closing, the future is opened to nano-biomaterial. The third chapter by Xin‐
fang Liu and Ke-Qin Zhang on silkworm and spider fibers is a perfect example of the recent
progress towards that direction. The authors have produced a thorough review, giving in‐
formation from the basic structural elements of the fibers to their incredible mechanical
properties. Finally, the authors discuss their use as biomaterial in the textile industry.
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The chapters 4 to 6 address more fundamental mechanistic problem and illustrate that chemi‐
cal and biological oligomerization share basic prerequisites. The definition of an oligomer is
the association of several copies of a “unit” to achieve complex and diverse (novel) conforma‐
tions. The “unit” may change enormously in composition, the formation of an oligomer al‐
ways entails a remarkable cut in the chemical/building cost because a unique chemical “piece”
is used in a combinatory manner to produce distinct tridimensional local arrangements and
yield a broad variety of global conformations. To build equivalent conformations with varia‐
ble “pieces” would be chemically more expensive, or more costly in terms of coding for bio‐
logical oligomers. How little local change produces a large variety of conformations and
functions is well illustrated in the fourth chapter by Jianu Calin. The author describes oligo‐
meric derivatives of the ethylene oxide molecule R1(OCH2CH2O)R2 achieved by simply
changing R1 and R2 and the environment. In the chapter five by D. Jurašin and M. Dutour
Sikirić, they introduce conventional surfactants, which are amphipathic molecules made of
polar and hydrophobic group. They describe how surfactants are able to transit from a popu‐
lation of disperse monomers to a bilayer (elongated oligomer), then to a micelle (cyclic
oligomer) and up to supramolecular assembly such as liquid crystal (phase diagram). In other
words, surfactant makes oligomers which grow in one direction (micelle and bilayer) and
oligomers which grow in more than one direction (supramolecular assembly). Interestingly
protein oligomers which grow in one direction (cyclic oligomer) and protein fibers which
grow in two directions are their biological equivalent. Thus the phase diagram also stands for
the transition from protein oligomer to protein fiber. The importance of the growth direction
in the formation of protein fibers is explored in the chapter 13 by Laurent Vuillon and myself.
Moreover, D. Jurašin and M. Dutour Sikirić discuss the novelty of introducing a covalent link‐
age, referred to as a spacer, between monomers and the effects of the spacer (nature, length,
rigidity) on the phase diagram and the oligomeric state of the surfactant. Again, there is a
proteic equivalent to such spacer, named a hinge loop which introduces sufficient fold plasti‐
city to allow a protein to change its oligomeric state. This mechanism called domain swapping
is discussed in the chapter 8 by Gotte and Libonati as well as its consequences when the func‐
tion of the protein is lost upon the conformational change, leading to diseases, called confor‐
mational diseases (e.g. Alzheimer’s disease). Conformational diseases and fibers are also
discussed in details in the chapters 9 and 10. These analogies are interesting and hopefully the
reading of the chapters on chemical oligomers would open new perspectives for investigating
biological oligomers and vice-versa.

Of course, it is tempting to make another analogy between a soup of amino acids interacting
via weak bonds and conventional surfactant and between covalently bound amino acids,
namely proteins and covalent surfactant. The length/rigidity/nature of the “spacer” could be
considered as the backbone of the protein (loop, beta strand, alpha helice) which would in‐
troduce the flexibility to produce tridimensional structures. Loops would introduce some
“laxity” while beta-strands and alpha-helices some rigidity. The authors show that the cova‐
lent bond reduces the CMC (Critical Micellization Concentration) and allows the formation
of supramolecular structures at lower “unit” concentration. In that sense, introducing a pep‐
tide bond between amino acids may have promoted the formation of proteins at lower ami‐
no acid concentration acting like a catalyst. Likewise the “hinge loop” in the domain
swapping may allow oligomerization at lower protein concentration.

The presence of cyclic and elongated oligomers takes a different meaning when reading the
chapter 6 by Kunio Kawamura on the oligomerization of nucleic acids and peptides under
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the primitive earth conditions. Escaping cyclic oligomerization seems a decisive step to‐
wards the formation of more complex molecules of life. This chapter makes an appropriate
bridge between the chemical and the biological world and on the key stages necessary for
life. It retraces the state of the art of the origin of life from chemical molecules to DNA/RNA
and proteins. The author brings us on a fascinating journey through time and space.

The section 2 includes the chapters 7 to 10 and covers biological oligomerization. It starts
with the chapter 7 by Bozidarka L. Zaric which describes the RNA world and Sm/LSm pro‐
teins, protein oligomers that participate to the maturation of RNA. It makes a good bridge
between the chapter by Kunio Kawamura and the chapters 8 to 10 which focus on protein
oligomerization. The chapter 7 evokes RNA maturation and splicing mechanism, a nice ex‐
ample of the complexity of biological oligomers and the combinatory aspect of such com‐
plexity. The splicesome, the cellular machinery which controls the splicing and is made of
protein and RNA entities, is dissected for the readers to understand this huge biological as‐
sembly and how all the partners are orchestrated to yield one of the most important cellular
activities in higher organisms. Chapter 8 by Gotte and Libonati is already mentioned. The
authors provide a thorough review on protein oligomerization, illustrate the broad diversity
of protein oligomers, the different technical methods to study such compounds and discuss
the plasticity of certain protein to undergo a fold transition between distinct oligomeric
states. The chapters 9 to 10 explain how such fold plasticity may unfortunately lead to dis‐
eases, so called conformational diseases. The chapter 9 by Dai and Kawahara describes more
exclusively the proteins involved in pathological oligomerization and neurodegenerative
diseases. The authors present biophysical and biochemical results as well as the molecular
and cellular context. Finally, the chapter 10 by Ajda Taler-Verčič and co-authors discusses
the particular case of Stefin B Oligomers/cystatin and how it is a good model of conforma‐
tional diseases. Interestingly, they discuss several familial mutations known to promote the
transition from a healthy cystatin B to pathological cystatin B oligomers and to lead to myo‐
clonus epilepsy. Another example of how a local change may have great impact on the con‐
formation of the molecule. The authors also describe some mechanisms of pathological
assemblies and the role of cellular factors such as lipids in the mechanism.

The section 3 includes the chapters 11 to 14 and is intended to present results from computa‐
tional and theoretical approaches to stress their value as alternative and complementary
methods to experimental approaches. The chapter 11 by myself makes a bridge, discussing
experimental and computational results. It also emphasizes novel advances in the under‐
standing of protein oligomerization using graph and network theories. The chapter 12 by
Giovanni Feverati focuses on the area of contact between two adjacent chains in a protein
oligomer, so called the protein interface. The author proposes an algorithm to identify hot
spots, amino acids determinant for the formation of a protein interface and analyzes some
properties of the interfaces over a dataset of 40 protein oligomers. This chapter is a good
illustration of the result obtained by a computational approach. The chapter 13 by Laurent
Vuillon and myself, already mentioned, proposes a mathematical framework to fiber forma‐
tion considering 2D-tiling and symmetry operations. A particular effort has been made to
escort the reader through the mathematics that grasp the structural determinants required
for fiber formation. The result may have implications beyond protein fibers in biological
quasi-crystal/viral assembly, nevertheless these aspects are not treated. The main break‐
through is the mean of identifying on the 3D-structure, the basic local properties that make a
protein oligomer more susceptible to fiber formation. Hopefully, this would open new ven‐
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ue to design therapeutic strategies to protect from pathological oligomerization. The book
ends on the chapter 14 by Guy Cousineau where the notion of 2D-tiling is extended to other
symmetries. This chapter is pure mathematics but comes as an extension of chapter 13, and
we hope it will become handy to understand the construction of some biological oligomers.

The large conformational plasticity of oligomers due to global consequences arising from
local features is the common notion that transpires throughout the chapters. It is the main
message of the book.

Claire Lesieur
AGIM, UGA-CNRS, France
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Chapter 1

End-capped Oligomers of Ethylene, Olefins and Dienes,
by means of Coordinative Chain Transfer Polymerization
using Rare Earth Catalysts

Thomas Chenal and Marc Visseaux

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/58217

1. Introduction

Polymerization catalysis has seen a huge development with the progress of organometallic
chemistry. Metallocenes, post-metallocenes, and constrained geometry complexes (CGC),
have been used as single-site catalysts by polymerists, with the aim to elaborate polymeric
materials with improved properties that can’t be attained by other synthetic strategies [1]. Since
the beginning of the 21st century and besides the search for new organometallic structures that
could be exploited as potential catalysts, new methods and concepts have been developed,
aiming at better controlling polymerization catalysis. Living (up to Immortal) Polymerization
[2], Chain Walking [3] Chain Shuttling [4] have emerged. Mastering transfer reactions in
polymerization catalysis, as Coordinative Chain Transfer Polymerization (CCTP) [5], has
reappeared recently as a tool that would allow a better control of the whole process, and would
also open the way to unprecedented macromolecular architectures. On the other hand,
mastering of transfer reactions in polymerization catalysis is also of high interest because it
allows the preparation of functionalized oligomers.

We will describe in this chapter some representative examples of our recent results that
illustrate the possibilities offered by controlling transfer reactions in rare earth mediated
oligomerization catalysis. In particular, the association of dialkylmagnesium with rare earth
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Scheme 1. End-capped oligomers starting from dialkyl magnesium

Particular emphasis will be given to the ease of implementation of the process demonstrating
its usefulness as a versatile tool for the elaboration of high-added value macromolecular
objects. This facility is illustrated by the possibility that we disclosed, to assess a large set of
RE/MgR2 combinations, including in situ synthesized catalysts as depicted on scheme 2. In
particular, homoleptic, mono or bis-substituted complexes can straightforwardly be prepared
in the catalytic mixture, simply starting with RE salts [6].

[cat] = Rare Earth Salt + H-Ligand + MgR2

Scheme 2. In situ synthesis of catalytic species as a convenient process.

These results are rooted in the pioneering breakthrough of Pr Mortreux [7-9] and their impact
is well-illustrated by subsequent exploitation by other groups [10-19] and a booming devel‐
opment in chain transfer agents. Moreover, in the case where the alkyl-Mg group contains a
functional moiety (ie aromatic ether, amino or alkenyl), this may afford telechelic oligomers
[12] (see scheme 3)
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Scheme 3. Examples of dialkylmagnesium initiators

The starting compounds of the process are based on dialkyl magnesium compounds MgR2

(see scheme 3). Solutions in hydrocarbons are commercially available, including at the
industrial scale, for example: dibutylmagnesium (Aldrich, 1 M in hexane), butylethylmagne‐
sium (Texas Alkyls, 20% in heptane) or butyloctylmagnesium (Akzo Nobel, 20% in heptane).
Alternatively, more sophisticated dialkylmagnesium compounds were synthesized as sake of
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functionalized initiators, for example bis(ortho-dimethylaminobenzyl)magnesium(THF),
bis(ortho-methoxybenzyl)magnesium(THF) [20], bis(3-butenyl)magnesium(dibutylether)2

and bis(10-undecenyl)magnesium(dibutylether)2 [12]. Shorter compounds i. e. the diethyl or
dimethyl and even the dihydrido magnesium compounds were excluded of the field of this
study due to their insolubility. Some difficulties were encountered when using the well-known
RMgX Grignard reagents for two distinct reasons: first, the halide atoms clearly compete with
alkyl groups on the active centers and disturb equilibria resulting to the formation of the active
Cat-R species; second, ethers are the usual solvents of Grignard species while they are
inhibitors of the polymerization due to high oxophilicity of the catalyst metal. Hence, specially
designed initiators were conveniently obtained by conversion (Schlenk equilibrium, see
scheme 4) of Grignard reagents into dialkylmagnesium compounds by means of
MgX2(dioxane) precipitation and concentration of the filtrated solution to a minimum level of
ethers.

2 RMgX

Grignard reagent

MgR2 + MgX2

dialkylmagnesium

Scheme 4. Schlenk equilibrium

2. Oligomers of Ethylene

2.1. Ease of implementation

Unlike for liquid monomers, which can be handled with classical Schlenk techniques, gaseous
ethylene (at standard conditions) requires particular equipment as, for example, with solution
process. The convenient solvents tested were hydrocarbons, and among them linear or cyclic
alkanes, aromatics, possibly halogenated. Rigorous exclusion of air, moisture and protic
impurities was reached by working with a sealed reactor equipped with a vacuum line (see
scheme 5). After a purge with clean gas, a simple wash with a sacrificial batch of dialkylmag‐
nesium solution enabled the required purity level. Since ethylene polymerization is highly
exothermic, the reactor was correctly thermostated. In the same way, kinetic limitations due
to dissolution rates of ethylene were overtaken by powerful stirring. Ethylene inlet was
regulated at a constant pressure, at atmospheric or higher pressure. A mass flowmeter and a
data acquisition system recorded the exact amount of ethylene consumed all along the reaction,
hence allowing deducing the average molar mass of the chains at any time.

The catalytic species for ethylene insertions in alkyl chains were obtained in situ by adding to
the dialkylmagnesium reagent a solution of a rare earth salt containing also the necessary
amount of ligand under its protio form, to obtain the pre-catalyst in solution (see next
paragraph). As a typical example, two equiv of pentamethylcyclopentadiene ligand will afford
the in situ formation of a decamethylmetallocene. Several metals were tested, for example
yttrium, lanthanum, neodymium, samarium and lutetium [21-22]. Although the catalytic
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activity and selectivity were clearly different depending on the rare earth nature, these
differences were of low importance, as far as ethylene polymerization is concerned [9]. The
neodymium species were however much more studied in the literature, probably in relation
to their interesting properties for polymerization of other monomers, especially diene mono‐
mers. Different anions of the rare earth species were used, for example chloride, borohydride,
alkoxides (tertiobutylates, phenates), carboxylates (versatate, 2-ethylhexanoate), phosphates
and phosphonates. Once more, differences in reactivity were noticed, but the most important
feature concerning the nature of the anionic ligand was the solubility of the corresponding
salts. A comparative study between chloride and versatate salts of neodymium gave exactly
the same results in terms of oligomers distribution for the same ethylene conversion, but the
reaction started immediately with the versatate which was soluble in toluene, while it was
sluggish with the insoluble chloride salt. The neodymium versatate has the other advantage
to be available at an industrial scale (Solvay-Rhodia Rare Earth Systems), while at a laboratory
scale, the neodymium borohydride [23] was preferred for its well-defined structure and its
purity, allowing easiest spectroscopic characterizations, hence better control of the generation
of catalytic centers.

Well-defined organometallic compounds bearing two pentamethylcyclopentadienyl and an
alkyl group in the coordination sphere of the rare earth metal were initially established as best-
suited [24]. But these catalytic species, while being very active in polymerization conditions,
were found excessively prone to decomposition in the absence of monomer and impossible to
store. Hence, several synthetic routes were proposed to generate the catalyst in situ, starting
from a series of precatalysts (see scheme 6). The earliest route (A) reported in the literature
was involving hydride species [21], which can be formed by hydrogenolysis of a crowded
alkyl: the bis(trimethylsilyl)methyl (TMS2CH-). A next route was developed at the turn of the

Scheme 5. Reactor equipment
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21st century [25-26] and consisted in the use of a crystalline bis(pentamethylcyclopentadienyl)
rare earth chloride (B). The latest route, since a few years [6,27-28], proposed the direct use of
a "naked" rare earth salts, as catalyst precursor, which was mixed with two equivalents of
ligand precursor (pentamethylcyclopentadiene, C5Me5H, noted as Cp*H). When this mixture
was added to a solution of dialkylmagnesium in excess, under atmospheric pressure of
ethylene, it took only a few seconds to see the activity rising up at the same level as with the
use of well-defined catalysts. This was interpreted in terms of alkyl/X ionic metathesis
occurring between the rare earth and the magnesium atom affording the formation of rare
earth alkyls. In a subsequent step, the Ln-alkyl species was assumed to react with the ligand
precursor Cp*H with alkane elimination as irreversible step, to lead to the formation of a
{Cp*2LnR} compound. Clues for this mechanism arose from an NMR study that excluded the
other possible pathway: a mixture of dialkyl magnesium and two equivalents of Cp*H gave
the expected complex Cp*2Mg very slowly compared to the rate of catalyst formation.

Cp*2Ln-CH(TMS)2

[Cp*2Ln-H]2

Cp*2LnCl2Li(OEt2)2 2 Cp*H + LnX3

Ethylene

Ln R
MgR2

Cp*2LnCl2Li(OEt2)2

method A

method B

MgR2

method C

active species

Scheme 6. Various strategies leading to the formation of the active species.

Implementation of the reaction was tested at a laboratory scale with the following details given
here as an example. In a glove box, the butylethylmagnesium (BEM, 200 µmol) was weighed
in a syringe and diluted in 20 mL of toluene (which was degassed by argon bubbling and stored
over molecular sieves). The polymerization reactor was purged under vacuum and filled with
ethylene. Injection of the BEM solution (200 µmol, 20 mL toluene) in the reactor and stirring
at 90°C led to passivation of the inner walls of the reactor. Meanwhile, a new set of BEM
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solution was prepared in the glove box. In a 2 mL syringe, neodymium versatate (NdVs3, 13.6
mg, 20.7 µmol) and pentamethylcyclopentadiene (Cp*H, 7.0 mg, 51 µmol) were weighed and
diluted with 1 mL of the above BEM solution. After evacuation of the passivation solution, the
remaining 19 mL BEM solution was injected in the reactor and stirred until pressure and
temperature were stable. Injection of the small syringe solution gave the start of the polymer‐
ization. The monitoring of ethylene consumption allowed to measure the amount of ethylene
consumed over time, and consequently the theoretical chain length of the polyethylene
produced. Reaction can be stopped at a desired degree of polymerization or, if allowed to go
free, it will stop spontaneously after a short burst of activity, the average molar mass being
around 1000-2000 g/mol. Polymerization quench was possible with any known reactive of
Grignard species, typically an electrophile, for example protic compounds produced alkanes,
aldehydes or ketones gave secondary or tertiary alcohols, carbon dioxide gave carboxylic acids,
iodine gave iodinated alkanes, etc. (see further functionalization section).

2.2. Mechanism of control

Preferred paradigm for understanding the present reaction came from the concept of “Auf‐
baureaktion” early developed by Karl Ziegler in the fifties [29]. The process under study at
this time aimed at growing the linear chains of alkyl aluminum by insertion of ethylene. When
implementing potential catalysts, the investigations were particular fruitful using titanium
chloride and were oriented in a new field nowadays known as “Ziegler-Natta polymerization”.
While being originally restricted to alkyl aluminum compounds, the concept of Aufbaureak‐
tion can be transposed to alkyl magnesium compounds at the condition that a suitable catalyst
would be found. Fortunately, in our laboratory, the studies of rare earth complexes as model
compounds of Ziegler-Natta catalysts revealed that dialkylmagnesium compounds behaved
as efficient transfer agents during the ethylene polymerization with these rare earth complexes.
The striking fact was that the transfer process was fast and reversible between magnesium and
rare earth. That means that, in the presence of a large Mg/RE ratio, the alkyl chains were
essentially observed on magnesium, nevertheless insertion of ethylene seemed to happen
homogeneously on all these chains with the activity and selectivity of the rare earth catalyst.
Each chain can be considered as continuously transferred from one to another metallic atom,
with insertion of ethylene only when it was found on a lanthanide unit. Alkyl chains were
observed inactive for ethylene insertion when located on magnesium, so they were named
“dormant species” in this case, since they were only waiting for a transfer to lanthanide (see
scheme 7).

The mechanism proposed for the observed chain growth on dialkyl magnesium fundamentally
contrasts with an anionic mechanism, for example in the chain growth of alkyl lithium as
observed in the relevant work of Bergbreiter [30]. In these studies, the alkyl lithium species
were modified by the use of tetramethyl ethylene diamine (TMEDA) as a ligand of the lithium
atom, rendering the alkyl anion sufficiently reactive to attack the ethylene monomer. Regard‐
less the cost problem arising from the need of up to three equivalent of TMEDA ligand per
produced oligomer, the high reactivity of the species and the resulting secondary reactions
required to work at very low temperature for further uses.

Oligomerization of Chemical and Biological Compounds8

The mechanism described here clearly belongs to the “catalyzed chain transfer polymeriza‐
tion” concept (CCTP otherwise named coordinative chain transfer polymerization) as recently
reviewed by our group [31]. CCTP is part of the new concepts developed in coordination
polymerization catalysis in the recent years, also including Living Degenerative Group-
Transfer Coordination Polymerization [32], Chain Walking Polymerization (CWP) [33] and
Chain Shuttling Polymerization (CSP) [4]. In the area of radical polymerization, a parallel can
be seen between Controlled Radical Polymerization mechanisms (Atom Transfer Radical
Polymerization, ATRP, Nitroxide Mediated Polymerization, NMP or Radical Addition
Fragmentation Transfer RAFT, for example [34]) and the CCTP concept, which is restricted to
mechanisms by coordination polymerization. By streamlining, CCTP can be considered as a
generalized concept of the original Aufbaureaktion, describing the fast and reversible transfer
of chains between a large amount of inexpensive species and a suitable catalyst. Other couples
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Scheme 7. Postulated mechanism for chain growth on dialkylmagnesium.
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of such combinations with different metals have been employed, beside the herein described
dialkyl magnesium / rare earth metallocene association. For example with diethyl zinc, chain
growth was observed using iron complexes with pyridinediimine ligand [5] and with zirco‐
nium complexes with salicylaldimine ligand [35]. With trialkyl aluminum compounds, yttrium
complexes with pyridinamine ligand [36] and chromium complexes with Cp* ligand were also
found successful [37-38]. However, the resulting oligomers in these cases were end caped with
zinc and aluminum, respectively, consequently having a different reactivity than the magne‐
sium end capped oligomers.

2.3. Chain length distribution and other characterizations

At the end of the ethylene uptake, a simple way to characterize the oligomers produced was
to hydrolyze the C-Mg chains end by any protic reagent; for example by pouring the homo‐
geneous solution of the reactor at 90°C in cold methanol. The slurry had to be well stirred to
obtain a fine precipitate, while bubbling argon was necessary in order to avoid oxygen side
reactions. Meanwhile, the presence of trace amounts of hydrochloric acid favored the disso‐
lution of all metallic residues. When oligomers with a carbon number under 20 could be
neglected, the precipitate was straightforwardly filtered and dried, otherwise a low amount
of methanol was used in order to recover the entire mixture for further analyses.

NMR 1H and 13C, as well as IR analyses established the linearity of the chains; absolutely no
branching was observed. The chain ends consisted of normal alkyl –(CH2)n–CH3 with only
trace amounts of vinyl ends –CH=CH2. Some olefins could indeed be produced by a secondary
reaction with mechanisms named either β-H elimination, or transfer to ethylene monomer.
Low temperature and high magnesium concentration favored the very low amount of such
defects. Typically, a temperature of 90°C and toluene solutions between 10-1 and 10-2 M
represented a good compromise.

Several analytical methods were used to characterize the distribution of the chain sizes. For
mixtures having rather high molar mass, the size exclusion chromatography (SEC or gel
permeation chromatography, GPC) at 135°C in trichlorobenzene were found to be the best
choice, an example is given in figure 1.

Gas chromatography (GC) was found best suited for oligomers having less than 100 carbons,
if the apparatus was equipped with a Simdist metal column, or 60 carbons when using a usual
fused silica column. Advantages of this analytical method lie in the identification and quan‐
tification of each kind of molecule with a high precision, including the separation of impurities
like olefins up to 22 carbons. Use of alkane standards, commercially available for 36, 50 and
even 60 carbons, ensured reliable calibration of the flame ionization detector, bypassing an
obvious segregation during the evaporation step in the injection port. An example is given in
figure 2 [39].

Ultimate characterization of oligomers was reached with mass spectrometry using a time of
flight detector and a matrix assisted laser desorption ionization process (MALDI-TOF).
However, considering that alkanes represent ones of the most difficult molecules to be ionized,
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it is not surprising that we failed to analyze the sample after hydrolysis. Hence we tried to
functionalize the crude oligomer mixture, when it was still constituted of alkyl chains end
capped with magnesium, with a tag that was easily ionisable [40]. As tag precursor, we looked
for a carbonyl compound with fused aromatic cycles and electrodonor substituents. Carbonyl
compounds are known to undergo addition of organomagnesium compounds, while fused
aromatic cycles with electrodonor substituents would give stable adducts with H+. With these
criteria, the cheap and nicely colored Rhodamine B base was selected. Advantage of the
MALDI-TOF analytical method once again is the recognition of individual molecules, com‐
plementary to the GC method. However, quantification was distorted by segregation at the
evaporation step and we are aware that only the living fraction of the oligomers mixture, once
functionalized, can be detected (dead chains, for example olefins, can’t be observed by this
technique). The spectrum is given in figure 3, with an enlargement showing the good fit
between data and a simulated distribution based on Poisson statistics and 13C isotopic
abundance.

Figure 1. SEC analysis of an oligomer sample with M̄ n=1530 g/mol and dispersity Ð=1.55
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Figure 3. Mass spectrum by MALDI-TOF of an oligomer sample functionalized by Rhodamine B base.

2.4. Functionalizations

The functionalization of ethylene oligomers was demonstrated in the above paragraph by the
use of Rhodamine B base. This reaction was an addition of the long chain alkyl magnesium to
the carbonyl group of an aromatic lactone. As seen on figure 3, the resulting molecule was an
ethylene oligomer covalently bonded to a polar dye. The red color of the dye was retained in
the final material, but other physical properties, like solubility for example, were severely
modified. As a matter of fact, it was easy to clean by washing with methanol all Rhodamine
residues, but it was impossible to decolorize by any way a plastic container (LDPE) in which
had been stored the oligomers capped with Rhodamine. A possible explanation would be that
the long chains were integrated in the bulk of the container walls. The dye, which is covalently
bonded to these long chains, had consequently negligible leaching rates. Applications of this
material as permanent ink, non-leaching and readily dispersible in the bulk of non-polar
polymers, without any treatment or additives, appeared promising.

Long chain primary alcohols were obtained by a straightforward functionalization of the
oligomers with oxygen and then hydrolysis. Indeed, one had simply to follow the next step of
the Aufbaureaktion in its application as an industrial process. An analogy can be seen between
aluminum and magnesium as far as the reactivity of alkyl metal with oxygen is concerned.
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Figure 3. Mass spectrum by MALDI-TOF of an oligomer sample functionalized by Rhodamine B base.
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the long chains were integrated in the bulk of the container walls. The dye, which is covalently
bonded to these long chains, had consequently negligible leaching rates. Applications of this
material as permanent ink, non-leaching and readily dispersible in the bulk of non-polar
polymers, without any treatment or additives, appeared promising.
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Kinetics of the oxidation of alkyl magnesium were found fast, perhaps faster than hydrolysis,
since we detected long chain alcohols as impurities of alkanes if hydrolysis of alkyl magnesium
was realized in non-degassed methanol. On the contrary, when long chain alcohols were the
desired product, alkane impurities were observed with a peculiar specificity: the distribution
of these alkanes was higher in mean molar mass, sometimes up to twice the mean molar mass
relative to the parent distribution of alcohols. A possible explanation would be to consider a
coupling mechanism of two alkyls resulting either from a reductive elimination or from a
Würtz-like reaction. The coupling mechanism would be induced by oxygen on unsolvated
dialkyl magnesium compounds. We bypassed this difficulty by using ether additives. Best
results (93% functionalization efficiency, see figure 4) were obtained using crown ether of small
size (12-crown-4). An advantage of the latter compound was its inertness relative to the rare
earth catalyst, allowing its addition at the beginning of the ethylene oligomerization. A this
stage, the crown ether had a beneficial effect on the CCTP mechanism by impeding the
aggregation of dialkyl magnesium compounds: first, the ethylene insertion kept a high rate
irrespective of the magnesium concentration; second, exchange of alkyl groups were found
faster, as seen with an improvement of the dispersity. For example figure 2 (Ð=1.08) was
obtained with crown ether while figure 1 (Ð=1.55) was obtained without it. Noteworthy, a
large range of oxygenated impurities would have more or less the same character (n donor or
Lewis base), provided the stoichiometry with respect to magnesium would be between 1 and
2. This explained why it is possible to run the oligomerization process with relatively unclean
materials, with good activity and dispersity, but with doubtful and irreproducible results.
Figure 4 is the GC trace of a sample of long chain linear alcohols obtained in our best conditions,
i. e. with 1 equivalent of 12-crown-4. An analysis by 13C NMR spectroscopy is presented in
figure 5 for a similar sample but with slightly shorter chains and after precipitation and
filtration [6].

Many other functionalizations have been achieved with magnesium end-capped oligomers of
ethylene which were synthesized by rare earth/magnesium based CCTP. For example
carboxylic acids were obtained in our laboratory by addition of carbon dioxide [9]. Long-chain
alkyl tin or alkyl silicium in a star shape were successfully tested [9,41]. An important work
has also been realized by Boisson and D’Agosto who focused on the synthesis of thiol and
iodine end-capped oligomers by addition of sulphur and iodine on the long-chain dialkyl
magnesium, respectively [11]. The iodo compounds were then transformed into the corre‐
sponding long chain azides, which were used in click chemistry. Alternatively, the latter azides
were hydrogenated into the corresponding amino end-capped oligomers. These examples are
not exhaustive and the field of application should be widen since this represents only a part
of the larger theme of Catalytic Chain Transfer as recently reviewed by Marks [42].

2.5. Uses as macro-initiators

A special application of magnesium end-capped oligomers was to consider them as macro-
initiators and to synthesize block copolymers. A polyethylenyl block can then be grafted to a
second block of different nature giving rise to a specialty polymer. Since the linear alkyl group
has a lipophilic character, with good crystallization ability, the interest was to associate a
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second block more polar or more amorphous. From a catalytic point of view, the second step
generally needs its own catalyst, which was added simultaneously to the second monomer,
since different monomers require usually different catalysts. But a particularly elegant process,
in terms of atom economy, should be highlighted when the magnesium atom itself was the
catalytic centre of the second step. As an example of the latter case, we tested the polymeri‐
zation of methyl methacrylate with magnesium end-capped macro-initiators and we obtained
the corresponding PE-PMMA biblock [9]. A different situation was encountered when ε-
caprolactone monomer was chosen for the second step. Indeed the traces of rare earth
compounds (1 to 2 % of the magnesium amount) were found very active and compete with
the magnesium activity, resulting in a polymodal distribution of PE-PCL block copolymers. A
third example of block copolymerization, described recently [39], used isoprene as second
monomer and needed the addition at the second step of one additional equivalent of rare earth
salt per magnesium macro-initiator. The polyethylene-polyisoprene copolymers were ob‐
tained in a one-pot procedure (see scheme 8).

After several steps of functionalization as described above, the end-capped oligomers of
ethylene can be designed as sophisticated macro-initiators, which were adapted to some
particular polymerization mechanism. For example, RAFT or NMP mechanisms were
successfully initiated with special macro-initiators based on long-chain alkyls issued from
CCTP [11]. As for functionalization, the field of applications of block copolymers is largely
open and new products can be synthesized purposely, depending on the precise properties
required (see scheme 9).[9,11-19]

Figure 5. NMR (CDCl3, 75 MHz) of an oligomer sample functionalized to primary alcohols by oxygen
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Scheme 9. Functionalization of ethylene oligomers after CCTP process.

3. Oligomers and co-oligomers of olefins and conjugated dienes

3.1. Octene

In contrast to the high activity of the rare earth / magnesium bimetallic system for ethylene
polymerization, when using pentamethylcyclopentadiene Cp* ligands, the activity for other
olefins such as octene was found very low. Moreover, poor selectivity hampered the propa‐
gation step by a secondary transfer reaction. This is an irreversible hydride transfer reaction,
named π-allyl formation, between a living alkyl-metal catalyst and an olefin, giving rise to a
dead alkane and a π-allyl-metallic complex, the latter having low, if any, catalytic ability to
insert a new olefin monomer (higher activation energy of the insertion step in the catalytic
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Scheme 8. Block copolymer of ethylene and isoprene with trans stereospecificity.
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Scheme 9. Functionalization of ethylene oligomers after CCTP process.

3. Oligomers and co-oligomers of olefins and conjugated dienes

3.1. Octene
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polymerization, when using pentamethylcyclopentadiene Cp* ligands, the activity for other
olefins such as octene was found very low. Moreover, poor selectivity hampered the propa‐
gation step by a secondary transfer reaction. This is an irreversible hydride transfer reaction,
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cycle). This problem was overcome by changing the ligand in the coordination sphere of the
rare earth. In particular, replacement of the methyl substituents on the cyclopentadiene ring
of Cp* by several crowded silyl groups fulfilled the electronic and steric requirements for a
better activity and selectivity for the octene polymerization. The synthesis of a peculiar ligand
(see scheme 10) and isolation of the corresponding rare earth complex represented a prereq‐
uisite to test the ability of the CCTP concept for the synthesis of magnesium end-capped
oligomers of octene. Successful results were obtained, (M̄ n=400-1300 g/mol, Ð=1.11-1.65) with
longer reaction times than for ethylene (24 h). [43-44]
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Scheme 10. Oligomerization of octene by CCTP with neodymium / magnesium system.

3.2. Styrene

As already mentioned for α-olefins, the activity of the decamethylmetallocene RE / Mg system
was observed as negligible for the insertion step of styrene in a polymerization catalytic cycle.
Higher temperature gave effective chain transfer of oligostyrene on dialkylmagnesium, but
with competitive radicalar and/or anionic mechanisms besides the coordination one [45-48].
By switching from Cp* to other ligands, a stereoselective CCTP process yielded near-perfect
syndiospecific and isospecific oligostyrenes end-capped with magnesium [49-51]. The use of
half-metallocene systems (with only one Cp* ligand per rare earth) and even of inorganic rare
earth salts like chloride, borohydride, alkoxide or phenoxide [52], gave successful results in
oligomerization of styrene in a chain transfer mechanism to dialkyl magnesium. In a study
centered to the structure/reactivity relationships of the pre-catalyst, it was shown that
Ln(BH4)3(THF)x (x=3, Ln=Nd, La) as well as the mixed La(BH4)2Cl(THF)2.6 led to an efficient
transmetallation of the growing polystyrene chain with the Mg chain transfer agent. However,
1H NMR and MALDI-TOF studies established the simultaneous occurrence of some β-H
abstraction. Such uncontrolled termination reactions were absent with LaCl3(THF)3,
Cp*Nd(BH4)2(THF)2 and Cp*La(BH4)2(THF)2. The quantitative transfer efficiency observed led
us to conclude to a Catalyzed Chain Growth on magnesium. Moreover, the reaction remained
significantly syndioselective (85 %) with the two latter ones, as observed previously when
combined with only 1 equiv BEM (see scheme 11) [53-54].
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Scheme 11. Oligomerization of styrene by CCTP with rare earth / magnesium system. 85% syndiotactic selectivity for
Cp*Ln(BH4)2(THF)2, Ln=Nd, La, and atactic polystyrene for LaCl3(THF)3.

Statistical copolymerization was assessed with 1-hexene and styrene monomers in the
presence of the Cp*La(BH4)2(THF)2/n-butylethylmagnesium (BEM) catalytic system. Poly(styr‐
ene-co-hexene) statistical copolymers were obtained with up to 46% yield, and 23% 1-hexene
content (see scheme 12). The occurrence of chain transfer reactions in the presence of excess
BEM was established in the course of the statistical co-polymerization, through significant
molecular weights decrease vs. 1 equiv BEM, along with narrowing of the dispersities. Thanks
to this transfer process, the quantity of 1-hexene in the copolymer was increased substantially,
from 8.6 to 23.2 %, for 80/20 1-hexene/styrene composition in the feed and in the presence of
10 equiv. BEM versus 1 equiv. [55]. These results extend the range of CCTP concept to a chain
transfer induced control of the composition of statistical copolymers to poly(styrene-co-
hexene) copolymers.

Scheme 12. Half-lanthanocene/BEM-mediated styrene-hexene Coordinative Chain Transfer co-Polymerization.

3.3. Butadiene

Polymerization of butadiene was known for a long time to be realized with catalytic systems
based on rare earth salts and dialkyl magnesium [56-58]. Chain transfer efficiency to magne‐
sium was of prime importance for example for the synthesis of functionalized polybutadienes
with applications in the tyre industry [20]. Another striking point of this polymerization was
the regioselectivity of the reaction which, in principle, can afford three kinds of sequences
named 1,2-(or vinyl), 1,4-trans and 1,4-cis (see scheme 13). Using dialkyl magnesium in
combination with rare earth salts was most generally effective for 1,4-trans selectivity [59], but
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1,4-cis sequences have been obtained in some cases [60]. We recently established that the
selectivity shifted slightly from high 1,4-trans (up to 97%) to more 1,2-regular (17%) simply by
increasing from 1 to 10 the ratio of magnesium transfer agent relative to rare earth amounts.
[61]. A chain transfer induced control of regioselectivity was hence evidenced (see table 1).
Decrease of molar masses with increase of magnesium amounts was observed, delineating the
transfer efficiency, although with a moderately controlled character (moderate dispersity). The
magnesium presence at the tips of oligomer chains was attested by further functionalization,
as mentioned below.

+ MgR2 [R-(CH2-CH=CH-CH2)n]2-Mg

n

n

n
1,4-t rans

1,4-cis

1,2- or vinyl

Nd(BH4)3THF3 + 0 - 1 Cp*H

Scheme 13. Oligomerization of butadiene by CCTP with rare earth / magnesium catalytic system.

Run a [Mg]/[Nd] Time (h)
Isolated Yield

(%)

Selectivity b (%) M̄  n c

(kg.mol-1)
Đ d

1,4-trans 1,4-cis 1,2

1 1 2 96 95.0 3.5 1.5 49 1.29

2e 1 2 43 96.7 1.9 1.4 47 1.38

3 2 2 54 95.5 2.4 2.1 19 1.28

4 3 2 16 93.0 2.4 4.6 5.5 1.20

5 5 2 8 88.0 3.1 8.9 3.9 1.24

6 5 8 20 89.9 2.1 8.0 3.9 1.43

7 5 20 37 90.4 1.3 8.3 5.5 3.00

8 10 20 18 80.7 3.5 15.8 3.8 2.90

a: Reactions at 50 °C, in 10 mL of toluene; pre-catalyst: Nd(BH4)3(THF)3 20 µmol; co-catalyst: BEM; [butadiene]/
[Nd]=1000

b: Determined by 1H and 13C NMR spectroscopy in CDCl3

c: Number-average molecular weight measured by SEC with reference to PS standards. No correction factor applied.

d: Dispersity measured by SEC: Đ=M̄  w / M̄ n

e: With addition of Cp*H (20 µmol) and supplementary BEM (10 µmol) in order to have an in situ prepared half-metal‐
locene Cp*NdX2.

Table 1. Butadiene polymerization with Nd (BH4)3(THF)3 and chain transfer with dialkyl magnesium.

Oligomerization of Chemical and Biological Compounds20

Statistical copolymerizations were achieved with styrene and butadiene monomers under
conditions similar to previous experiments in table 1. Corresponding oligomers were obtained
with M̄ n ranging from 4.4 to 240 kg/mol, for Mg / Nd from 10 to 1, respectively, and styrene
incorporation up to 16.9%. Regioselectivity was 1,4-trans sequences for butadiene and isolated
styrene units inserted statistically in the chains, as identified by 13C NMR. Insertion rates for
butadiene were found higher than for styrene. Among these copolymerization experiments,
one was short stopped by quenching with a ketone (benzhydrylidene anthrone, Sigma-
Aldrich, see scheme 14) in order to have light oligomers, end-capped with a functional group.
Analysis by MALDI-TOF mass spectrometry gave a detailed snapshot of the growing chains,
evidencing the C-Mg reactivity of the magnesium end-capped oligomers (see figure 6).
Statistical distributions of styrene and butadiene monomers were observed, that follow exactly
the Poisson probability. The lower styrene insertion rate, as compared to the butadiene one,
was clear: the average degree of polymerization, after a 15-minute reaction, was between 17
and 18 for butadiene monomer whereas it was between 1 and 2 for styrene monomer.

+ Mg(Bu)2+ Bu
Mgs 2b

Bu
s b-1

O

Nd(BH4)3THF3

Scheme 14. Statistical copolymerization of butadiene and styrene under CCTP conditions and further functionaliza‐
tion with benzhydrylidene anthrone.

3.4. Isoprene

In the presence of 1 to 10 equiv alkyl magnesium as chain transfer agent, combined to
Cp*Ln(BH4)2(THF)n (Ln=La, n=2.5; Ln=Nd, n=2), the observed molecular weight distributions
are monomodal, and the number average molecular weight is close to the calculated one
considering two growing chains per magnesium atom. This, along with reasonable dispersities
(Ð 1.3–1.9), highlights a rare earth catalyzed polyisoprene chain growth on magnesium (see
scheme 15). With Ln(BH4)3(THF)3 (Ln=La, Nd) in the same conditions transfer efficiency is
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around 50–60%. With all the catalysts, the polymerization is significantly slowed down with
BEM excesses vs 1 equiv. magnesium dialkyl, as observed for butadiene [62]. The excess of
BEM has another consequence to the polymerization process: the transmetalation is accom‐
panied by a modification of the selectivity of the reaction, from 98.5% 1,4-trans with 1 BEM to
up to 46% 3,4-polyisoprene using 10 equiv. chain transfer agent. This simply appears as a way
to tune the microstructure of the polyisoprene just by adjusting the quantity of chain transfer
agent [63]. Actually, a gradual decrease of the 1,4-trans stereoselectivity of the reaction, leading
to a great variety of poly(1,4-trans-isoprene) based materials, is observed at the benefit of 3,4-
selectivity with increasing quantities of magnesium dialkyl. By combining dialkylmagnesium
and trialkylaluminum, we disclosed that the trans-selectivity can be preserved: a 1,4-trans
stereoselective oligomerization of isoprene with a CCTP character leading to the growth of
several poly(1,4-trans-isoprene) chain per catalyst metal is reached using the half-lanthanocene
Cp*La(BH4)2(THF)2 in combination with BEM and AliBu3 in 1/1/9, 1/1/19, or 1/1/39 quantities,
respectively [64].

Scheme 15. Rare earth catalyzed polyisoprene chain growth on magnesium. Ln=Nd, La

Figure 6. MALDI-TOF cumulative diagram of a poly(butadiene-co-styrene) oligomer initiated with butyl groups and
functionalized with benzhydrylidene anthrone.

Oligomerization of Chemical and Biological Compounds22

An example of functionalization has been assessed on magnesium end-capped oligomers of
isoprene, by oxidation with oxygen and hydrolysis to primary alcohols. Analysis by MALDI-
TOF mass spectrometry (see figure 7) was in accordance with the expected structure for half
of the observed peaks. The other half witnessed the presence of unfunctionalized species which
may arise from difficulties to avoid hydrolysis or coupling reactions, before or during the
oxidation.

Figure 7. MALDI-TOF spectrum of isoprene oligomers functionalized in primary alcohols.

3.5. Myrcene

As expected from our previous results with isoprene and butadiene, polymerization of β-
myrcene with neodymium borohydride-based coordination catalysts (Cp*Nd(BH4)2(THF)2

and Nd(BH4)3(THF)3) in the presence of gradual excesses of BEM (1 to 20 equiv) shows high
level of transfer reactions efficiency between neodymium and magnesium [65]. For 1-5 Mg co-
catalyst equiv, the measured molecular weights (by SEC and end-group integration NMR)
match quite well with calculated values for the growth of two chains per magnesium atom.
As the BEM quantity increase, dispersities become more narrow, which accounts for rapid and
reversible polymer chain transfer. In addition, the selectivity turns from > 90 %-1,4-trans1 (1
BEM) to 3,4-rich (64%, 20 BEM), thus illustrating the “tuning ability” of the BEM concentration
in such processes, as already observed with isoprene and butadiene (see scheme 16).

1 The selectivity was initially claimed as cis but recent additional experiments led us to reconsider it as trans. This will
be published soon.
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Scheme 16. Oligomerization of myrcene by CCTP with rare earth / magnesium system. [Nd](BH4)=Nd(BH4)3(THF)3,
Cp*Nd(BH4)2(THF)2, MgR2=BEM.

4. Conclusion

Readily applicable syntheses of magnesium end-capped oligomers of olefinic unsaturated
monomers leading to tailor-made macromolecular objects were proposed. The strategy
implemented to achieve this goal consisted in Coordinative Chain Transfer Polymerization
involving rare earths precatalysts combined to a dialkylmagnesium reagent. After work-up,
organo-functionalized oligomers bearing an hydroxyl, anthrone, rhodamine group, etc, or a
second polymer sequence could be prepared.

The rare earth precatalyst was unprecedentedly and advantageously prepared via an in situ
methodology, which allowed to start with basic compounds as dialkylmagnesium, commercial
rare earth salts, and a cyclopentadiene (typically the permethylated one C5Me5H), to afford a
highly efficient metallocene-based catalytic combination.

A complete panel of analyses was carried out on the oligomer samples, thus allowing a well-
defined knowledge of the mechanism of reaction and of the active species involved, along with
the ideal operative conditions in order to accurately monitor the process, in particular in the
case of ethylene monomer. Basically, the growing length of these oligomers could be tuned all
along the reaction just by checking the ethylene intake. After consumption of the monomer,
the reaction was stopped by addition of a functionalization reagent, affording a rich variety of
end-capped oligomers of ethylene. Similar processes were applied to others monomers
including olefins, styrene, conjugated dienes, and including also copolymers of these mono‐
mers.

Applications of these compounds include copolymers and formulation additives for fine
chemistry, plasturgy and electronics, pharmaceutics and cosmetics, dyes and adhesives etc.
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Scheme 16. Oligomerization of myrcene by CCTP with rare earth / magnesium system. [Nd](BH4)=Nd(BH4)3(THF)3,
Cp*Nd(BH4)2(THF)2, MgR2=BEM.

4. Conclusion

Readily applicable syntheses of magnesium end-capped oligomers of olefinic unsaturated
monomers leading to tailor-made macromolecular objects were proposed. The strategy
implemented to achieve this goal consisted in Coordinative Chain Transfer Polymerization
involving rare earths precatalysts combined to a dialkylmagnesium reagent. After work-up,
organo-functionalized oligomers bearing an hydroxyl, anthrone, rhodamine group, etc, or a
second polymer sequence could be prepared.

The rare earth precatalyst was unprecedentedly and advantageously prepared via an in situ
methodology, which allowed to start with basic compounds as dialkylmagnesium, commercial
rare earth salts, and a cyclopentadiene (typically the permethylated one C5Me5H), to afford a
highly efficient metallocene-based catalytic combination.

A complete panel of analyses was carried out on the oligomer samples, thus allowing a well-
defined knowledge of the mechanism of reaction and of the active species involved, along with
the ideal operative conditions in order to accurately monitor the process, in particular in the
case of ethylene monomer. Basically, the growing length of these oligomers could be tuned all
along the reaction just by checking the ethylene intake. After consumption of the monomer,
the reaction was stopped by addition of a functionalization reagent, affording a rich variety of
end-capped oligomers of ethylene. Similar processes were applied to others monomers
including olefins, styrene, conjugated dienes, and including also copolymers of these mono‐
mers.

Applications of these compounds include copolymers and formulation additives for fine
chemistry, plasturgy and electronics, pharmaceutics and cosmetics, dyes and adhesives etc.
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1. Introduction

The more and more stringent quality standards of motor fuels, targeting the reduction of
harmful material emission of the vehicles, require the development of new technologies for
fuel production or improvement of the existing ones. The need for environmentally friendly,
relatively clean-burning and practically heteroatom-free, high n-and i-paraffin containing
blending fractions has been increasing.

From the options to convert light hydrocarbons (C3-C6 paraffins and olefins) of lower value to
high quality blending components, oligomerization is one of the most promising methodolo‐
gies. It provides extra flexibility to respond to changes in market demands with regards to the
required gasoline:diesel ratio. C3–C5 olefins obtained by fluid catalytic cracking can be
oligomerized to produce branched products which have higher octane numbers. The need for
an increased overall diesel fuel yield can be addressed by C3–C5 olefin oligomerization
operated in the trimer or tetramer mode, followed by hydrogenation of the products.

Beside the application as blending components in diesel fuels, triisobutenes are considered to
be highly useful for the synthesis of specialty chemicals including dodecylbenzene, base oils
and solidifying agents for epoxy resins. Oligomerization, and further hydrogenation of other
olefins, such as 1-octene and 1-decene results in the formation of high viscosity index (good
lubricating properties) synthetic base oils with low pour point and good oxidative stability.

The main challenges in the design of catalysts for oligomerization are focused to reach high
conversion and high selectivity. Consequently, several catalysts have been developed for the
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oligomerization of lower alkenes. [1] Both Brønsted and Lewis acids have been used in either
homogeneous or heterogeneous phase. Transition-metal complexes, such as Ni-based homo‐
geneous catalysts containing phosphine ligands have also been developed. Ionic liquids were
introduced first, as highly polar media, to ensure catalyst recovery due to biphasic conditions.

In recent years the use of room-temperature molten salts, or ionic liquids, has received
increasing attention. The ionic liquids are good solvents for inorganic complexes (catalysts)
while being immiscible with most hydrocarbons. As such, they provide a nonaqueous
alternative for two-phase catalysis. Ionic liquid solvents eliminate the need to use volatile
organic solvents. Furthermore, the nearly infinite combinations of suitable cations and anions
lead to the possibility of tailoring their properties.

However, ionic liquids may serve not only as solvents, but also as catalysts during the
oligomerization reaction. Both Lewis and Brønsted acidic ionic liquids have been used
efficiently. Another possibility is the development of supported ionic liquid phases to combine
the advantages of the ionic liquid with heterogeneous catalysis.

In the present chapter, after a short review of the importance and mechanism of light olefin
oligomerization, the use of ionic liquids as solvents and catalysts in oligomerization reactions
is presented. The effect of the composition of ionic liquids on the catalytic activity and
selectivity is discussed in detail.

2. Industrial relevance of oligomerization of lower alkenes

Oligomerization of light olefins is an important alternative for the production of higher
molecular weight hydrocarbon mixtures useful as fuels (e.g. gasoline or diesel). [2] It makes
possible the upgrading of low value components of plant process streams, e.g. from fluid
catalytic cracking, from cracking of polymers or wastes or from Fischer-Tropsch C3-C6 olefins.

During oligomerization of light olefins, different boiling point range isoolefins can be pro‐
duced. Gasoline, jet fuel, diesel gas oil and base oil boiling point range components can be
formed depending on the level of oligomerization. They can be transformed to isoparaffins by
hydrogenation. Because of the constant growth of the energy demand of transportation, there
is an increasing need for the production of isoparaffins.

Inland, aerial and waterway mobility is a keystone of sustainable development. To operate the
equipment of mobility, internal combustion engines will be used (dominant share ≥85%) based
on forecasts until 2030-2035. [3]

Intermittent-duty engines are used in inland and waterway transport, while aircrafts are
operated by continuous jet engines. From the former, the Otto-and Diesel-engines are the most
prevalent. The operational materials of these engines are the motor fuels and, in a wider sense,
lubricants and other materials (e.g. oxygen source, refrigerants), too. [4]

Oligomerization of Chemical and Biological Compounds32

The quantity of the fuel used is in accordance with the type of the drive. [5,6]

Based on the fuel demand (Figure 1), liquid hydrocarbons (engine gasoline, diesel gas oil) are
used in the widest range in inland transport. They must satisfy the most important general
and special (see also Table 1 and Table 2) requirements, such as:

• long-time availability of quality and quantity all over the world

• good combustion properties

◦ high octane number (gasoline)

◦ high cetane number (Diesel fuels)

◦ relatively low combustion temperature (lower amount of NOx formation; lower load of
construction materials)

◦ lower total harmful material emission, etc.

• very low sulphur content (≤ 10 mg/kg)

• reduced aromatic content

◦ gasoline: benzene content ≤ 1.0 v/v%; total aromatic content ≤ 35 v/v%

◦ Diesel fuels: polyaromatic content ≤ 8 %

• reduced olefin content

• gasoline ≤ 18 v/v%

• good blending ability with alternative components (not only with hydrocarbons but also
with e.g. oxygen containing compounds)

• good additive sensibility and compatibility with additives (e.g. nozzle, valve and combus‐
tion chamber clearness)

• compatibility with motor oils

• fewer harmful matters in the exhaust gas

• user-friendly

• secure utilisation

• easy biodegradation

• environmentally friendly (non toxic)

• low book-cost, etc.
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Figure 1. Changing demand of fuel by type (toe: tonne of oil equivalent)

Based on these requirements, it can be unequivocally stated that it is only the quantity of
paraffins (mainly iso-and cycloparaffins and, with less importance, n-paraffins) that is not
limited directly or indirectly in fuels. The concentration of cycloparaffins with suitable boiling
points is low in crude oil and their synthesis is still expensive. [4] As a consequence, the most
important components of gasoline and diesel gas oils are mixtures of different carbon number
(different boiling point) isoparaffins or high isoparaffin content fractions, from the aspect of
performance properties, environment protection and health. For example, gasoline boiling
point range isoparaffins have high octane number and energy content (Figure 2), [4,7] their
sensibility is low, they are practically sulphur and aromatic free, less toxic and because of their
‘cleaner ignition’, lead to the formation of less harmful material. Isoparaffins in diesel gas oil
boiling point range have high energy content and cetane number (Figure 3) and they have
good flow properties even at low temperature (low freezing point) (Figure 4). [8,9] Moreover,
they are the most suitable hydrocarbons from the aspect of environmental protection. These
properties are due to their high hydrogen content (CnH2n+2) and consequently low carbon
content, their relatively easier biodegradation and low toxicity.
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property

European Union United States WWFC

EN 228

(1993)

EN 228

(2000)

EN 228

(2005)

EN 228

(2013)

RFG

Phase II.

2012

CARB

Phase 3

(2004/ 2006)

CARB

Phase 3

(2009)

5. category

(2012)

maximum sulphur content, mg/kg 500 150 50/10 10 80/30 60/30 30/20/15 10

maximum aromatic content, v/v% - 42 35 35 - 35 35 35

maximum olefincontent, v/v% - 18 18 18 - 10 10 10

maximum benzene content, v/v% 5.0 1.0 1.0 1.0 0.62/1.3a 1.1 0.7 1.0

maximum oxygen content, % - 2.7 2.7 2.7/3.7 2.7/3.5 1.8-3.5b 1.8-3.5b 2.7

maximum ethanol content v/v% - 5.0 5.0 5.0/10.0 10.0 - - 5.0/10.0

maximum Reidvapour pressure, kPa 35-100 60/70 60/70 45-105 44-69 44-50 41-50 45-105

CARB: California Air Resources Board, WWFC: World Wide Fuel a: Commitment of crude oil refinery, b: Prohibited since 01. 01.
2004.

Table 1. Quality requirement changes of gasoline

Property

European Union United States WWFC

EN 590

(1999)

EN 590

(2000)

EN 590

(2005)

EN 590

(2009)

Federal

ASTM

D 975-13

No. 2-D; S-15

CARB

(2008)

5. category

(2012)

minimum cetane number 48 51 51 51 40 53 55

maximum density at 15°C, kg/m3 820-860 820–845 820–845 820–845 - 820-840

maximum sulphur content, mg/kg 500 350 50.0/10.0 10.0 15 15 10.0

maximum total aromatic content, % - - - -
35.0

(m/m%)
10 15

maximum polyaromatic content, % - 11 11 8 - 3.5 2.0

maximum distillation recovery (95%)

temperature, °C
370 360 360 360

338

(90 v/v%)
- 350

maximum biodiesel (FAME-) content, v/v%, 5.0 7.0 5.0 not allowed

CARB: California Air Resources Board, WWFC: World Wide Fuel Charter

Table 2. Quality requirement changes of diesel gas oils
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Based on these requirements, it can be unequivocally stated that it is only the quantity of
paraffins (mainly iso-and cycloparaffins and, with less importance, n-paraffins) that is not
limited directly or indirectly in fuels. The concentration of cycloparaffins with suitable boiling
points is low in crude oil and their synthesis is still expensive. [4] As a consequence, the most
important components of gasoline and diesel gas oils are mixtures of different carbon number
(different boiling point) isoparaffins or high isoparaffin content fractions, from the aspect of
performance properties, environment protection and health. For example, gasoline boiling
point range isoparaffins have high octane number and energy content (Figure 2), [4,7] their
sensibility is low, they are practically sulphur and aromatic free, less toxic and because of their
‘cleaner ignition’, lead to the formation of less harmful material. Isoparaffins in diesel gas oil
boiling point range have high energy content and cetane number (Figure 3) and they have
good flow properties even at low temperature (low freezing point) (Figure 4). [8,9] Moreover,
they are the most suitable hydrocarbons from the aspect of environmental protection. These
properties are due to their high hydrogen content (CnH2n+2) and consequently low carbon
content, their relatively easier biodegradation and low toxicity.
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property

European Union United States WWFC

EN 228

(1993)

EN 228

(2000)

EN 228

(2005)

EN 228

(2013)

RFG

Phase II.

2012

CARB

Phase 3

(2004/ 2006)

CARB

Phase 3

(2009)

5. category

(2012)

maximum sulphur content, mg/kg 500 150 50/10 10 80/30 60/30 30/20/15 10

maximum aromatic content, v/v% - 42 35 35 - 35 35 35

maximum olefincontent, v/v% - 18 18 18 - 10 10 10

maximum benzene content, v/v% 5.0 1.0 1.0 1.0 0.62/1.3a 1.1 0.7 1.0

maximum oxygen content, % - 2.7 2.7 2.7/3.7 2.7/3.5 1.8-3.5b 1.8-3.5b 2.7

maximum ethanol content v/v% - 5.0 5.0 5.0/10.0 10.0 - - 5.0/10.0

maximum Reidvapour pressure, kPa 35-100 60/70 60/70 45-105 44-69 44-50 41-50 45-105

CARB: California Air Resources Board, WWFC: World Wide Fuel a: Commitment of crude oil refinery, b: Prohibited since 01. 01.
2004.

Table 1. Quality requirement changes of gasoline

Property

European Union United States WWFC

EN 590

(1999)

EN 590

(2000)

EN 590

(2005)

EN 590

(2009)

Federal

ASTM

D 975-13

No. 2-D; S-15

CARB

(2008)

5. category

(2012)

minimum cetane number 48 51 51 51 40 53 55

maximum density at 15°C, kg/m3 820-860 820–845 820–845 820–845 - 820-840

maximum sulphur content, mg/kg 500 350 50.0/10.0 10.0 15 15 10.0

maximum total aromatic content, % - - - -
35.0

(m/m%)
10 15

maximum polyaromatic content, % - 11 11 8 - 3.5 2.0

maximum distillation recovery (95%)

temperature, °C
370 360 360 360

338

(90 v/v%)
- 350

maximum biodiesel (FAME-) content, v/v%, 5.0 7.0 5.0 not allowed

CARB: California Air Resources Board, WWFC: World Wide Fuel Charter

Table 2. Quality requirement changes of diesel gas oils
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Figure 2. Research octane numbers of different hydrocarbons
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Figure 4. Freezing points of different hydrocarbons

Isoparaffin hydrocarbons are of key importance not only as energy carriers but also as suitable
lubricants in case of engine oils. From the main components of engine oils (base oil and
additives), hydrocarbon based lubricating oils have 65-80% share. From the aspect of per‐
formance properties, paraffin hydrocarbons and especially isoparaffins with a proper boiling
point range are the most suitable constituents (Table 3.). [10, 11] These hydrocarbons have
excellent lubricant properties (high viscosity index), good or suitable flow properties (-65°C
— -20°C), low evaporization loss, moreover, they are aromatic and sulphur free [12].

property
base oil

conventional HC-1 HC-2 HC-3 HC-4 PAO

kinematic viscosity, (100°C) mm2/s 4 4 4 4 4 4

viscosity index 100 105 125 130 140 125

volatility (NOACK), % 23 18 14 13 11 12

flowpoint, °C -15 -15 -18 -20 -30 -65

n- and i-paraffins, % 25 30 55 75 100 96

aromatics, % 24 05 0.3 0.1 0 -

sulphur content, % <0.3 <0.1 <0.1 <100 <10 <1

HC-1:hydrocracking base oil; HC-2: rigorous hydrocracking base oil; HC-3: hydroisomerized paraffinic base oil, HC-4:
Fischer-Tropsch paraffinic base oil, PAO: poly(alpha-olefins)

Table 3. Properties of different base oils
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There are a lot of possibilities to produce isoparaffin rich fractions with different boiling point
range:

• alkylation of isobutene with olefins (naphtha blending components)

• isomerisation of n-paraffins with suitable carbon number (C5-C7 naphtha fractions, gas oil
fraction)

• hydrocracking of higher molecular weight hydrocarbon mixtures

• suitable level oligomerization of light olefins followed by hydrogenation to isoparaffins
(indirect alkylation in case of naphthas, gas oil targeted oligomerization and hydrogenation;
base oil targeted oligomerization and hydrogenation) (Scheme 1, Scheme 2).
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Scheme 1. Synthesis of naphtha boiling point range (C8) and jet fuel/gas oil boiling point range (C12) isoparaffins by
an oligomerization — hydrogenation reaction sequence, starting from isobutene

C3-C5

oligomerization hydrogenation

Scheme 2. Base oil targeted oligomerization and hydrogenation of light olefins

Poly-α-olefins (PAOs), used as lubricant base oils, are synthesized by a two-step reaction
sequence from linear α-olefins derived from ethene (Scheme 3.). PAOs have good flow
properties at low temperatures, relatively high thermal and oxidative stability, low evapora‐
tion losses at high temperatures, higher viscosity index, good friction behavior, good hydro‐
lytic stability and good erosion resistance.
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In summary, oligomerization of olefin hydrocarbons has an important role in the production
of operational materials of internal combustion engines, and its importance is growing further.
A great advantage of this method is that the quantity of each product can be controlled with
the level of oligomerization. It makes the flexible adaptation to the market demands possible.

Beside the production of valuable blending components for fuels in petroleum refineries,
oligomerization can be used for the large scale synthesis of fine chemicals and intermediates
in the petrochemical industry. Linear C8-olefin dimers are highly-desirable intermediates for
the production of C9-plasticizers, exhibiting better thermal properties than branched isomers.
Oligomerization of ethene producing higher α-olefins also represents an important industrial
process, as the products, depending on the chain length, can be used as intermediates for
plastics, plasticizers, surfactants.

During the quest for sustainable technologies for the production of oligomers, research
concerning the use of ionic liquids as solvents and/or catalysts came into focus.

3. Main features of ionic liquids used in oligomerization reactions

Ionic liquids (ILs) are salts consisting of bulky organic cations and inorganic or organic anions.
(Figure 5 shows the general formulas of the most commonly used ILs, as well as the structures
of the compounds mentioned in this chapter.) They melt at relatively low temperature, usually
below 100 oC. They are good solvents for polar organic molecules and inorganic salts but they
do not dissolve apolar compounds. These properties, together with their ability to stabilize
transition metal complexes in low oxidation states, make them ideal solvents for transition
metal catalyzed reactions. [13] When the polarity of the products are sufficiently low, biphasic
reactions take place. After the completion of the reaction, the products can be separated by
simple decantation and the metal catalyst remains in the IL phase that can be reused. ILs have
negligible vapor pressure and they are not flammable which makes them very easy and safe
to handle. Mainly because of their low volatility, they are considered to be ’green solvents’.
However, their toxicity, investigated more thoroughly only recently, [14] should also be taken
into account. Because of the great variety of anion – cation pairs, and the diversity in the side
chains of the cations, an almost infinite IL combinations can be produced. Task-specific ILs are
developed by the fine-tune of their physical and chemical properties through a careful choice
of the structure of the cation-anion pair.
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In summary, oligomerization of olefin hydrocarbons has an important role in the production
of operational materials of internal combustion engines, and its importance is growing further.
A great advantage of this method is that the quantity of each product can be controlled with
the level of oligomerization. It makes the flexible adaptation to the market demands possible.

Beside the production of valuable blending components for fuels in petroleum refineries,
oligomerization can be used for the large scale synthesis of fine chemicals and intermediates
in the petrochemical industry. Linear C8-olefin dimers are highly-desirable intermediates for
the production of C9-plasticizers, exhibiting better thermal properties than branched isomers.
Oligomerization of ethene producing higher α-olefins also represents an important industrial
process, as the products, depending on the chain length, can be used as intermediates for
plastics, plasticizers, surfactants.

During the quest for sustainable technologies for the production of oligomers, research
concerning the use of ionic liquids as solvents and/or catalysts came into focus.

3. Main features of ionic liquids used in oligomerization reactions

Ionic liquids (ILs) are salts consisting of bulky organic cations and inorganic or organic anions.
(Figure 5 shows the general formulas of the most commonly used ILs, as well as the structures
of the compounds mentioned in this chapter.) They melt at relatively low temperature, usually
below 100 oC. They are good solvents for polar organic molecules and inorganic salts but they
do not dissolve apolar compounds. These properties, together with their ability to stabilize
transition metal complexes in low oxidation states, make them ideal solvents for transition
metal catalyzed reactions. [13] When the polarity of the products are sufficiently low, biphasic
reactions take place. After the completion of the reaction, the products can be separated by
simple decantation and the metal catalyst remains in the IL phase that can be reused. ILs have
negligible vapor pressure and they are not flammable which makes them very easy and safe
to handle. Mainly because of their low volatility, they are considered to be ’green solvents’.
However, their toxicity, investigated more thoroughly only recently, [14] should also be taken
into account. Because of the great variety of anion – cation pairs, and the diversity in the side
chains of the cations, an almost infinite IL combinations can be produced. Task-specific ILs are
developed by the fine-tune of their physical and chemical properties through a careful choice
of the structure of the cation-anion pair.
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Figure 5. Common cations and anions of ILs

From the point of view of oligomerization of alkenes, mainly acidic ILs (Figure 6) are of interest.
[15] Acidity may be due either to the anion or to the cation of the IL. [16]
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Figure 6. Cations and anions of acidic ILs

ILs with polynuclear metallic anions, such as chloroaluminate, chloroferrate or chlorozincate
ions, show Lewis acidity [16] and, in the presence of protons, superacidity. [17] Brønsted
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acidity can be achieved by the addition of Brønsted acids such as HF or HCl into halide based
ILs. The advantage of these systems lies in the fact that by supporting the acid in the ILs, its
volatility can be reduced.

Acidity of the ILs depends greatly on the structure of the cations, too. [MIM][BF4] shows higher
acidity compared to dialkylimidazolium ILs. [18] At the same time, Brønsted acidic ILs are
usually prepared by the introduction of alkane sulfonic acid or carboxylate acid groups as side
chains of the cations (Figure 6).

4. Oligomerization mechanisms relevant in IL solvents

In oligomerization of alkenes, the most widely used methods involve cationic oligomerization
in the presence of acids and transition metal catalyzed oligomerization. [19] In the first case, a
carbocation intermediate is formed by the transfer of a proton from the acid catalyst to the
alkene (for oligomerization of isobutene, see Scheme 4). Then the carbocation acts as an
electrophile and reacts with the alkene to form another carbocation produced from two
monomers. Termination happens when the dimeric carbocation loses a proton. When the
carbocation is reasonably stable, this termination reaction is slower than chain elongation and
the reaction leads to a trimer then a tetramer and finally a polymer.

H+ -H+

+
termination

elongation

...
Scheme 4. Mechanism of cationic oligomerization of isobutene

In the transition metal catalyzed reaction the catalytically active species is regenerated after
coordination of the olefin, chain growth and termination by β-elimination, producing the
primary oligomerization product. Dimerization of alkenes can be described as two successive
insertions of the olefin in the catalytic species. [20]

In the industrial DimersolTM process, the active catalyst is formed in situ by the reaction of a
nickel (II) salt with an ethylaluminumhalide derivative. In the first step, insertion of either the
C1 or C2 carbon of the alkene can occur, leading to various linear or branched dimers (for the
mechanism of propene dimerization, see Scheme 5). At the same time, the nickel-complexes
are active catalysts in isomerization, leading to further isomeric products. [19] The regioselec‐
tivity of dimerization can be directed by the addition of appropriate ligands. For example, in
nickel-catalyzed oligomerizations sterically demanding phosphines favor the formation of
highly branched oligomers.
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the reaction leads to a trimer then a tetramer and finally a polymer.

H+ -H+

+
termination

elongation

...
Scheme 4. Mechanism of cationic oligomerization of isobutene

In the transition metal catalyzed reaction the catalytically active species is regenerated after
coordination of the olefin, chain growth and termination by β-elimination, producing the
primary oligomerization product. Dimerization of alkenes can be described as two successive
insertions of the olefin in the catalytic species. [20]

In the industrial DimersolTM process, the active catalyst is formed in situ by the reaction of a
nickel (II) salt with an ethylaluminumhalide derivative. In the first step, insertion of either the
C1 or C2 carbon of the alkene can occur, leading to various linear or branched dimers (for the
mechanism of propene dimerization, see Scheme 5). At the same time, the nickel-complexes
are active catalysts in isomerization, leading to further isomeric products. [19] The regioselec‐
tivity of dimerization can be directed by the addition of appropriate ligands. For example, in
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The main challenges in the design of catalysts for oligomerization are focused to reach high
conversion and high selectivity. Although transition metal catalysts can efficiently be fine-
tuned to achieve these goals, a great drawback of the homogeneous systems lies in the problem
of catalyst recovery and recycle. The use of a two-phase solvent mixture is an attractive
alternative, as it enables catalyst separation and reuse. ILs were introduced first in oligomeri‐
zation reactions as co-catalysts, as well as polar solvents ensuring biphasic nickel-catalyzed
reactions. [21]

5. The use of ILs as solvents in oligomerization catalyzed by organometallic
complexes

5.1. Oligomerization with Ni catalysts

Chloroaluminate ILs, composed of imidazolium [22-34] or pyridinium [33, 35] halides, AlCl3

and, in most cases, an alkylaluminum compound (AlEtCl2 or AlEt2Cl), act both as a medium
for catalyst immobilization and nickel activator (Table 4). The cationic nickel active species is
immobilized in the ionic phase without the need of a special ligand. Because of the high
solubility of the Ni-complex but poor solubility of the products in the IL, complete separation
of the catalyst can be achieved by simple decantation. In principle, the recovered catalyst/IL
phase can continuously be reused maintaining its catalytic activity and selectivity.
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Activities of catalysts in organic solvents were found to be considerably lower than those
obtained from the same nickel precursors immobilized in an IL. [22]. This can be explained by
an increase in the electrophilic nature of the nickel metal center by the weak coordinating
ability of chloroaluminate anions.

The  efficiency  of  the  IL/catalyst  system  depends  noticeably  on  the  composition  of  the
chloroaluminate IL. In ILs with an aluminum molar fraction lower than 0.50 (’basic ionic
liquids’), the presence of an excess of coordinating chloride anions inhibits catalytic activity
due to the formation of stable anionic species such as NiCl4

2− and NiCl3L−.[23, 24]

( ) 2
2 3 4 32

NiCl PR 2Cl   NiCl 2PR- -+ ® + (1)

Acidic chloroaluminates, with an aluminum molar fraction higher than 0.50, show enhanced
activity. At the same time, in acidic ILs composed of [BMIM]Cl / AlCl3, the formation of
multinuclear species, such as [Al2Cl7]− or [Al3C10] − were detected. In the presence of [Al2Cl7]−,
an abstraction of the phosphine ligand, ensuring high branching in the product mixture, from
the coordination sphere of the metal occurs [24] that alters the selectivity of the reaction.

3 2 7 3 3 4HNiPR Al Cl    HNi AlCl .PR AlCl+ - + -
é ù é ù é ù é ùë û ë+ ® + +û ë û ë û (2)

To avoid this, a weak competitive base, an aromatic hydrocarbon [24, 25] that did not interfere
with the cationic nickel active species, was added to the reaction mixture. Thus, the acidity
and the distribution of aluminum anionic species could be controlled due to the coordination
of AlCl3 to the aromatic ring.

2 7 3 4Al Cl  ArH   AlCl .ArH AlCl- -
+ ®é ù é ùë û ë û+ (3)

As another disadvantage, the presence of [Al2Cl7]− leads to the formation of yellow highly
viscous heavy oligomers, characteristic of a cationic oligomerization, even in the absence of a
Ni-precursor, [23, 26] arising from the superacidity of proton contamination of the ionic liquid.

2 7 4nonsolvated
HCl Al Cl    H 2 AlCl- + -

é ù é ù é ùë û û+ ® ë+ë û (4)

First, these problems were eliminated by the use of AlEtCl2 instead of AlCl3. In these ILs, both
the formation of higher oligomers, and the loss of phosphine ligands could be avoided. The
latter statement was based on the fact, that selectivity of the reaction was shifted towards 2,3-
dimethylbutenes during dimerization of propene, characteristic in the presence of catalysts
with bulky ligands. [23]

In [BMIM]Cl / AlEtCl2 / AlCl3 systems, ethylaluminum species such as [AlEtCl3] −, [Al2Et2Cl5]−,
[Al2EtCl6]− and [Al3Et3Cl7]− [36] are formed, depending on the amount of the alkylaluminum
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The main challenges in the design of catalysts for oligomerization are focused to reach high
conversion and high selectivity. Although transition metal catalysts can efficiently be fine-
tuned to achieve these goals, a great drawback of the homogeneous systems lies in the problem
of catalyst recovery and recycle. The use of a two-phase solvent mixture is an attractive
alternative, as it enables catalyst separation and reuse. ILs were introduced first in oligomeri‐
zation reactions as co-catalysts, as well as polar solvents ensuring biphasic nickel-catalyzed
reactions. [21]

5. The use of ILs as solvents in oligomerization catalyzed by organometallic
complexes

5.1. Oligomerization with Ni catalysts

Chloroaluminate ILs, composed of imidazolium [22-34] or pyridinium [33, 35] halides, AlCl3

and, in most cases, an alkylaluminum compound (AlEtCl2 or AlEt2Cl), act both as a medium
for catalyst immobilization and nickel activator (Table 4). The cationic nickel active species is
immobilized in the ionic phase without the need of a special ligand. Because of the high
solubility of the Ni-complex but poor solubility of the products in the IL, complete separation
of the catalyst can be achieved by simple decantation. In principle, the recovered catalyst/IL
phase can continuously be reused maintaining its catalytic activity and selectivity.
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Activities of catalysts in organic solvents were found to be considerably lower than those
obtained from the same nickel precursors immobilized in an IL. [22]. This can be explained by
an increase in the electrophilic nature of the nickel metal center by the weak coordinating
ability of chloroaluminate anions.

The  efficiency  of  the  IL/catalyst  system  depends  noticeably  on  the  composition  of  the
chloroaluminate IL. In ILs with an aluminum molar fraction lower than 0.50 (’basic ionic
liquids’), the presence of an excess of coordinating chloride anions inhibits catalytic activity
due to the formation of stable anionic species such as NiCl4

2− and NiCl3L−.[23, 24]

( ) 2
2 3 4 32
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To avoid this, a weak competitive base, an aromatic hydrocarbon [24, 25] that did not interfere
with the cationic nickel active species, was added to the reaction mixture. Thus, the acidity
and the distribution of aluminum anionic species could be controlled due to the coordination
of AlCl3 to the aromatic ring.
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As another disadvantage, the presence of [Al2Cl7]− leads to the formation of yellow highly
viscous heavy oligomers, characteristic of a cationic oligomerization, even in the absence of a
Ni-precursor, [23, 26] arising from the superacidity of proton contamination of the ionic liquid.
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First, these problems were eliminated by the use of AlEtCl2 instead of AlCl3. In these ILs, both
the formation of higher oligomers, and the loss of phosphine ligands could be avoided. The
latter statement was based on the fact, that selectivity of the reaction was shifted towards 2,3-
dimethylbutenes during dimerization of propene, characteristic in the presence of catalysts
with bulky ligands. [23]

In [BMIM]Cl / AlEtCl2 / AlCl3 systems, ethylaluminum species such as [AlEtCl3] −, [Al2Et2Cl5]−,
[Al2EtCl6]− and [Al3Et3Cl7]− [36] are formed, depending on the amount of the alkylaluminum
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compound. The composition of the mixture greatly affects the acidity of the final IL, so an
adjustment of the AlEtCl2 to AlCl3 ratio is necessary in order to optimize the efficiency of the
catalyst/ionic liquid system.[24, 26]

Cationic side reactions in [BMIM]Cl / AlCl3 ILs could totally be suppressed by the addition of
AlEtCl2, even in a molar fraction as low as 0.05. [26] This behavior was explained by a hydride
abstraction on the olefin by [Al2Cl7]−, generating an allylic cation (Scheme 6), with a subsequent
alkylation consuming the co-catalyst.

+[Al2Cl7]-
+ [Al2EtCl6]-

- [AlHCl3]-
- [AlCl4]- - Al2Cl6

+

Scheme 6. The role of alkylaluminum derivatives in the suppression of cationic oligomerization

However, the loss of AlEtCl2 may decrease the possibility of precatalyst activation in nickel-
containing systems and consequently decreases their activity. This explanation is in agreement
with the observation that increasing the AlCl3 content of the ILs decreases the activity, due to
the lower availability of the co-catalyst, necessary for the alkylation of the nickel precursor.

Generally, the use of slightly acidic [BMIM]Cl / AlEtCl2 / AlCl3 mixtures is the most favorable.
Catalytic activity of nickel precursors was found to be higher due to the more acidic nature of
these ionic liquids compared to [BMIM]Cl / AlEtCl2. [24]

When an IL containing AlEtCl2 is contacted with a hydrocarbon layer, the dissociation
equilibrium of polynuclear chloroethylaluminum anions is shifted to the formation of lower
nuclear chloroaluminum anions and neutral chloroethylaluminum compounds (Eqs 5, 6).
Because of the total miscibility of the latter aluminum derivatives and hydrocarbons, ethyla‐
luminium species are leached into the organic phase and this leads to a change in the compo‐
sition of the ionic liquid phase. [24] The extraction process, as well as the nature of the
alkylaluminum species formed in various chloroaluminate ILs was investigated in detail by
Gilbert et al. by Raman spectroscopy [37] in order to optimize acidity and catalytic activity of
the system as well as to minimize the loss of AlEtCl2.

2 2 5 4 2 4 22 Al Et Cl 2 AlCl Al Et Cl- -
® +é ù é ùë û ë û (5)

2 6 4 2 2 42 Al EtCl  2 AlCl Al Et Cl- -
® +é ù é ùë û ë û (6)

Ni salts (such as NiF2 [25]), neutral (1 (Figure 7) [23, 34], 2 [35], 3 [33, 34], 4 [34]) and cationic
Ni-complexes ([Ni(MeCN)6][BF4]2 [25-27, 32], ([Ni(MeCN)6][AlCl4]2, ([Ni(MeCN)6][ZnCl4] [27])
as well as preformed (e. g. NiCl2(P(i-Pr)3)2 (5) [23, 24], NiBr2(PPh3)2 (6) [22], NiCl2(PCy3)2 (7) [25])
or in situ produced Ni-phosphine complexes (e. g. NiCl2+PBu3, NiCl2+PPh3 NiCl2+PCy3 [28])
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and Ni-carbene complexes (8) [30] were found to be suitable catalyst precursors in chloroalu‐
minate ILs (Table 4).

Various ligands/additives were found to affect greatly the activity and/or selectivity of the
catalytic systems.

A decisive effect of the counter-anion of cationic Ni-complexes on the catalytic activity was
observed. [27] Precursors with [ZnCl4] 2− and [AlCl4] − anions led to enhanced catalytic activity
(TOF: 6480 h-1) compared to [Ni(MeCN)6][BF4]2 (TOF: 2412 h-1). This phenomenon was
attributed to the highly reactive behavior of the [BF4] − ligand towards alkyl aluminum
compounds. It can be assumed that a single active nickel hydride was formed in the ionic
liquid, regardless of the precursor used, but in varying amounts depending on the counter ion
for the different salts.

In case of [Ni(MeCN)6][BF4]2, the use of PCy3.CS2 as an additive led to considerably higher
reaction rate (TOF: 6840 h-1) in oligomerization of 2-butene carried out in acidic ILs, than the
addition of the phosphine PCy3 itself (TOF: 3960 h-1). [28] A systematic study of the effect of
PCy3.CS2 was carried out by de Souza. [29] According to the NMR investigations of different
IL— PCy3.CS2 systems, the improvement of catalytic activity is a consequence of a new anionic
IL species, formed by the reaction of [Al2EtCl6]− with the zwitterionic PCy3.CS2, that is able to
coordinate to the nickel center and has a strong electron-withdrawing effect on the metal.

Various Ni-carbene complexes (8, Figure 7) were found to be more active catalysts of 1-butene
oligomerization (with TOFs 3820 h-1 – 7020 h-1) in chloroaluminate ILs than NiCl2(PCy3)2 (7,
TOF=2950 h-1) under the same conditions. [30]

At the same time, because of a similar selectivity obtained in the presence of [Ni(MeCN)6]
[BF4]2, a Ni-carbene complex and a nickel complex in an imidazolium IL with an imidazolium
ion blocked with a methyl group in position 2, the active species are thought to be similar. As
the formation of a Ni-carbene complex is not possible in the last case, it was concluded that
the active catalyst was formed by the coordination of aluminum species to the nickel center in
all cases. [26]

In the [BMIM]Cl / AlEtCl2 / AlCl3 systems usually selective dimerization of ethene [25, 31, 38],
propene [23, 24, 32] and butenes [26-29] could be observed due to the inhibition of cationic
oligomerization/polymerization by the AlEtCl2 co-catalyst. [26]

It should be mentioned however, that by a proper change in the reaction temperature and
alkylaluminum co-catalyst/Ni ratio, oligomerization of ethene could be shifted towards the
formation of trimers. Both TOF values and C6 selectivity showed a curve with a maximum
value with an increase in the AlEt2Cl/Ni ratio. [22]

Oligomerization in acidic ILs was reported to lead to highly branched products. Besides,
isomerization of both products and starting material was observed in most cases. For example,
oligomerization of 1-butene and 2-butene led to the same product distribution, showing that
isomerization was not a limiting step. [28]
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compound. The composition of the mixture greatly affects the acidity of the final IL, so an
adjustment of the AlEtCl2 to AlCl3 ratio is necessary in order to optimize the efficiency of the
catalyst/ionic liquid system.[24, 26]

Cationic side reactions in [BMIM]Cl / AlCl3 ILs could totally be suppressed by the addition of
AlEtCl2, even in a molar fraction as low as 0.05. [26] This behavior was explained by a hydride
abstraction on the olefin by [Al2Cl7]−, generating an allylic cation (Scheme 6), with a subsequent
alkylation consuming the co-catalyst.
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However, the loss of AlEtCl2 may decrease the possibility of precatalyst activation in nickel-
containing systems and consequently decreases their activity. This explanation is in agreement
with the observation that increasing the AlCl3 content of the ILs decreases the activity, due to
the lower availability of the co-catalyst, necessary for the alkylation of the nickel precursor.

Generally, the use of slightly acidic [BMIM]Cl / AlEtCl2 / AlCl3 mixtures is the most favorable.
Catalytic activity of nickel precursors was found to be higher due to the more acidic nature of
these ionic liquids compared to [BMIM]Cl / AlEtCl2. [24]

When an IL containing AlEtCl2 is contacted with a hydrocarbon layer, the dissociation
equilibrium of polynuclear chloroethylaluminum anions is shifted to the formation of lower
nuclear chloroaluminum anions and neutral chloroethylaluminum compounds (Eqs 5, 6).
Because of the total miscibility of the latter aluminum derivatives and hydrocarbons, ethyla‐
luminium species are leached into the organic phase and this leads to a change in the compo‐
sition of the ionic liquid phase. [24] The extraction process, as well as the nature of the
alkylaluminum species formed in various chloroaluminate ILs was investigated in detail by
Gilbert et al. by Raman spectroscopy [37] in order to optimize acidity and catalytic activity of
the system as well as to minimize the loss of AlEtCl2.
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Ni-complexes ([Ni(MeCN)6][BF4]2 [25-27, 32], ([Ni(MeCN)6][AlCl4]2, ([Ni(MeCN)6][ZnCl4] [27])
as well as preformed (e. g. NiCl2(P(i-Pr)3)2 (5) [23, 24], NiBr2(PPh3)2 (6) [22], NiCl2(PCy3)2 (7) [25])
or in situ produced Ni-phosphine complexes (e. g. NiCl2+PBu3, NiCl2+PPh3 NiCl2+PCy3 [28])
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and Ni-carbene complexes (8) [30] were found to be suitable catalyst precursors in chloroalu‐
minate ILs (Table 4).

Various ligands/additives were found to affect greatly the activity and/or selectivity of the
catalytic systems.

A decisive effect of the counter-anion of cationic Ni-complexes on the catalytic activity was
observed. [27] Precursors with [ZnCl4] 2− and [AlCl4] − anions led to enhanced catalytic activity
(TOF: 6480 h-1) compared to [Ni(MeCN)6][BF4]2 (TOF: 2412 h-1). This phenomenon was
attributed to the highly reactive behavior of the [BF4] − ligand towards alkyl aluminum
compounds. It can be assumed that a single active nickel hydride was formed in the ionic
liquid, regardless of the precursor used, but in varying amounts depending on the counter ion
for the different salts.

In case of [Ni(MeCN)6][BF4]2, the use of PCy3.CS2 as an additive led to considerably higher
reaction rate (TOF: 6840 h-1) in oligomerization of 2-butene carried out in acidic ILs, than the
addition of the phosphine PCy3 itself (TOF: 3960 h-1). [28] A systematic study of the effect of
PCy3.CS2 was carried out by de Souza. [29] According to the NMR investigations of different
IL— PCy3.CS2 systems, the improvement of catalytic activity is a consequence of a new anionic
IL species, formed by the reaction of [Al2EtCl6]− with the zwitterionic PCy3.CS2, that is able to
coordinate to the nickel center and has a strong electron-withdrawing effect on the metal.

Various Ni-carbene complexes (8, Figure 7) were found to be more active catalysts of 1-butene
oligomerization (with TOFs 3820 h-1 – 7020 h-1) in chloroaluminate ILs than NiCl2(PCy3)2 (7,
TOF=2950 h-1) under the same conditions. [30]

At the same time, because of a similar selectivity obtained in the presence of [Ni(MeCN)6]
[BF4]2, a Ni-carbene complex and a nickel complex in an imidazolium IL with an imidazolium
ion blocked with a methyl group in position 2, the active species are thought to be similar. As
the formation of a Ni-carbene complex is not possible in the last case, it was concluded that
the active catalyst was formed by the coordination of aluminum species to the nickel center in
all cases. [26]

In the [BMIM]Cl / AlEtCl2 / AlCl3 systems usually selective dimerization of ethene [25, 31, 38],
propene [23, 24, 32] and butenes [26-29] could be observed due to the inhibition of cationic
oligomerization/polymerization by the AlEtCl2 co-catalyst. [26]

It should be mentioned however, that by a proper change in the reaction temperature and
alkylaluminum co-catalyst/Ni ratio, oligomerization of ethene could be shifted towards the
formation of trimers. Both TOF values and C6 selectivity showed a curve with a maximum
value with an increase in the AlEt2Cl/Ni ratio. [22]

Oligomerization in acidic ILs was reported to lead to highly branched products. Besides,
isomerization of both products and starting material was observed in most cases. For example,
oligomerization of 1-butene and 2-butene led to the same product distribution, showing that
isomerization was not a limiting step. [28]
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Isomerization of the oligomerization products could be minimized by the proper choice of
temperature and pressure during dimerization of propene: good selectivity for 1-hexene, up
to 63%, could be achieved. [32]

As linear C8-alkenes are highly desirable precursors of plasticizers, great efforts were made to
develop a catalyst system producing linear oligomers. Complexes 2 and 3 (Figure 7), showing
high selectivity in linear oligomerization in organic solvents, did not give satisfactory results
in [BMPY]Cl / AlEt2Cl / AlCl3 ILs. To avoid cationic side reactions, the use of buffered IL
systems, consisting of [BMPY]Cl / AlCl3 and an organic base, was investigated. [33, 35] The
function of the base is to trap any free acidic species in the IL which may initiate cationic side
reactions. Besides suitable basicity, the base should be non-coordinating with respect to the
catalytically active nickel center. Depending on the nature of the base, 32-72% linear selectivity
could be achieved in 1-butene oligomerization. Catalytic activity and selectivity was found to
be optimal in the presence of N-methylpyrrole (TOF: 2100 h-1, linear selectivity: 51%) or
chinoline (TOF: 1240 h-1, linear selectivity: 64%).

In oligomerization of propene, the same catalyst showed higher activity and dimer selectivity
but lower linearity of the products in the buffered IL [EMIM]Cl /AlCl3 / N-methylpyrrole than
in toluene. [34] Selective dimerization was due to the 22 times lower solubility of the product
hexenes in the IL than the starting material. The low linearity was attributed to ligand
degradation in the presence of [Al2Cl7]− anions present in the ionic liquid.

Highly selective dimerization of ethene, propene, 1-butene and 1-hexene could be carried out
in the presence of 10 (Figure 7) in triphenylbismuth buffered chloroluminate ILs, such as
[MPYR][Al2Cl7]/ BiPh3. [39]

As chloroaluminate ILs promote isomerization of the double bond giving internal olefins as
the main products, the possibility of the use of neutral ILs was also investigated. Hexafluoro‐
phosphate ILs with imidazolium cations were found to be suitable solvents for ethylene
oligomerization with a cationic nickel-phosphine complex leading to 91-95% linear hexene
selectivity, together with a 89-94% 1-hexene selectivity in the C6 fraction. [40] The experiments
showed enhanced activity in ILs (TOFs: 2058-12712 h-1) compared to the reaction in CH2Cl2

(1852 h-1). Decreasing activity was observed with increasing alkyl chain length of the imida‐
zolium cation. This phenomenon was explained by inhibition of the cationic nickel catalyst by
the oligomers formed: oligomerization activity was reduced by both the monophasic reaction
in CH2Cl2 and increasing solubility of the products in the ILs with increasing alkyl chain length.
Excellent 1-hexene selectivity is due to the low solubility of the oligomerization products in
the IL. Since the primarily formed 1-olefins are quickly extracted into the organic layer,
consecutive isomerization of these products at the Ni-center is suppressed. [41] A decisive
negative effect of solvent impurities, such as chloride and water, on the outcome of the reaction
was also revealed.

Active catalysts were generated from Ni(COD)2 and the Brønsted acid, H(Et2O)2B[3,5-
(CF3)2C6H3]4 in ILs such as [BMIM][NTf2] or [BMIM][SbF6]. [38] Contrary to organic solvents,
the IL was able to stabilize and immobilize the active Ni species even in the absence of a
coordinative ligand. In ethene oligomerization, high selectivity towards C4-C8 olefins (above
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90%), together with good activity, with TOFs between 1400-12000 h-1, were achieved in most
cases. Selectivity for 1-butene was around 35% in the presence of IL/catalyst systems leading
to C4 products in good yields.

The main advantage of the use of the ionic liquid solvents in oligomerization is the possibility
of catalyst reuse.

In butene dimerization the catalytic system, a [BMIM]Cl / AlCl3 / AlEtCl2 ionic liquid with an
aluminum molar fraction of 0.57 and a cationic nickel complex, was reused for six times
without any significant changes in the catalytic activity or selectivity. [22] The dimer distri‐
bution was almost constant throughout the catalytic runs. These indicate that the composition
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Isomerization of the oligomerization products could be minimized by the proper choice of
temperature and pressure during dimerization of propene: good selectivity for 1-hexene, up
to 63%, could be achieved. [32]

As linear C8-alkenes are highly desirable precursors of plasticizers, great efforts were made to
develop a catalyst system producing linear oligomers. Complexes 2 and 3 (Figure 7), showing
high selectivity in linear oligomerization in organic solvents, did not give satisfactory results
in [BMPY]Cl / AlEt2Cl / AlCl3 ILs. To avoid cationic side reactions, the use of buffered IL
systems, consisting of [BMPY]Cl / AlCl3 and an organic base, was investigated. [33, 35] The
function of the base is to trap any free acidic species in the IL which may initiate cationic side
reactions. Besides suitable basicity, the base should be non-coordinating with respect to the
catalytically active nickel center. Depending on the nature of the base, 32-72% linear selectivity
could be achieved in 1-butene oligomerization. Catalytic activity and selectivity was found to
be optimal in the presence of N-methylpyrrole (TOF: 2100 h-1, linear selectivity: 51%) or
chinoline (TOF: 1240 h-1, linear selectivity: 64%).

In oligomerization of propene, the same catalyst showed higher activity and dimer selectivity
but lower linearity of the products in the buffered IL [EMIM]Cl /AlCl3 / N-methylpyrrole than
in toluene. [34] Selective dimerization was due to the 22 times lower solubility of the product
hexenes in the IL than the starting material. The low linearity was attributed to ligand
degradation in the presence of [Al2Cl7]− anions present in the ionic liquid.

Highly selective dimerization of ethene, propene, 1-butene and 1-hexene could be carried out
in the presence of 10 (Figure 7) in triphenylbismuth buffered chloroluminate ILs, such as
[MPYR][Al2Cl7]/ BiPh3. [39]

As chloroaluminate ILs promote isomerization of the double bond giving internal olefins as
the main products, the possibility of the use of neutral ILs was also investigated. Hexafluoro‐
phosphate ILs with imidazolium cations were found to be suitable solvents for ethylene
oligomerization with a cationic nickel-phosphine complex leading to 91-95% linear hexene
selectivity, together with a 89-94% 1-hexene selectivity in the C6 fraction. [40] The experiments
showed enhanced activity in ILs (TOFs: 2058-12712 h-1) compared to the reaction in CH2Cl2

(1852 h-1). Decreasing activity was observed with increasing alkyl chain length of the imida‐
zolium cation. This phenomenon was explained by inhibition of the cationic nickel catalyst by
the oligomers formed: oligomerization activity was reduced by both the monophasic reaction
in CH2Cl2 and increasing solubility of the products in the ILs with increasing alkyl chain length.
Excellent 1-hexene selectivity is due to the low solubility of the oligomerization products in
the IL. Since the primarily formed 1-olefins are quickly extracted into the organic layer,
consecutive isomerization of these products at the Ni-center is suppressed. [41] A decisive
negative effect of solvent impurities, such as chloride and water, on the outcome of the reaction
was also revealed.

Active catalysts were generated from Ni(COD)2 and the Brønsted acid, H(Et2O)2B[3,5-
(CF3)2C6H3]4 in ILs such as [BMIM][NTf2] or [BMIM][SbF6]. [38] Contrary to organic solvents,
the IL was able to stabilize and immobilize the active Ni species even in the absence of a
coordinative ligand. In ethene oligomerization, high selectivity towards C4-C8 olefins (above
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90%), together with good activity, with TOFs between 1400-12000 h-1, were achieved in most
cases. Selectivity for 1-butene was around 35% in the presence of IL/catalyst systems leading
to C4 products in good yields.

The main advantage of the use of the ionic liquid solvents in oligomerization is the possibility
of catalyst reuse.

In butene dimerization the catalytic system, a [BMIM]Cl / AlCl3 / AlEtCl2 ionic liquid with an
aluminum molar fraction of 0.57 and a cationic nickel complex, was reused for six times
without any significant changes in the catalytic activity or selectivity. [22] The dimer distri‐
bution was almost constant throughout the catalytic runs. These indicate that the composition
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of the catalytic species in the ionic liquid phase is not affected by the removal of the organic
phase.

On the contrary, a drop of activity with constant selectivity was observed in the second run in
chloroaluminate ILs composed of [BMIM]Cl / AlCl3 / AlEtCl2=0.48/0.5/0.02. [26] At the same
time, an increase in the TOFs from 5700 h-1 to 6500 h-1 and from 6100 h-1 to 7600 h-1 took place
when the AlEtCl2 content of the IL was raised to 5% and 10%, respectively. This shows that a
minimal amount of co-catalyst is needed, probably to maintain a significant amount of active
species through alkylation of the nickel species after the recycle.

Almost constant activity and selectivity could be ensured by the addition of a fresh supply of
AlEt2Cl together with the n-heptane solvent after each run to the IL phase consisting of [BMIM]
Cl / AlCl3 / AlEt2Cl in ethene oligomerization. After three cycles, 98% of the original amount
of nickel remained in the IL phase.[22]

The stability of the catalyst could be enhanced by the use of ligands with imidazolium tags.
[42] Recycling experiments showed that bis-(salicylaldimine) Ni(II) complexes bearing
imidazolium moieties in the side chains (11, Figure 7) could be recycled more efficiently,
retaining their catalytic activity (with TOF values of 49 h-1 — 41 h-1) at least in three cycles of
ethene oligomerization. In contrast, activity of complex 12 dropped considerably upon reuse
with TOFs of 48 h-1 and 30 h-1 in the first and second batch, respectively.

The catalytic system, the cationic Ni-complex (13, Figure 7) in [BMIM][PF6], was used suc‐
cessfully for biphasic oligomerization of ethene to higher α-olefins. It was proved to be
recyclable with little change in selectivity, although with somewhat lower activity. [40] The
drop of TOF from 12712 h-1 to 7952 h-1 in the third run was attributed to the practical problem
of quantitative transfer of the IL — catalyst mixture back into the autoclave under completely
inert conditions.

Good results of catalyst reuse were obtained in ethene oligomerization in the presence of a
catalyst generated from a Ni(0) complex and a Brønsted acid in [BMIM][SbF6]. [38]

The use of the IL solvent makes it possible to carry out the oligomerization reaction in a
continuous mode. A loop reactor was designed where the biphasic reaction mixture was
circulated by a pump with high flow rates. [33] Two static mixers in the reactor loop provided
an efficient dispersion of the ionic catalyst solution in the organic phase. The product was
separated from the IL/catalyst mixture with a gravity separator integrated in the reactor loop.
After 3 h reaction time the [BMIM]Cl / AlCl3 / N-methylpyrrole / 3 catalytic system showed
good activity (TOF=2700 h−1) and selectivity (selectivity to C8-product >98%, selectivity to linear
C8-product=52%).

5.2. Oligomerization with other transition metal catalysts

To avoid high carbon–carbon double bond isomerization rate, observed for nickel-catalyzed
reactions, oligomerization catalysts based on other transition metals have also been tested
(Table 4).

Oligomerization of Chemical and Biological Compounds48

Cationic complexes of iron and cobalt, [Fe(MeCN)6][BF4]2 and [Co(MeCN)6][BF4]2, showed
catalytic activities ca. one order of magnitude lower in chloroaluminate ILs than the analogous
nickel catalyst in ethene oligomerization. [43] At the same time, they exerted higher dimer
selectivity (in the range of 79-100% for iron and 66-99% for cobalt) than the nickel derivative
(43-68%) and excellent selectivity for 1-butene (up to 100% and 99% within the dimer fraction
for the iron and cobalt complex, respectively.) FeCl2 and CoCl2 turned out to be more active
but the absence of ligands resulted in considerably lower selectivity to α-olefins.

Similarly to the nickel-catalyzed reactions, the addition of the ionic liquid greatly increased
catalytic activity of the cationic complexes. Also, systems with more acidic co-catalysts, such
as AlEtCl2 and AlEt2Cl, showed higher activity than AlEt3 or methylaluminoxane.

Cyclodimerization of 1,3-butadiene, producing 4-vinyl-1-cylohexene, was carried out in
[BMIM][BF4] in the presence of the catalyst precursor [Fe(NO)2Cl]2 and a reducing agent, such
as Zn or AlEtCl2. [44] In the latter case the conversion and turnover frequencies were similar
to those obtained using Zn as reducing agent, but formation of some linear oligomers was
observed. The use of the IL solvent greatly enhanced catalytic activity: the TOF achieved in
the two-phase system (1404 h-1) was higher than that under homogeneous conditions (253
h-1). The catalytic system could be recovered and used in three successive experiments without
any loss in the catalytic activity or selectivity.

Bis(imino)pyridine cobalt (II) catalysts (14, Figure 7) activated by methylaluminoxane were
also found to be active in ethene oligomerization in chloroaluminate ILs. [45] They showed
activities for ethene conversion in the range of 4000–15300 h−1. The presence of electron
withdrawing groups in the ligands, such as CF3 and F, Cl or Br, enhanced catalytic activity.
The catalysts exhibited high selectivity (above 90%) for the dimerization of ethene. The major
product was 1-butene for all the catalysts.

Tungsten complexes, generally applied to induce metathesis reactions, could also be used for
the dimerization of ethene in chloroaluminate ILs. [46] The tungsten-imido complex
Cl2W=NPh(PMe3)3 was found to be an active catalyst in slightly acidic [BMIM]Cl / AlCl3 even
without the addition of AlEtCl2. At the same time, the presence of the alkylaluminum co-
catalyst was necessary in propene dimerization with the Cl4W=NPh catalyst. In the latter case,
contrary to the experiment starting from the phosphine complex, some leaching of the tungsten
species to the organic phase was observed.

Palladium — Lewis acid systems, such as Pd(OAc)2/Cu(OTf)2 and Pd(OAc)2/In(OTf)3 were
found to be very efficient catalysts for the selective dimerization of styrene to 1,3-diphenyl-1-
butene in [BMIM][PF6]. [47] Linear dimerization of 1,3-butadiene was achieved with PdCl2 in
[BMIM][BF4] and [BMIM][PF6]. [48] Butadiene conversion was significantly higher in ILs than
under homogeneous conditions. According to atomic absorption analysis, the palladium
complex was almost completely retained in the ionic phase.
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also found to be active in ethene oligomerization in chloroaluminate ILs. [45] They showed
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withdrawing groups in the ligands, such as CF3 and F, Cl or Br, enhanced catalytic activity.
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product was 1-butene for all the catalysts.

Tungsten complexes, generally applied to induce metathesis reactions, could also be used for
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Cl2W=NPh(PMe3)3 was found to be an active catalyst in slightly acidic [BMIM]Cl / AlCl3 even
without the addition of AlEtCl2. At the same time, the presence of the alkylaluminum co-
catalyst was necessary in propene dimerization with the Cl4W=NPh catalyst. In the latter case,
contrary to the experiment starting from the phosphine complex, some leaching of the tungsten
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Palladium — Lewis acid systems, such as Pd(OAc)2/Cu(OTf)2 and Pd(OAc)2/In(OTf)3 were
found to be very efficient catalysts for the selective dimerization of styrene to 1,3-diphenyl-1-
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alkene catalyst a ionic liquid reference

oligomerization with Ni catalysts

ethene NiF2, NiCl2(PCy3)2 (7), [Ni(MeCN)6][BF4]2 [BMIM]Cl / AlEtCl2 / AlCl3 25

ethene NiBr2(PPh3)2 (6) [BMIM]Cl / AlEt2Cl / AlCl3 22

ethene 9 [BMIM]Cl / AlEt2Cl / AlCl3 31

ethene 11, 12 [BMIM]Cl / AlEt2Cl / AlCl3 42

ethene Ni(COD)2 / H(Et2O)2B[3,5-(CF3)2C6H3]4 [BMIM][NTf2], [BMIM][SbF6] 38

ethene 13 [BMIM][PF6] 40, 41

propene [Ni(MeCN)6][BF4]2 [BMIM]Cl / AlEtCl2 / AlCl3 32

propene

NiCl2(P(i-Pr)3)2 (5)

NiCl2(PBu3)2

NiCl2(PPh3)2

NiCl2(PBz3)2

NiCl2(PCy3)2 (7)

[BMIM]Cl / AlEtCl2 / AlCl3 23, 24

propene Ni(acac)2 (1) [BMIM]Cl / AlEtCl2 / AlCl3 23

propene 8 [BMIM]Cl / N-methylpyrrole / AlCl3 30

propene Ni(acac)2 (1), 3, 4 [EMIM]Cl / N-methylpyrrole / AlCl3 34

propene 10 [MPYR][Al2Cl7]/ BiPh3 39

1-butene
[Ni(MeCN)6][BF4]2

Ni(MeCN)6][AlCl4]2, [Ni(MeCN)6][ZnCl4

[BMIM]Cl / AlEtCl2 / AlCl3 26, 27

1-butene [Ni(MeCN)6][BF4]2 + PCy3CS2 [BMIM]Cl / AlEtCl2 / AlCl3 29

1-butene, 2-

butene

NiCl2+ PBu3,

NiCl2+ PPh3

NiCl2+ PCy3

NiCl2+ PCy3CS2

[BMIM]Cl / AlEtCl2 / AlCl3 28

1-butene 8 [BMIM]Cl / N-methylpyrrole / AlCl3 30

1-butene 3

[BMPY]Cl / LiCl / AlCl3

[BMPY]Cl / AlEtCl2 / AlCl3

[BMPY]Cl / N-methylpyrrole / AlCl3

[BMIM]Cl / N-methylpyrrole / AlCl3

33

1-butene 2
[BMPY]Cl / AlEtCl2 / AlCl3

[BMPY]Cl / N-methylpyrrol / AlCl3

35

oligomerization with other transition metal catalysts

ethene [Fe(MeCN)6][BF4]2 [BMIM]Cl / AlEtCl2 / AlCl3 43
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alkene catalyst a ionic liquid reference

[BMIM]Cl / AlEt2Cl / AlCl3

[BMIM]Cl / AlEt3 / AlCl3

[BMIM]Cl / MAO / AlCl3

1,3-butadiene [Fe(NO)2Cl]2 / Zn or AlEtCl2 [BMIM][BF4] 44

ethene [Co(MeCN)6][BF4]2

[[BMIM]Cl / AlEtCl2 / AlCl3

[BMIM]Cl / AlEt2Cl / AlCl3

[BMIM]Cl / AlEt3 / AlCl3

[BMIM]Cl / MAO / AlCl3

43

ethene 14 [BMIM]Cl / MAO / AlCl3 45

ethene Cl2W=NPh(PMe3)3 [BMIM]Cl / AlCl3 46

propene Cl4W=NPh [BMIM]Cl / AlEtCl2 / AlCl3 46

styrene
Pd(OAc)2/Cu(OTf)2

Pd(OAc)2/In(OTf)3

[BMIM][PF6] 47

1,3-butadiene PdCl2

[BMIM][BF4]

[BMIM][PF6]
48

a: for structures of catalysts 1-14 see Figure 7.

Table 4. Oligomerization of alkenes in ILs with transition metal catalysts

5.3. The use of ILs as solvents in acid-catalyzed oligomerizations

Air-stable nonchloroaluminate ILs can be used as solvents for catalytic amounts of protic acids
(Table 5). In this case the IL is used to immobilize the acid catalyst and to ensure a biphasic
reaction. The acidity of the system can be tuned by the nature of the acid/IL composition. The
acidity level of these systems can be evaluated by the determination of the Hammett acidity
functions using UV-Visible spectroscopy. [49, 50] (For a review, see [51].)These results were in
good agreement with the catalytic data obtained for oligomerization of isobutene in most ILs
except for [BMIM][NTf2]. [52] The choice of the anion of the IL and the nature and concentration
of the Brønsted acid were the main factors influencing catalytic performance. Although
excellent conversions were obtained with HNTf2 or HOTf, dimer selectivity remained mod‐
erate and trimers were formed in a large amount. Under the same acid concentrations, no
reaction was observed either in organic solvents, such as heptane, or in water. Due to the
solvating effect of water with respect to the proton, even addition of water to an IL/acid system
decreased considerably the acidity level of the proton.

The catalytic system composed of [HMIM][BF4] and HBF4 showed high catalytic activity in
dimerization of α-methylstyrene (Scheme 7) to produce 4-methyl-2,4-diphenyl-1-pentene (17)
at 60 oC. [53] The catalyst could be reused in four cycles without a loss of activity or selectivity.
HBF4 alone was found to be a considerably less active catalyst leading to a 6% conversion of
α-methylstyrene under identical conditions. The IL [HMIM][BF4] exerted no catalytic activity
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alkene catalyst a ionic liquid reference
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5.3. The use of ILs as solvents in acid-catalyzed oligomerizations

Air-stable nonchloroaluminate ILs can be used as solvents for catalytic amounts of protic acids
(Table 5). In this case the IL is used to immobilize the acid catalyst and to ensure a biphasic
reaction. The acidity of the system can be tuned by the nature of the acid/IL composition. The
acidity level of these systems can be evaluated by the determination of the Hammett acidity
functions using UV-Visible spectroscopy. [49, 50] (For a review, see [51].)These results were in
good agreement with the catalytic data obtained for oligomerization of isobutene in most ILs
except for [BMIM][NTf2]. [52] The choice of the anion of the IL and the nature and concentration
of the Brønsted acid were the main factors influencing catalytic performance. Although
excellent conversions were obtained with HNTf2 or HOTf, dimer selectivity remained mod‐
erate and trimers were formed in a large amount. Under the same acid concentrations, no
reaction was observed either in organic solvents, such as heptane, or in water. Due to the
solvating effect of water with respect to the proton, even addition of water to an IL/acid system
decreased considerably the acidity level of the proton.

The catalytic system composed of [HMIM][BF4] and HBF4 showed high catalytic activity in
dimerization of α-methylstyrene (Scheme 7) to produce 4-methyl-2,4-diphenyl-1-pentene (17)
at 60 oC. [53] The catalyst could be reused in four cycles without a loss of activity or selectivity.
HBF4 alone was found to be a considerably less active catalyst leading to a 6% conversion of
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without the addition of an acid. The use of ILs with other anions or the addition of other acids

than HBF4 led to lower activity and/or lower selectivity. At the same time, the cation of the IL

had no significant influence, [BMIM][BF4]–HBF4, [MIM][BF4]–HBF4 and [EMIM][BF4]–HBF4

were similarly suitable compositions. The reaction temperature had a great effect on the

selectivity of the reaction, at 120 oC selective formation of 16 was observed.

++H+ -H+

-H+ -H+

15 16
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+

Scheme 7. Oligomerization of α-methylstyrene

alkene acidic catalyst ionic liquid reference

isobutene HNTf2 [BMIM][NTf2]

[BMIM][OTf]

[BMIM][PF6]

[BMIM][BF4]

[BMIM][SbF6]

52

isobutene HOTf [BMIM][NTf2] 52

isobutene CH3SO3H [BMIM][NTf2] 52

isobutene CF3CO2H [BMIM][NTf2] 52

α-methylstyrene HBF4 [HMIM][BF4]

[BMIM][BF4]

[EMIM][BF4]

[MIM][BF4]

53

Table 5. Acid catalyzed oligomerization in ILs

Oligomerization of Chemical and Biological Compounds52

6. Ionic liquids as catalysts

The first example for an IL catalyzed oligomerization of low molecular weight olefins was
described in 1993 (Table 6). [54] Ethene or propene were converted to a mixture of oligomeric
saturated and unsaturated hydrocarbons. The [BMIM]Cl / AlCl3 system was shown to give
unsaturated C4-C6 hydrocarbons with better selectivity than the more acidic [BPY]Cl / AlCl3.

As it was described in the previous section, the formation of highly viscous oligomeric
products were found to be formed in acidic chloroaluminate ILs even in the absence of a nickel
catalyst [23, 26] but according to the reports, this reaction could be suppressed in the presence
of the alkylaluminum co-catalyst. At the same time, Stenzel et al. reported on the oligomeri‐
zation of 1-alkenes in the IL with a composition of [BMIM]Cl / AlCl3 / AlEtCl2=1/1.1/0.1. [55]
The reaction was much slower than the transition metal catalyzed oligomerization: 67% ethene
conversion was achieved in 16h at 60 oC. The total yield of oligomers decreased with increasing
chain length of the monomer (to 7% in the oligomerization of 1-hexene).

Oligomerization of 1-hexene, [56, 57] 1-octene [58] and 1-decene [58] led to oligoalkylnaphtenic
oils in chloroaluminate ionic liquids, such as [Et3NH]Cl / AlCl3, [PY]Cl / AlCl3 and 2,6-
bis(morpholinylethyl)-4-methylphenol/AlCl3. The products were formed via an oligomeriza‐
tion – cyclization reaction sequence. The introduction of a titanium containing modifier into
the chloroaluminate IL leads to the formation of new catalytic centers that mediate the
oligomerization process toward the formation of oligomers with a higher molecular mass. [56]

Chloroaluminate ionic liquids are extremely moisture-sensitive and hydrolyze to release
hydrogen chloride in contact with traces of water. Besides, they promote not only cationic
oligomerization but also isomerization. As a consequence, the catalytic activity of chlorofer‐
rate(III)-[59] and chlorogallate(III) ILs [60], less sensitive to hydrolysis, were also tested.

Acidic compositions of [Et3NH]Cl / FeCl3 and [C13H22N]Cl / FeCl3 showed high activity in
isobutene oligomerization leading to a mixture of diisobutene and triisobutene with high
selectivity. [59] The conversion of isobutene increased with increasing reaction temperature,
but at high temperature cracking reactions occurred. The addition of CuCl to iron(III) chloride
ionic liquids increased catalytic activity and the selectivity for diisobutene plus triisobutene
up to 90 % using a composition of CuCl / [Et3NH]Cl / FeCl3=0.25/1/1.5.

[EMIM][Ga2Cl7] was successfully used in the oligomerization of 1-pentene to produce a C20–
C50 fraction, that can be used as a base for synthetic automotive lubricants, with high selectivity.
[60]

A considerably different activity and selectivity of chloroaluminate and chloroferrate ILs were
observed in oligomerization of α-methylstyrene (Scheme 7). [61] With [Et3NH]Cl / 2AlCl3 100%
conversion was achieved in 5 minutes. The selectivity for 1,1,3-trimethyl-3-phenylindan (16)
was as high as about 97% in the absence of organic solvents. [Et3NH]Cl / 2FeCl3, [BMIM]Br /
2AlCl3 [BMIM]Br / 2FeCl3 turned out to be similarly active but less selective catalysts producing
22-32% trimers as side products. In [BMIM]Cl / 2AlCl3 complete selectivity towards 16 was
observed. [53] The high activity of the chloroaluminate ionic liquid was attributed to the strong

The Use of Ionic Liquids in the Oligomerization of Alkenes
http://dx.doi.org/10.5772/57478

53



without the addition of an acid. The use of ILs with other anions or the addition of other acids

than HBF4 led to lower activity and/or lower selectivity. At the same time, the cation of the IL

had no significant influence, [BMIM][BF4]–HBF4, [MIM][BF4]–HBF4 and [EMIM][BF4]–HBF4

were similarly suitable compositions. The reaction temperature had a great effect on the

selectivity of the reaction, at 120 oC selective formation of 16 was observed.
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Scheme 7. Oligomerization of α-methylstyrene

alkene acidic catalyst ionic liquid reference

isobutene HNTf2 [BMIM][NTf2]

[BMIM][OTf]

[BMIM][PF6]

[BMIM][BF4]

[BMIM][SbF6]

52

isobutene HOTf [BMIM][NTf2] 52

isobutene CH3SO3H [BMIM][NTf2] 52

isobutene CF3CO2H [BMIM][NTf2] 52

α-methylstyrene HBF4 [HMIM][BF4]

[BMIM][BF4]

[EMIM][BF4]

[MIM][BF4]

53

Table 5. Acid catalyzed oligomerization in ILs
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6. Ionic liquids as catalysts

The first example for an IL catalyzed oligomerization of low molecular weight olefins was
described in 1993 (Table 6). [54] Ethene or propene were converted to a mixture of oligomeric
saturated and unsaturated hydrocarbons. The [BMIM]Cl / AlCl3 system was shown to give
unsaturated C4-C6 hydrocarbons with better selectivity than the more acidic [BPY]Cl / AlCl3.

As it was described in the previous section, the formation of highly viscous oligomeric
products were found to be formed in acidic chloroaluminate ILs even in the absence of a nickel
catalyst [23, 26] but according to the reports, this reaction could be suppressed in the presence
of the alkylaluminum co-catalyst. At the same time, Stenzel et al. reported on the oligomeri‐
zation of 1-alkenes in the IL with a composition of [BMIM]Cl / AlCl3 / AlEtCl2=1/1.1/0.1. [55]
The reaction was much slower than the transition metal catalyzed oligomerization: 67% ethene
conversion was achieved in 16h at 60 oC. The total yield of oligomers decreased with increasing
chain length of the monomer (to 7% in the oligomerization of 1-hexene).

Oligomerization of 1-hexene, [56, 57] 1-octene [58] and 1-decene [58] led to oligoalkylnaphtenic
oils in chloroaluminate ionic liquids, such as [Et3NH]Cl / AlCl3, [PY]Cl / AlCl3 and 2,6-
bis(morpholinylethyl)-4-methylphenol/AlCl3. The products were formed via an oligomeriza‐
tion – cyclization reaction sequence. The introduction of a titanium containing modifier into
the chloroaluminate IL leads to the formation of new catalytic centers that mediate the
oligomerization process toward the formation of oligomers with a higher molecular mass. [56]

Chloroaluminate ionic liquids are extremely moisture-sensitive and hydrolyze to release
hydrogen chloride in contact with traces of water. Besides, they promote not only cationic
oligomerization but also isomerization. As a consequence, the catalytic activity of chlorofer‐
rate(III)-[59] and chlorogallate(III) ILs [60], less sensitive to hydrolysis, were also tested.

Acidic compositions of [Et3NH]Cl / FeCl3 and [C13H22N]Cl / FeCl3 showed high activity in
isobutene oligomerization leading to a mixture of diisobutene and triisobutene with high
selectivity. [59] The conversion of isobutene increased with increasing reaction temperature,
but at high temperature cracking reactions occurred. The addition of CuCl to iron(III) chloride
ionic liquids increased catalytic activity and the selectivity for diisobutene plus triisobutene
up to 90 % using a composition of CuCl / [Et3NH]Cl / FeCl3=0.25/1/1.5.

[EMIM][Ga2Cl7] was successfully used in the oligomerization of 1-pentene to produce a C20–
C50 fraction, that can be used as a base for synthetic automotive lubricants, with high selectivity.
[60]

A considerably different activity and selectivity of chloroaluminate and chloroferrate ILs were
observed in oligomerization of α-methylstyrene (Scheme 7). [61] With [Et3NH]Cl / 2AlCl3 100%
conversion was achieved in 5 minutes. The selectivity for 1,1,3-trimethyl-3-phenylindan (16)
was as high as about 97% in the absence of organic solvents. [Et3NH]Cl / 2FeCl3, [BMIM]Br /
2AlCl3 [BMIM]Br / 2FeCl3 turned out to be similarly active but less selective catalysts producing
22-32% trimers as side products. In [BMIM]Cl / 2AlCl3 complete selectivity towards 16 was
observed. [53] The high activity of the chloroaluminate ionic liquid was attributed to the strong
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Lewis acid, as well as superacidic protons, existing in the system due to the release of hydro‐

chloric acid in the presence of trace amounts of water (see Eq. 4).

alkene ionic liquid reference

ethene [BMIM]Cl / AlCl3

[BPY]Cl / AlCl3

54

ethene [BMIM]Cl / AlEtCl2 / AlCl3 55

propene [BMIM]Cl / AlCl3

[BPY]Cl / AlCl3

54

propene [BMIM]Cl / AlEtCl2 / AlCl3 55

1-butene [BMIM]Cl / AlEtCl2 / AlCl3 55

isobutene [Et3NH]Cl / FeCl3

[C13H22N]Cl / FeCl3

[Et3NH]Cl / FeCl3 / CuCl

59

isobutene [MIMBs][OTf]

[HIMBs][OTf]

64

isobutene [MIMBs][OTf] / [BMIM][OTf] 52

1-pentene [BMIM]Cl / AlEtCl2 / AlCl3 55

1-pentene [EMIM][Ga2Cl7] 60

1-hexene [BMIM]Cl / AlEtCl2 / AlCl3 55

1-hexene [Et3NH]Cl / AlCl3

[PY]Cl / AlCl3

2,6-bis(morpholinylethyl)-4-methylphenol/AlCl3

2,6-bis(morpholinylethyl)-4-methylphenol/TiCl4

56, 57

1-octene [Et3NH]Cl / AlCl3

[PY]Cl / AlCl3

58

1-decene [Et3NH]Cl / AlCl3

[PY]Cl / AlCl3

58

α-methylstyrene [BMIM]Cl / AlCl3 53

α-methylstyrene [Et3NH]Cl / AlCl3

[Et3NH]Cl / FeCl3

[BMIM]Br / AlCl3

[BMIM]Br / FeCl3

61

α-methylstyrene [MIM][BF4] 62

α-methylstyrene [MIMBs][OTf]

[HIMBs][OTf]

64

Table 6. Oligomerization of alkenes with IL catalysts
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Stabilization of the intermediate carbenium ion (15, Scheme 7) by the IL with great polarity
may make it possible for the positively charged carbon to attack the aromatic ring leading to
the cyclodimer 16. At the same time, in tertiary-amylalcohol as solvent, [Et3NH]Cl / 2FeCl3

oligomerizes α-methylstyrene to unsaturated dimer 17 with high selectivity. Interestingly,
activity of [Et3NH]Cl / 2AlCl3 was much lower under these conditions, probably due to the
better solvation of Al3+ than that of Fe3+ in the organic solvent.

The Brønsted acidic IL, [MIM][BF4] was shown to catalyze selective dimerization of α-
methylstyrene, without the addition of an acidic co-catalyst. [62] This can be explained by the
higher acidity of [MIM][BF4] compared to dialkylimidazolium ILs. [63] In the dimerization
reaction, a great temperature dependence on the selectivity was observed: at 60 oC 4-meth‐
yl-2,4-diphenyl-1-pentene (17) was formed with 93% selectivity at 92% conversion of the
substrate, while indan 16 could be obtained with 100% selectivity when the reaction temper‐
ature was increased to 170 oC. The ionic liquid was successfully recycled six times.

Other Brønsted acidic ILs, consisting of imidazolium cations with alkane sulfonic acid side
chains, were found to be equivally active but less selective catalysts in the dimerization of α-
methylstyrene. [64] At the same time, in oligomerization of isobutene, 68% and 94 % conversion
and 99% selectivity to C8+C12 products, starting material for the production of high-octane
gasoline blending components, could be achieved with [MIMBs][OTf] and [HIMBs][OTf]
(Figure 6), respectively. The selectivity of the reaction was greatly dependent on the length of
the side chain of the imidazolium cation. The use of an ionic liquid with smaller side chain led
to higher selectivity for dimeric products. The increase in the catalytic activity of [HIMBs][OTf]
was attributed to the higher solubility of isobutene in this IL because of the greater lipophilicity
of the imidazolium cation with the longer alkyl side chain. It should be mentioned that using
1-alkenes as substrates, isomerization, instead of oligomerization, was found to be the main
reaction.

A Brønsted acidic IL could also be used in catalytic amounts in a neutral IL as solvent. [MIMBs]
[OTf] (Figure 6) was proved to be a more efficient acidic catalyst for isobutene dimerization in
[BMIM][OTf] solvent than HNTf2 or HOTf regarding dimer selectivity (up to 88 % at 70%
isobutene conversion). [52] The [MIMBs][OTf] / [BMIM][OTf] mixture retained its activity and
selectivity in ten subsequent cycles.

7. Supported catalysts based on ILs

Despite the several advantages of ILs discussed in the previous sections, they also have some
drawbacks including the difficulties in handling because of the high viscosity of some ILs and
the problems for application in fixed bed reactors. Also, biphasic IL—organic systems require
large amounts of the expensive ILs, which hinders industrial applications. These difficulties
can be overcome by the use of supported ionic liquid phases (SILPs) prepared by the immo‐
bilization of ILs on solid supports. [65]

Supported versions of the transition metal catalyzed processes, easy to use in a continuous
mode reactor, were described. A buffered IL immobilized on a support material together with
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Lewis acid, as well as superacidic protons, existing in the system due to the release of hydro‐

chloric acid in the presence of trace amounts of water (see Eq. 4).

alkene ionic liquid reference

ethene [BMIM]Cl / AlCl3

[BPY]Cl / AlCl3

54

ethene [BMIM]Cl / AlEtCl2 / AlCl3 55

propene [BMIM]Cl / AlCl3

[BPY]Cl / AlCl3

54

propene [BMIM]Cl / AlEtCl2 / AlCl3 55

1-butene [BMIM]Cl / AlEtCl2 / AlCl3 55

isobutene [Et3NH]Cl / FeCl3

[C13H22N]Cl / FeCl3

[Et3NH]Cl / FeCl3 / CuCl

59

isobutene [MIMBs][OTf]

[HIMBs][OTf]

64

isobutene [MIMBs][OTf] / [BMIM][OTf] 52

1-pentene [BMIM]Cl / AlEtCl2 / AlCl3 55

1-pentene [EMIM][Ga2Cl7] 60

1-hexene [BMIM]Cl / AlEtCl2 / AlCl3 55

1-hexene [Et3NH]Cl / AlCl3

[PY]Cl / AlCl3

2,6-bis(morpholinylethyl)-4-methylphenol/AlCl3

2,6-bis(morpholinylethyl)-4-methylphenol/TiCl4

56, 57

1-octene [Et3NH]Cl / AlCl3

[PY]Cl / AlCl3

58

1-decene [Et3NH]Cl / AlCl3

[PY]Cl / AlCl3

58

α-methylstyrene [BMIM]Cl / AlCl3 53

α-methylstyrene [Et3NH]Cl / AlCl3

[Et3NH]Cl / FeCl3

[BMIM]Br / AlCl3

[BMIM]Br / FeCl3

61

α-methylstyrene [MIM][BF4] 62

α-methylstyrene [MIMBs][OTf]

[HIMBs][OTf]

64

Table 6. Oligomerization of alkenes with IL catalysts
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Stabilization of the intermediate carbenium ion (15, Scheme 7) by the IL with great polarity
may make it possible for the positively charged carbon to attack the aromatic ring leading to
the cyclodimer 16. At the same time, in tertiary-amylalcohol as solvent, [Et3NH]Cl / 2FeCl3

oligomerizes α-methylstyrene to unsaturated dimer 17 with high selectivity. Interestingly,
activity of [Et3NH]Cl / 2AlCl3 was much lower under these conditions, probably due to the
better solvation of Al3+ than that of Fe3+ in the organic solvent.

The Brønsted acidic IL, [MIM][BF4] was shown to catalyze selective dimerization of α-
methylstyrene, without the addition of an acidic co-catalyst. [62] This can be explained by the
higher acidity of [MIM][BF4] compared to dialkylimidazolium ILs. [63] In the dimerization
reaction, a great temperature dependence on the selectivity was observed: at 60 oC 4-meth‐
yl-2,4-diphenyl-1-pentene (17) was formed with 93% selectivity at 92% conversion of the
substrate, while indan 16 could be obtained with 100% selectivity when the reaction temper‐
ature was increased to 170 oC. The ionic liquid was successfully recycled six times.

Other Brønsted acidic ILs, consisting of imidazolium cations with alkane sulfonic acid side
chains, were found to be equivally active but less selective catalysts in the dimerization of α-
methylstyrene. [64] At the same time, in oligomerization of isobutene, 68% and 94 % conversion
and 99% selectivity to C8+C12 products, starting material for the production of high-octane
gasoline blending components, could be achieved with [MIMBs][OTf] and [HIMBs][OTf]
(Figure 6), respectively. The selectivity of the reaction was greatly dependent on the length of
the side chain of the imidazolium cation. The use of an ionic liquid with smaller side chain led
to higher selectivity for dimeric products. The increase in the catalytic activity of [HIMBs][OTf]
was attributed to the higher solubility of isobutene in this IL because of the greater lipophilicity
of the imidazolium cation with the longer alkyl side chain. It should be mentioned that using
1-alkenes as substrates, isomerization, instead of oligomerization, was found to be the main
reaction.

A Brønsted acidic IL could also be used in catalytic amounts in a neutral IL as solvent. [MIMBs]
[OTf] (Figure 6) was proved to be a more efficient acidic catalyst for isobutene dimerization in
[BMIM][OTf] solvent than HNTf2 or HOTf regarding dimer selectivity (up to 88 % at 70%
isobutene conversion). [52] The [MIMBs][OTf] / [BMIM][OTf] mixture retained its activity and
selectivity in ten subsequent cycles.

7. Supported catalysts based on ILs

Despite the several advantages of ILs discussed in the previous sections, they also have some
drawbacks including the difficulties in handling because of the high viscosity of some ILs and
the problems for application in fixed bed reactors. Also, biphasic IL—organic systems require
large amounts of the expensive ILs, which hinders industrial applications. These difficulties
can be overcome by the use of supported ionic liquid phases (SILPs) prepared by the immo‐
bilization of ILs on solid supports. [65]

Supported versions of the transition metal catalyzed processes, easy to use in a continuous
mode reactor, were described. A buffered IL immobilized on a support material together with
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an organometallic complex of the type 19 (Figure 8) was used in selective dimerization
reactions. The OH groups of the support were modified with an aluminum halide or alkyla‐
luminum halide (Figure 8). The immobilized buffered catalyst was formed by mixing the
organometallic catalyst, the IL composition of [BMIM]Cl/AlCl3 and the coated support. The
methodology was successfully used for the dimerization of propene in a fix bed reactor. [66]
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Figure 8. Modification of silica with an aluminumhalide/alkylaluminumhalide, and complex 19 (M=Ni, Fe, Co, Ti, V)
used as the catalyst precursor

Immobilization of metallocene catalysts for the same reaction was achieved by similar
methodology. [67]

Silica-supported SO3H-functionalized IL catalysts were used in the oligomerization of
isobutene. [68] The catalysts were obtained by impregnation of silica supports with Brønsted
acidic ILs with [MIMBs]+or [BIMBs]+cations resulting in the formation of a solid material. It
was shown that various factors, such as the properties and pretreatment of the solid support,
the choice of cation and anion, as well as the reaction time and temperature affected the
outcome of the reaction considerably. Oligomerization of isobutene, carried out at 60 oC, led
to the formation of C8 products with very good selectivity in each case. An increase in the
temperature and/or reaction time led to an increase in the ratios of higher oligomers with
selectivities for C12+C16 products up to 85%. The catalysts comprising a trifluoromethanesul‐
fonate anion could be reused several times without loss of activity. Total catalyst leaching of
eight successive runs was 2.0% of the original load. At the same time, a quick inactivation of
the catalysts obtained from ILs with hydrogensulfate anions was observed.

The TON and TOF values of the SILP catalysts were found to be ten times higher than those
of the same ILs. When using the SILP catalysts, a smaller amount of the relatively expensive
ionic liquid was sufficient for the reaction. The mass transport into the ionic liquid phase can
be rate limiting due to the high viscosity of the ILs. This drawback can be circumvented by
dispersing the ILs on support materials. Furthermore, the solid catalysts are easier to handle
than the ionic liquids themselves, so separation and recovery of even small amounts of
catalysts are simple.

Both mesoporous and microporous silica materials were used as solid supports. [69] A close
relationship between catalytic activity and catalyst morphology was observed. Silica with
mesoporous structure was able to adsorb a higher amount of the IL and produced SILP
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materials with higher catalytic activity at identical catalyst loadings. The formation of a stable
film was a prerequisite for an unvarying selectivity of the catalyst, so impregnation at a high
temperature was necessary to obtain a suitable composition, especially in case of microporous
support materials.

As it could be expected, immobilization of the IL led to a loss of the BET surface of the supports.
From the experimental data of the nitrogen adsorption/desorption isotherms of the supports
and the solid catalysts, it could be concluded that the pores of mesoporous supports retained
their shape during the catalyst preparation process, although the total pore volume values
decreased because of the active IL film on the wall of the pores. On the other hand, the
microporous supports contained narrow shaped pores that became almost totally filled with
IL film during the catalyst preparation. The diffusion of isobutene to the micropores was
blocked by the IL that filled the pore, so the contact surface between the IL phase and the
organic phase was lower than that of SILP catalysts with mesopores. Also, acid capacity of
microporous material was found to be lower, in accordance with the different amounts of
adsorbed ionic liquid. Lower contact surface and lower acidity resulted in lower catalytic
activity. At the same time, using a proper pretreatment, a stable catalyst with excellent C12

selectivity, exceeding even that of the mesoporous material, could be obtained with ILs
supported on microporous silica.

Supported chloroaluminate ILs were used for the trimerization of isobutene in a feed contaning
C4 mixture. [70] Both the support and immobilization methodology were found to play a
crucial role in the reaction. Catalysts obtained by mixing the IL with the silica support showed
excellent oligomerization activity. At the same time, ILs immobilized on glass or molecular
sieves induced only isobutane/butene alkylation. Exclusive alkylation took place also in the
presence of catalysts prepared by grafting the IL on the silica. According to 29Si CP/MAS NMR
measurements, in the latter case a covalent bond was formed between the cation and the
support. On the contrary, the spectrum of the catalyst with oligomerization activity indicated
the formation of a covalent bond between the anion of the Lewis acid and the silanol group
on the surface of the support (Figure 9).
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Figure 9. Structures of immobilized IL on silica support prepared by different methods (a) by mixing the IL and the
silica support, b) by grafting)
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an organometallic complex of the type 19 (Figure 8) was used in selective dimerization
reactions. The OH groups of the support were modified with an aluminum halide or alkyla‐
luminum halide (Figure 8). The immobilized buffered catalyst was formed by mixing the
organometallic catalyst, the IL composition of [BMIM]Cl/AlCl3 and the coated support. The
methodology was successfully used for the dimerization of propene in a fix bed reactor. [66]
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Figure 8. Modification of silica with an aluminumhalide/alkylaluminumhalide, and complex 19 (M=Ni, Fe, Co, Ti, V)
used as the catalyst precursor

Immobilization of metallocene catalysts for the same reaction was achieved by similar
methodology. [67]

Silica-supported SO3H-functionalized IL catalysts were used in the oligomerization of
isobutene. [68] The catalysts were obtained by impregnation of silica supports with Brønsted
acidic ILs with [MIMBs]+or [BIMBs]+cations resulting in the formation of a solid material. It
was shown that various factors, such as the properties and pretreatment of the solid support,
the choice of cation and anion, as well as the reaction time and temperature affected the
outcome of the reaction considerably. Oligomerization of isobutene, carried out at 60 oC, led
to the formation of C8 products with very good selectivity in each case. An increase in the
temperature and/or reaction time led to an increase in the ratios of higher oligomers with
selectivities for C12+C16 products up to 85%. The catalysts comprising a trifluoromethanesul‐
fonate anion could be reused several times without loss of activity. Total catalyst leaching of
eight successive runs was 2.0% of the original load. At the same time, a quick inactivation of
the catalysts obtained from ILs with hydrogensulfate anions was observed.

The TON and TOF values of the SILP catalysts were found to be ten times higher than those
of the same ILs. When using the SILP catalysts, a smaller amount of the relatively expensive
ionic liquid was sufficient for the reaction. The mass transport into the ionic liquid phase can
be rate limiting due to the high viscosity of the ILs. This drawback can be circumvented by
dispersing the ILs on support materials. Furthermore, the solid catalysts are easier to handle
than the ionic liquids themselves, so separation and recovery of even small amounts of
catalysts are simple.

Both mesoporous and microporous silica materials were used as solid supports. [69] A close
relationship between catalytic activity and catalyst morphology was observed. Silica with
mesoporous structure was able to adsorb a higher amount of the IL and produced SILP
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materials with higher catalytic activity at identical catalyst loadings. The formation of a stable
film was a prerequisite for an unvarying selectivity of the catalyst, so impregnation at a high
temperature was necessary to obtain a suitable composition, especially in case of microporous
support materials.

As it could be expected, immobilization of the IL led to a loss of the BET surface of the supports.
From the experimental data of the nitrogen adsorption/desorption isotherms of the supports
and the solid catalysts, it could be concluded that the pores of mesoporous supports retained
their shape during the catalyst preparation process, although the total pore volume values
decreased because of the active IL film on the wall of the pores. On the other hand, the
microporous supports contained narrow shaped pores that became almost totally filled with
IL film during the catalyst preparation. The diffusion of isobutene to the micropores was
blocked by the IL that filled the pore, so the contact surface between the IL phase and the
organic phase was lower than that of SILP catalysts with mesopores. Also, acid capacity of
microporous material was found to be lower, in accordance with the different amounts of
adsorbed ionic liquid. Lower contact surface and lower acidity resulted in lower catalytic
activity. At the same time, using a proper pretreatment, a stable catalyst with excellent C12

selectivity, exceeding even that of the mesoporous material, could be obtained with ILs
supported on microporous silica.

Supported chloroaluminate ILs were used for the trimerization of isobutene in a feed contaning
C4 mixture. [70] Both the support and immobilization methodology were found to play a
crucial role in the reaction. Catalysts obtained by mixing the IL with the silica support showed
excellent oligomerization activity. At the same time, ILs immobilized on glass or molecular
sieves induced only isobutane/butene alkylation. Exclusive alkylation took place also in the
presence of catalysts prepared by grafting the IL on the silica. According to 29Si CP/MAS NMR
measurements, in the latter case a covalent bond was formed between the cation and the
support. On the contrary, the spectrum of the catalyst with oligomerization activity indicated
the formation of a covalent bond between the anion of the Lewis acid and the silanol group
on the surface of the support (Figure 9).

Os
i
l
i
c
a

(AlCl3)x

N N

O

Os
i
l
i
c
a

Si
OEt

N N

Al2Cl7

a) b)

Figure 9. Structures of immobilized IL on silica support prepared by different methods (a) by mixing the IL and the
silica support, b) by grafting)
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[BMIM]Cl was used as a template during the preparation of a β-zeolite, a support for nickel-
β-diimine catalysts that were highly active in oligomerization of ethene. [71] The high
regularity of the microspherical agglomerates, obtained during the preparation of the support,
was attributed to the formation of micellar aggregates due to the IL. The nickel complex
incorporated into the β-zeolite framework showed higher activity, higher C4 (up to 93.8%) and
1-butene selectivities (85.7% of the C4 fraction) than the homogeneous catalyst. The β-zeolite
structure was found to work as a shape-selective support that inhibited re-coordination of 1-
butene, thereby preventing isomerization and growth of the oligomer chain.

8. Industrial processes and patents based on the use of ionic liquids

Some of the catalyst compositions, described in the previous sections, were also patented.

Researchers of the Institue Français du Petrole (IFP) described the use of chloroaluminate ILs,
composed of imidazolium or pyridinium halides and AlCl3 as solvents for nickel catalyzed
oligomerizations as early as 1987. [21] An improvement of the system by the addition of an
alkylaluminum chloride co-catalyst, [72] and the use of an aromatic hydrocarbon to control
the acidity of the system were patented soon afterwards. [73]

In 1998, an industrial process based on chloroaluminate ILs and nickel catalysts, known as the
DifasolTM technology, was commercialized. It can be considered as a biphasic variant of the
original homogeneous Dimersol XTM process that converts butenes to dimers. [19] As conver‐
sion is dependent on the initial concentration of butenes, the use of the latter technology is
limited to C4 feed with a minimum of 60% butene content. The liquid-liquid biphasic process
can convert dilute feeds and can produce dimers with high selectivity that does not depend
on conversion due to the low solubility of the product dimers in the ionic phase. The Difasol
system is ideally suited for use as the finishing reaction section for a conventional Dimersol
unit and importantly, it can be fitted into existing Dimersol plants to give improved yields and
lower catalyst consumption. The sequence increases the relative octene gain by 22-41% over
the traditional single process. [74] By the use of an appropriate ligand with a coordinating
nitrogen, the catalyst system containing a zerovalent nickel complex, an acid and the IL can
be tuned to obtain either dimers, oligomers or polymers with good selectivity. [75]

BP Chemicals also patented catalytic systems containing nickel-complexes in buffered ILs with
a composition of RnMCl3-n or RmM2Cl6-m (M: Al, Ga, B or Fe(III)), an organic halide and a weak
base. [76]

Catalysts composed of a Lewis acid and an IL [77] as well as the catalytic activity of acidic
chloroaluminate(III) and alkylchloroaluminate(III) ILs [78] in oligomerization of light olefins
were patented in 1995. Using the latter system, the olefinic feedstock could simply be bubbled
through the ionic liquid catalyst, or alternatively, in a batch process, the IL was injected into a
charged autoclave. With the use of imidazolium ions with alkyl groups longer than C5, the
reaction could be pushed towards polymerization.
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Good trimer selectivity was obtained in oligomerization of isobutene in the presence of
chloroindate ILs. Catalysts with ILs supported on silica were also used efficiently. [79]

Synthesis of polyalphaolefins, starting from 1-decene or 1-dodecene, was described in
imidazolium, pyridinium, phosphonium, ammonium or sulfonium halides combined with an
aluminum-or gallium halide or-alkylhalide. [80] A continuous mode of operation, using the
same composition, was also patented by Chevron. [81] Not only the proper choice of the
catalytic system but also the use of an appropriate operational mode is important to achieve
optimal results. It was shown that the activity of the IL catalyst could be increased by emul‐
sifying the IL with one or more liquid components. [82]

Efficient processes can be developed by the combination of oligomerization in ILs with other
methodologies. An acidic IL catalyst consisting of an organic salt and a Lewis acid was used
for the oligomerization of a light olefinic by-product fraction from a metallocene-catalyzed
polyalphaolefin oligomerization process. [83]

Oligomerization of olefins present in the condensate recovered from the Fischer-Tropsch
reactor can lead to high quality lube base oils. [84] However, the presence of oxygenates was
found to interfere with the oligomerization of olefins catalyzed by Lewis acidic ILs. The
amount of oxygenates could be reduced by contacting the feed with a hydrotreating catalyst
prior to oligomerization. [85] The olefin stream formed by the Fisher-Tropsch synthesis and
containing 1-alkenes with 5-18 carbon atoms could be converted into lubricating oils having a
viscosity index of at least 120 and a pour point of -45 oC or less. [86]

Oligomerization of olefins together with an alkylation in the presence of isoparaffins could be
carried out using the same IL catalysts. This may provide an efficient way to reduce the
concentration of double bonds and at the same time to enhance the quality of the product. [87]

A Lewis acidic IL was supported on a porous solid and served as an adsorbent and activator
for a Brønsted acid catalyst. The catalytic system was used in a fixed bed reactor, constructed
for oligomerization or combined oligomerization /alkylation reactions. [88] In order to be able
to respond to changing market demands, a process adjusting operational mode between two
levels, a low level that favors the synthesis of C5+ products boiling at 137.8 oC or below or
another C5+ product boiling above this temperature, was developed combining alkylation/
oligomerization in ILs. [89]

9. Conclusions

The use of ILs in catalytic reactions is a quickly expanding area of chemical research that has
a great potential for industrial applications. Oligomerization of alkenes with ILs is one of the
most promising methodologies to be implemented as industrial processes, although until now
only one example, the DifasolTM technology, exists. [19]

The results presented in the previous sections show that ILs can really be used efficiently either
as solvents or catalysts in oligomerization reactions. Catalytic activity of transition metal
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optimal results. It was shown that the activity of the IL catalyst could be increased by emul‐
sifying the IL with one or more liquid components. [82]

Efficient processes can be developed by the combination of oligomerization in ILs with other
methodologies. An acidic IL catalyst consisting of an organic salt and a Lewis acid was used
for the oligomerization of a light olefinic by-product fraction from a metallocene-catalyzed
polyalphaolefin oligomerization process. [83]

Oligomerization of olefins present in the condensate recovered from the Fischer-Tropsch
reactor can lead to high quality lube base oils. [84] However, the presence of oxygenates was
found to interfere with the oligomerization of olefins catalyzed by Lewis acidic ILs. The
amount of oxygenates could be reduced by contacting the feed with a hydrotreating catalyst
prior to oligomerization. [85] The olefin stream formed by the Fisher-Tropsch synthesis and
containing 1-alkenes with 5-18 carbon atoms could be converted into lubricating oils having a
viscosity index of at least 120 and a pour point of -45 oC or less. [86]

Oligomerization of olefins together with an alkylation in the presence of isoparaffins could be
carried out using the same IL catalysts. This may provide an efficient way to reduce the
concentration of double bonds and at the same time to enhance the quality of the product. [87]

A Lewis acidic IL was supported on a porous solid and served as an adsorbent and activator
for a Brønsted acid catalyst. The catalytic system was used in a fixed bed reactor, constructed
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only one example, the DifasolTM technology, exists. [19]
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complexes was shown to be enhanced in ILs compared to organic solvents and ILs were proved
to ensure easy product separation and efficient catalyst recycling. Technologies using ILs can
convert not only pure alkenes but also process streams containing olefins to oligomers and can
also be combined with other hydrocarbon conversion processes.

The effects of chloroaluminate ILs on nickel-catalyzed reactions are relatively well explored
and from the investigations it can be concluded that a careful fine-tune of IL composition is
necessary to obtain satisfactory results. However, in most cases little is known about the active
transition metal species and the choice of the cations restricted mainly to imidazolium or
pyridinium ions. There are still plenty of possibilities for the design of new IL compositions
with better performance. This is even more true for ILs with oligomerization activity. To obtain
an IL composition with optimal acidity, in order to achieve high conversion and at the same
time to avoid polymerization or formation of higher oligomers, is a key issue in future research.

However, one of the main drawbacks that hinder industrial applications of ILs is the still high
cost of these materials. In this respect, the use of supported catalysts opens new possibilities.
Besides reducing the quantity of ILs necessary for the catalytic reactions, immobilization on
solid supports makes it possible to use the catalysts in fixed bed reactors in continuous mode.
At the same time, recent observations clearly show that compared to the non-immobilized IL
catalysts, there are numerous other factors here that influence catalytic performance. Not only
the IL composition but also the choice of the support material, porosity of the support and
immobilization methodology affects catalytic activity and selectivity.
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1. Introduction

Silk fibers spun by several species of arthropods have existed naturally for hundreds of
millions of years. The ecological functions of the silk fibers are closely related to their proper‐
ties. For example, orb-weaving spiders produce a variety of different silks with diverse
properties, each tailored to achieve a certain task (Figure 1) [1]. Most arthropod species produce
silks used for building structures to capture prey and protect their offspring against environ‐
mental hazards [2]. The most investigated categories that have piqued the greatest amount of
interest are spider silk and dragline silk in particular, produced by major ampullate glands
and the cocoon silk of Bombyx mori (B. mori). The ongoing evolutionary optimization of silks
from silkworms and spiders exhibit outstanding mechanical properties, such as strength and
extensibility, as well as toughness, which outperform most other natural and man-made silk
fibers (Table 1) [3, 4]. Due to its smooth texture, luster and strength, silks from natural
silkworms have been extensively used in apparel and fashion applications for thousands of
years [5]. Silks from spiders have also been utilized throughout history, such as sutures and
fishing equipment in ancient Greece and Australasia.

In contrast petrochemical-based synthetic polymers commonly used today, such as polyethy‐
lene, which is formed by polymerization of ethylene at high temperature and pressure, or
under the presence of some metal-based catalysis, B. mori and spider spin fibers from a highly
concentrated, water-based protein solution under mild conditions [6, 7]. Due to current trends
in exploration of natural biological materials and the demand for environmentally friendly
(green) materials, investigation of the applications of silk fibers has steadily gained promi‐
nence. Silk fibers are emerging as candidates for applications in even non-apparel areas due
in part to recognition for their extraordinary mechanical properties, as well as their biocom‐
patibility and biodegradability. Currently, the promotion of silkworm as bio-factory to

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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silks used for building structures to capture prey and protect their offspring against environ‐
mental hazards [2]. The most investigated categories that have piqued the greatest amount of
interest are spider silk and dragline silk in particular, produced by major ampullate glands
and the cocoon silk of Bombyx mori (B. mori). The ongoing evolutionary optimization of silks
from silkworms and spiders exhibit outstanding mechanical properties, such as strength and
extensibility, as well as toughness, which outperform most other natural and man-made silk
fibers (Table 1) [3, 4]. Due to its smooth texture, luster and strength, silks from natural
silkworms have been extensively used in apparel and fashion applications for thousands of
years [5]. Silks from spiders have also been utilized throughout history, such as sutures and
fishing equipment in ancient Greece and Australasia.

In contrast petrochemical-based synthetic polymers commonly used today, such as polyethy‐
lene, which is formed by polymerization of ethylene at high temperature and pressure, or
under the presence of some metal-based catalysis, B. mori and spider spin fibers from a highly
concentrated, water-based protein solution under mild conditions [6, 7]. Due to current trends
in exploration of natural biological materials and the demand for environmentally friendly
(green) materials, investigation of the applications of silk fibers has steadily gained promi‐
nence. Silk fibers are emerging as candidates for applications in even non-apparel areas due
in part to recognition for their extraordinary mechanical properties, as well as their biocom‐
patibility and biodegradability. Currently, the promotion of silkworm as bio-factory to

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



produce silk fibers fitting for innovative and advanced functional biological applications is a
big trend. Compared to silkworm silks, the potential commercial applications for many spider
silks are still extremely finite due to reasons such as difficulty of high-density spider farming,
which is limited by the cannibalistic nature of most spiders. Additionally, only ~12 m of silk
can be obtained from a complete spider web, this is extremely small in comparison to the 600
to 900 m of silk that is yielded by one silkworm cocoon [8].

Figure 1. Schematic overview of different silk types produced by female orb-weaving spiders (Araneae). Each silk type
(highlighted in red) is tailored for a specific purpose. (Reprinted from Ref. [1]. Copyright 2011, with permission from
Elsevier.)

Fibers Stiffness Strength Extensibility (%) Toughness

(GPa) (GPa) (MJ∙m-3)

B. mori cocoon silk 7 0.6 18 70

B. mori reeled silk 15 0.7 28 150

A. Diadematus silk (dragline) 10 1.1 27 180

A. Diadematus silk (flagelliform) 0.003 0.5 270 150

Wool (at 100% RH[b]) 0.5 0.2 5 60

Elastin 0.001 0.002 15 2

Nylon fiber 5 0.95 18 80

Kevlar 49 fiber 130 306 2.7 50

Carbon fiber 300 4 1.3 25

High-tensile steel 200 1.5 0.8 6

Table 1. Comparison of mechanical properties of natural silks and other synthetic fibers[a]. ([a] Data taken from refs. [3,
4]. [b] RH, relative humidity.)
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Artificial spinning is the most promising method of promoting the application of silk fibers,
as it can output sufficient man-made fibers cost-effectively and with specific tailored proper‐
ties. Remarkable efforts for silk fiber reproduction via reconstituted/recombinant silk fibroin
are currently underway [9, 10]. Reconstituted silk protein is derived from B. mori cocoons and
the degummed B. mori silk fibers, they are soluble in concentrated LiBr aqueous solutions,
yielding reconstituted silk protein solutions after dialysis [9]. Recent advances in transgenic
technology enable the high level expression of recombinant proteins. Spider silk proteins have
been produced by other organisms so that recombinant spider silk protein might be suitable
for creation of artificial silk threads or other applications. Host organisms include bacteria,
yeasts, animal cells and plants [3]. In order to biomimic native silks, the reconstituted or
recombinant proteins used to spin artificial silks should possess amino acid similar to the ones
found in native sites for sequence and composition. However, the properties of synthetic silk
fibers currently do not meet the standards of native silks yet, as the composition, hierarchical
structure and production conditions of natural silks all reportedly affect their mechanical
properties [11]. Consequently, a profound knowledge of the natural formation process,
chemical composition, relationships of structure and properties of silk fibers seems therefor
imperative.

Thanks to recent developments in modern analytical techniques, significant progress has been
made with respect to the structural characterization of silk. These techniques can provide
molecular information about silk, including microscopic methods (atomic force microscopy
(AFM), scanning and transmission electron microscopy (SEM and TEM), and scanning
transmission x-ray microscopy (STXM)) and synchrotron x-ray diffraction (wide-angle x-ray
diffraction (WAXD) and small-angle x-ray scattering (SAXS) combined with synchrotron
radiation). Solid-state nuclear magnetic resonance (SS-NMR) is a powerful technique because
it allows for the study of molecular structure and dynamics of semi-crystalline and amorphous
materials. Raman and FTIR spectroscopy can provide the dominant conformational contents
of a fiber. Raman microspectroscopy can be used to determine quantitative parameters
characterizing the molecular structure (orientation and conformation, amino acid composi‐
tion) of micrometer-sized biological samples. In this chapter, we will provide an overview of
the current understanding of the silk fibers’ structure taken advantage of these analytic
methods, then describe in detail the structure-property relationships and the formation
processes of silk fiber. Additionally, we will explore material morphologies and applications
of these silk fibers.

2. The structure-property relationship of silk fibers

The structure-property relationship is one of the most intriguing ‘mysteries’ of silk fibers.
Various studies have suggested that there is a strong connection between the structures of silk
fibers and their physical (e. g., mechanical) properties. An understanding of the structure-
property relationship requires background knowledge of local structure, including the
component and composition of silk fiber, the conformation and orientation of constitutive units
with respect to the fiber, and so on.
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2.1. The structure and composition of B. mori and spider dragline silk fibers

In principle, the full range of properties of silk fibers can be calculated from their structural
morphology and chemical composition. On the macroscopic level, the morphological structure
of B. mori silk and spider dragline silk are very similar, as both possess a core-shell structure
(Figure 2) [12]. The silk thread diameter varies across types and species. For example, coating
the two core brins of B. mori silk fiber with sericin yields fibers about 20 µm width. Spider
dragline silks have a diameter of 3-5 µm and to date, have been described to contain only one
protein monofilament.

Figure 2. Examples of silk fibers produced by silkworms and spiders and a schematic illustration. (Reprinted from Ref.
[12]. Copyright 2008, with permission from Elsevier.)

Silk fibers are normally polyamino acid-based fibrous proteins. In contrast, the synthetic
polymers, which are usually homopolymers or copolymers consisting of one or several simpler
monomer, the biopolymers − silk fibers, the primary sequence and linkage between the
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monomers are arranged in a strictly controlled manner and are responsible for the formation
of well-defined structure [13]. A range of microscopy methods, including SEM, TEM, and
AFM, have been used to investigate the microstructure of silk fiber [14-19]. The results
confirmed that silk fibers are composed of well-oriented bundles of nanofibrils. Generally, the
coatings of silk fibers function as glue. The sericin coating, which occupies 25-30% of the weight
of B. mori silk fiber, glues the two core brins together. However, recent studies have provided
evidences that the coating may act as a fungicidal or bactericidal agent [20]. It may also have
a role in the complex spinning process. Studies have demonstrated the presence of microvoids
for both silk fibers [21, 22]. Microvoids are thought to develop during the final stages of the
spinning process, in which viscous protein aqueous is stretched or loaded into the fibers.

As two major families of silk proteins, fibroin is the chief component of silkworm silk fiber,
while spidroin (also named spider fibroin) is the analogue in spider silk fiber. The B. mori silk
fibroin is composed of two protein chains, heavy-chain (H-fibroin) with the molecular weight
of approximately 350 kDa and light chain (L-fibroin, Mw ~ 26 kDa) covalently linked by a
disulfide bond at the carboxy-terminus of the two subunits [23-25] (Figure 3a). The main
proteinaceous constituents of spider dragline silk are typically two major ampullate spidroins,
MaSp1 and MaSp2, which are estimated to range from 250-350 kDa or larger [26-29]. A common
feature of fibroins is the high content of alanine and glycine residues.

Figure 3. (a) Silkworm fibroin consisting of a covalently linked highly repetitive heavy and non-repetitive light chain.
(b) Spider silk spidroins consist of a large repetitive core domain flanked by non-repetitive amino-(NRN) and carboxy-
terminal (NRC) domains. (Figure slightly modified with permission from Ref. [30]. Copyright 2011 Wiley Periodicals,
Inc.)

2.2. Hierarchical structure of fibroin in B. mori and spider silk fibers

The primary sequence plays an important role in defining basic materials. Despite being
quite  different  in  their  primary  structure,  B.  mori  fibroin  heavy  chain  and  spider  spi‐
droins share fundamental  similarities.  Both have large central  core of  repeated modular
units (Figure 4), flanked by nonrepetitive amino- (NRN) [31, 32] and carboxy- (NRC) [29]
terminal domains (Figure 3). The light chain of B. mori fibroin, has a standard amino acid
composition and a nonrepeating sequence. It plays only a marginal role in the fiber [33].
The  organization  of  the  repeating  modular  units  can  differ  significantly,  as  seen  in  the
sequences of different protein types. As the major component of B. mori fibroin, the complete
amino acid sequence of the B. mori fibroin heavy chain is composed of a highly repetitive
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(Gly-Ala)n  sequence  motif  and tyrosine-rich  domains  [34].  In  MaSp1,  the  modular  units
mainly consist of a subset of the sequence motifs (Ala)n followed by several GGX motifs,
with X representing a variable amino acid. In MaSp2, the GGX motif  is replaced by the
GPGXX motif, which contains more proline residues [26, 27]. The modular units are repeated
up to several hundred times in the central core of B. mori fibroin heavy chain and spider
spidroins such that they largely determine the macroscopic properties of  the fibers.  The
highly  conserved  sequence  of  nonrepetitive  amino-  and  carboxy-  terminal  domains  are
essential for fiber formation and expected to be of functional relevance [35-39]. Moreover,
the  analysis  of  the  hydropathicity  of  these  fibroins  reveals  a  pair  of  hydrophobic  and
hydrophilic counterparts.  The central region of the protein is mostly hydrophobic, while
the nonrepetitive amino- and carboxy- terminal domains are more hydrophilic [40].

Figure 4. Typical amino acid sequences of repetitive core of B. mori fibroin heavy chain, minor ampullate spidroins and
major ampullate spidroins. The highly repetitive (Gly-Ala)n and (Ala)n sequence motifs are highlighted in red. The ac‐
cession numbers for the sequences are P05790, P19837, P46804, AAC47009 and AAC47010 respectively.

The primary structural motifs have a preferred secondary structure and give rise to structures
higher up the hierarchy. NMR, circular dichroism (CD), IR and Raman spectroscopy were
usually used to examine the chemical, conformational, and orientational information of
secondary structures for silk proteins [41-51]. There are three major conformations of silk
proteins: the random coil, the α-helix and the β-sheet [52-54]. Using the approach of Porter,
and reducing the complex secondary structure of silk proteins into fractions of ordered and
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disordered material, they are roughly equivalent to crystalline and non-crystalline phase of
silk proteins, respectively [55, 56].

The solid threads are characteristic of well-oriented β-sheet, the dominant secondary structure
in silk fibers [57-59]. The first Raman spectrum of B. mori silk fiber has clearly shown the
predominance of β-sheet, matching the results previously obtained from other techniques [60].
The total amount of β-sheet is around 50% for B. mori silk, which matched the proportion of
the (Gly-Ala)n motif [42, 43, 46]. Therefore, it is widely accepted that the B. mori fibroin is
composed of a highly repetitive (Gly-Ala)n sequence motif adopting antiparallel β-sheet
conformation, namely silk II of the crystalline form. The β-sheet crystallite is the molecular
network constructed by crosslinking β-sheet conformation of the molecular structures within
several neighboring silk protein molecules [61]. It can be indexed as a monoclinic space group
with a rectangular unit cell parameter of a=0.938 nm, b=0.949 nm and c=0.698 nm for B. mori
silk [62]. Drummy et al. investigated B. mori silk fiber bundles using wide angle X-ray scattering
(WAXS) [63]. The amorphous halo was also investigated from the WAXS pattern. The results
concluded that silk fiber is made up of crystalline regions and connected by regions of
amorphous or non-crystalline regions, each comprising of approximately 50% of the total
structure. These features are in agreement with structural model proposed before [64].

It is quite firmly believed that the (Ala)n domains in spider dragline silk fibers adopt a β-sheet
conformation, which are predominantly found to be antiparallel folding and organized into
crystallite [41, 61, 65]. Based on the x-ray diffraction pattern, the β-sheet crystallites can be
indexed as an orthogonal unit with cell parameters of a=1.03 nm, b=0.944 nm and c=0.695 nm
for Nephila spider dragline silk [66]. From the data presented, the content of β-sheet confor‐
mation in Nephila spider dragline silks ranging from 30% to 40% [46, 48]. This value is much
higher than the 20% average for degree of crystallinity (amount of β-sheet crystallites), as
reported by XRD [67-69]. The lower crystallinity of spider dragline seems to closely correlate
with less highly ordered β-sheet content for diffraction [61].

It is expected that the mechanical properties of silk fibers will critically depend on the
characters of β-sheet crystallites, significant properties include crystallinity, size (aspect ratio,
distribution) and dispersion of β-sheet crystallites, the intercrystallite distance, and the degree
of orientation in the silk fiber. The size of β-sheet crystallite in B. mori silk fiber, determined
via quantitative examination of the dark field TEM images, were revealed to be 20 to 170 nm
in the axial direction and 1 to 20 nm in the lateral direction. And all the crystallites were
uniformly distributed in the whole fiber matrix [14]. The smaller crystallite sizes, as measured
from LVTEM and WAXS images, are a reasonable match to those calculated from Scherrer
analysis of x-ray fiber pattern [63]. It has a large distribution of sizes range from only a few
nanometers to tens of nanometers in length. The average crystallite size of Nephila spider
dragline silks is calculated to be approximately 2 × 5 × 7 nm based on X-ray diffraction patterns
of single and bundles of fiber [70]. The correlation lengths related to intercrystallite distance
along the fiber axis is ~ 13-18 nm, measured from SAXS for Nephila spider dragline silk. This
value is agreeable with the distance between the β-sheets from the MaSp1 sequence [19]. The
quantitative determination of orientation of the secondary structure for silk protein molecules
shows that the β-sheets are aligned parallel to the fiber axis [57] and the β-sheets crystallites

Silk Fiber — Molecular Formation Mechanism, Structure-Property Relationship and Advanced Applications
http://dx.doi.org/10.5772/57611

75



(Gly-Ala)n  sequence  motif  and tyrosine-rich  domains  [34].  In  MaSp1,  the  modular  units
mainly consist of a subset of the sequence motifs (Ala)n followed by several GGX motifs,
with X representing a variable amino acid. In MaSp2, the GGX motif  is replaced by the
GPGXX motif, which contains more proline residues [26, 27]. The modular units are repeated
up to several hundred times in the central core of B. mori fibroin heavy chain and spider
spidroins such that they largely determine the macroscopic properties of  the fibers.  The
highly  conserved  sequence  of  nonrepetitive  amino-  and  carboxy-  terminal  domains  are
essential for fiber formation and expected to be of functional relevance [35-39]. Moreover,
the  analysis  of  the  hydropathicity  of  these  fibroins  reveals  a  pair  of  hydrophobic  and
hydrophilic counterparts.  The central region of the protein is mostly hydrophobic, while
the nonrepetitive amino- and carboxy- terminal domains are more hydrophilic [40].

Figure 4. Typical amino acid sequences of repetitive core of B. mori fibroin heavy chain, minor ampullate spidroins and
major ampullate spidroins. The highly repetitive (Gly-Ala)n and (Ala)n sequence motifs are highlighted in red. The ac‐
cession numbers for the sequences are P05790, P19837, P46804, AAC47009 and AAC47010 respectively.

The primary structural motifs have a preferred secondary structure and give rise to structures
higher up the hierarchy. NMR, circular dichroism (CD), IR and Raman spectroscopy were
usually used to examine the chemical, conformational, and orientational information of
secondary structures for silk proteins [41-51]. There are three major conformations of silk
proteins: the random coil, the α-helix and the β-sheet [52-54]. Using the approach of Porter,
and reducing the complex secondary structure of silk proteins into fractions of ordered and

Oligomerization of Chemical and Biological Compounds74

disordered material, they are roughly equivalent to crystalline and non-crystalline phase of
silk proteins, respectively [55, 56].

The solid threads are characteristic of well-oriented β-sheet, the dominant secondary structure
in silk fibers [57-59]. The first Raman spectrum of B. mori silk fiber has clearly shown the
predominance of β-sheet, matching the results previously obtained from other techniques [60].
The total amount of β-sheet is around 50% for B. mori silk, which matched the proportion of
the (Gly-Ala)n motif [42, 43, 46]. Therefore, it is widely accepted that the B. mori fibroin is
composed of a highly repetitive (Gly-Ala)n sequence motif adopting antiparallel β-sheet
conformation, namely silk II of the crystalline form. The β-sheet crystallite is the molecular
network constructed by crosslinking β-sheet conformation of the molecular structures within
several neighboring silk protein molecules [61]. It can be indexed as a monoclinic space group
with a rectangular unit cell parameter of a=0.938 nm, b=0.949 nm and c=0.698 nm for B. mori
silk [62]. Drummy et al. investigated B. mori silk fiber bundles using wide angle X-ray scattering
(WAXS) [63]. The amorphous halo was also investigated from the WAXS pattern. The results
concluded that silk fiber is made up of crystalline regions and connected by regions of
amorphous or non-crystalline regions, each comprising of approximately 50% of the total
structure. These features are in agreement with structural model proposed before [64].

It is quite firmly believed that the (Ala)n domains in spider dragline silk fibers adopt a β-sheet
conformation, which are predominantly found to be antiparallel folding and organized into
crystallite [41, 61, 65]. Based on the x-ray diffraction pattern, the β-sheet crystallites can be
indexed as an orthogonal unit with cell parameters of a=1.03 nm, b=0.944 nm and c=0.695 nm
for Nephila spider dragline silk [66]. From the data presented, the content of β-sheet confor‐
mation in Nephila spider dragline silks ranging from 30% to 40% [46, 48]. This value is much
higher than the 20% average for degree of crystallinity (amount of β-sheet crystallites), as
reported by XRD [67-69]. The lower crystallinity of spider dragline seems to closely correlate
with less highly ordered β-sheet content for diffraction [61].

It is expected that the mechanical properties of silk fibers will critically depend on the
characters of β-sheet crystallites, significant properties include crystallinity, size (aspect ratio,
distribution) and dispersion of β-sheet crystallites, the intercrystallite distance, and the degree
of orientation in the silk fiber. The size of β-sheet crystallite in B. mori silk fiber, determined
via quantitative examination of the dark field TEM images, were revealed to be 20 to 170 nm
in the axial direction and 1 to 20 nm in the lateral direction. And all the crystallites were
uniformly distributed in the whole fiber matrix [14]. The smaller crystallite sizes, as measured
from LVTEM and WAXS images, are a reasonable match to those calculated from Scherrer
analysis of x-ray fiber pattern [63]. It has a large distribution of sizes range from only a few
nanometers to tens of nanometers in length. The average crystallite size of Nephila spider
dragline silks is calculated to be approximately 2 × 5 × 7 nm based on X-ray diffraction patterns
of single and bundles of fiber [70]. The correlation lengths related to intercrystallite distance
along the fiber axis is ~ 13-18 nm, measured from SAXS for Nephila spider dragline silk. This
value is agreeable with the distance between the β-sheets from the MaSp1 sequence [19]. The
quantitative determination of orientation of the secondary structure for silk protein molecules
shows that the β-sheets are aligned parallel to the fiber axis [57] and the β-sheets crystallites

Silk Fiber — Molecular Formation Mechanism, Structure-Property Relationship and Advanced Applications
http://dx.doi.org/10.5772/57611

75



representing the highly ordered fraction are well-oriented along the silk fiber [70-72]. Addi‐
tionally, the β-sheets of B. mori silks are slightly better oriented than those of dragline silks,
corresponding to the fact that they are more crystalline than spider dragline silk [46].

The non-crystalline regions are often described as amorphous, poorly orientated, or randomly
coiled sections of the peptide. The structural organization in the amorphous phase is not well
understood yet. The existence of β-turn or β-spiral and helical conformations has been
suggested for amorphous domains [42, 46, 65, 73, 74]. Tyrosine residue, on average, may form
distorted β-turns and distorted β-sheets, which is characterized by 13C solid-state NMR in the
amorphous matrix of B. mori silk [42, 75]. The Gly-rich regions in spider dragline silk have been
described as the amorphous rubber based on X-ray diffraction studies [76]. The precise
structure of the GlyGlyX motif in MaSp1 has been somewhat controversial. Recent NMR
studies provided evidence of the presence of less ordered helical type structure or distorted
β-sheets adopted by the GlyGlyX motif [48, 73]. However, for MaSp2, ADF 3 and 4 (the fibroin
of major ampullate dragline silk for spider Araneus diadematus), the structure of the GlyPro‐
GlyXX repeat has been proposed to be a β-turns or spiral structure. The stability of these
structures is given by the interchain hydrogen bonding [77]. The molecular chains in the
amorphous phase are often considered to be randomly oriented. Studies from Raman [46] and
SS-NMR [73] reported that the protein backbones in the amorphous regions of silk fibers are
not randomly oriented but exhibit certain degree of orientation along the fiber axis, albeit much
less oriented than β-sheet crystallites. Meanwhile, the higher level of orientation of the
amorphous phase for the spider silks than that for B. mori silk.

Recent computational approaches have been useful in modeling nanostructure of silk.
Molecular modeling integrated the information known about the structures, and has been used
to characterize the nanostructure of the silk. Based on a bottom-up molecular computational
approach using replica exchange molecular dynamic, Keten et al. reported atomic-level
structures of MaSp1 and MaSp2 proteins from the Nephila Clavipes spider dragline silk
sequence. It showed that poly-alanine segments in silk have an extremely high propensity for
forming distinct and orderly β-sheet crystallites. Previous molecular dynamic simulations on
poly-alanine aggregation also suggested that anti-parallel orientations in the hydrogen
bonding direction and parallel stacking in the side – chain direction leads to stable β-sheets
[78]. Glycine-rich regions are less orderly, predominantly forming helical type structures and
β-turns in amorphous domains. The density of hydrogen bonds in amorphous regions is lower
than in β-sheet crystallites [79, 80]. All of the results are excellently consistent with available
experiment evidence and may contribute towards an improved understanding of the source
of silk’s strength and toughness.

According to the prevalent characterizations mentioned above, silk fiber is considered a
semicrystalline polymer with a hierarchical structure in which highly oriented β-sheets
crystallites connecting with an amorphous matrix are organized in nanofibrils or fibrillar
entities [81] (Figure 5). However, it has been proposed that there exists a third phase, or
interphase consisting of weakly oriented β-sheets regions [68, 82-84] or oriented amorphous
domains [85, 86] in silk. Recent NMR and IR studies performed on silk used hydrogen-
deuterium (H-D) exchange to differentiate among three structures. The data revealed that the
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D2O-inaccessible β-sheets are associated with crystallites, while D2O-accessible ones are
composed of amorphous domains and interphase β-sheets [82-84]. In the case of spider
dragline silk, crystalline component larger in size and poorer in orientation are detectable
beside the ~ 2 nm sized β-sheets crystallite that are commonly observed [69, 87, 88]. These
observations of larger ordered regions have been explained as ‘Non Periodic Lattice (NPL)’
crystals which form as a result of statistical matches between compatible sequences on adjacent
molecular chains. It was revealed that the border where β-sheet crystallite regions and
amorphous domains do not have any discrete phase boundaries. The presence of the inter‐
phase has also been deduced from STXM studies on Nephila dragline silk. It indicates that
highly oriented and unoriented domains are surrounded by a moderately oriented matrix [85].
In summary, there is ongoing debate on the molecular structure of silk at the nanoscopic level.

2.3. The physical (mechanical) properties of silk fibers

Spider silk and B. mori silk feature unique physical properties – such as superior mechanical
properties in terms of toughness (the amount of energy absorbed before breakage) (Table 1).
So far, the maximum strength of spider dragline silk (dragline of Caerostris darwini) up to 1.7
GPa, which exceeds that of steel (1.5 GPa), is in the range of high-tech materials [1]. Due to its
great extensibility, spider dragline silks have three times of toughness of man-made synthetic
fibers like Kevlar 49 [3, 89]. Typical B. mori silk is presumed to be weaker and less extensible
than spider dragline silk. However, when forcibly silking from immobilized silkworms

Figure 5. (a) The hierarchical structure of spider dragline and silkworm silk fiber. Both spider dragline and fibroin are
composed of numerous minute fibrils, which are separated into crystalline and amorphous segments. (b) The minute
fibrils in silkworm B. mori silk as revealed in an AFM image (scale bar: 150 nm). The silk fiber direction is indicated by
the arrow. (Adapted with permission from Ref. [81]. Copyright 2011, WILEY-VCH.)
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artificially at certain spinning speed, the mechanical properties of the specific B. mori silk have
greatly improved to a level that is comparable the toughest spider silk [4].

The mechanical properties of silk fibers can be described by stress-strain curve profiles, which
are generated by stretching the fibers at a specific strain rate. The stress is expressed as force
per cross-sectional area and the strain is defined as a normalized extensibility. Typical stress-
strain curves for B. mori silkworm silk and spider dragline silk show both elastic behavior
followed by plastic deformation [90]. The linear portion of the curve, up to the yield point, is
the elastic region. The slope is defined as Young’s modulus [91], a measure of the stiffness of
the fiber. After the yield point, the fiber buffers the plastic deformation and the stress-strain
profiles are subjected to sudden slope changes. This behavior indicates that major structural
transition from rubberlike to glassy state occurs in the fiber [92-94]. These characteristics have
driven scientists to explore the structural origin of the high-performance silk fiber, with the
goal of obtaining templates for designing novel materials with comparable properties.

2.4. The structure-property relationship of silk fibers

Evidently, the attractive macroscopic mechanical properties of silk fiber can be ascribed to the
structural effects. Most of the attention has focused on the nanometer scale: predominantly,
primary and secondary structure, as well as organization and arrangement of protein mole‐
cules. In terms of primary structure of silk proteins, amino acid composition, sequential order
and the number of the motifs in each module are important for the mechanical properties of
the final fibers. For example, the primary structure of Antheraea pernyi (A. pernyi) silk fibroin
produced by the ‘wild’ silkworm, especially the motif, is more like that of major ampullate
spidroins than that of B. mori fibroin [34, 95]. It has been found that such ‘wild’ silkworm silk
displays similar mechanical properties as spider dragline silk [96]. In addition, six novel silk
proteins from Mygalomorphae (terantulas) do not possess high tensile strength and elasticity,
due to the absence of the four motifs found in major ampullate spidroins [97]. Several studies
have tried to establish correlations between specific peptide segments and the mechanical
functions of the silk fibers [81, 89, 96, 98-100]. For example, glycine and proline play important
specific roles in silk, as they modulate the backbone hydration and conformational order of
peptides to govern the behavior of the fibers [101]. The proline-containing motif, GPGXX, was
hypothesized to account for the elasticity of silk [102]. However, the primary structure of silk
proteins alone does not explain the properties of silk fibers. With merely the protein of the
right primary structure, the artificial spun silk fiber is far inferior to the native one [103].

The mechanical properties of silk fibers, also depend crucially on spinning conductions, such
as humidity, temperature, and reeling speed, and so on [19, 104]. Variations in crystallinity
and alignment can be found within the silk fiber due to variations in reeling speed of the
collected sample. These variations have been mapped to mechanical properties by affecting
the formation of the β-sheet crystals. As reeling speed is increased, the content of β-sheet
structures rise in silk, with increasing orientation of both crystalline and amorphous fractions
[105, 106]. Additionally, the tensile properties (the breaking stress and modulus) of silk fibers
increase while breaking strain decreases [4, 19, 107]. It has also shown that reducing the crystal
size by increasing the reeling speed has a significant influence on the toughness and ultimate
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strength of the fiber [19]. Recently, Buehler et al. investigated β-sheet nanocrystals using the
sequence from B. mori silk as a model system. They examined the key mechanical parameters
of the silk β-sheet nanocrystals as a function of size. It concluded that small nanocrystals are
predominantly loaded in uniform shear so that the hydrogen bonds in β-sheet strands break
by means of stick-slip motion with enhanced energy dissipation and leading to greater stiffness
and fracture resistance of silk [108]. Molecular models of silk protein β-sheet crystals with
variation in their β-strand length were mechanically tested in molecular dynamics simulations.
It was found that β-strands of around eight residues in length were optimal [109]. In summary,
primary structure and spinning conditions both contribute to the observed structures higher
up the hierarchy associated with the mechanical properties of the silk fiber.

Modern analytical technologies and tools have steadily contributed to the progress in experi‐
mental studies of the structure of silk fibers, as described above. However, it is still no
consensus on the hierarchical structure of silk at the nanometer scale. Some models have been
proposed to interpret the structure-property relationship of silk fibers. The first such model
was Termonia’s early model [64]. The model hypothesized that silk is a hydrogen-bonded
amorphous phase with embedded stiff crystal domains acting as multifunctional cross-links
and creating a thin layer of high modulus in the amorphous regions. The stiff hydrogen bonds
are first broken to give the fiber its high initial modulus. Meanwhile, it allows the dynamic
rubber phase to redistribute the deformation field for prediction of the nonlinear large strain
deformation. The simulated properties based on the theoretical model properly reproduce the
combination of high initial modulus, strength and toughness of dragline silk fiber. However,
in this model, a theoretical modulus of 160 GPa for rigid β-sheets crystals, assuming fully
extended crystals, is much higher than the moduli for β-sheets crystals obtained from experi‐
ments and molecular dynamic simulation [110-112]. Porter and Vollrath et al. includes
morphological parameters by simplifying complex structural arrangements of silk fiber into
ordered and disordered fractions which are best quantified by the number of amide-amide
hydrogen bonds between adjacent chains. These fractions can each impart individual attrib‐
utes to the property profile (such as stiffness and energy dissipation). This model predicts the
range of silk tensile properties in good agreement with the experimental observation [56,
113]. Krasnov et al. established a viscoelatic model for B. mori silk in the form of standard three-
parameter Maxwell model, where the elastic modulus is split into amorphous and crystalline
elastances. Subsequently, the elastic modulus is parallelly connected to the elements standing
for the relaxation processes of the amorphous regions which are observed through cyclic
tensile stretching measurements on a single silkworm silk fiber. They separated the mechanical
properties of the crystalline and amorphous phases, as well as the interplay between mechan‐
ical properties and morphology, of silk. The model fits well with the reports of testing
experiment [111]. Buehler et al. presented a simple coarse-grained model in which a combina‐
tion of β-sheet nanocrystal and semi-amorphous region is modeled by beads connected via
multilinear springs in a serial arrangement, representing the fundamental unit building block
of the silk fiber. The mechanical behavior of these domains was simulated based on this model
and the resulting stress-strain curve displays the characteristic shape observed in silk. It
develops a fundamental understanding of silk’s mechanics. In general, amorphous regions
contribute to the elasticity of the material. The amorphous regions unravel first when silk is
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peptides to govern the behavior of the fibers [101]. The proline-containing motif, GPGXX, was
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strength of the fiber [19]. Recently, Buehler et al. investigated β-sheet nanocrystals using the
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predominantly loaded in uniform shear so that the hydrogen bonds in β-sheet strands break
by means of stick-slip motion with enhanced energy dissipation and leading to greater stiffness
and fracture resistance of silk [108]. Molecular models of silk protein β-sheet crystals with
variation in their β-strand length were mechanically tested in molecular dynamics simulations.
It was found that β-strands of around eight residues in length were optimal [109]. In summary,
primary structure and spinning conditions both contribute to the observed structures higher
up the hierarchy associated with the mechanical properties of the silk fiber.

Modern analytical technologies and tools have steadily contributed to the progress in experi‐
mental studies of the structure of silk fibers, as described above. However, it is still no
consensus on the hierarchical structure of silk at the nanometer scale. Some models have been
proposed to interpret the structure-property relationship of silk fibers. The first such model
was Termonia’s early model [64]. The model hypothesized that silk is a hydrogen-bonded
amorphous phase with embedded stiff crystal domains acting as multifunctional cross-links
and creating a thin layer of high modulus in the amorphous regions. The stiff hydrogen bonds
are first broken to give the fiber its high initial modulus. Meanwhile, it allows the dynamic
rubber phase to redistribute the deformation field for prediction of the nonlinear large strain
deformation. The simulated properties based on the theoretical model properly reproduce the
combination of high initial modulus, strength and toughness of dragline silk fiber. However,
in this model, a theoretical modulus of 160 GPa for rigid β-sheets crystals, assuming fully
extended crystals, is much higher than the moduli for β-sheets crystals obtained from experi‐
ments and molecular dynamic simulation [110-112]. Porter and Vollrath et al. includes
morphological parameters by simplifying complex structural arrangements of silk fiber into
ordered and disordered fractions which are best quantified by the number of amide-amide
hydrogen bonds between adjacent chains. These fractions can each impart individual attrib‐
utes to the property profile (such as stiffness and energy dissipation). This model predicts the
range of silk tensile properties in good agreement with the experimental observation [56,
113]. Krasnov et al. established a viscoelatic model for B. mori silk in the form of standard three-
parameter Maxwell model, where the elastic modulus is split into amorphous and crystalline
elastances. Subsequently, the elastic modulus is parallelly connected to the elements standing
for the relaxation processes of the amorphous regions which are observed through cyclic
tensile stretching measurements on a single silkworm silk fiber. They separated the mechanical
properties of the crystalline and amorphous phases, as well as the interplay between mechan‐
ical properties and morphology, of silk. The model fits well with the reports of testing
experiment [111]. Buehler et al. presented a simple coarse-grained model in which a combina‐
tion of β-sheet nanocrystal and semi-amorphous region is modeled by beads connected via
multilinear springs in a serial arrangement, representing the fundamental unit building block
of the silk fiber. The mechanical behavior of these domains was simulated based on this model
and the resulting stress-strain curve displays the characteristic shape observed in silk. It
develops a fundamental understanding of silk’s mechanics. In general, amorphous regions
contribute to the elasticity of the material. The amorphous regions unravel first when silk is
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being stretched, leading to its large extensibility. Conversely, highly ordered, crystalline
regions play a major role in determining the strength and stiffness of silks [114].

Multi-scale experimental and simulation analyses are the key to improve our systematic
understanding of how structure and properties are linked. The mechanical mechanism at the
macroscopic scale, namely, the fibril, including morphology and its consequence for mechan‐
ical behavior and the mechanistic interplay with nanostructure of silk, has also been elucidated
[115-117]. At the same time, many experiments have been employed to assess the effect of
structural changes on the mechanical deformation of silk [118-121]. When mechanical load are
applied to the fibers, conformation, reorientation, crystallite size, and some other structural
characters are monitored to explain the structure-property relationships.

Figure 6. A schematic model demonstrating how the silkworm and spider dragline fibers respond when they are sub‐
jected to stretching. There are two components in the alanine-rich regions of spider dragline silk: β-crystallites and
intramolecular β-sheets. (Adapted with permission from Ref. [81]. Copyright 2011, WILEY-VCH.)

The experimental and computational investigations shown above have explored mechanical
properties of B. mori silkworm silks and spider draglines at different structural hierarchies
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from sequence to crystallites to fibrils to fibers, as well as the effect of structural changes on
the overall mechanical behavior of silk fibers. In particular, a closer analysis of the mechanical
response, spider draglines behave typically the strain-hardening process in the post-yield
region [81]. Based on the ‘β-sheet splitting’ mechanism [122], the occurrence of strain-harden‐
ing in spider dragline as response to the structural factors has been clearly addressed. Spider
dragline silk can acquire extra toughness as a strain-hardening material by breaking intramo‐
lecular β-sheets. On the other hand, B. mori silkworm silk has far fewer intramolecular β-sheets
in the amorphous region, therefore it is less extensible and only exhibits strain-weakening after
yield point (Figure 6).

Furthermore, unlike B. mori silk and the other types of spider silks, the mechanical properties
of spider dragline silks are greatly influenced by water. When an unconstrained dragline silk
fiber is immersed in water or comes in contact with a relative humidity greater than 60%, the
thread starts to swell radially, doubling in diameter and a shrinking to half of its original length
[123]. This process is known as supercontraction, which is another interesting property of
spider silk. A number of research groups have used different experimental techniques to
understand supercontraction and the underlying mechanisms [124-126]. It is assumed that
supercontraction is a result of reorientation of hydrogen bonds within the chains of protein
molecules and is accompanied with the release of the prestress [127-130]. Some researchers
attributed supercontraction mainly on the proline content of MaSp2 protein. Notably, the
content of proline does not correlate with the mechanical performance of spider dragline silk
fibers from different species, but influences the mechanical properties of wetted dragline silks
[99, 126, 131, 132]. Recently, Guan et al. discussed the role of the two MaSp1 and MaSp2 proteins
in supercontraction and quantified a contraction of about 13% maximum, linked to the
disordered component of MaSp1 protein. Thus the remaining supercontraction to a total of
about 30% is linked to the intrinsically disordered proline-containing fraction of MaSp2 protein
[133]. After supercontraction, the silk is called supercontracted fibers, and are usually to be
employed to study the structure-property relationship of silk fiber [123, 134].

3. Silk protein assembly and silk fiber formation mechanism

The remarkable mechanical properties of silk fibers have spawned great interests in determi‐
nation of their origin. Systematic studies of the natural spinning process of silk fibers have
shown a highly sophisticated hierarchical process, allowing for the transformation of soluble
silk protein into solid fibers with specific mechanical and functional properties. Although
much is already known about the characteristics of the silk proteins and silk fibers themselves,
the process for silk assembly and spinning into fibers is yet to be resolved. A detailed knowl‐
edge of silk fiber formation is critical for the biomimetic production of tough silk-like fibers.

3.1. Natural spinning process for B. mori silk and spider draglines

In nature, silk proteins are secreted and stored in the glands until they are processed into fibers.
Morphological and histological studies demonstrate that the silk glands of B. mori silkworm
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in the amorphous region, therefore it is less extensible and only exhibits strain-weakening after
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much is already known about the characteristics of the silk proteins and silk fibers themselves,
the process for silk assembly and spinning into fibers is yet to be resolved. A detailed knowl‐
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are a pair of tubes and the two tubal glands are connecting before the spinneret. The gland of
B. mori silkworm can be divided into three parts: posterior, middle and anterior [135]. The
fibrion protein is synthesized and present in a weak gel in the posterior division. The secreted
proteins are transported to the middle division, where the sericin is synthesized, accumulating
as a shell around the fibroin. Due to the water going out through the cell wall of the gland in
the middle division, highly concentrated gel-like fibroin begins to undergo a gel-sol transition
and serves as a concentrated protein solution of 30 wt% [136]. Notably, the highly concentrated
liquid protein, often referred to as the spinning dope, displays nematic liquid crystal properties
[137-139]. The spinning dope is exposed to the elongational flow and moves forward in the
anterior division. The shear force increases along the anterior division and the spinneret,
leading to the orientation of the liquid crystallinity. The crystalline spinning dope is converted
into a fiber containing water-insoluble silk II. This process is accompanied by extrusion
through the spinneret into air, evaporating the residual water. Another remarkable feature of
the fiber spinning is the stretching force, which is brought about by the repeated drawing back
of the silkworm’s head, causing the orientation of protein molecules along with the silk fiber.

The major gland responsible for the dragline silk of Nephila clavipes spider contains the
following components: a long tail, a wider sac, named ampulla, and spinning duct approaching
the spinneret [140]. Each division of the gland possesses a unique function in fiber formation.
For instance, a highly viscous silk protein solution of ~ 50% (w/v) is secreted from the A-zone
of the gland, which is comprised of the tail and two thirds part of the sac. Further compounds
forming the shell of the fiber may arise in the B-zone of the gland, which occupies the rest part
of the sac. Like in the B. mori silkworm, the viscosity of the spider’s liquid crystalline protein
becomes lower and the spinning dope moves forward in the spinning duct where the orien‐
tation of liquid crystalline protein into a fiber begins. Due to its tapering, the shear force is
increasing along the spinning duct and the stress forces generated in the drawdown process
bring the protein molecules into alignment. Hence the protein molecules join together with
hydrogen bonds to give the final fiber with anti-parallel β-sheet structure. As the silk protein
molecules aggregate and crystallize, they become more hydrophobic, inducing the loss of
water from the surface of the silk fiber [141-143].

3.2. Silk protein assembly and silk fiber formation mechanism on a structural view

The formation of a solid fiber from soluble silk proteins is a remarkable process owing to
complex biochemical and physical changes. For silk spinning, several assembly models, such
as liquid spinning theory [136] and micelle theory [144] have been proposed for the fiber
formation, whereas the details remain to be elucidated. In order to understand the mechanisms
of silk proteins assembly and fiber formation, the structure of proteins stored in B. mori
silkworm gland and the major ampullate gland of spider should be clarified. In vivo, freshly
secreted fibroin first adopts silk I (the crystalline form of B. mori silk fibrion found before the
spinning process) and random-coil conformation [145]. Silk I is less stable as shown by attempts
to study the secondary structure of silk I form using x-ray diffraction, electron diffraction or
SS-NMR have caused the silk I to convert to silk II easily. Silk I remains poorly understood.
Most investigations on the structure of the silk I form have been based on model building of
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peptides such as (Gly-Ala)n [146, 147]. The comparison of these models with limited experi‐
mental data, resulting in a number of conflicting models describing the structure of silk I.
Recently, the structure of silk I has been proposed as a repeated β-turn type II-like structure
[148, 149]. The secreted dragline proteins are mainly natively unfolded within the gland and
consist of random-coil and polyproline-II with helix-like structure [150-152]. There is evidence
indicates that the polyalanine motifs form polyproline-II with a helix-like structure. Particu‐
larly, the polyproline-II conformation may be important for maintaining the highly concen‐
trated spinning dope, since the extended polyproline-II structure could prevent the formation
of intramolecular hydrogen bonds. Additionally, the polyproline-II helix in spider fibroin
favors transforming into a β-sheet structure due to their similarity of dihedral angles.

It has reported that B. mori fibroins and spider spidroins usually show micellar-like structure
[16, 144] with an amphiphilic sequence, implying short alternating hydrophilic and hydro‐
phobic amino acid stretches flanked by larger hydrophilic terminal regions [153, 154]. The
intervening hydrophilic blocks located among the hydrophobic blocks in the protein prevent
premature β-sheet formation, thus maintaining the solubility of the solution. Hence, the silk
fiber formation involves shear force inducing the conversion of silk protein with specific
structural conformations into β-sheet structure. This conversion occurs in the spinning ducts
followed by drawing down into fibrillar structure. It has shown upon passage through the
gland and spinning duct, the proteins encounter remarkable changes in their solvent environ‐
ment, such as extensional flow, protein concentration, pH and metal ion concentrations, which
are thought to be contributing factors in silk processing and affecting structural conformations
[3, 142, 155-157]. The changes include removal of some water, slight acidification. In addition,
the concentration of calcium ions (Ca2+) are increased as the silk protein flowed through the
gland in B. mori. Unlike in the silkworm B. mori, the elemental composition of the silk dope in
the spider suggested that Ca2+ ions concentration stayed constant while potassium ions (K+)
concentration increased. Meanwhile, sodium ions (Na+), chlorine ions (Cl−) are removed from
the major ampullate gland.

Experiments made in vitro can provide several relevant insights into the process of silk protein
assembly and the formation mechanism of the silk fiber. To unravel the assembly mechanism,
the reconstituted/recombinant proteins were applied for fiber assembly under specific
condition [158-163]. Jin et al. characterized the change of the supramolecular structure of silk
fibroin with a reduction of the pH, which demonstrates the self-assembly of silk fibroin as a
function of pH. When the pH is reduced from 6.8 to 4.8, a morphological transition of silk
fibroin from spherical micelles to nanofibrils and the conformational transition of silk fibroin
from random coil to β-sheet were observed [158]. It may be driven by the stretching entropy
effect related to the hydrophobic block in the protein. Shniepp et al. [160] deposited the silk
protein solution on mica substrates without and with shearing by spin-coating. Only when
shear force was applied during deposition, fibrillar structures were obtained. A microfluidic
device was employed in which the ion concentrations and pH value could be controlled, and
simultaneously, physical stress could be applied by channel design [163]. Silk fibers formed
after addition of phosphate, application of an elongational flow, and a pH change from 8 to
pH 6.
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Actually, the chemical and mechanical stimuli together are likely to influence the fold of
nonrepetitive amino-terminal and carboxy-terminal and the hydrophilic spacers within the
hydrophobic core domain [37, 135, 158, 164-166]. Due to the larger hydrophilic blocks at the
chain ends of the protein molecules having charged groups, it is possible that they might play
an important role in the molecular assembly and conformational transition at a specific pH
through decreased electrostatic repulsion. A significant step towards understanding the effect
of the terminal domains in assembly was the determination of atomistic structures of the
nonrepetitive terminal regions of MaSp proteins. Kessler and Scheibel’s group reported the
structure of carboxy-terminal domain of Araneus diadematus ADF 3 by NMR spectroscopy [36].
And Johannson, Knight reported the structures of amino-terminal domain of Euprosthenops
australis MaSp1 by X-ray scattering [35]. Interestingly, both terminal domains are mainly
composed of α-helical barrels but with different folds. The carboxy-terminal domain mediates
homodimerization via a disulfide bond [36] and forms a clamp-like structural arrangement. It
seems to be implicated in a number of different functions, including control of solubility and
fiber formation. The carboxy-terminal domains are able to form supramolecular assemblies
resembling micellar-like structure, which is stabilized by the chaotropic ions (Figure 7). The
amino-terminal domains are monomeric at pH 6.8 and above [35]. And recent NMR and light
scattering studies on the amino-terminal nonrepetitive domain of Latrodectus hesperus
confirmed that a combination of pH and salt concentration controlled the dimerization. The
monomer was clearly stabilized at neutral pH in the presence of salt. While the lower pH and/
or the reduced salt concentration causes the amino-terminal nonrepetitive domain to dimerize
in an antiparallel fashion to create head-to-tail dimmers to dimmers [165]. The pH dependence

Figure 7. Schematic formation mechanism of the hierarchical assembly from molecular silk fibroin to microfibers.(Re‐
printed from Ref. [1]. Copyright 2011, with permission from Elsevier.)
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of silk fiber formation showed that an oligomerization is greatly increased with a drop in pH
at about 6.0, which is triggered by the amino-terminal domain [35, 165]. The structural changes
of the amino-terminal nonrepetitive domains rearrange the position of the core regions within
the micellar-like structure, together with mechanical stimuli supports the β-sheet formation.
With the exchange of chaotropic ions for the relatively kosmotropic ions, exposing hydropho‐
bic patches can enhance the assembly process. The amino-terminal and carboxy-terminal
domains sense changes in salt, pH, and shear force. And the fine-tuned interplay between these
parameters enables the silkworm and spider to efficiently produce a stable very tough fiber
under mild conditions

4. Advanced applications of silk fibers

Traditionally, silk has been utilized in the construction of textiles. Current research in silk fibers
involves their innovative trends and advanced applications. Basically, the rich proportion of
essential amino acids in silk fibers indicates high nutritive value, meaning that silk fibroin can
be used as a dietary additive [167-169]. Furthermore, the amino acids, glycine, alanine, serine
and tyrosine are of vital for nourishing the skin. The crystalline structure of silk protein reflects
UV radiation, acting as protective buffer between the skin and environment. The extracts of
silk protein are used in soap making, personal care and cosmetic products. The silk protein is
also applied to enhance glossy, brightness, and softness of products. In addition, the produc‐
tion of advanced man made super-fibers such as Kevlar involves petrochemical processing,
which contributes to pollution. Interest in silk fibers is mainly due to the combination of the
mechanical properties and eco friendly way in which they are made. Spider silk fibers have
been envisioned to be applied in a variety of technical textiles, including parachute cords,
protective clothing and composite materials in aircrafts, which demand high toughness in
combination with sleaziness.

Silks are biocompatible, biodegradable and have implant ability, as well as morphologic
flexibility. Silk fiber has been used as extremely thin suture for eye or nerve surgery for long
history [170]. Nowadays, one attractive application of silk fibers is act as a source of novel
biomaterials. Recent progress with processing of silk fibers into various material forms, usually
via the formation of the fibroin/spidroin solution, including thread, hydrogels, tubes, sponges,
microspheres, particles and films [9, 171], promotes the field of applications for silk fibers in
general (Figure 8) [172]. Silk protein can be modified by chemical treatment or used in
combination with other materials and the silk-based biomaterials have been transformed for
high-technology uses, with promising futures in the fields of biomedicine and material
engineering. Numerous studies have demonstrated that fibroin supports cell attachment and
proliferation for a variety of cell types [173-178]. Studies have established a potential for silk-
based biomaterials use as tissue engineering scaffolds, such as skeletal tissue like bone [179],
ligaments [180], and cartilage [181, 182], as well as skin [183], blood vessels [184] and nerve
[185]. Silks can be designed and offer another biomedical applications, such as delivery of small
molecule drugs, proteins and genes [186]. Silk fibroin possesses remarkable optical properties,
such as near-perfect transparency in a visible range. It has been identified as a suitable material
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for the development of biophotonic components [187-189] in biomedical device performing
electronics or sensors [190-198]. Surely, these impressive biopolymers are extremely promising
for their potential applications in material science and engineering.

5. Conclusions

Our review in current chapter concentrated on B. mori silk and spider dragline. It links the
physical and mechanical properties of native silk to the molecular make up, assembly and
formation process in B. mori silkworm and spider. Over the last decade, there has been
considerable progress in understanding the molecular structure of silk, which has inspired us
a range of research utilizing the repeating modules of silk in combination with other chemical
motifs to develop novel materials. The physical properties of silks highlight the potential for
threads to act as high performance fibers. The advances in genetic engineering and gene
sequencing enable the production of recombinant proteins in large amount and the exploration
of various applications foreseeable in industry. The key point for this area is the development
of suitable spinning technologies to reproducibly form threads with properties similar to that
of the natural silk. The molecular assembly process of silk has provided us concepts to copy

Figure 8. Possible structure and technical applications of the silk fibers. The dotted line shows an example of the ver‐
satility of silk and the multiple possible applications. (Figure slightly modified with permission from Ref. [172]. Copy‐
right 2012, Elsevier.)
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and mimic the silkworm’s or spider’s ways of making and processing silks with tunable
properties. Such knowledge is beneficial for further improvement of synthetic polymer-based
materials. Combined with the discovery of new bio-inspired materials, the future application
space seems more and more broad. As a whole, further development of related yield is
underway.
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1. Introduction

It is difficult, if not hazardous and partisan, to rank the top advances of organic chemistry in
the last approx. 20 years for their role in the development of this science and adjacent,
complementary others. It can, however, be said with certainty that the field of homogeneous
(HOHAO) and heterogeneous heterobifunctional acyclic oligomers (HEHAO) [1] of ethylene
oxide, through their diversity of macromolecular architectures and effects, turns out to be one
of the most significant achievements. Their importance resides mainly in the resolve by
affordable means of some fundamental problems of organic synthesis by the transfer to the
same phase of reaction partners with different polarities (organic substrate and water-soluble,
usually inorganic, reactant).

Pioneering attempts to structure homogeneous PEO chains with n=3-20 are recorded between
the fourth and sixth decades of the XXth century and found in technical bulletins issued by
large corporations (Hülles, Henkel, Union Carbide, Shell Oil etc.). For reasons of intellectual
property protection (in the absence of patents) the technological information recorded within
these publications are summary in terms of processing parameters, conversions, or secondary
products.

Mulley, B.A. [2] has the merit of the first to de-centralize and systematize the efforts to structure
the first proper homogeneous PEO chains in the true meaning of “homogeneous heterobi‐
functional acyclic oligomers of ethylene oxide” (HOHAO). The compounds reported by him
are really just “homogeneous monofunctional acyclic oligomers of ethylene oxide”.

The material presented below introduces the reader to the field of homogeneous heterobi‐
functional acyclic oligomers of ethylene oxide (HOHAO).

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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HOHAO, “tailor-made macromolecules” (“designer macromolecules”) with the general
structure (Figure 1), fall into the category of “niche” unitary organic compounds (derivatives
of polyethylene glycols PEGn).

R1-O-(-CH2CH2O-)n-R2

n=homogeneous oligomerization degree (strictly monitored value); R1, R2=aliphatic, aromatic or mixed derivatization
terminals

Figure 1. General structure of homogeneous heterobifunctional acyclic oligomers of ethylene oxide

Why have unitary polyoxyethylene chains PEO imposed themselves? On the one hand to
eliminate the cumulative manifestation of the colloidal physico-chemical behavior of the group
of chain homologues in the polydisperse heterogeneous structures (technical products)
obtained by anionic polymerization; on the other hand to definitely delineate the colloidal
physico-chemical competences of each homologue.

2. Ethylene oxide (EO) — Structure, properties, consequences

The origin of the steadily increasing interest that has fascinated for over a century the scientific
effort of many researchers, laboratories and concerns for polyethylene glycols (PEGn) and
polyoxyethylene chains (PEO), is largely due to the specific structure and properties of
ethylene oxide [3,4]. A slightly colored gas at 25°C, with a sweetish odor and taste characteristic
of ethers particularly at concentrations above 500 ppm in air, it is readily soluble in water,
ethanol and other organic solvents.

It is relatively thermally stable. In the absence of catalysts up to 300°C it does not dissociate,
but above 570°C the major exothermic decomposition is recorded.

Union Carbide at the beginning of the 20th century inaugurated the first production plant of
EO by the air oxidation of ethylene in the presence of catalytic metallic silver. Later Shell Oil
Co. replaced air with high-purity oxygen and processed EO at 200-300°C and 1-3 MPa,
respectively, with an oxidation yield between 63-75% and 75-82%.

The reactivity of the three-atom (two carbon, one oxygen) ether heterocycle (oxirane) (Figure
2a), also founded on the “ring tension theory”, favors the nucleophilic attack of organic
compounds with hydroxyl, thiol, primary and/or secondary amine, etc., function with
breaking of the C-O bond of the oxirane ring.

Its typical reactions are with nucleophiles, which proceed via the SN2 mechanism, both in
acidic (weak nucleophiles: water, alcohols) and alkaline media (strong nucleophiles: OH¯,
RO¯, NH3, RNH2, RR'NH, etc.). The general reaction scheme is presented in Figure 2b.

Reactions of ethylene oxide with fatty alcohols proceed in the presence of sodium metal,
sodium hydroxide or boron trifluoride and are used for the synthesis of surfactants.
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The reaction is carried out in a special insulated reactor under inert atmosphere (nitrogen) to
prevent the possible explosion of ethylene oxide. Finally, the reaction mixture is neutralized,
degassed and purified.

A narrow-range ethoxylated alcohol also called “peaked ethoxylated” alcohol has a distribu‐
tion curve that is narrower than the equivalent standard alcohol ethoxylate and a considerably
lower content of unreacted alcohol. This gives the nonionic surfactant focused properties, a
very low odor, even if based on a short-chain alcohol and avoids the formulation problems
often associated with standard alcohol ethoxylates [3].

The lower the degree of ethoxylation, the higher the amount of free alcohol [3].

Polyethylene glycol is produced by the interaction of ethylene oxide with water, ethylene
glycol, or ethylene glycol oligomers [5]. The reaction is catalyzed by acid or base catalysts.

The size distribution can be characterized statistically by its weight average molecular weight
(Mw) and its number average molecular weight (Mn), the ratio of which is called the polydis‐
persity index (Mw/Mn). Mw and Mn can be measured by mass spectrometry.

The different oligomeric and/or polymeric structures of ethylene oxide depend on the
polymerization initiators. Ethylene glycol and its oligomers are preferable as starting materials
(“lead compounds”) instead of water, because they allow the creation of polymers with low
polydispersity (“narrow molecular weight distribution”) (NMWD).

A number of recent reviews [5,6] have also covered PEGn chemistry and its applications in
biotechnology and medicine, supported catalysis, aqueous two-phase systems in bioconver‐
sion, and solvent and phase transfer catalyst (PTC) in organic synthesis.

PEGylation [7] represents the covalent coupling of a PEGn to a macromolecule (e.g., lipids,
therapeutic proteins, etc.). The effect of PEGylation is prolongation of the biological effect
(produces a larger molecule with a prolonged half-life). PEGylation is similar to the structuring
processes of heterogeneous heterobifunctional acyclic oligomers of ethylene oxide (HEHAO)
(Figure 3).
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Figure 2. The detailed structural geometry of ethylene oxide (EO) [3,4] 
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Figure 3. Synthetic methods for the preparation of heterogeneous heterobifunctional acyclic oligomers of ethylene
oxide (HEHAO) a) direct preparation; b) end group derivatization of PEGn diols

With the decision “no observed adverse effect level” (NOAEL) higher homologues PEGn-1500
for doses of 600 mg/kg have also been advised.

PEGn, PEO or POE refer to an oligomer or polymer of ethylene oxide. The three names are
chemically synonymous.

Five concepts frequently accessed in the specialized literature on polyethylene glycols as such
and/or derivatized have also cumulatively fueled the steadily increasing interest in homoge‐
neous heterobifunctional acyclic oligomers of ethylene oxide (HOHAO):

• the particular physical properties of aqueous solutions of PEGn;

• the unique solvent properties and the coordination competence of cations present in
solution;

• the solvent competences of liquid low-molecular-weight PEGn in chemical reactions;

• the employment of PEGn as such and/or derivatized as alternative PTC (phase-transfer
catalysis);

• the acceptance of aqueous biphasic reactive extraction (ABRE) as a present phenomenon in
the development of alternative processes for wood pulping and green catalytic oxidation
systems.

In addition to their own phase-transfer activity, PEGn have also been employed as polymer
support for other phase-transfer catalysts (PTCs). PEGn have been modified with some typical
PTCs such as crown ethers, ammonium salts, cryptands, and polypodants to enhance the
phase-transfer in two-phase reactions.

After 1960 the coordination competences of alkali cations in the matrix of polyoxyethylene
chains (PEO), as such and/or derivatized were also explicitly recognized. The striking analogy
with crown polyethers could not fail to impose questions and provide answers pertinent to
their capacity, stability and coordination geometry. Certainties that appeared after the series
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of scientific speculations and subsequently of experimental evidence, preceded by several
decades the conformational and geometrical interpretation of polyoxyethylene chains.

The infrared (IR) absorption characteristics of PEO-MY complexes differ from the individual
species, but are similar to those seen in MY-cyclic polyethers systems reported earlier, thus
suggesting that the coordination effect may be due to ion-dipole-type interactions in these
systems.

This hypothesis becomes credible if the helical conformation (helix) of oligomeric PEO chains
with minimum 7 units EO/coil and the electron-donor character (Lewis base) of the oxygen in
the PEO chain are accepted.

3. Anionic polymerization of ethylene oxide

Heterogeneous polyoxyethylene chains obtained by the anionic polymerization of ethylene
oxide (“anionic ring-opening polymerization”) with a polydispersity degree Mw/Mn < 1.1 are
hydrophilic, flexible (specific spatial conformation), biocompatible “bridges”.

Generically, the term “oligomer”, oligos being Greek for “a few”, while mer with the meaning
of primary structural unit (ethylene oxide) which is repeating, can be defined as a molecular
assembly composed of a small number of monomeric units covalently grafted (ethylene oxide
for HOHAO). Since ethylene oxide (EO) is accessed exclusively, the macromolecular structure
formed is a homo-oligomer (homomer).

Oligomerization in the casuistry analyzed is a process of monitored attachment in a macro‐
molecular architecture of (n) primary structural units of ethylene oxide. The demarcation of n
between oligomerization and polymerization is undecided in the specialized literature. For
HOHAO the range 3-20 is accepted compared to 10-100 in general. In the case of heterogeneous
polyoxyethylene chains (polydisperse polymerization degree naverage) it is natural to assume
the existence of homologous (mixtures of oligomers and/or polymers) oligomeric (polymeric)
series with the same strictly defined structure, with molecular weights different from homo‐
geneous oligomeric chains (definite oligomerization degree n).

For heterogeneous polyoxyethylene (PEO) chains the statistical distribution quantitatively
expressed through the equations: Natta, Weilbull/Nycander/Gold, Natta/Mantica, Poisson,
etc., is accepted [8]

4. Homogeneous polyoxyethylene chains — Preparation, structure,
competences

Although the structuring of homogeneous PEO chains represented a scientific challenge for
more than six decades, today we still can not say that there is a single, rapid procedure for
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HOHAO the range 3-20 is accepted compared to 10-100 in general. In the case of heterogeneous
polyoxyethylene chains (polydisperse polymerization degree naverage) it is natural to assume
the existence of homologous (mixtures of oligomers and/or polymers) oligomeric (polymeric)
series with the same strictly defined structure, with molecular weights different from homo‐
geneous oligomeric chains (definite oligomerization degree n).

For heterogeneous polyoxyethylene (PEO) chains the statistical distribution quantitatively
expressed through the equations: Natta, Weilbull/Nycander/Gold, Natta/Mantica, Poisson,
etc., is accepted [8]

4. Homogeneous polyoxyethylene chains — Preparation, structure,
competences

Although the structuring of homogeneous PEO chains represented a scientific challenge for
more than six decades, today we still can not say that there is a single, rapid procedure for
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their synthesis due to preparative difficulties, complex process flow diagrams for purification
and characterization, consequently due to the high cost of processing in industrial quantities.

During our research the results obtained contributed decisively to the confirmation of the direct
participation of PEO chains in nucleophilic addition reactions (cyanoethylation, amidoethyla‐
tion) (Figure 10) of polyethoxylated higher alcohols purified of free higher alcohols, polyethy‐
lene glycols (PEGn) and water, when the processing yields under similar conditions increase
proportionally with the oligomerization degree, (n), of the PEO chain [9,10].

After almost a century of investigations, similar to other classes of macromolecular compounds
for polyethylene glycols (PEGn) and their derivatives (glyme, oligoglymes, PEGylated
compounds), respectively, it can also be reasonedly claimed that in addition to a primary
structure there are a secondary (conformational) and a tertiary structure (micellar macromo‐
lecular architectures).

The main qualities of these tridimensional macromolecular architectures with consequences
in the study of HOHAO are dimensional flexibility, transfer mobility, the existence of “mean‐
der”, “zig-zag”, and “helix” conformations of variable geometry, free coaxial C-C/C-O
rotation, and the absence of “ring tensions” specific to rigid structures (crown polyethers).

With few exceptions, the preparation of homogeneous PEO chains as such and derivatized is
reported with yields ranging between 60-80% for relatively small oligomerization degrees
(n=3-6) [2]. The laborious, difficult to accomplish purification, associated with the presence of
“neighboring effects” (“sympathy effects”) between two or more hydrophilic (polyoxyethy‐
lene) chain homologues with close physico-chemical constants, limited the extension of
synthetic efforts [10].

The main colloidal characteristics of HEHAO and HOHAO, respectively, depend on their
structure and heterogeneous or homogeneous composition. As mixtures with wide distribu‐
tion of hydrophobic R1,R2 and hydrophilic PEO chain homologues, respectively, HEHAO
manifest cumulatively through the individual colloidal behavior of each homologue present
in the mixture, but also through mutual interdependences. That is why the experimental values
of the main basic colloidal characteristics evaluated in the research carried out [9,10] were
preliminarily only indicative, even though they were the result of the mathematical processing
of a considerable number of measurements.

The actual distribution of the PEO chain homologues and hence of the oligomerization degrees
(naverage) changes in the series naverage=3-18 from advanced symmetry for naverage≤8 to pronounced
asymmetry for naverage=9-18.

The steadily increasing interest in the definite explanation of colloidal properties of heteroge‐
neous (polydisperse) polyoxyethylene chains is evident in the literature after the sixth decade
of the 20th century and by the research related to the obtaining, purification and characteri‐
zation of homogeneous polyoxyethylene chains. Two types of PEO conformations are
postulated during this period (“zig-zag” and “meander”) (Figure 4).

Today one can draw a unitary conclusion that would eliminate earlier partial speculative
assumptions. Major contributions in this area were due to the accessing of modern instru‐
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mental methods: “short distance diffraction techniques”; “wide-angle-diffraction techniques”
and “low-angle-diffraction techniques”.
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Figure 4. The “zig-zag” (a) and meander (b) conformations of the polyoxyethylene chain [11-15]

These constructive details about the PEO chain (“strain-free polyoxyethylene chain”) and the
manner of “packing” in the “macromolecular lattice” are reasonedly argued with the specifi‐
cations:

• the “monoclinic unit cell” appears at four chain meanders;

• the meander has in its structure nine oxyethylene structural units (-CH2CH2-O-), i.e., 4 x 9=36
total oxyethylene units in a “monoclinic unit cell”;

• the “repeat period” is identical (19.5 Å);

• each oxyethylene unit is “twisted” to the neighboring structural unit, such that the main
PEO chain returns to the original position at every tenth “lead/turn” (19.5 Å);

• in the “meander” conformation one oxyethylene structural unit has a length of 1.9 Å and a
diameter of 4 Å compared to the “zig-zag” conformation where the same geometrical
parameters are 3.5Å and 2.5 Å, respectively.

Today it is accepted that the “zig-zag” conformational form is specific to PEO with low
oligomerization degrees, and the “meander” conformation to PEO chains with high oligome‐
rization degrees.

Be mentioned that differences between some experimental results are due to the study of
polyoxyethylene chains: in solution; in the solid state, in the range of average molecular
weights between 2,400 and 100,000 (n=55-2300), and in the solid state, derivatized.
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their synthesis due to preparative difficulties, complex process flow diagrams for purification
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tion) (Figure 10) of polyethoxylated higher alcohols purified of free higher alcohols, polyethy‐
lene glycols (PEGn) and water, when the processing yields under similar conditions increase
proportionally with the oligomerization degree, (n), of the PEO chain [9,10].

After almost a century of investigations, similar to other classes of macromolecular compounds
for polyethylene glycols (PEGn) and their derivatives (glyme, oligoglymes, PEGylated
compounds), respectively, it can also be reasonedly claimed that in addition to a primary
structure there are a secondary (conformational) and a tertiary structure (micellar macromo‐
lecular architectures).

The main qualities of these tridimensional macromolecular architectures with consequences
in the study of HOHAO are dimensional flexibility, transfer mobility, the existence of “mean‐
der”, “zig-zag”, and “helix” conformations of variable geometry, free coaxial C-C/C-O
rotation, and the absence of “ring tensions” specific to rigid structures (crown polyethers).

With few exceptions, the preparation of homogeneous PEO chains as such and derivatized is
reported with yields ranging between 60-80% for relatively small oligomerization degrees
(n=3-6) [2]. The laborious, difficult to accomplish purification, associated with the presence of
“neighboring effects” (“sympathy effects”) between two or more hydrophilic (polyoxyethy‐
lene) chain homologues with close physico-chemical constants, limited the extension of
synthetic efforts [10].

The main colloidal characteristics of HEHAO and HOHAO, respectively, depend on their
structure and heterogeneous or homogeneous composition. As mixtures with wide distribu‐
tion of hydrophobic R1,R2 and hydrophilic PEO chain homologues, respectively, HEHAO
manifest cumulatively through the individual colloidal behavior of each homologue present
in the mixture, but also through mutual interdependences. That is why the experimental values
of the main basic colloidal characteristics evaluated in the research carried out [9,10] were
preliminarily only indicative, even though they were the result of the mathematical processing
of a considerable number of measurements.

The actual distribution of the PEO chain homologues and hence of the oligomerization degrees
(naverage) changes in the series naverage=3-18 from advanced symmetry for naverage≤8 to pronounced
asymmetry for naverage=9-18.

The steadily increasing interest in the definite explanation of colloidal properties of heteroge‐
neous (polydisperse) polyoxyethylene chains is evident in the literature after the sixth decade
of the 20th century and by the research related to the obtaining, purification and characteri‐
zation of homogeneous polyoxyethylene chains. Two types of PEO conformations are
postulated during this period (“zig-zag” and “meander”) (Figure 4).

Today one can draw a unitary conclusion that would eliminate earlier partial speculative
assumptions. Major contributions in this area were due to the accessing of modern instru‐
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These constructive details about the PEO chain (“strain-free polyoxyethylene chain”) and the
manner of “packing” in the “macromolecular lattice” are reasonedly argued with the specifi‐
cations:

• the “monoclinic unit cell” appears at four chain meanders;

• the meander has in its structure nine oxyethylene structural units (-CH2CH2-O-), i.e., 4 x 9=36
total oxyethylene units in a “monoclinic unit cell”;

• the “repeat period” is identical (19.5 Å);

• each oxyethylene unit is “twisted” to the neighboring structural unit, such that the main
PEO chain returns to the original position at every tenth “lead/turn” (19.5 Å);

• in the “meander” conformation one oxyethylene structural unit has a length of 1.9 Å and a
diameter of 4 Å compared to the “zig-zag” conformation where the same geometrical
parameters are 3.5Å and 2.5 Å, respectively.

Today it is accepted that the “zig-zag” conformational form is specific to PEO with low
oligomerization degrees, and the “meander” conformation to PEO chains with high oligome‐
rization degrees.

Be mentioned that differences between some experimental results are due to the study of
polyoxyethylene chains: in solution; in the solid state, in the range of average molecular
weights between 2,400 and 100,000 (n=55-2300), and in the solid state, derivatized.
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Experimental evidence favorable to the concepts expressed, associated with continuously
developing advances in instrumental investigation, have decisively stimulated the theoretical
and practical interest for the synthesis of HOHAO in general, and for mono-and diderivatized
homogeneous and heterogeneous polyoxyethylene chains in particular.

The rediscovery of crown polyethers and their role as phase-transfer catalysts, and the
pronounced mutual structural similarity constituted an additional major impetus for the
theoretical and practical conformational study of acyclic PEO chains, suggested changes in
terminology and their recognition as biomacromolecules with major physiological role.

The homologous series of dimethylated polyethylene glycols [CH3(OCH2CH2)nOCH3; (n≥3)]
also suggested the term glyme (oligoglyme) (methylated glycols). Although not yet widely
accepted, there is a tendency to generalize this concept also to derivatized acyclic polyether
(polyoxyethylene) chains.

From a simple working hypothesis (speculative nature) able to explain phenomena or
processes, subsequent experimental studies based on X-ray investigations, electronic micro‐
scopy and diffraction confirmed their ability of intra-and interchain contraction, dependent
on the structure and medium and the formation of “cavities” (“cage” of variable geometry) at
oligomerization degrees (n, naverage) below and above nine ethylene oxide (EO) units, and
“sandwich” below three structural units (EO), respectively [16].

The synergistic cumulation in a unitary structure of the conformational and colloidal qualities
of homogeneous PEO chains with the possibility of controlled modification of the HLB
(hydrophilic/hydrophobic balance) was and still is of wide theoretical and practical interest.

Technologies based on grafted PEGn conjugates launched products of major biological
importance, for research and diagnosis (PEGn-modified proteins and liposomes, food, medical
and analytical matrices), based on the accumulated knowledge on PEGn and the prospects of
PEGn as biomaterial.

These considerations suggested the idea of structuring the HOHAO of the PEGn-L(R';2R)
(2R';R) structured-lipids-type (Figure 5).
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In Figures 6-9 are presented the main process flow charts which formed the basis of the 
synthesis of homogeneous polyoxyethylene chains in HOHAO. It is noted that in the stages 
with strongly ionic character were accessed PTC with homogeneous PEO chains, able to 
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controlled successive covalent grafting of lower oxyethylene units, diethyleneglycol (DEO) or 
triethyleneglycol (TEO) (adapted Williamson synthesis), followed by the derivatization of the 
two terminals (“end groups”) with various fragments R1, R2 (Table 1) [9,10]. 
Aromatic sulphochlorides (tosyl chloride) react with higher alcohols (C8-C18), diols (PEGn), 
and alkyl (C8-C12) phenols (NF), respectively, in the presence of a base, pyridine, forming 
sulphonate esters, effective alkylating agents (Figures 6, 7, 9). Higher alcohols (C8-C18),
diols (DEO, TEO, PEGn), and alkyl (C8-C12) phenols, respectively, react with thionyl chloride 

Figure 5. The structure of homogeneous heterobifunctional acyclic oligomers of ethylene oxide of the tailor-made-
lipids type [10]

In Figures 6-9 are presented the main process flow charts which formed the basis of the
synthesis of homogeneous polyoxyethylene chains in HOHAO. It is noted that in the stages
with strongly ionic character were accessed PTC with homogeneous PEO chains, able to
activate nucleophilic agents by coordinating the alkaline cation [9,10].
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Homogeneous heterobifunctional acyclic oligomers of ethylene oxide (HOHAO) fall into the
category of “niche” unitary organic compounds (derivatives of homogeneous polyethylene
glycols PEGn), whose synthesis, purification, chemical and physico-chemical characterization
detaches from the classic heterodisperse character specific to the oligomerization and poly‐
merization products of ethylene oxide (EO), through the unitary (homogeneous) structure of
the polyoxyethylene chain (PEO) “constructed” through controlled successive covalent
grafting of lower oxyethylene units, diethyleneglycol (DEO) or triethyleneglycol (TEO)
(adapted Williamson synthesis), followed by the derivatization of the two terminals (“end
groups”) with various fragments R1, R2 (Table 1) [9,10].

Aromatic sulphochlorides (tosyl chloride) react with higher alcohols (C8-C18), diols (PEGn), and
alkyl (C8-C12) phenols (NF), respectively, in the presence of a base, pyridine, forming sulpho‐
nate esters, effective alkylating agents (Figures 6, 7, 9). Higher alcohols (C8-C18), diols (DEO,
TEO, PEGn), and alkyl (C8-C12) phenols, respectively, react with thionyl chloride (SOCl2) in the
presence of pyridine as organic base, generating the corresponding chloro derivatives
(PEG2-2Cl; PEG3-2Cl; PEG6-2Cl) (Figures 8, 9). In order to direct (control) the course of the
reaction in the direction of mono-or dichlorination, one hydroxyl terminal can be protected by
acetylation (Ac) with acetic anhydride (Ac2O) with the formation of PEGn-Ac; PEGn-2Ac;
PEGn-Ac,Cl [9,10].

Higher alcohols (C8-C18), alkyl (C8-C12) phenols and diols (DEO, TEO, PEGn) also form under
controlled inert atmosphere, without oxygen, CO2 or traces of water (Figures 6, 9), alcoholates
or phenolates (PEG2-Na; PEG3-Na; PEG6-Na; PEG9-Na; PEG12-Na; PEG18-Na), who subse‐
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Experimental evidence favorable to the concepts expressed, associated with continuously
developing advances in instrumental investigation, have decisively stimulated the theoretical
and practical interest for the synthesis of HOHAO in general, and for mono-and diderivatized
homogeneous and heterogeneous polyoxyethylene chains in particular.

The rediscovery of crown polyethers and their role as phase-transfer catalysts, and the
pronounced mutual structural similarity constituted an additional major impetus for the
theoretical and practical conformational study of acyclic PEO chains, suggested changes in
terminology and their recognition as biomacromolecules with major physiological role.

The homologous series of dimethylated polyethylene glycols [CH3(OCH2CH2)nOCH3; (n≥3)]
also suggested the term glyme (oligoglyme) (methylated glycols). Although not yet widely
accepted, there is a tendency to generalize this concept also to derivatized acyclic polyether
(polyoxyethylene) chains.

From a simple working hypothesis (speculative nature) able to explain phenomena or
processes, subsequent experimental studies based on X-ray investigations, electronic micro‐
scopy and diffraction confirmed their ability of intra-and interchain contraction, dependent
on the structure and medium and the formation of “cavities” (“cage” of variable geometry) at
oligomerization degrees (n, naverage) below and above nine ethylene oxide (EO) units, and
“sandwich” below three structural units (EO), respectively [16].

The synergistic cumulation in a unitary structure of the conformational and colloidal qualities
of homogeneous PEO chains with the possibility of controlled modification of the HLB
(hydrophilic/hydrophobic balance) was and still is of wide theoretical and practical interest.

Technologies based on grafted PEGn conjugates launched products of major biological
importance, for research and diagnosis (PEGn-modified proteins and liposomes, food, medical
and analytical matrices), based on the accumulated knowledge on PEGn and the prospects of
PEGn as biomaterial.

These considerations suggested the idea of structuring the HOHAO of the PEGn-L(R';2R)
(2R';R) structured-lipids-type (Figure 5).
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Figure 5. The structure of homogeneous heterobifunctional acyclic oligomers of ethylene oxide of the tailor-made-
lipids type [10]

In Figures 6-9 are presented the main process flow charts which formed the basis of the
synthesis of homogeneous polyoxyethylene chains in HOHAO. It is noted that in the stages
with strongly ionic character were accessed PTC with homogeneous PEO chains, able to
activate nucleophilic agents by coordinating the alkaline cation [9,10].
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Homogeneous heterobifunctional acyclic oligomers of ethylene oxide (HOHAO) fall into the
category of “niche” unitary organic compounds (derivatives of homogeneous polyethylene
glycols PEGn), whose synthesis, purification, chemical and physico-chemical characterization
detaches from the classic heterodisperse character specific to the oligomerization and poly‐
merization products of ethylene oxide (EO), through the unitary (homogeneous) structure of
the polyoxyethylene chain (PEO) “constructed” through controlled successive covalent
grafting of lower oxyethylene units, diethyleneglycol (DEO) or triethyleneglycol (TEO)
(adapted Williamson synthesis), followed by the derivatization of the two terminals (“end
groups”) with various fragments R1, R2 (Table 1) [9,10].

Aromatic sulphochlorides (tosyl chloride) react with higher alcohols (C8-C18), diols (PEGn), and
alkyl (C8-C12) phenols (NF), respectively, in the presence of a base, pyridine, forming sulpho‐
nate esters, effective alkylating agents (Figures 6, 7, 9). Higher alcohols (C8-C18), diols (DEO,
TEO, PEGn), and alkyl (C8-C12) phenols, respectively, react with thionyl chloride (SOCl2) in the
presence of pyridine as organic base, generating the corresponding chloro derivatives
(PEG2-2Cl; PEG3-2Cl; PEG6-2Cl) (Figures 8, 9). In order to direct (control) the course of the
reaction in the direction of mono-or dichlorination, one hydroxyl terminal can be protected by
acetylation (Ac) with acetic anhydride (Ac2O) with the formation of PEGn-Ac; PEGn-2Ac;
PEGn-Ac,Cl [9,10].

Higher alcohols (C8-C18), alkyl (C8-C12) phenols and diols (DEO, TEO, PEGn) also form under
controlled inert atmosphere, without oxygen, CO2 or traces of water (Figures 6, 9), alcoholates
or phenolates (PEG2-Na; PEG3-Na; PEG6-Na; PEG9-Na; PEG12-Na; PEG18-Na), who subse‐
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quently participate in a directed manner (Figures 7-9) in the nucleophilic substitution of
chloride in the mono-and/or dichloro derivatives (PEG2-2Cl; PEG3-2Cl; PEG6-2Cl) for the
elongation of the homogeneous PEO chain [9,10].

Preparation of the homogeneous 
polyoxyethylene chain

Preparation of homogeneous polyethoxylated 
lauryl alcohol
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Figure 7. The preparation scheme of homogeneous polyethoxylated lauryl alcohol n=3, 6,9,12,18 under phase-trans‐
fer catalysis conditions (PTC5 – homogeneous β-nonylphenoxy polyethyleneoxy (n=24) methyl ether)

The process with a pronounced polar (ionic) character is additionally favored by the presence
of micellar phase-transfer catalysts (PTC1-5) (Figures 6-9, 13), which “sequester” the alkaline
cation (sodium) in the “cavity” with flexible geometry of the homogeneous PEO chain’s helix
for n≥8-9 (PTC1, PTC4, PTC5) or in the interchain space (“sandwich” type) for n≤3-4 (PTC2,
PTC3).

5. Homogeneous heterobifunctional acyclic oligomers of ethylene oxide

a. Synthesis of homogeneous heterobifunctional acyclic oligomers of ethylene oxide from
the category of surface-active compounds

An overview of the colloidal characteristics of two major categories of surface-active structures
(ionic and nonionic) suggested the idea of creating a new class of hybrid surface-active
compounds, of the nonionic-ionic type, with synergistically cumulated colloidal effects. After
confirming the real possibilities of approaching the study it was decided upon the structuring
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of HOHAO proper (Table 1). The common element of all the molecular architectures obtained
was the directed synthesis of the homogenous polyoxyethylene chains (n) (Figure 7)
(n=3,6,9,12,18), following the adapted Williamson variant [9,10]. Subsequently there was the
monitored grafting (PEGylation) with fragments R1 (Figures 7, 8), and the derivatization of the
second hydroxyl terminal with fragments R2 accessing a scheme of adapted classical reactions
(Figures 10, 11). Literature reports similar structures of the nonionic-ionic type with hetero‐
geneous polyoxyethylene chains (naverage=3) [9,10]. The study extends the range of HOHAO
with surface-active competences using higher homogenous polyoxyethylene chains (n=3-18).

To facilitate the presentation of synthesized HOHAO (Figure 10) their chemical names have
been encoded. The main organic functions were symbolized by the initials of the chemical
names (e.g.:-propionitrile, PN;-primary ethylamine, EP; etc.), the homologues of the base
hydrocarbon chain with the initials of the trivial names (e.g.: lauryl/myristyl, LM; cetyl/stearyl,
CS) followed in parentheses by the ratio (7/3) signifying their mutual relative distribution. The
hydrocarbon chains attached later by synthesis were symbolized by the number of carbon
atoms contained (e.g.: in the cationic structure – EC-1.1.16., we find two methyl groups
symbolized as (1.1.), and a hexadecyl chain indicated by the number (16.), respectively), and
within the class in the natural order. For example: N,N-dimethyl-N-dodecyl (lauryl)-N-β-
lauryl/myristyl (7/13) polyethyleneoxy (n=9) ethylammonium chloride has the symbol LM-
(EO)9-EC-1.1.12.

Similarly was done with the structures of structured lipids HOHAO (Figure 11) assimilated
with PEGn-L (lipids) conjugates.

Under equimolar AN/LM-OH conditions, increasing the temperature in the range 25-35°C
determines the increase of the cyanoethylation yields, then between 40-60°C the yields drop.
With excess acrylic monomer the evolution of yields follows the same trend. In these conditions
between 25-40°C the amount of acrylic oligomers formed is below 1%, independently of the
excess of monomer introduced, while between 40-60°C it increases dramatically. For cetyl/
stearyl alcohol, under equimolar conditions or excess of monomer AN/CS-OH, increasing the
temperature between 45-55°C (below this range the yields are low) favors the nucleophilic
addition yields, the more so as the excess of acrylic monomer is higher. In the range 55-70°C
the yields drop under the same conditions, and the content of acrylic oligomers is higher than
in the case of lauryl/myristyl alcohol. At the cyanoethylation of homogeneous polyethoxylated
(n=3) lauryl/myristyl alcohol under equimolar conditions or excess of acryl monomer, the
addition yields increase between 25-35°C, then between 45-60°C decrease appreciably. The
amount of acrylic oligomers formed follows roughly the same evolution as in the case of lauryl/
myristyl alcohol over the entire temperature range. For homogeneous polyethoxylated (n=3)
cetyl/stearyl alcohol under equimolar conditions or excess of monomer, the addition yields
increase between 30-40°C then drop between 45-65°C. The content of acrylic oligomers
increases in proportion to the temperature and excess of monomer. Compared with cetyl/
stearyl alcohol it is noted that the cyanoethylation yields are higher at the same value of
temperature even below 45°C. These suggest that the cyanoethylation reaction is reversible in
character (Figure 12), the polyoxyethylene chain favors the addition, while increasing the
hydrocarbon one reduces the yields.
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for n≥8-9 (PTC1, PTC4, PTC5) or in the interchain space (“sandwich” type) for n≤3-4 (PTC2,
PTC3).

5. Homogeneous heterobifunctional acyclic oligomers of ethylene oxide

a. Synthesis of homogeneous heterobifunctional acyclic oligomers of ethylene oxide from
the category of surface-active compounds

An overview of the colloidal characteristics of two major categories of surface-active structures
(ionic and nonionic) suggested the idea of creating a new class of hybrid surface-active
compounds, of the nonionic-ionic type, with synergistically cumulated colloidal effects. After
confirming the real possibilities of approaching the study it was decided upon the structuring
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of HOHAO proper (Table 1). The common element of all the molecular architectures obtained
was the directed synthesis of the homogenous polyoxyethylene chains (n) (Figure 7)
(n=3,6,9,12,18), following the adapted Williamson variant [9,10]. Subsequently there was the
monitored grafting (PEGylation) with fragments R1 (Figures 7, 8), and the derivatization of the
second hydroxyl terminal with fragments R2 accessing a scheme of adapted classical reactions
(Figures 10, 11). Literature reports similar structures of the nonionic-ionic type with hetero‐
geneous polyoxyethylene chains (naverage=3) [9,10]. The study extends the range of HOHAO
with surface-active competences using higher homogenous polyoxyethylene chains (n=3-18).

To facilitate the presentation of synthesized HOHAO (Figure 10) their chemical names have
been encoded. The main organic functions were symbolized by the initials of the chemical
names (e.g.:-propionitrile, PN;-primary ethylamine, EP; etc.), the homologues of the base
hydrocarbon chain with the initials of the trivial names (e.g.: lauryl/myristyl, LM; cetyl/stearyl,
CS) followed in parentheses by the ratio (7/3) signifying their mutual relative distribution. The
hydrocarbon chains attached later by synthesis were symbolized by the number of carbon
atoms contained (e.g.: in the cationic structure – EC-1.1.16., we find two methyl groups
symbolized as (1.1.), and a hexadecyl chain indicated by the number (16.), respectively), and
within the class in the natural order. For example: N,N-dimethyl-N-dodecyl (lauryl)-N-β-
lauryl/myristyl (7/13) polyethyleneoxy (n=9) ethylammonium chloride has the symbol LM-
(EO)9-EC-1.1.12.

Similarly was done with the structures of structured lipids HOHAO (Figure 11) assimilated
with PEGn-L (lipids) conjugates.

Under equimolar AN/LM-OH conditions, increasing the temperature in the range 25-35°C
determines the increase of the cyanoethylation yields, then between 40-60°C the yields drop.
With excess acrylic monomer the evolution of yields follows the same trend. In these conditions
between 25-40°C the amount of acrylic oligomers formed is below 1%, independently of the
excess of monomer introduced, while between 40-60°C it increases dramatically. For cetyl/
stearyl alcohol, under equimolar conditions or excess of monomer AN/CS-OH, increasing the
temperature between 45-55°C (below this range the yields are low) favors the nucleophilic
addition yields, the more so as the excess of acrylic monomer is higher. In the range 55-70°C
the yields drop under the same conditions, and the content of acrylic oligomers is higher than
in the case of lauryl/myristyl alcohol. At the cyanoethylation of homogeneous polyethoxylated
(n=3) lauryl/myristyl alcohol under equimolar conditions or excess of acryl monomer, the
addition yields increase between 25-35°C, then between 45-60°C decrease appreciably. The
amount of acrylic oligomers formed follows roughly the same evolution as in the case of lauryl/
myristyl alcohol over the entire temperature range. For homogeneous polyethoxylated (n=3)
cetyl/stearyl alcohol under equimolar conditions or excess of monomer, the addition yields
increase between 30-40°C then drop between 45-65°C. The content of acrylic oligomers
increases in proportion to the temperature and excess of monomer. Compared with cetyl/
stearyl alcohol it is noted that the cyanoethylation yields are higher at the same value of
temperature even below 45°C. These suggest that the cyanoethylation reaction is reversible in
character (Figure 12), the polyoxyethylene chain favors the addition, while increasing the
hydrocarbon one reduces the yields.
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Table 1. Homogeneous heterobifunctional acyclic oligomers R1-(PEO)n-R2 of ethylene oxide (selective exemplification)
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These conclusions suggest a greater reactivity of the lauryl chain compared to the myristyl one
with the increase of the homogeneous polyether chain.

In the cyanoethylation process of higher alcohols, the reaction time favors the formation of β-
alkyl-oxy-propionitriles up to 180 minutes, and the oligomerization of the acrylic monomer
throughout the process. After this period the cyanoethylation yields decrease, further con‐
firming the reversible character of the nucleophilic addition under prolonged contact between
reactants (Figure 12).
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Figure 8. Operations flow chart of the monitored structuring of homogeneous polyoxyethylene (PEO) chains (n=6-18)
as such accessing structural units of diethyleneglycol PEG2 (DEO) (2), triethyleneglycol PEG3 (TEO) (3) and/or homoge‐
neous polyethylene glycols PEGn (n). a) mono-and diacetylation, respectively, of the homogeneous chain (PEO) (n=3)
(protection); b) mono-and dichlorination, respectively, of the PEO chains protected by acetylation; c) schemes of (di‐
rected) structuring of homogeneous polyoxyethylene (PEO) chains (n=6,9,12,18) by phase-transfer catalysis (PTC1,
PTC2, PTC3); PTC1 – homogeneous dimethylglyme; PTC2 – homogeneous β-alkyl (L/M) polyethyleneoxy (n=4) methyl
ether; PTC3 – dicyanoethyl triethyleneglycol.

Similar trends are observed in the cyanoethylation of nonylphenol and homogeneous polye‐
thoxylated nonylphenols, respectively, for the entire series of homogeneous and/or heteroge‐
neous PEO chain homologues.

In the series of homogeneous polyethoxylated lauryl/myristyl alcohols (n=3-18) the maxi‐
mum value of the cyanoethylation yield is obtained at lower processing periods, which may
suggest the favorable intervention of the polyoxyethylene chain in the cyanoethylation process
(Figure 13).
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These conclusions suggest a greater reactivity of the lauryl chain compared to the myristyl one
with the increase of the homogeneous polyether chain.

In the cyanoethylation process of higher alcohols, the reaction time favors the formation of β-
alkyl-oxy-propionitriles up to 180 minutes, and the oligomerization of the acrylic monomer
throughout the process. After this period the cyanoethylation yields decrease, further con‐
firming the reversible character of the nucleophilic addition under prolonged contact between
reactants (Figure 12).
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Figure 8. Operations flow chart of the monitored structuring of homogeneous polyoxyethylene (PEO) chains (n=6-18)
as such accessing structural units of diethyleneglycol PEG2 (DEO) (2), triethyleneglycol PEG3 (TEO) (3) and/or homoge‐
neous polyethylene glycols PEGn (n). a) mono-and diacetylation, respectively, of the homogeneous chain (PEO) (n=3)
(protection); b) mono-and dichlorination, respectively, of the PEO chains protected by acetylation; c) schemes of (di‐
rected) structuring of homogeneous polyoxyethylene (PEO) chains (n=6,9,12,18) by phase-transfer catalysis (PTC1,
PTC2, PTC3); PTC1 – homogeneous dimethylglyme; PTC2 – homogeneous β-alkyl (L/M) polyethyleneoxy (n=4) methyl
ether; PTC3 – dicyanoethyl triethyleneglycol.

Similar trends are observed in the cyanoethylation of nonylphenol and homogeneous polye‐
thoxylated nonylphenols, respectively, for the entire series of homogeneous and/or heteroge‐
neous PEO chain homologues.

In the series of homogeneous polyethoxylated lauryl/myristyl alcohols (n=3-18) the maxi‐
mum value of the cyanoethylation yield is obtained at lower processing periods, which may
suggest the favorable intervention of the polyoxyethylene chain in the cyanoethylation process
(Figure 13).
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On the overall process, increasing the reaction time up to approx. 180 minutes favors all
reaction processes, including the formation of acrylic oligomers.

Increasing the amount of catalyst above the optimum value (4-5 × 10-3 mol/L) increases the
alkalinity of the medium and the oligomerization reactions of the acrylic monomer. In the
concentration range 15-50 × 10-3 mol/L, the content of homogeneous β-lauryl/myristyl (7/3)
polyethyleneoxy (n=3) propionitrile decreases, in parallel with the sharp rise of the acrylic
oligomers content. In the series of polyoxyethylene chain homologues, the maximum cyanoe‐
thylation yield is achieved at higher values of the catalyst concentration. At the same catalyst
concentration, increasing the polyether chain determines a significant increase of the nucleo‐
philic addition yields, but also a reduction in the amount of acrylic oligomers formed, probably
due to the solvation of the acrylic monomer in the polyether chain [9,10].
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Figure 9. Flow chart of the processing and purification of homogeneous polyoxyethylene (PEO) chains (n=3, 6) mono‐
derivatized with nonylphenol (NF) by condensation of tosylated nonylphenol (NF-TS) with monosodium protected
(acetylated) diethyleneglycol under phase-transfer catalysis conditions; PTC4 – β-alkyl (L/M) polyethyleneoxy (n=16)
ethylamine

The formation of acrylic oligomers was avoided by the introduction of ferrous cations, in the
present case of anhydrous ferrous sulphate (FeSO4), as polymerization inhibitors of the acrylic
monomer. For 1%, the cyanoethylation yield of homogeneous lauryl/myristyl (7/3) alcohol
increases by more than 10%, without the formation of acrylic oligomers. Similar results are
obtained in the homologous series of homogeneous (C12-C18) polyethoxylated (n=3-18)
alcohols, and also of nonylphenols as such and polyethoxylated nonylphenols, respectively,
for the entire series of (PEO) chain homologues [9,10]. Increasing the length of the hydrocarbon
chain, for the same size of the homogeneous polyoxyethylene chain, reduces the cyanoethy‐
lation yields through unfavorable steric effects.
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Figure 10. Reaction scheme of the processing of surface-active structures HOHAO [9,19]

The polyoxyethylene chain with its specific conformation interferes in the cyanoethylation
process in non-polar reaction media (toluene, etc.) by activating the nucleophile, so that the
cyanoethylation yields for higher polyethoxylated alcohols with the same hydrocarbon chain,
but with a variable (n=3-18) polyoxyethylene chain increase.

The hydrocarbon chains in higher alcohols or in general β-R-oxy-propionitriles present in the
process, through their length or tridimensional arrangement, respectively, generate “steric
hindrance” phenomena (Figure 14), which reduce the overall rate the more so as the length is
greater. The polyoxyethylene chains through their conformation favor the formation of non-
solvated nucleophiles, which accelerates the cyanoethylation. For this reason cyanoethylation
is also favored by the presence of phase-transfer catalysts which activate the nucleophile in
the “reverse” micelle [9,25] medium system. Unprotected glymes, polyethylene glycols
(n=3-30), in comparison with protected ones: dicyanoethylated homogeneous polyethylene
glycols (n=3,6,9,12,18), homogeneous β-lauryl-polyethyleneoxy (n=3,6,9,12,18) propionitriles,
together with the reaction rate increase the monomer consumption. The determination of the
partial reaction order with respect to glymes allowed the indirect estimation of the size of the
elementary coordination “cell” of the alkaline cation at the value of 8-9, and the thermody‐
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On the overall process, increasing the reaction time up to approx. 180 minutes favors all
reaction processes, including the formation of acrylic oligomers.

Increasing the amount of catalyst above the optimum value (4-5 × 10-3 mol/L) increases the
alkalinity of the medium and the oligomerization reactions of the acrylic monomer. In the
concentration range 15-50 × 10-3 mol/L, the content of homogeneous β-lauryl/myristyl (7/3)
polyethyleneoxy (n=3) propionitrile decreases, in parallel with the sharp rise of the acrylic
oligomers content. In the series of polyoxyethylene chain homologues, the maximum cyanoe‐
thylation yield is achieved at higher values of the catalyst concentration. At the same catalyst
concentration, increasing the polyether chain determines a significant increase of the nucleo‐
philic addition yields, but also a reduction in the amount of acrylic oligomers formed, probably
due to the solvation of the acrylic monomer in the polyether chain [9,10].
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(acetylated) diethyleneglycol under phase-transfer catalysis conditions; PTC4 – β-alkyl (L/M) polyethyleneoxy (n=16)
ethylamine

The formation of acrylic oligomers was avoided by the introduction of ferrous cations, in the
present case of anhydrous ferrous sulphate (FeSO4), as polymerization inhibitors of the acrylic
monomer. For 1%, the cyanoethylation yield of homogeneous lauryl/myristyl (7/3) alcohol
increases by more than 10%, without the formation of acrylic oligomers. Similar results are
obtained in the homologous series of homogeneous (C12-C18) polyethoxylated (n=3-18)
alcohols, and also of nonylphenols as such and polyethoxylated nonylphenols, respectively,
for the entire series of (PEO) chain homologues [9,10]. Increasing the length of the hydrocarbon
chain, for the same size of the homogeneous polyoxyethylene chain, reduces the cyanoethy‐
lation yields through unfavorable steric effects.
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The polyoxyethylene chain with its specific conformation interferes in the cyanoethylation
process in non-polar reaction media (toluene, etc.) by activating the nucleophile, so that the
cyanoethylation yields for higher polyethoxylated alcohols with the same hydrocarbon chain,
but with a variable (n=3-18) polyoxyethylene chain increase.

The hydrocarbon chains in higher alcohols or in general β-R-oxy-propionitriles present in the
process, through their length or tridimensional arrangement, respectively, generate “steric
hindrance” phenomena (Figure 14), which reduce the overall rate the more so as the length is
greater. The polyoxyethylene chains through their conformation favor the formation of non-
solvated nucleophiles, which accelerates the cyanoethylation. For this reason cyanoethylation
is also favored by the presence of phase-transfer catalysts which activate the nucleophile in
the “reverse” micelle [9,25] medium system. Unprotected glymes, polyethylene glycols
(n=3-30), in comparison with protected ones: dicyanoethylated homogeneous polyethylene
glycols (n=3,6,9,12,18), homogeneous β-lauryl-polyethyleneoxy (n=3,6,9,12,18) propionitriles,
together with the reaction rate increase the monomer consumption. The determination of the
partial reaction order with respect to glymes allowed the indirect estimation of the size of the
elementary coordination “cell” of the alkaline cation at the value of 8-9, and the thermody‐
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namic expression of the rate constant did the same for the calculation of the “reverse” micelle-
processing medium phase-transfer free energy [9].

A reversible reaction, cyanoethylation is influenced by temperature, time, excess reagent
(monomer) and addition products. Secondary products existent in the unpurified technical
raw materials (higher alcohols, polyethylene glycols, traces of water) and oligomers of AN
affect the yields of nucleophilic addition in the synthesis of HEHAO through the consumption

cyanoethylation yield is achieved at higher values of the catalyst concentration. At the same 
catalyst concentration, increasing the polyether chain determines a significant increase of the 
nucleophilic addition yields, but also a reduction in the amount of acrylic oligomers formed, 
probably due to the solvation of the acrylic monomer in the polyether chain [9,10]. 
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of monomer and further purification complications. The presence of oligomerization inhibitors
favors the yields.

The partial hydrolysis of homogeneous β-R-polyethyleneoxy-propionitriles (HOHAO) is a
heterogeneous process due to the limited solubility in water of homogeneous polyethyleneoxy
(n=0-18) nitriles and their corresponding amides, respectively. The low reaction temperature
along with the reduced solubility and the waxy, consistent appearance of homogeneous β-R-
polyethyleneoxy (n=0-18) propionamides, constitute serious impediments in obtaining high
hydrolysis yields. The use of large amounts of water or high reaction temperatures increase
the total hydrolysis yields with the formation of the corresponding homogeneous β-R-
polyethyleneoxy (n=0-18) propionic acids. In the research carried out it was proceeded to the
partial hydrolysis of nitriles with 90% concentrated sulphuric acid in the temperature range
0-15°C.

Homogeneous β-R-polyethyleneoxy-propionic acids were also obtained through the acid-
catalyzed exhaustive hydrolysis of homogeneous β-R-polyethyleneoxy-propionitriles.
Depending on the processing conditions of the reaction products two classes of HOHAO are
obtained: the free acids or their salts (soaps), R-(EO)n-PC, with confirmed surface-active
properties [19,22,23]. The evolution of the total hydrolysis yield is determined by the hetero‐
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Figure 12. Mechanisms of the cleavage of the “ether bridge” formed in β-nonylphenoxypolyethyleneoxy (n=3-18)
propionitriles under prolonged contact with the basic catalyst [CH3O-Na+]
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namic expression of the rate constant did the same for the calculation of the “reverse” micelle-
processing medium phase-transfer free energy [9].

A reversible reaction, cyanoethylation is influenced by temperature, time, excess reagent
(monomer) and addition products. Secondary products existent in the unpurified technical
raw materials (higher alcohols, polyethylene glycols, traces of water) and oligomers of AN
affect the yields of nucleophilic addition in the synthesis of HEHAO through the consumption

cyanoethylation yield is achieved at higher values of the catalyst concentration. At the same 
catalyst concentration, increasing the polyether chain determines a significant increase of the 
nucleophilic addition yields, but also a reduction in the amount of acrylic oligomers formed, 
probably due to the solvation of the acrylic monomer in the polyether chain [9,10]. 
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of monomer and further purification complications. The presence of oligomerization inhibitors
favors the yields.

The partial hydrolysis of homogeneous β-R-polyethyleneoxy-propionitriles (HOHAO) is a
heterogeneous process due to the limited solubility in water of homogeneous polyethyleneoxy
(n=0-18) nitriles and their corresponding amides, respectively. The low reaction temperature
along with the reduced solubility and the waxy, consistent appearance of homogeneous β-R-
polyethyleneoxy (n=0-18) propionamides, constitute serious impediments in obtaining high
hydrolysis yields. The use of large amounts of water or high reaction temperatures increase
the total hydrolysis yields with the formation of the corresponding homogeneous β-R-
polyethyleneoxy (n=0-18) propionic acids. In the research carried out it was proceeded to the
partial hydrolysis of nitriles with 90% concentrated sulphuric acid in the temperature range
0-15°C.

Homogeneous β-R-polyethyleneoxy-propionic acids were also obtained through the acid-
catalyzed exhaustive hydrolysis of homogeneous β-R-polyethyleneoxy-propionitriles.
Depending on the processing conditions of the reaction products two classes of HOHAO are
obtained: the free acids or their salts (soaps), R-(EO)n-PC, with confirmed surface-active
properties [19,22,23]. The evolution of the total hydrolysis yield is determined by the hetero‐
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geneity of the reaction medium (biphasic system); phenomena of micellar catalysis in emulsion
or of phase-transfer play a major role in the development of the processes [22].

The nature of the acid catalyst (HY) Y=Cl-; HOSO3
-; CH3C6H4SO3

-, paratoluenesulphonic acid
(TS); C12H25C6H4SO3

-, dodecylbenzenesulphonic acid (DBSH), influences favorably the
hydrolysis yields through the acid’s strength. While in the presence of concentrated sulphuric
acid at low temperatures are obtained predominantly homogeneous β-substituted propiona‐
mides, in the presence of hydrochloric acid above 80°C the corresponding propionic acids are
formed. Under paratoluenesulphonic and/or dodecylbenzenesulphonic acid catalysis the
yields in homogeneous β-R-polyethyleneoxy-propionamides increase at low temperatures for
low molar ratios HY/R-(EO)nPN, also on the account of the homogenizing effect of these
structures with surface-active properties [22].

Increasing the temperature and the molar ratio HY/propionitrile favors the total hydrolysis
yields. The amount of acid selectively influences the hydrolysis of nitriles. Thus, excess
hydrochloric acid favors the formation of homogeneous β-substituted propionic acids,
alongside their corresponding esters with higher alcohols either present as impurities or
originating in the cleavage in acid medium of “ether bridges” formed in the cyanoethylation
or amidoethylation process or existing initially in the homogeneous polyoxyethylene chain,
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while excess n-dodecylbenzenesulphonic acid favors preferentially the formation of propio‐
namides and less of propionic acids, without the formation of the corresponding esters [28,29].

In all cases, above 80°C the content of homogeneous β-R-polyethyleneoxy (n=0-18) propioni‐
triles decreases markedly regardless of the acid catalyst used and the presence of propionate
esters is observed. Above 110°C in the presence of hydrochloric acid increasing amounts of
higher alcohol are observed due to the cleavage of “ether bridges”. Increasing the reaction time
favors the total acid hydrolysis. At high temperatures (over 80°C) in the presence of hydro‐
chloric acid, after approx. 60 minutes the β-substituted propionitrile disappears from the
reaction mixture, and after 90 minutes also does the propionamide formed intermediately. In
the presence of TS, at the same temperature and amount of water, propionitriles and propio‐
namides can be found in traces even after 180 minutes and total conversions are generally not
reached.

Hydrolysis of homogeneous β-R-polyethyleneoxy (n=3-9) propionitriles in the presence of free
homogeneous polyethoxylated (n=3-9) higher alcohols (C12-C18) ensures the obtention of high
yields of hydrolysis. In parallel the content of propionic ester is increasing, the more so as the
length of the homogeneous polyoxyethylene chain in the homogeneous polyethoxylated
(n=3-9) higher alcohol introduced is smaller.
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geneity of the reaction medium (biphasic system); phenomena of micellar catalysis in emulsion
or of phase-transfer play a major role in the development of the processes [22].

The nature of the acid catalyst (HY) Y=Cl-; HOSO3
-; CH3C6H4SO3

-, paratoluenesulphonic acid
(TS); C12H25C6H4SO3

-, dodecylbenzenesulphonic acid (DBSH), influences favorably the
hydrolysis yields through the acid’s strength. While in the presence of concentrated sulphuric
acid at low temperatures are obtained predominantly homogeneous β-substituted propiona‐
mides, in the presence of hydrochloric acid above 80°C the corresponding propionic acids are
formed. Under paratoluenesulphonic and/or dodecylbenzenesulphonic acid catalysis the
yields in homogeneous β-R-polyethyleneoxy-propionamides increase at low temperatures for
low molar ratios HY/R-(EO)nPN, also on the account of the homogenizing effect of these
structures with surface-active properties [22].

Increasing the temperature and the molar ratio HY/propionitrile favors the total hydrolysis
yields. The amount of acid selectively influences the hydrolysis of nitriles. Thus, excess
hydrochloric acid favors the formation of homogeneous β-substituted propionic acids,
alongside their corresponding esters with higher alcohols either present as impurities or
originating in the cleavage in acid medium of “ether bridges” formed in the cyanoethylation
or amidoethylation process or existing initially in the homogeneous polyoxyethylene chain,
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while excess n-dodecylbenzenesulphonic acid favors preferentially the formation of propio‐
namides and less of propionic acids, without the formation of the corresponding esters [28,29].

In all cases, above 80°C the content of homogeneous β-R-polyethyleneoxy (n=0-18) propioni‐
triles decreases markedly regardless of the acid catalyst used and the presence of propionate
esters is observed. Above 110°C in the presence of hydrochloric acid increasing amounts of
higher alcohol are observed due to the cleavage of “ether bridges”. Increasing the reaction time
favors the total acid hydrolysis. At high temperatures (over 80°C) in the presence of hydro‐
chloric acid, after approx. 60 minutes the β-substituted propionitrile disappears from the
reaction mixture, and after 90 minutes also does the propionamide formed intermediately. In
the presence of TS, at the same temperature and amount of water, propionitriles and propio‐
namides can be found in traces even after 180 minutes and total conversions are generally not
reached.

Hydrolysis of homogeneous β-R-polyethyleneoxy (n=3-9) propionitriles in the presence of free
homogeneous polyethoxylated (n=3-9) higher alcohols (C12-C18) ensures the obtention of high
yields of hydrolysis. In parallel the content of propionic ester is increasing, the more so as the
length of the homogeneous polyoxyethylene chain in the homogeneous polyethoxylated
(n=3-9) higher alcohol introduced is smaller.
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The favorable effect of homogeneous polyethoxylated (n=3-9) higher alcohols (C12-C18) with
increasing polyoxyethylene chain on the process of total acid hydrolysis of propionitriles
implies the existence of micellar catalysis (n≥9) or in emulsion phenomena (for n=3-9) [9].

Under the same conditions, increasing the homogeneous polyoxyethylene chain’s length in the
nitrile subjected to hydrolysis favors the yields, due to the stabilization effect on the hydroly‐
sis intermediates. Increasing the hydrocarbon chain influences negatively, through its length,
the total acid hydrolysis yield, probably due to steric reasons similar to cyanoethylation.

Because the hydrolysis of β-substituted propionitriles is a heterogeneous process which takes
place both at the separation interface of the two phases (water/organic) and inside the two
phases due to the mutual solubility of the two reagents, the use of the most diverse structures
of the aforementioned phase-transfer catalysts in the class of the cationic HOHAO synthesized
[N,N,N-trimethyl-N-β-lauryl/myristyl (7/3) oxy-ethylammonium chloride], LM-O-EC-1.1.1,
determines the increase of total hydrolysis yields, without the cleavage of “ether bridges” even
under mild reaction conditions [28,29].

b. Synthesis of homogeneous heterobifunctional acyclic oligomers of ethylene oxide in the
category of customized (structured) lipids.
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In the series of efforts to diversify the macromolecular architectures HOHAO structured lipid
similar to conjugates PEGnL (Figure 5) were obtained with composition, physico-chemical and
functional characteristics specific to the physiological benefits of cell membranes.

An adapted classical reaction scheme was accessed following these steps (Figure 14):

• synthesis, purification and characterization of the homologous series of homogeneous β-
alkyl (EH) alkyl aryl (NF) polyethyleneoxy (n=0-18) propionic acids, HOHAO presented
above R(EO)nPC (Figure 10);

• solid/liquid extraction in petroleum ether (b.p.=30-60°C) of glycerides in the divided seed
material of coriander (Coriandrum sativum, R'co), grapes (Vitis vinifera, R's), dog rose (Rosa
canina, R'm), and nuts (fruits) of wild sweet chestnut (Castanea vesca, R'ca), respectively.

In all the variants studied unsaturation in variable proportions is confirmed, by higher acids:
oleic (C18;1Δ); linoleic (C18;2Δ) and linolenic (C18;3Δ).

The content of saturated higher acids, approx. 10.1% C16 in grapes (s), 10.9% C16 in wild sweet
chestnut (ca), 3.18% C16 in dog rose hips (m) and 2.7% C16 in coriander (co), does not change
the “fingerprint” of the vegetable lipid fractions rich in ω3 acids of major interest in the
composition of functional lipids reported in the last decades.

It is noted that in the saponified lipid fraction from grapes and dog rose hips predominate the
acids C18;2Δ with a share of 57% and 83%, respectively. In continuation of the preparation
scheme of PEGn-L follow:

• separation of unsaponifiables, followed by the exhaustive acid hydrolysis (HCl) of free
higher acids in R'co; R'm; R'ca; R's, their purification and gas-chromatographic characteriza‐
tion;

• directed esterification of glycerol mono-and/or diprotected with R(EO)nPC or free higher
acids R'co; R'm; R'ca; R's, respectively.

c. Fundamental colloidal competences of surface-active HOHAO

Two basic surface-active properties were evaluated suggesting potential directions for the
exploitation of synthesized HOHAO depending on the structural elements of the respective
homologous series (hydrophilic-hydrophobic index, HLB, surface tension and critical micelle
concentration, respectively) [33]. The determinations allowed the formulation of structure-
surface activity correlations [30].

Surface tension as a form of free energy (expressed in N/m or dyne/cm) independent of the
shape of the interface separating two phases in a system, is a function of temperature, time,
and the structural characteristics of the HOHAO considered. Because the interface equilibrium
is established within a short period, the existence of static and dynamic surface tension is
accepted [34]. The latter manifests itself in aqueous floats of HOHAO and subsequently
acquires great practical significance in the process of their actual use. Two aspects can be
distinguished:

• the capacity of HOHAO to reduce the surface tension, expressed as the concentration
required to achieve a certain effect of reducing the surface tension;
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Under the same conditions, increasing the homogeneous polyoxyethylene chain’s length in the
nitrile subjected to hydrolysis favors the yields, due to the stabilization effect on the hydroly‐
sis intermediates. Increasing the hydrocarbon chain influences negatively, through its length,
the total acid hydrolysis yield, probably due to steric reasons similar to cyanoethylation.

Because the hydrolysis of β-substituted propionitriles is a heterogeneous process which takes
place both at the separation interface of the two phases (water/organic) and inside the two
phases due to the mutual solubility of the two reagents, the use of the most diverse structures
of the aforementioned phase-transfer catalysts in the class of the cationic HOHAO synthesized
[N,N,N-trimethyl-N-β-lauryl/myristyl (7/3) oxy-ethylammonium chloride], LM-O-EC-1.1.1,
determines the increase of total hydrolysis yields, without the cleavage of “ether bridges” even
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An adapted classical reaction scheme was accessed following these steps (Figure 14):
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alkyl (EH) alkyl aryl (NF) polyethyleneoxy (n=0-18) propionic acids, HOHAO presented
above R(EO)nPC (Figure 10);
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material of coriander (Coriandrum sativum, R'co), grapes (Vitis vinifera, R's), dog rose (Rosa
canina, R'm), and nuts (fruits) of wild sweet chestnut (Castanea vesca, R'ca), respectively.
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oleic (C18;1Δ); linoleic (C18;2Δ) and linolenic (C18;3Δ).

The content of saturated higher acids, approx. 10.1% C16 in grapes (s), 10.9% C16 in wild sweet
chestnut (ca), 3.18% C16 in dog rose hips (m) and 2.7% C16 in coriander (co), does not change
the “fingerprint” of the vegetable lipid fractions rich in ω3 acids of major interest in the
composition of functional lipids reported in the last decades.

It is noted that in the saponified lipid fraction from grapes and dog rose hips predominate the
acids C18;2Δ with a share of 57% and 83%, respectively. In continuation of the preparation
scheme of PEGn-L follow:

• separation of unsaponifiables, followed by the exhaustive acid hydrolysis (HCl) of free
higher acids in R'co; R'm; R'ca; R's, their purification and gas-chromatographic characteriza‐
tion;

• directed esterification of glycerol mono-and/or diprotected with R(EO)nPC or free higher
acids R'co; R'm; R'ca; R's, respectively.

c. Fundamental colloidal competences of surface-active HOHAO

Two basic surface-active properties were evaluated suggesting potential directions for the
exploitation of synthesized HOHAO depending on the structural elements of the respective
homologous series (hydrophilic-hydrophobic index, HLB, surface tension and critical micelle
concentration, respectively) [33]. The determinations allowed the formulation of structure-
surface activity correlations [30].

Surface tension as a form of free energy (expressed in N/m or dyne/cm) independent of the
shape of the interface separating two phases in a system, is a function of temperature, time,
and the structural characteristics of the HOHAO considered. Because the interface equilibrium
is established within a short period, the existence of static and dynamic surface tension is
accepted [34]. The latter manifests itself in aqueous floats of HOHAO and subsequently
acquires great practical significance in the process of their actual use. Two aspects can be
distinguished:

• the capacity of HOHAO to reduce the surface tension, expressed as the concentration
required to achieve a certain effect of reducing the surface tension;
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• the effectiveness of HOHAO, expressed by the minimum value which is capable of reducing
the surface tension.

It will be proceeded to selectively comment some of the colloidal characteristics of the class.
Following the evolution of the surface tension in the homologous series of cationic HOHAO
synthesized, the following can be stated:

• for the same n and R2, R2=-N(CH3)2 CmH2m+1, m=1-18, the capacity to reduce the surface
tension increases in the series LM<CS, and the effectiveness of reduction decreases in the
order LM>CS, as a result of the increase of the length of the hydrocarbon chain R1;

• for the same n and R1, the capacity to reduce the surface tension decreases in the series of
chain homologues R2, and the effectiveness of reduction increases with the R2 chain’s length
due to the movement towards the center of the hydrophilic ionic polar group (Figure 14) ;

• for the same R1 and R2, the effectiveness of reducing the surface tension increases in the
order (EO)0 < (EO)3 < (EO)6 < (EO)9... < (EO)20, while the capacity to reduce the surface tension
decreases in the same order: (EO)0 > (EO)6... > (EO)20, due to the increased hydrophilic (polar)
character of the cationic structure and its solubility.

The most pronounced capacity to reduce the surface tension in the homologous series of
N,N-dimethyl-N-alkyl (C1-C4)-N-β-cetyl/stearyl (7/3) oxy-ethylammonium chlorides and N,N-
dimethyl-N-alkyl (C1-C4)-N-β-cetyl/stearyl (7/3) polyethyleneoxy (n=3-6) ethylammonium
chlorides, in comparison with N,N-dimethyl-N-alkyl (C8-C16)-N-β-lauryl/myristyl (7/3) oxy-
ethylammonium chlorides and N,N-dimethyl-N-alkyl (C1-C4)-N-β-lauryl/myristyl (7/3)
polyethyleneoxy (n=3-18) ethylammonium chlorides can be explained by the difference in the
intensity of repulsion between the ionic and nonionic polar hydrophilic groups identically
oriented at the separation interface [9]. In the first case the role of entropic factor lowers
significantly on account of the increase of the micellization free energy, while in the second
case it increases due to the reduction of the micellization free energy at the separation interface
with the consequence of accumulation of increased numbers of surface-active cationic
molecules (micelles). Another explanation can also be found in the relationship between the
capacity to reduce the surface tension and the concentration of the surfactant at the liquid-air
separation interface, the latter being decisively influenced by the free energy of the diffusion
process from the aqueous float to the interface and the free energy of formation of cationic
HOHAO micelles. The decrease of the micelle formation entropy corresponds to an advanced
ordering in the micelle, that accumulates around it a greater number of water molecules as the
polarity of the ionic hydrophilic group is higher.

The movement of the ionic polar group or the nonionic one towards the center of the cationic
structure is followed by an advanced reduction of the entropic effect in solution (the effective
length decreases along with the degree of “packing” at the interface), therefore of the capacity
to reduce the surface tension [9].

In the homologous series of N,N-dimethyl-N-alkyl (C1-C16)-N-β-alkyl (C12-C18) polyethyle‐
neoxy (n=0-20) ethylammonium chlorides, the value of the critical micelle concentration (CMC)
for the same environmental conditions is influenced by:
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• the increase of the hydrocarbon chain’s R1 length (R2 and n identical), which lowers the CMC
value by reducing the solubility;

• the increase of the hydrocarbon chain’s R1 length (R2 and n identical) lowers the CMC value
due to the reduction of the degree of “packing” at the interface;

• the increase of the hydrocarbon chain’s length (R1 and R2 identical) lowers the CMC value
through the high hydrophilicity of the HOHAO structures.

d. Fundamental colloidal competences and coordination (sequestration) competences of
homogeneous heterobifunctional acyclic oligomers of ethylene oxide from the category
of customized (structured) lipids

The numerous hopes of obtainment and technological implementation of the conjugates
PEGn-L(2R';R)(R';2R) due primarily to their diversified structure, were based on their potential
colloidal qualities: colloidal (micellar) solubility, interface phenomena, interfacial surface
tension (σ), correlated with the critical micelle concentrations (CMC).

In the structure of customized lipids the independent variable, the homogeneous oligomeri‐
zation degree (n), can provide in a homologous series the controlled modification of the
hydrophilic/hydrophobic balance (HLB index), and implicitly the range of later practical
applications.

From the evaluation of HLB values the following can be stated:

• increasing the homogeneous oligomerization degree (n) for the same hydrocarbon chain R
and/or R', either for the PEGn-L (R';2R) or PEGn-L (2R';R) conjugates, respectively, shows a
more prominent increase of the HLB index for the first case regardless of the nature of R
and/or R';

• increasing the share of hydrocarbon chain R' against R also determines the reduction of the
HLB index value;

• modifying the chain R(NF;EH) for the same structure of conjugate PEGn-L and the same
homogeneous oligomerization degree (n) causes variations in the HLB index due to the
structural differences between the two chains;

• the modification of the hydrocarbon chain R' (R'ca; R's; R'm; R'co) for the same homologous
series of conjugate PEGn-L and homogeneous oligomerization degree (n) does not attract
significant variations of the HLB index either for the same reasons;

• we find a good agreement between the HLB values determined [10] and calculated [30],
which justifies the premises and operating colloidal strategies;

• in the series of the 48 conjugated PEGn-L studied the overall range of variation of the HLB
index is between 2.5-14, which allowed their indicative grouping in structures: HLB=1-4:
lipophilic (insoluble in water) non-dispersible; HLB=4-6: partially dispersible (partially
soluble in water); HLB=6-8: unstable microemulsions (after vigorous mechanical stirring);
HLB=8-10: stable microemulsions (after gentle mechanical stirring); HLB=10-13: translucent
(opalescent) to clear in the upper area of the domain; HLB>13: soluble, transparent).
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• the effectiveness of HOHAO, expressed by the minimum value which is capable of reducing
the surface tension.

It will be proceeded to selectively comment some of the colloidal characteristics of the class.
Following the evolution of the surface tension in the homologous series of cationic HOHAO
synthesized, the following can be stated:

• for the same n and R2, R2=-N(CH3)2 CmH2m+1, m=1-18, the capacity to reduce the surface
tension increases in the series LM<CS, and the effectiveness of reduction decreases in the
order LM>CS, as a result of the increase of the length of the hydrocarbon chain R1;

• for the same n and R1, the capacity to reduce the surface tension decreases in the series of
chain homologues R2, and the effectiveness of reduction increases with the R2 chain’s length
due to the movement towards the center of the hydrophilic ionic polar group (Figure 14) ;

• for the same R1 and R2, the effectiveness of reducing the surface tension increases in the
order (EO)0 < (EO)3 < (EO)6 < (EO)9... < (EO)20, while the capacity to reduce the surface tension
decreases in the same order: (EO)0 > (EO)6... > (EO)20, due to the increased hydrophilic (polar)
character of the cationic structure and its solubility.

The most pronounced capacity to reduce the surface tension in the homologous series of
N,N-dimethyl-N-alkyl (C1-C4)-N-β-cetyl/stearyl (7/3) oxy-ethylammonium chlorides and N,N-
dimethyl-N-alkyl (C1-C4)-N-β-cetyl/stearyl (7/3) polyethyleneoxy (n=3-6) ethylammonium
chlorides, in comparison with N,N-dimethyl-N-alkyl (C8-C16)-N-β-lauryl/myristyl (7/3) oxy-
ethylammonium chlorides and N,N-dimethyl-N-alkyl (C1-C4)-N-β-lauryl/myristyl (7/3)
polyethyleneoxy (n=3-18) ethylammonium chlorides can be explained by the difference in the
intensity of repulsion between the ionic and nonionic polar hydrophilic groups identically
oriented at the separation interface [9]. In the first case the role of entropic factor lowers
significantly on account of the increase of the micellization free energy, while in the second
case it increases due to the reduction of the micellization free energy at the separation interface
with the consequence of accumulation of increased numbers of surface-active cationic
molecules (micelles). Another explanation can also be found in the relationship between the
capacity to reduce the surface tension and the concentration of the surfactant at the liquid-air
separation interface, the latter being decisively influenced by the free energy of the diffusion
process from the aqueous float to the interface and the free energy of formation of cationic
HOHAO micelles. The decrease of the micelle formation entropy corresponds to an advanced
ordering in the micelle, that accumulates around it a greater number of water molecules as the
polarity of the ionic hydrophilic group is higher.

The movement of the ionic polar group or the nonionic one towards the center of the cationic
structure is followed by an advanced reduction of the entropic effect in solution (the effective
length decreases along with the degree of “packing” at the interface), therefore of the capacity
to reduce the surface tension [9].

In the homologous series of N,N-dimethyl-N-alkyl (C1-C16)-N-β-alkyl (C12-C18) polyethyle‐
neoxy (n=0-20) ethylammonium chlorides, the value of the critical micelle concentration (CMC)
for the same environmental conditions is influenced by:
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• the increase of the hydrocarbon chain’s R1 length (R2 and n identical), which lowers the CMC
value by reducing the solubility;

• the increase of the hydrocarbon chain’s R1 length (R2 and n identical) lowers the CMC value
due to the reduction of the degree of “packing” at the interface;

• the increase of the hydrocarbon chain’s length (R1 and R2 identical) lowers the CMC value
through the high hydrophilicity of the HOHAO structures.

d. Fundamental colloidal competences and coordination (sequestration) competences of
homogeneous heterobifunctional acyclic oligomers of ethylene oxide from the category
of customized (structured) lipids

The numerous hopes of obtainment and technological implementation of the conjugates
PEGn-L(2R';R)(R';2R) due primarily to their diversified structure, were based on their potential
colloidal qualities: colloidal (micellar) solubility, interface phenomena, interfacial surface
tension (σ), correlated with the critical micelle concentrations (CMC).

In the structure of customized lipids the independent variable, the homogeneous oligomeri‐
zation degree (n), can provide in a homologous series the controlled modification of the
hydrophilic/hydrophobic balance (HLB index), and implicitly the range of later practical
applications.

From the evaluation of HLB values the following can be stated:

• increasing the homogeneous oligomerization degree (n) for the same hydrocarbon chain R
and/or R', either for the PEGn-L (R';2R) or PEGn-L (2R';R) conjugates, respectively, shows a
more prominent increase of the HLB index for the first case regardless of the nature of R
and/or R';

• increasing the share of hydrocarbon chain R' against R also determines the reduction of the
HLB index value;

• modifying the chain R(NF;EH) for the same structure of conjugate PEGn-L and the same
homogeneous oligomerization degree (n) causes variations in the HLB index due to the
structural differences between the two chains;

• the modification of the hydrocarbon chain R' (R'ca; R's; R'm; R'co) for the same homologous
series of conjugate PEGn-L and homogeneous oligomerization degree (n) does not attract
significant variations of the HLB index either for the same reasons;

• we find a good agreement between the HLB values determined [10] and calculated [30],
which justifies the premises and operating colloidal strategies;

• in the series of the 48 conjugated PEGn-L studied the overall range of variation of the HLB
index is between 2.5-14, which allowed their indicative grouping in structures: HLB=1-4:
lipophilic (insoluble in water) non-dispersible; HLB=4-6: partially dispersible (partially
soluble in water); HLB=6-8: unstable microemulsions (after vigorous mechanical stirring);
HLB=8-10: stable microemulsions (after gentle mechanical stirring); HLB=10-13: translucent
(opalescent) to clear in the upper area of the domain; HLB>13: soluble, transparent).
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Surface tension (σ) is a function of temperature, duration and structural characteristics also in
the series of conjugates PEGn-L (2R';1R) (R';2R).

The evaluation of this colloidal characteristic in close connection with the critical micelle
concentration (CMC) sought to assess the ability of these structures to reduce the surface
tension overall, and also the effectiveness of providing a minimum surface tension for a given
concentration.

From the comparative interpretation of the experimental data the following correlations can
be formulated:

• for the same homogeneous oligomerization degree (n) and the same hydrocarbon chain (R')
the capacity to reduce the surface tension (σ) increases in the series R(EH)→R(NF), while
the effectiveness of reduction decreases in the order R(NF)→R(EH), probably due to
differences in chain length C8 (EH) and C15 (NF), respectively;

• for the same homogeneous oligomerization degree (n) and the same hydrocarbon chain (R))
the capacity to reduce the surface tension (σ) decreases significantly in the hydrocarbon
chain series R' (R'co ≥ R'm > R'ca > R's), while the effectiveness of reduction of (CMC) increases
in the same order, probably due to the movement of the hydrophilic polar groups towards
the center of the structure of conjugates PEGn-L (Figure 14);

• for the same hydrocarbon chain R and R' the capacity to reduce the surface tension (σ)
decreases with increasing the homogeneous oligomerization degree (n), while the effec‐
tiveness of reduction of (CMC) increases in the same homologous series of polyoxyethylene
(PEO) chain (n=3-18), probably due to the intensification of the hydrophilic character of
conjugates PEGn-L, and of the solubility in the polar medium (water).

From the comparative interpretation of the experimental data on the coordination character‐
istics the following can be stated [10]:

• the sequestration (coordination) competences of the conjugates PEGn-L(2R';1R) (R';2R)
depend on their concentration (below and/or above CMC) in the processing environment;

• the coordination competences in the homologous series of derivatized homogeneous
polyoxyethylene (PEO) chains (n=3,9,18) studied can be correlated with the values of the
main colloidal parameters: HLB index, cumulative homogeneous oligomerization degree
(nc), surface tension (σ);

• the coordination competences depend on the ionic radius (Å) in the series of metal cations
studied: Mg2+(0.65), Na+(0.95), Ca2+(0.99), K+(1.33) [10], below and above the CMC values of
the respective conjugates PEGn-L(2R';1R) (R';2R); the premises formulated in the specialized
literature on the similarity of the geometric coordinates of the conformational “host site”
(diameter, radius, area etc.) of the homogeneous polyoxyethylene (PEO) chains (n≥9), with
the geometric coordinates of the “guest” (ionic radius, diameter of metallic cations) are
confirmed;

• the coordination competences follows the same trend in the case of coordination of transi‐
tional metal cations Ni2+(0.69), Co2+(0.72), Mn2+(0.80);
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• the coordination competences can also be extrapolated through the structural parameter
ionic radius (Å) to a coordination number (N.C.). The correlation relative to the sodium
cation (centered cubic lattice with N.C.=6) took into account that in the case of transitional
metal cations the evaluated interatomic distances are smaller due to the polarizability of the
anions under the influence of proper metal cations, and that the atomic volume of alkali and
alkaline-earth cations is larger than that of transitional cations;

• the preliminary study of the coordination competences for certain transitional metal cations
(known promoters of lipid autooxidation) has technological importance in avoiding and/or
eliminating autooxidation processes due to the high degree of unsaturation of the hydro‐
carbon chains (R'ca; R's; R'm; R'co) in conjugates PEGn-L(2R';1R) (R';2R);

• the phase-transfer competences assessed comparatively through the partition coefficient
values KD (1,2-dichloroethane) and/or K'D (isooctane) suggest that the hydrophilicity of
conjugates PEGn-L(2R';1R) (R';2R) favors the interphase distribution of the “host-guest”
(PEO chain-metal cation) systems in industrial processing;

• because there are no significant differences between the KD and K'D values, the evaluated
experimental data confirm the reality of the phase-transfer processes studied;

• the phase-transfer competences for the same cumulative homogeneous oligomerization
degree (nC) are lower for the conjugates PEGn-L(2R';1R) (R';2R) with hydrocarbon chains
R(EH) compared with R(NF) due to differences in hydrophobicity [EH(C8) < NF(C15)] and
[2EH(2C8) < 2NF(2C15)], respectively.

The comparative evaluation of the colloidal experimental data of conjugates PEGn-L (2R';1R)
(R';2R) themselves revealed that not all the structures obtained offer directly potential colloidal
and coordination competences due to the different degree of dispersibility in aqueous media
(HLB=1-8) (increased lipophilicity).

Their exclusion from further tests does not represent the acceptable technical solution, which
suggested two future work strategies:

• the study of cumulated colloidal competences in mixed systems PEGn-L (2R';1R) (R';2R)
(HLB=1-8) with homogeneous polyoxyethylene chains (n=9,18), monoderivatized
R(EH;NF);

• the study of cumulated colloidal competences in mixed systems PEGn-L (2R';1R) (R';2R)
(HLB=1-8) / PEGn-L (2R';1R) (R';2R) (HLB=9-13) (HLB>13).

In both variants it was counted on the cumulative properties recognized in the specialized
literature, similar for mixtures with different proportions of colloidal (surface-active) com‐
pounds, but also of the structural units composing them. Thus, in order to shift the cumulative
hydrophilic/hydrophobic balance (HLBc) towards increasing hydrophilic character, it was
originally resorted to homogeneous polyoxyethylene (PEO) chains (n=3-18) monoderivatized
R(EH;NF) with high HLB values (HLBEH9=15.35; HLBNF9=12.86; HLBEH18=17.37; HLBNF18=14.24).
In this respect we can also admit the existence of a cumulated homogeneous oligomerization
degree (nc), exemplified randomly by PEG3-L (Rs;2NF) (nc=6) or PEG18-L (Rs;2NF) (nc=36).
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Surface tension (σ) is a function of temperature, duration and structural characteristics also in
the series of conjugates PEGn-L (2R';1R) (R';2R).

The evaluation of this colloidal characteristic in close connection with the critical micelle
concentration (CMC) sought to assess the ability of these structures to reduce the surface
tension overall, and also the effectiveness of providing a minimum surface tension for a given
concentration.

From the comparative interpretation of the experimental data the following correlations can
be formulated:

• for the same homogeneous oligomerization degree (n) and the same hydrocarbon chain (R')
the capacity to reduce the surface tension (σ) increases in the series R(EH)→R(NF), while
the effectiveness of reduction decreases in the order R(NF)→R(EH), probably due to
differences in chain length C8 (EH) and C15 (NF), respectively;

• for the same homogeneous oligomerization degree (n) and the same hydrocarbon chain (R))
the capacity to reduce the surface tension (σ) decreases significantly in the hydrocarbon
chain series R' (R'co ≥ R'm > R'ca > R's), while the effectiveness of reduction of (CMC) increases
in the same order, probably due to the movement of the hydrophilic polar groups towards
the center of the structure of conjugates PEGn-L (Figure 14);

• for the same hydrocarbon chain R and R' the capacity to reduce the surface tension (σ)
decreases with increasing the homogeneous oligomerization degree (n), while the effec‐
tiveness of reduction of (CMC) increases in the same homologous series of polyoxyethylene
(PEO) chain (n=3-18), probably due to the intensification of the hydrophilic character of
conjugates PEGn-L, and of the solubility in the polar medium (water).

From the comparative interpretation of the experimental data on the coordination character‐
istics the following can be stated [10]:

• the sequestration (coordination) competences of the conjugates PEGn-L(2R';1R) (R';2R)
depend on their concentration (below and/or above CMC) in the processing environment;

• the coordination competences in the homologous series of derivatized homogeneous
polyoxyethylene (PEO) chains (n=3,9,18) studied can be correlated with the values of the
main colloidal parameters: HLB index, cumulative homogeneous oligomerization degree
(nc), surface tension (σ);

• the coordination competences depend on the ionic radius (Å) in the series of metal cations
studied: Mg2+(0.65), Na+(0.95), Ca2+(0.99), K+(1.33) [10], below and above the CMC values of
the respective conjugates PEGn-L(2R';1R) (R';2R); the premises formulated in the specialized
literature on the similarity of the geometric coordinates of the conformational “host site”
(diameter, radius, area etc.) of the homogeneous polyoxyethylene (PEO) chains (n≥9), with
the geometric coordinates of the “guest” (ionic radius, diameter of metallic cations) are
confirmed;

• the coordination competences follows the same trend in the case of coordination of transi‐
tional metal cations Ni2+(0.69), Co2+(0.72), Mn2+(0.80);
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• the coordination competences can also be extrapolated through the structural parameter
ionic radius (Å) to a coordination number (N.C.). The correlation relative to the sodium
cation (centered cubic lattice with N.C.=6) took into account that in the case of transitional
metal cations the evaluated interatomic distances are smaller due to the polarizability of the
anions under the influence of proper metal cations, and that the atomic volume of alkali and
alkaline-earth cations is larger than that of transitional cations;

• the preliminary study of the coordination competences for certain transitional metal cations
(known promoters of lipid autooxidation) has technological importance in avoiding and/or
eliminating autooxidation processes due to the high degree of unsaturation of the hydro‐
carbon chains (R'ca; R's; R'm; R'co) in conjugates PEGn-L(2R';1R) (R';2R);

• the phase-transfer competences assessed comparatively through the partition coefficient
values KD (1,2-dichloroethane) and/or K'D (isooctane) suggest that the hydrophilicity of
conjugates PEGn-L(2R';1R) (R';2R) favors the interphase distribution of the “host-guest”
(PEO chain-metal cation) systems in industrial processing;

• because there are no significant differences between the KD and K'D values, the evaluated
experimental data confirm the reality of the phase-transfer processes studied;

• the phase-transfer competences for the same cumulative homogeneous oligomerization
degree (nC) are lower for the conjugates PEGn-L(2R';1R) (R';2R) with hydrocarbon chains
R(EH) compared with R(NF) due to differences in hydrophobicity [EH(C8) < NF(C15)] and
[2EH(2C8) < 2NF(2C15)], respectively.

The comparative evaluation of the colloidal experimental data of conjugates PEGn-L (2R';1R)
(R';2R) themselves revealed that not all the structures obtained offer directly potential colloidal
and coordination competences due to the different degree of dispersibility in aqueous media
(HLB=1-8) (increased lipophilicity).

Their exclusion from further tests does not represent the acceptable technical solution, which
suggested two future work strategies:

• the study of cumulated colloidal competences in mixed systems PEGn-L (2R';1R) (R';2R)
(HLB=1-8) with homogeneous polyoxyethylene chains (n=9,18), monoderivatized
R(EH;NF);

• the study of cumulated colloidal competences in mixed systems PEGn-L (2R';1R) (R';2R)
(HLB=1-8) / PEGn-L (2R';1R) (R';2R) (HLB=9-13) (HLB>13).

In both variants it was counted on the cumulative properties recognized in the specialized
literature, similar for mixtures with different proportions of colloidal (surface-active) com‐
pounds, but also of the structural units composing them. Thus, in order to shift the cumulative
hydrophilic/hydrophobic balance (HLBc) towards increasing hydrophilic character, it was
originally resorted to homogeneous polyoxyethylene (PEO) chains (n=3-18) monoderivatized
R(EH;NF) with high HLB values (HLBEH9=15.35; HLBNF9=12.86; HLBEH18=17.37; HLBNF18=14.24).
In this respect we can also admit the existence of a cumulated homogeneous oligomerization
degree (nc), exemplified randomly by PEG3-L (Rs;2NF) (nc=6) or PEG18-L (Rs;2NF) (nc=36).
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Three categories of conjugates PEGn-L (2R';1R) (R';2R) have been selected in the intervals
HLB=1-4, HLB=3-6, HLB=6-8, respectively, each with eight representatives to which were
controlledly added 1%, 10% and 20%, respectively, homogeneous polyoxyethylene (PEO)
chain (n=3-18) monoderivatized R(EH;NF), corresponding to the hydrocarbon chain R in the
conjugates PEGn-L (2R';1R) (R';2R) (HLB=1-8) evaluated. The HLBc values (Pearson rule)
experimentally verified by sampling led to results falling below the error limit of the confidence
interval (± 1%).

The typical colloidal characteristics were correlated and interpreted: surface tension (σ), critical
micelle concentration (CMC), hydrophilic-hydrophobic balance (HLB), with the structural
parameters for the 18 conjugates PEGn-L(2R';1R) (R';2R) nominated and subsequently associ‐
ated in binary and ternary systems, overall finding that:

• increasing the homogeneous oligomerization degree (n) and the unsaturation in the chains
R' (R's; R'ca; R'm; R'co) 1Δ→2Δ→3Δ favors the hydrophilicity of conjugates PEGn-L(2R';1R) (R';
2R);

• between the chains R(EH) and R(NF) differences in the colloidal behavior exist and manifest
themselves sensibly in favor of increasing the hydrophobic character of conjugates [R(EH)
(C8) < R(NF)(C15)], due to the movement of the homogeneous polyoxyethylene (PEO) chains
(n=3-18) towards the center of the structure of conjugates [R(NF)(C15) < R(EH)(C8)];

• the exclusive modification of the ratio R'/R affected the interface and transfer colloidal
characteristics (R' > R decrease R' < R increase), probably due to “steric restrictions”
adversely affecting “the degree of packing” of conjugates PEGn-L(2R';R) (R';2R) at interfaces;

• a high degree of unsaturation affects the colloidal characteristics, the more so as the share
of higher unsaturated acids 2Δ and 3Δ is higher, due to their possibilities of spatial arrange‐
ment as geometric isomers, but also to the reduction of the capacity of free rotation (C-C) in
the structure of conjugates PEGn-L(2R';R) (R';2R);

• the colloidal phenomena in the structural category of systems PEGn-L(2R';R) (R';2R) studied
differ for concentration values below CMC [conformational competences are present
exclusively due to the homogeneous polyoxyethylene (PEO) chains (n=3,9,18)] and values
above CMC, both the conformational competences and the ones of micellar solubilization
of homogeneous polyoxyethylene (PEO) chains (n=3,9,18) occur cumulatively and simul‐
taneously;

• the gradual presence of homogeneous polyoxyethylene (PEO) chains (n=9, 18) monoderiv‐
atized R(EH;NF) along with conjugates PEGn-L(2R';R) (R';2R) with HLB < 6 in binary
and/or ternary associated systems favors the structuring of systems PEGn-L with HLB' nc

≥ 8, which widens the range of structural variants capable of interface and transfer phe‐
nomena, beneficial to the technological practice.
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6. Conclusions and perspectives

Overall it can be stated that the obtainment and characterization for the first time of homoge‐
neous heterobifunctional oligomers of ethylene oxide (HOHAO) as “niche” structures
represents a “challenge” with real future perspectives.

The potential applications envisaged are based primarily on their structure but also their
varied composition which allow the expression in perspective of colloidal phenomena
[wetting, foaming/defoaming with the three components (strength, density, stability) [31,32],
softening agent, micellar solubilization, controlled emulsification, adsorption at the interface
in normal micelles (aqueous medium) and reverse micelles (non-aqueous media), cleaning in
the most various hypostases (including resistance to hard water), chemical interface processes
(chemisorption), coordination/sequestration and phase transfer, etc.]. The diversity of lipid
conjugates and their competences recommends them as specialized structural units of the cell
membrane walls.

Preliminary tests carried out and ongoing support these assertions.
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1. Introduction

Surfactants (shorten for surface-active agents) are organic compounds containing in one
molecule both lyophobic (hydrophobic) and lyophilic (hydrophilic) parts (Fig. 1.). Due to such
amphiphilic structure surfactants exhibit specific properties in solutions, as well as in solid
state. When present at low concentrations in solutions they adsorb at all available interfaces
(liquid/gas, liquid /liquid, liquid /solid,) and as a consequence dramatically change their free
energy. At higher concentrations, above so called critical micellization concentration (cmc),
when all the interfaces are occupied, surfactants self-assemble in the bulk in various aggre‐
gates: micelles, vesicles and liquid crystals. The type of formed supramolecular structure
depends upon the structure and concentration of the surfactant, presence of the electrolyte,
temperature, etc. [1, 2].
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ranging from classical (paints, cosmetics, pharmaceuticals, foods) to modern technologies
(synthesis of advanced materials, environmental protection). Moreover, surfactants have
important roles in living organisms. Examples are pulmonary surfactants, proteins, biological
membranes which can be considered to be self-assembled bilayers of surface active compounds
(phospholipids), etc. [1, 2].

In constant search for more efficient and environmentally friendly surfactants, both academic
and industrial interest has been focused on design and preparation of novel, complex,
surfactant structures, with improved properties in comparison with conventional surfactants,
i.e. those containing only one hydrophilic and one hydrophobic group.

Novel  surfactants  which  have  attracted  considerable  interest  in  last  two  decades  are
oligomeric surfactants. These compounds are made up of two (dimeric surfactants) or more
(higher oligomeric surfactants) amphiphilic moieties covalently linked at the level of the
head groups or very close to them by a spacer group [3]. This means that, in theory, it is
possible to synthesize oligomeric surfactants using two or more molecules of identical and/
or different conventional surfactant and connecting them with a spacer group varying in
chemical  nature,  length,  hydrophobicity  and  rigidity.  The  number  of  possible  architec‐
tures, and thus properties, is vast [3].

First to report about dimeric or gemini surfactant (Fig. 1. b) in scientific literature were Bunton
and collaborators in 1971 [4] They have synthetized bisquaternary ammonium surfactants and
studied rate of nucleofilic substitution in their micellar solutions. This work was followed by
Devinsky and collaborators in 1985, who synthesized the great variety of bisquaternary
ammonium surfactants and investigated their surface activity and micellization [5]. In 1990
Okahara and collaborators synthesized first anionic gemini surfactants, with two sulphate
groups and two alkyl chains [6]. In 1990s work by Zana's, and latter Esumi's group, on
bisquaternary ammonium surfactants in which they have shown that these surfactants posses
unique properties and various self-assembly behaviors compared to the corresponding
monomeric surfactants, motivated the investigation of different dimeric surfactants [7-17].

Constantly growing interest for the investigation and synthesis of novel gemini surfactants is
a consequence of their superior properties in comparison to the conventional ones [3]:

• their cmcs are one or two order of magnitude lower than for the corresponding monomeric
surfactants.

• they are more efficient in lowering surface tension.

• their aqueous solution can have a very high viscosity or even show viscoelastic properties
at relatively low surfactant concentrations, whereas the solutions of corresponding mono‐
mers remain low viscous as water,

• also, they have better: solubilizing, wetting and foaming properties.

In addition, the Krafft temperatures of dimeric surfactants with hydrophilic spacers are
generally very low giving to these surfactants the capacity to be used in cold water [3]. Some
cationic dimeric surfactants even have interesting biological activity [5, 18].

Oligomerization of Chemical and Biological Compounds134

The fact that the dimeric surfactants posses properties superior to the corresponding mono‐
mers, was motivation to extend the concept of gemini surfactants to higher oligomers (degree
of oligomerization ≥ 3), expecting that their properties would be even better. This expectations
were further supported by theoretical considerations predicting that the critical micellization
concentration decreases continuously with increasing degree of oligomerization, while
preferentially small spherical micelles form at low concentration and wormlike or threadlike
micelles at high concentration [19,20]. In addition, since higher oligomeric surfactants repre‐
sent transitional structures between conventional and polymeric surfactants, investigation of
their properties can give insight in the behavior of the latter.

First synthesized and investigated higher oligomeric surfactants were trimeric [9, 11, 16, 17]
and tetrameric [13] linear quaternary ammonium bromides with alkyl spacers. Up to now
different cationic, anionic and nonionic oligomeric surfactants, with degree of oligomerization
up to 7 [21] and linear, ring-typed or star-like topology [22] of the molecule have been
investigated.

However, the efforts in investigation of higher oligomeric surfactants are hindered by the more
complex synthesis and purification. Recently progress in this area has been reported. White
and Warr have synthesized oligomeric alkylpyridinium surfactants by a simple elimination–
addition reaction [23]. Also Feng and collaborators have reported a new method of synthesis
for oligomeric surfactants by atom transfer radical polymerization (ATRP) [24, 25].

In this chapter the influence of the oligomerization degree, length of hydrophobic chains,
nature of the spacer and topology of the molecule on the properties of higher oligomeric
surfactants1 in the solution and at the interfaces will be discussed. Comparison will be made
with behavior of corresponding monomeric and dimeric surfactants. Possible applications of
higher oligomeric surfactants will also be discussed.

2. Clasification of the oligomeric surfactants

Oligomeric surfactants, like conventional ones, are most commonly classified depending on
the type of the hydrophylic headgroup surfactants in four major groups:

• anionic – hydrophilic group is negatively charged,

• cationic – hydrophilic group is positively charged,

• nonionic – hydrophilic group bears no charge, but solubility in water is a consequence of
its high polarity,

• zwitterionic – molecule contain both positively and negatively charged hydrophylic groups.

So far cationic, anionic and nonionic higher oligomeric surfactants have been synthesized, but
no synthesis of zwitterionic has been reported.

1 The term oligomeric surfactants as used in this chapter does not include surfactants molecules in whose structure only
part of the moiety, i.e. head group or tail, is repeated. Example of such amphiphilic molecules are nonionic oligomeric
surfactants like Brij or polyetheramine surfactants.
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part of the moiety, i.e. head group or tail, is repeated. Example of such amphiphilic molecules are nonionic oligomeric
surfactants like Brij or polyetheramine surfactants.
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Since oligomeric surfactants are made up of two or more amphiphilic moieties covalently
linked at the level of head groups or very close to them (Fig. 1. b) by a hydrophylic or hydro‐
phobic, flexible or rigid spacer group, they can also be classified based on:

• number of amphiphilic moieties present in the molecule – dimeric (gemini), trimeric,
tetrameric, etc.

• molecular structure (features of their spacer groups)-linear, ring-type, and star-shaped.

The structures of typical examples of the higher oligomeric surfacatants, reviewed in this
chapter, are given in Fig. 2-4. They include:

• cationic – different derivates of quaternary ammonium salts were prepared, like:

◦ quaternary ammonium surfactants with the alkyl spacers [3, 7-17, 26, 27] (Fig. 2. 2A, 3A, 4A)
– they are usually denoted as m-s-(m-s)x-m, where m represents number of carbon atom
in hydrophobic chain, s number of the carbon atoms in the spacer and x=j–2, where j is
the degree of oligomerization. Up to now, these surfactants have been the most investi‐
gated oligomeric surfactants, due to the relative ease of their synthesis and possibility to
tailor surfactant properties by changing spacer and chain length. Majority of these
surfactants are bromide salts, chlorides were synthesized in lesser extent.

◦ oligomeric quaternary ammonium surfactants prepared by epichlorohydrin [28, 29] (Fig. 2. 2B,
3B) – these surfactants have short polar spacers containing –OH groups.

◦ oligomeric quaternary ammonium chlorides with trans-1,4-buten-2-ylene, m-xylylene and p-
xylylene spacers (Fig. 2. 2C, 3C, 4B) – the spacers groups differ in both nature and length,
and are all rigid. Chloride was chosen as counterion to increase solubility in water and
to provide lower Krafft temperatures [30, 31].

◦ polyoxyethylene ether trimeric quaternary ammonium surfactants (Fig. 2. 3I) – these surfactants
contain chains consisting of both polyoxethylene and dodecyl alkyl groups [32].

◦ star-shaped trimeric quaternary ammonium bromides with different chain length [33] (Fig.
2. 3D).

◦ star-shaped trimeric, tetrameric and hexameric quaternatry ammonium salts with amide groups
(Fig. 2. 3E, 3F, 4C, 6A) – amide groups were chosen to increase solubility of these
surfactants. The spacers are rigid. Non symmetric and symmetric trimeric surfactants
were prepared with a slight difference in the spacer [22, 34-36].

◦ Tris[2-hydroxy-3-(alkyldimethyammonio)-propoxymethyl]ethane]-these surfactants
were designed in order to obtain surfactants with enhanced antimicrobial properties [37]
(Fig. 2. 3G, 3H).

• anionic

◦ ring-type trimeric surfactants synthesized by introducing three hydrocarbon chains to
cyanuric chloride (Fig. 3. 3J) –they can dissolve in water only at pH around 13, which
renders their applicability [38].
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◦ triple chain surfactants with three hydrocarbon chains and two or three carboxylate
headgroups (Fig. 3. 3K, 3L)– they exhibit same problem with solubility as ring type
trimeric surfactants [39].

◦ tetrameric surfactants with multiple-ring spacers based on dioxane rings with different
flexibility (flexible, semi-flexible and rigid) of spacers [40] (Fig. 3. 4D-G).
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Since oligomeric surfactants are made up of two or more amphiphilic moieties covalently
linked at the level of head groups or very close to them (Fig. 1. b) by a hydrophylic or hydro‐
phobic, flexible or rigid spacer group, they can also be classified based on:

• number of amphiphilic moieties present in the molecule – dimeric (gemini), trimeric,
tetrameric, etc.

• molecular structure (features of their spacer groups)-linear, ring-type, and star-shaped.

The structures of typical examples of the higher oligomeric surfacatants, reviewed in this
chapter, are given in Fig. 2-4. They include:

• cationic – different derivates of quaternary ammonium salts were prepared, like:

◦ quaternary ammonium surfactants with the alkyl spacers [3, 7-17, 26, 27] (Fig. 2. 2A, 3A, 4A)
– they are usually denoted as m-s-(m-s)x-m, where m represents number of carbon atom
in hydrophobic chain, s number of the carbon atoms in the spacer and x=j–2, where j is
the degree of oligomerization. Up to now, these surfactants have been the most investi‐
gated oligomeric surfactants, due to the relative ease of their synthesis and possibility to
tailor surfactant properties by changing spacer and chain length. Majority of these
surfactants are bromide salts, chlorides were synthesized in lesser extent.

◦ oligomeric quaternary ammonium surfactants prepared by epichlorohydrin [28, 29] (Fig. 2. 2B,
3B) – these surfactants have short polar spacers containing –OH groups.

◦ oligomeric quaternary ammonium chlorides with trans-1,4-buten-2-ylene, m-xylylene and p-
xylylene spacers (Fig. 2. 2C, 3C, 4B) – the spacers groups differ in both nature and length,
and are all rigid. Chloride was chosen as counterion to increase solubility in water and
to provide lower Krafft temperatures [30, 31].

◦ polyoxyethylene ether trimeric quaternary ammonium surfactants (Fig. 2. 3I) – these surfactants
contain chains consisting of both polyoxethylene and dodecyl alkyl groups [32].

◦ star-shaped trimeric quaternary ammonium bromides with different chain length [33] (Fig.
2. 3D).

◦ star-shaped trimeric, tetrameric and hexameric quaternatry ammonium salts with amide groups
(Fig. 2. 3E, 3F, 4C, 6A) – amide groups were chosen to increase solubility of these
surfactants. The spacers are rigid. Non symmetric and symmetric trimeric surfactants
were prepared with a slight difference in the spacer [22, 34-36].

◦ Tris[2-hydroxy-3-(alkyldimethyammonio)-propoxymethyl]ethane]-these surfactants
were designed in order to obtain surfactants with enhanced antimicrobial properties [37]
(Fig. 2. 3G, 3H).

• anionic

◦ ring-type trimeric surfactants synthesized by introducing three hydrocarbon chains to
cyanuric chloride (Fig. 3. 3J) –they can dissolve in water only at pH around 13, which
renders their applicability [38].
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◦ triple chain surfactants with three hydrocarbon chains and two or three carboxylate
headgroups (Fig. 3. 3K, 3L)– they exhibit same problem with solubility as ring type
trimeric surfactants [39].

◦ tetrameric surfactants with multiple-ring spacers based on dioxane rings with different
flexibility (flexible, semi-flexible and rigid) of spacers [40] (Fig. 3. 4D-G).
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• nonionic

◦ tyloxapol (Fig. 4. 7A) – repeating unit is close to Triton X-100 and maximum degree of
polymerization is about 7 [21]. This surfactant is commercially available.

◦ n-alkylphenol polyoxyethylene trimeric surfactants with different lengths of hydrophilic
group oxyethylene chains and hydrophobic group methylene chains [41] (Fig. 4. 3M).

◦ trimeric surfactants derived from tris(2-aminoethy)amine (Fig. 4. 3N) – these surfactants
offer possibility to change hydrophilic/lipophilic balance while keeping molecular
skeleton the same [42].
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3. Oligomeric surfactants in solution

Unique properties that surfactants exhibit in aqueous solution and in the solid state are
consequence of their amphiphilic nature. When present in low concentrations in aqueous
solution, surfactants tend to concentrate at the available interfaces and in that way reduce the
free energy of the system. At higher concentration, when all the interfaces are saturated the
reduction of the system energy can be achieved, depending on the experimental conditions,
by crystallization of the surfactant from the solution or by the formation of supramolecular
aggregates (micelles, vesicles, liquid crystals etc., Fig. 5). The concentration above which
micelle are formed is called critical micellization concentration (cmc). Micelles are thermody‐
namically stable dispersed species in equilibrium with surfactant monomers [1, 2].

Figure 5. Modes of surfactant reduction of surface and interfacial energies. After ref [1].

3.1. Solubility of surfactants

Overall solubility of many ionic compounds increases as temperature increases. This effect is
the result of the physical characteristics of the solid phase, namely crystal lattice energy and
heat of hydratation of the material being dissolved.

In the case of ionic surfactants, it is often observed that the solubility undergoes a sharp,
discontinuous increase at some characteristic temperature, named the Krafft temperature (TK)
(Fig. 6). Below the Krafft temperature solubility of the surfactant is determined by the solid
state properties, while above it the surfactant solubility increases due to formation of micelles,
which are thermodynamically favored form [1, 2, 43].

The Kraft temperature varies with alkyl chain length and structure, as well as with counterion.
Lowering of the Krafft temperature can be achieved by introducing chain branching, multiple
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• nonionic

◦ tyloxapol (Fig. 4. 7A) – repeating unit is close to Triton X-100 and maximum degree of
polymerization is about 7 [21]. This surfactant is commercially available.

◦ n-alkylphenol polyoxyethylene trimeric surfactants with different lengths of hydrophilic
group oxyethylene chains and hydrophobic group methylene chains [41] (Fig. 4. 3M).

◦ trimeric surfactants derived from tris(2-aminoethy)amine (Fig. 4. 3N) – these surfactants
offer possibility to change hydrophilic/lipophilic balance while keeping molecular
skeleton the same [42].
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3. Oligomeric surfactants in solution

Unique properties that surfactants exhibit in aqueous solution and in the solid state are
consequence of their amphiphilic nature. When present in low concentrations in aqueous
solution, surfactants tend to concentrate at the available interfaces and in that way reduce the
free energy of the system. At higher concentration, when all the interfaces are saturated the
reduction of the system energy can be achieved, depending on the experimental conditions,
by crystallization of the surfactant from the solution or by the formation of supramolecular
aggregates (micelles, vesicles, liquid crystals etc., Fig. 5). The concentration above which
micelle are formed is called critical micellization concentration (cmc). Micelles are thermody‐
namically stable dispersed species in equilibrium with surfactant monomers [1, 2].

Figure 5. Modes of surfactant reduction of surface and interfacial energies. After ref [1].

3.1. Solubility of surfactants

Overall solubility of many ionic compounds increases as temperature increases. This effect is
the result of the physical characteristics of the solid phase, namely crystal lattice energy and
heat of hydratation of the material being dissolved.

In the case of ionic surfactants, it is often observed that the solubility undergoes a sharp,
discontinuous increase at some characteristic temperature, named the Krafft temperature (TK)
(Fig. 6). Below the Krafft temperature solubility of the surfactant is determined by the solid
state properties, while above it the surfactant solubility increases due to formation of micelles,
which are thermodynamically favored form [1, 2, 43].

The Kraft temperature varies with alkyl chain length and structure, as well as with counterion.
Lowering of the Krafft temperature can be achieved by introducing chain branching, multiple
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bonds in the alkyl chain or bulkier hydrophilic groups in the surfactant molecules. In this way
intermolecular reactions that promote crystallization are reduced [1, 2, 43].

The Krafft temperature is usually determined either by measuring the change of electrical
conductivity with temperature or visually observing the change of turbidity of supersaturated
surfactant solution (usually 1 wt %).

Knowledge of the Krafft temperature is crucial in many applications since below TK the
surfactant will clearly not perform efficiently; hence typical characteristics such as maximum
surface tension lowering and micelle formation cannot be achieved.

Ionic dimeric m-s-m surfactants with m ≤ 12 are generally highly soluble in water. The Krafft
temperatures below 0 oC have been reported for many series of anionic dimeric surfactants
with hydrophobic or hydrophilic spacers [3].

Only the Krafft temperatures of cationic higher oligomeric surfactants were reported, to the
best of our knowledge. Majority of the reported values are below 0 oC, which is important for
their possible applications in cold water. Besides relative ease of their synthesis, low Krafft
temperature is one of the main reasons why oligomeric quaternary ammonium surfactants
have received much of the attention.

While trimeric 12-2-12-2-12 surfactant has Krafft temperature in the vicinity of 0 oC, TK for
corresponding tetramer12-2-12-2-12-2-12 is 32 oC [27]. It is interesting to note that the Krafft
temperature does not regularly change with the degree of oligomerization in this series of
oligomeric dodecyl quaternary ammonium surfactants since the Krafft temperature of
monomeric DTAB (1A) is below 0 oC and that of dimeric 12-2-12 is 15 oC [3].

Figure 6. Schematical representation of the solubility curve for the ionic surfactants. The Krafft temperature (TK) is the
temperature at which surfactant solubility equals the cmc. Above TK surfactant molecules form a dispersed phase; be‐
low TK hydrated crystals are formed. After ref. [43].
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Trimeric quaternary ammonium surfactants with polar spacers (3B) have also shown good
water solubility and their Krafft temperatures are all below 0 °C [28].

In the series of quaternary ammonium surfactants with trans-1,4-butenylene, m-and p-xylylene
spacers (2C, 3C, 4B) it was shown that the Krafft temperatures are reduced by a higher degree
of oligomerization [30]. Interestingly, TK of the trimeric and tetrameric surfactants with the p-
xylylene spacer (3Cpx and 4Bpx) are below 0 °C, whereas the analogous dimer 2Cpx surfactant
has a Krafft temperature of 23 °C [30].

The Krafft temperature of trimeric surfactants 3E and 3F [34], and polyoxyethylene ether
trimeric quaternary ammonium surfactant 3I is also found to be below 0 oC [32]. The TK of star-
shaped trimeric surfactants 3D were found to be lower than 5 oC [33].

Despite the large number of hydrophobic alkyl chains, the Krafft temperature of hexameric
surfactant 6A is also found to be below 0 oC [22].

3.2. Adsorption at the air/water interface

Many surfactant applications are based on their ability to absorb at various interfaces in an
oriented fashion. The difference in the surface activity of different surfactants is a consequence
of the difference in their packing density at the air/water interface. The packing density is
reflected in the values of surfactant surface excess concentration (Γmax) and surface area
occupied by a surfactant molecule (amin). The higher the value of surface excess concentration,
consequently the lower the value of surface area, the more efficient surfactant is. amin is not
only measure of efficacy of adsorption, but it is also the first information about the orientation
and packing of the surfactant at the interface [1, 2, 43].

Maximum surface excess concentration of a surfactant (Γmax), can be calculated from the surface
tension (γ) measurements, i.e. from the maximal slope (dγ/dlogc) in the γ vs. log c before cmc
(Fig. 7):

max
1

2.303 log
gæ ö¶

= - ç ÷
¶è øT

Γ
nRT c (1)

where c denotes concentration, R is the gas constant (8.314 Jmol−1 K−1), T is absolute temperature
and n is the number of solute species whose concentration at the interface changes with change
in the value of surfactant bulk concentration (c) [2].

From the surface excess concentration, the area per molecule at the interface, amin, in square
nms is calculated from the relation:

amin =
1014

NAΓmax
(2)

where NA is Avogardo’s number and Γmax is expressed in mol/m2 [2].
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bonds in the alkyl chain or bulkier hydrophilic groups in the surfactant molecules. In this way
intermolecular reactions that promote crystallization are reduced [1, 2, 43].

The Krafft temperature is usually determined either by measuring the change of electrical
conductivity with temperature or visually observing the change of turbidity of supersaturated
surfactant solution (usually 1 wt %).

Knowledge of the Krafft temperature is crucial in many applications since below TK the
surfactant will clearly not perform efficiently; hence typical characteristics such as maximum
surface tension lowering and micelle formation cannot be achieved.

Ionic dimeric m-s-m surfactants with m ≤ 12 are generally highly soluble in water. The Krafft
temperatures below 0 oC have been reported for many series of anionic dimeric surfactants
with hydrophobic or hydrophilic spacers [3].

Only the Krafft temperatures of cationic higher oligomeric surfactants were reported, to the
best of our knowledge. Majority of the reported values are below 0 oC, which is important for
their possible applications in cold water. Besides relative ease of their synthesis, low Krafft
temperature is one of the main reasons why oligomeric quaternary ammonium surfactants
have received much of the attention.

While trimeric 12-2-12-2-12 surfactant has Krafft temperature in the vicinity of 0 oC, TK for
corresponding tetramer12-2-12-2-12-2-12 is 32 oC [27]. It is interesting to note that the Krafft
temperature does not regularly change with the degree of oligomerization in this series of
oligomeric dodecyl quaternary ammonium surfactants since the Krafft temperature of
monomeric DTAB (1A) is below 0 oC and that of dimeric 12-2-12 is 15 oC [3].

Figure 6. Schematical representation of the solubility curve for the ionic surfactants. The Krafft temperature (TK) is the
temperature at which surfactant solubility equals the cmc. Above TK surfactant molecules form a dispersed phase; be‐
low TK hydrated crystals are formed. After ref. [43].
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Trimeric quaternary ammonium surfactants with polar spacers (3B) have also shown good
water solubility and their Krafft temperatures are all below 0 °C [28].

In the series of quaternary ammonium surfactants with trans-1,4-butenylene, m-and p-xylylene
spacers (2C, 3C, 4B) it was shown that the Krafft temperatures are reduced by a higher degree
of oligomerization [30]. Interestingly, TK of the trimeric and tetrameric surfactants with the p-
xylylene spacer (3Cpx and 4Bpx) are below 0 °C, whereas the analogous dimer 2Cpx surfactant
has a Krafft temperature of 23 °C [30].

The Krafft temperature of trimeric surfactants 3E and 3F [34], and polyoxyethylene ether
trimeric quaternary ammonium surfactant 3I is also found to be below 0 oC [32]. The TK of star-
shaped trimeric surfactants 3D were found to be lower than 5 oC [33].

Despite the large number of hydrophobic alkyl chains, the Krafft temperature of hexameric
surfactant 6A is also found to be below 0 oC [22].

3.2. Adsorption at the air/water interface

Many surfactant applications are based on their ability to absorb at various interfaces in an
oriented fashion. The difference in the surface activity of different surfactants is a consequence
of the difference in their packing density at the air/water interface. The packing density is
reflected in the values of surfactant surface excess concentration (Γmax) and surface area
occupied by a surfactant molecule (amin). The higher the value of surface excess concentration,
consequently the lower the value of surface area, the more efficient surfactant is. amin is not
only measure of efficacy of adsorption, but it is also the first information about the orientation
and packing of the surfactant at the interface [1, 2, 43].

Maximum surface excess concentration of a surfactant (Γmax), can be calculated from the surface
tension (γ) measurements, i.e. from the maximal slope (dγ/dlogc) in the γ vs. log c before cmc
(Fig. 7):
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where c denotes concentration, R is the gas constant (8.314 Jmol−1 K−1), T is absolute temperature
and n is the number of solute species whose concentration at the interface changes with change
in the value of surfactant bulk concentration (c) [2].

From the surface excess concentration, the area per molecule at the interface, amin, in square
nms is calculated from the relation:

amin =
1014

NAΓmax
(2)

where NA is Avogardo’s number and Γmax is expressed in mol/m2 [2].
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In addition to Γmax and amin following quantities can be used to assess surfactant performance
in lowering surface tension and its preference for adsorption in comparison to micellization
[1, 2, 43]:

• the maximum reduction of surface tension (γcmc) which can be attained in the solution of
certain surfactant regardless of its concentration. Lower γcmc means more surface active
surfactant.

• the concentration required to produce a surface tension reduction of 20 mN m-1 (C20), usually
expressed as negative logarithm of such concentration, pC20. The larger pC20 the more
efficiently the surfactant is adsorbed at the interface and the more efficiently it reduces
surface tension.

• the cmc/C20, ratio is a convenient measure of the relative effects of structural factors on the
micellization and adsorption processes; the larger the values of the cmc/C20 ratio, the greater
the tendency of the surfactant to adsorb at the interface, relative to its tendency to form
micelles.

Surface activity of higher oligomeric surfactants was assessed based on Γmax, amin, γcmc and pC20

values. Data reported in available literature are summarized in Table 1.

Figure 7. Plot of surface tension versus log of the bulk phase concentration for an aqueous solution of a surfactant.
Three distinctive parts of the curve represent [45]:

i. At low surfactant concentrations surfactant monomers are forming monolayer at the air/water interface.
Surface tension is decreasing with the surfactant bulk concentration due to the increasing surfactant surface
concentration at the air/water interface.

ii. At concentrations below, but close to cmc slope of the curve is constant because surface concentration
reached its maximum value.

iii. At concentrations above cmc, surface tension remains almost constant, due to constant monomer
concentration.
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In addition to Γmax and amin following quantities can be used to assess surfactant performance
in lowering surface tension and its preference for adsorption in comparison to micellization
[1, 2, 43]:

• the maximum reduction of surface tension (γcmc) which can be attained in the solution of
certain surfactant regardless of its concentration. Lower γcmc means more surface active
surfactant.

• the concentration required to produce a surface tension reduction of 20 mN m-1 (C20), usually
expressed as negative logarithm of such concentration, pC20. The larger pC20 the more
efficiently the surfactant is adsorbed at the interface and the more efficiently it reduces
surface tension.

• the cmc/C20, ratio is a convenient measure of the relative effects of structural factors on the
micellization and adsorption processes; the larger the values of the cmc/C20 ratio, the greater
the tendency of the surfactant to adsorb at the interface, relative to its tendency to form
micelles.

Surface activity of higher oligomeric surfactants was assessed based on Γmax, amin, γcmc and pC20

values. Data reported in available literature are summarized in Table 1.

Figure 7. Plot of surface tension versus log of the bulk phase concentration for an aqueous solution of a surfactant.
Three distinctive parts of the curve represent [45]:

i. At low surfactant concentrations surfactant monomers are forming monolayer at the air/water interface.
Surface tension is decreasing with the surfactant bulk concentration due to the increasing surfactant surface
concentration at the air/water interface.

ii. At concentrations below, but close to cmc slope of the curve is constant because surface concentration
reached its maximum value.

iii. At concentrations above cmc, surface tension remains almost constant, due to constant monomer
concentration.
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Table 1. The surface excess concentration (max), the minimum area per molecule at the air/solution interface (amin), the
number of solute species whose concentration at the interface changes with change in the value of surfactant bulk
concentration (n), the maximum reduction of surface tension (cmc) and the negative logarithm of concentration
required to produce a surface tension reduction of 20 mN m-1 (pC20) obtained at given temperature (T) for higher
oligomeric and corresponding monomeric and dimeric surfactants. Abbreviated names of listed surfactants are given
according to the figures 2-4.
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The comparison of the experimentally obtained Γmax and amin values for single chain surfactants
is straight forward. However, this is far from being so for the oligomeric surfactants. The
problem lies in the n in the expression for the surface excess concentration (eq. 1). The prefactor
n represents the number of species at the interface, the concentration of which changes with
the bulk surfactant concentration. This value depends on the degree of dissociation of ionic
surfactants, which is not known exactly for all surfactants. There are two extreme cases, one
assuming no dissociation, thus treating the surfactants as one particle, or the other assuming
complete dissociation. In the case of single-chained surfactants situation is simple, this value
is 1 for the nonionic, which are not ionized, and 2 for the ionic surfactants, which are considered
to be fully ionized, when both ions are univalent. However introducing additional structural
elements to the surfactant molecule complicates the situation. Not only that for many oligo‐
meric surfactants degree of dissociation is unknown, but it can vary in the same series of
surfactants either with changing the degree of oligomerization or the spacer length.

This problem was first encountered with dimeric m-s-m surfactants. The reported values were
obtained using n=2 assuming that one of the headgroup is neutralized by a counterion [46,
47], or n=3 assuming that surfactant is fully ionized [7]. In order to be able to compare different
series of the surfactants some studies reported values obtained using both values. Not even
studies in which surface was determined directly by small angle neutron scattering manage
to solve the problem, because it was shown that degree of dissociation depends on the nature
of the spacer [48]. Nowadays it is commonly assumed that for series of linear quaternary
ammonium surfactants with dodecyl chains and short ethylen space, n=3 for dimer, 4 for trimer
and 5 for tetramer [15, 27].

In  addition,  when comparing Γmax  and amin  obtained in  different  studies,  one  should be
aware that they can be expressed either per molecule or per alkyl chain. The later is more
convenient to determine spacer influence in the series of surfactants with the same degree
of oligomerization.

Based only on the structure of the surfactant molecule it could be expected that amin will increase
with the degree of oligomerization due to the increased number of headgroups in the molecule.
However, since higher oligomers are more surface active, in some cases, their molecules are
more closely packed at the air/water interface. As a result, sometimes amin doesn’t vary with
the degree of oligomerization and therefore it may be the same or even lesser than for
corresponding monomer.

Most of the pioneering work in investigating oligomeric surfactant adsorption at the air/water
interface has been done by Zana and collaborators [3,7], who have laid the basis for the
understanding of oligomeric surfactant behavior at air/water interface.

The influence of the oligomerization degree, spacer and alkyl chain length of m-s-(m-s)x-m
(1A-4A) surfactants on surface activity was investigated by different groups [15-17, 26, 27].
The dependence of  surface area occupied by a  surfactant  molecule (expressed per  alkyl
chain) on oligomerization degree depends on spacer length for the surfactants with dodecyl
chains. For spacer length s=2 and 3 surface area amin remains nearly constant going from
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Table 1. The surface excess concentration (max), the minimum area per molecule at the air/solution interface (amin), the
number of solute species whose concentration at the interface changes with change in the value of surfactant bulk
concentration (n), the maximum reduction of surface tension (cmc) and the negative logarithm of concentration
required to produce a surface tension reduction of 20 mN m-1 (pC20) obtained at given temperature (T) for higher
oligomeric and corresponding monomeric and dimeric surfactants. Abbreviated names of listed surfactants are given
according to the figures 2-4.
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The comparison of the experimentally obtained Γmax and amin values for single chain surfactants
is straight forward. However, this is far from being so for the oligomeric surfactants. The
problem lies in the n in the expression for the surface excess concentration (eq. 1). The prefactor
n represents the number of species at the interface, the concentration of which changes with
the bulk surfactant concentration. This value depends on the degree of dissociation of ionic
surfactants, which is not known exactly for all surfactants. There are two extreme cases, one
assuming no dissociation, thus treating the surfactants as one particle, or the other assuming
complete dissociation. In the case of single-chained surfactants situation is simple, this value
is 1 for the nonionic, which are not ionized, and 2 for the ionic surfactants, which are considered
to be fully ionized, when both ions are univalent. However introducing additional structural
elements to the surfactant molecule complicates the situation. Not only that for many oligo‐
meric surfactants degree of dissociation is unknown, but it can vary in the same series of
surfactants either with changing the degree of oligomerization or the spacer length.

This problem was first encountered with dimeric m-s-m surfactants. The reported values were
obtained using n=2 assuming that one of the headgroup is neutralized by a counterion [46,
47], or n=3 assuming that surfactant is fully ionized [7]. In order to be able to compare different
series of the surfactants some studies reported values obtained using both values. Not even
studies in which surface was determined directly by small angle neutron scattering manage
to solve the problem, because it was shown that degree of dissociation depends on the nature
of the spacer [48]. Nowadays it is commonly assumed that for series of linear quaternary
ammonium surfactants with dodecyl chains and short ethylen space, n=3 for dimer, 4 for trimer
and 5 for tetramer [15, 27].

In  addition,  when comparing Γmax  and amin  obtained in  different  studies,  one  should be
aware that they can be expressed either per molecule or per alkyl chain. The later is more
convenient to determine spacer influence in the series of surfactants with the same degree
of oligomerization.

Based only on the structure of the surfactant molecule it could be expected that amin will increase
with the degree of oligomerization due to the increased number of headgroups in the molecule.
However, since higher oligomers are more surface active, in some cases, their molecules are
more closely packed at the air/water interface. As a result, sometimes amin doesn’t vary with
the degree of oligomerization and therefore it may be the same or even lesser than for
corresponding monomer.

Most of the pioneering work in investigating oligomeric surfactant adsorption at the air/water
interface has been done by Zana and collaborators [3,7], who have laid the basis for the
understanding of oligomeric surfactant behavior at air/water interface.

The influence of the oligomerization degree, spacer and alkyl chain length of m-s-(m-s)x-m
(1A-4A) surfactants on surface activity was investigated by different groups [15-17, 26, 27].
The dependence of  surface area occupied by a  surfactant  molecule (expressed per  alkyl
chain) on oligomerization degree depends on spacer length for the surfactants with dodecyl
chains. For spacer length s=2 and 3 surface area amin remains nearly constant going from
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monomer to trimer [15, 26, 27], while for s=6 a slight increase going from dimer to trimer
has been observed [15].

For s=2 values of both maximum surface excess concentration and the minimum area per
molecule adsorbed at the air/solution indicate vertical orientation of hydrophobic tails towards
the air of monomeric and oligomeric surfactants with the spacer of the latter located at the
interface [27].

The γcmc value for dimeric (2A; m=12, s=2) and tetrameric (4A; m=12, s=2) surfactants are much
lower than those for their monomeric counterpart, 1A. However, the γcmc value of the trimer
(3A; m=12, s=2) is higher than those of the dimer and tetramer, but still lower compared to that
of monomer 1A. Both surface efficiency and effectiveness of adsorption at the air/solution
interface are lower for the trimer than these parameters for the dimer and tetramer. The
differences found between surface activity within the oligomeric series may be attributed to
different packing densities at the air/solution interface. The pC20 values of these oligomeric
surfactants are much higher than for monomer 1A. Within the oligomeric series, however, the
degree of oligomerization does not significantly affect the pC20 value [27].

In the series of trimeric 12-s-12-s-12 surfactants amin increases as s is increased, as is the case for
the same series of surfactant dimers [15]. Among trimeric surfactants of quaternary ammonium
bromide m-2-m-2-m type, where m=8, 10, or 12, 10-2-10-2-10 surfactant has highest efficiency,
it occupies lowest surface at the air/water interface and has the lowest γcmc [26].

The reliable values of surface tension could not be obtained for 12-3-12-4-12-3-12 tetramer [15].

It can be concluded that in the series m-s-(m-s)x-m (1A-4A) higher oligomeric surfactants
exhibits somewhat better adsorption properties in comparison with monomeric and dimeric
surfactants. However, the difference in the surface activity is highest between monomer and
dimer than between dimer and higher oligomers.

Kim [28] and Chelebicki [29] synthesized oligomeric quaternary ammonium salts using
epichlorohydrin and epibromohydrine. In that way alkyl spacer containing hydroxy group
was introduced (2B, 3B). The γcmc of compounds without central alkyl chain (gemini surfactant;
2B, m=1) were higher than that of coresponding lower analogs; bisquaternary ammonium
dichloride with dodecyl chain (R(CH3)2N+CH2CH-(OH)CH2

+N(CH3)2R 2Cl-) and monomeric
1B. Contrary to that, compounds having three dodecyl chains (timeric surfactant, 3B) show
lower γcmc than both monomer and dimer. In addition, positive charge in the center of the
molecule contributes to the lowering of γcmc [28]. Chelebicki et al. [29] varied counterions (Cl-,
Br-) and alkyl chain length at central nitrogen atom (2B; m=2 – 8). Obtained Γmax and amin values
indicated that 2B surfactants with longer alkyl chain length are packed more tightly at the air–
water interface. pC20 values of all 2B (X=Br-) surfactants were higher than monomer 1B and
analogous dichloride bis-ammonium salts 2B (X=Cl-). According to obtained γcmc values,
investigated bromide salts reduce surface tension of water more than gemini surfactants and
analogous dichloride bis-ammonium salts [29].

In conclusion, introducing additional hydrophobic chain results in the better surface activity
of 2B and 3B surfactants. Surface activity is also influenced by counterion, bromides are more
surface active than chlorides.
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Laschewsky  et  al.  [30]  prepared  large  number  of  oligomeric  quaternary  ammonium
surfactants  with  different  degree  of  oligomerisation  and  various  spacers.  In  the  three
investigated series (2C, 3C, 4B) the spacer length was chosen to be in the range between
C4 and  C6,  because  the  most  pronounced  changes  in  the  properties  of  dimeric  surfac‐
tants were reported for rather short spacer groups. The spacer groups employed, namely
trans-1,4-buten-2-ylene, m-xylylene, and p-xylylene, can be considered as rigid, thus fixing
chemically the distance between the cationic groups within the same molecule. Γmax i amin

values were not reported in order to avoid controversy which n value should be used (see
section 3.2). Therefore surface activity was assessed based only on γcmc. The surface tension
at cmc decreases with the degree of oligomerization, the effect being more pronounced for
the longer  spacers.  The nature  of  the  spacer  has  important  influence on packing of  the
molecules in monolayer. Based on the γcmc obtained for the three series with different spacers
suggest that the packing density of the dodecyl chains in the adsorbed monolayer stays
approximately the same for  the series  with the trans-butenylene spacer,  increases  some‐
what  for  the  series  with  m-xylylene  spacer,  and  improves  much  for  the  series  with  p-
xylylene spacer with increasing degree of oligomerization [30].

Greater possibility of adjusting surfactant physico-chemical properties through changing
molecular structure and conformation has motivated synthesis and characterization of several
star-shaped surfactants.

Yoshimura et al. [33] investigated star-shaped trimeric surfactants consisting of three quater‐
nary ammonium surfactants linked to a tris(2-aminoethyl)amine core (3D). Each ammonium
group had two methyls and a straight alkyl chain of 8, 10, 12, or 14 carbons. In comparison
with corresponding monomeric and gemini surfactants with dodecyl chains, Γmax and amin of
3D are smaller and much larger, respectively. However, amin calculated per hydrocarbon chain
are close to that of a monomeric surfactant and amin per molecule slightly larger than that of
the linear-type trimeric surfactants. This indicates that 3D adsorbed to the air/water interface
in an orientation which cause high surface activity, by interactions of the multiple hydrocarbon
chains despite the strong electrostatic repulsion between multiple quaternary ammonium
headgroups. These results were also supported by pC20 and the cmc/C20 ratio [33].

Trimeric surfactant 3D exhibited γcmc values smaller than those of the corresponding mono‐
meric surfactants, and almost the same γcmc values as those of the dimeric surfactants. Their
γcmc were also lower in comparison with afore mentioned linear-type cationic trimeric
surfactants with three dodecyl chains and two spacers such as ethylene (3A; m=12, s=2),
trans-1,4-buten-2-ylene (3Ctb), m-xylylene (3Cmx), or p-xylylene (3Cpx). Although the
adsorption kinetics of trimeric strar–shape surfactants to the air/water interface was slow, they
have strongly adsorbed and oriented themselves at the interface, indicating that they efficiently
lower the surface tension of water [33].

Wang et al. [22, 34-36] synthesized diversity of oligomeric star-shape surfactants: trimeric (3E,
3F), tetrameric (4C) and hexameric (6A). However, because of their unusual aggregation
behavior and properties surface activity was investigated only for tetrameric molecule (4C).
The obtained γcmc was higher than the most of the reported cationic gemini and higher
oligomeric surfactants. In addition, the surface tension continues to decrease significantly after
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monomer to trimer [15, 26, 27], while for s=6 a slight increase going from dimer to trimer
has been observed [15].
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surfactants. However, the difference in the surface activity is highest between monomer and
dimer than between dimer and higher oligomers.

Kim [28] and Chelebicki [29] synthesized oligomeric quaternary ammonium salts using
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+N(CH3)2R 2Cl-) and monomeric
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values were not reported in order to avoid controversy which n value should be used (see
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xylylene spacer with increasing degree of oligomerization [30].

Greater possibility of adjusting surfactant physico-chemical properties through changing
molecular structure and conformation has motivated synthesis and characterization of several
star-shaped surfactants.

Yoshimura et al. [33] investigated star-shaped trimeric surfactants consisting of three quater‐
nary ammonium surfactants linked to a tris(2-aminoethyl)amine core (3D). Each ammonium
group had two methyls and a straight alkyl chain of 8, 10, 12, or 14 carbons. In comparison
with corresponding monomeric and gemini surfactants with dodecyl chains, Γmax and amin of
3D are smaller and much larger, respectively. However, amin calculated per hydrocarbon chain
are close to that of a monomeric surfactant and amin per molecule slightly larger than that of
the linear-type trimeric surfactants. This indicates that 3D adsorbed to the air/water interface
in an orientation which cause high surface activity, by interactions of the multiple hydrocarbon
chains despite the strong electrostatic repulsion between multiple quaternary ammonium
headgroups. These results were also supported by pC20 and the cmc/C20 ratio [33].

Trimeric surfactant 3D exhibited γcmc values smaller than those of the corresponding mono‐
meric surfactants, and almost the same γcmc values as those of the dimeric surfactants. Their
γcmc were also lower in comparison with afore mentioned linear-type cationic trimeric
surfactants with three dodecyl chains and two spacers such as ethylene (3A; m=12, s=2),
trans-1,4-buten-2-ylene (3Ctb), m-xylylene (3Cmx), or p-xylylene (3Cpx). Although the
adsorption kinetics of trimeric strar–shape surfactants to the air/water interface was slow, they
have strongly adsorbed and oriented themselves at the interface, indicating that they efficiently
lower the surface tension of water [33].

Wang et al. [22, 34-36] synthesized diversity of oligomeric star-shape surfactants: trimeric (3E,
3F), tetrameric (4C) and hexameric (6A). However, because of their unusual aggregation
behavior and properties surface activity was investigated only for tetrameric molecule (4C).
The obtained γcmc was higher than the most of the reported cationic gemini and higher
oligomeric surfactants. In addition, the surface tension continues to decrease significantly after
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cmc in large concentration range. This was attributed to the formation of premicellar aggre‐
gates before cmc through hydrophobic interaction among hydrophobic chains of different
molecules [36].

Neutral and cationic series of trimeric β-hydroxy amino ammonium surfactants with different
alkyl chain length (3G, 3H; m=8, 12, 18) was synthesized by Grau et al. [37]. Poor solubility of
neutral trimers (3G) prevented a reliable determination of their surface active properties. On
the other hand cationic compounds (3H) displayed a sharp break in the surface tension vs.
concentration (on log scale) curves and a final plateau indicating a well-defined cmc. The
variation of Γmax and amin with alkyl chain length is almost negligible. The values of amin decrease
somewhat with the increase in the alkyl chain length, which was attributed to the flexibility
of the spacing group and stronger intermolecular van der Waals forces at increasing chain
lengths [37].

All three cationic compounds (3H) have good surface activity as indicated by pC20 values. The
cmc/C20 ratios indicate that compound with dodecyl alkyl chain has a slightly greater prefer‐
ence for adsorption than for micellization [37].

Contrary to the relatively large number of data for oligomeric cationic surfactants, data for
anionic and nonionic surfactants are scarce.

Yoshimura and Esumi [38, 39] have synthesized diverse anionic surfactants. Physico-chemical
properties of all surfactants were investigated in alkaline solution at pH 13 (3J-L).

Surface activity of two trimeric surfactants (3K, 3L) was compared to the activity of corre‐
sponding single-chain sodium 2-aminododecanoate surfactant. All parameters, Γmax, amin and
γcmc show that investigated trimeric surfactants provide greater efficiency in lowering the
surface tension than the single-chain surfactant. Surface area occupied by 3L molecule is
somewhat larger than that of single-chained surfactant. On the other hand, amin for 3K is very
small. This can be attributed to the smaller electrostatic repulsion between the chains in the
molecule of 3K because central chain bears no charged groups unlike the 3L. This enables closer
packing of the chains. Among two triple-chain surfactants, 3K shows lower surface tension
than 3L. It is considered that the orientation of the latter derived from tris(2-aminoethyl)amine
is less effective at the air/water interface, due to the bulky structure compared to the former
from 3-aza-1,5-pentanediamine [39].

The obtained cmc/C20 values for both trimeric surfactants 3K and 3L indicates their preference
to adsorb at air/water interface due to the difficulty of packing three hydrocarbon chains into
the micelles. The cmc/C20 of 3L is also much larger than that of 3K, suggesting that it is easier
for the former to adsorb at the interface than for the latter [39].

Although it is expected that the areas occupied per molecule of the ring-type trimeric surfac‐
tants are large (3J), because they possess three hydrocarbon chains and a bulky triazine ring,
they turned out to be small. The amin of the surfactant with shorter chain was comparable to
the ones of single-chained surfactants. Increase in hydrocarbon chain length resulted in even
smaller amin. It is suggested that the ring-type trimeric surfactant molecules pack densely at the
air/water interface and therefore are highly surface active, probably due to the hydrophobic
interactions between multi-hydrocarbon chains [38].
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Ring-typed trimeric surfactants showed higher efficiency at reducing the surface tension in
the alkali solution in comparison with single-chain sodium dodecanoate and sodium dodecyl
sulfate (SDS). Increasing the length of the side chains results in lowering γcmc. The obtained
values are similar to those obtained for 3K and 3L anionic trimeric surfactants [38].

The pC20 values of the ring-type trimeric surfactants were larger than those of the monomeric
anionic surfactants (sodium dodecanoate and SDS) and increased when the hydrophobic chain
length increased, indicating that a long hydrophobic chain in the molecule facilitates a more
close packed arrangement at the air/water interface and a more efficient adsorption [38]. In
comparison with 3K and 3L, based on cmc/C20 values, ring like surfactants are more likely to
form micelles in the bulk solutions.

Grau et al. [40] synthesized tetrameric anionic surfactants with multiple ring spacers which
are flexible (4E), semi-flexible (4D, 4F) or rigid (4G). To the best of our knowledge this is the
only study of the influence of spacer nature on surface activity of anionic oligomeric surfac‐
tants. Dioxane groups in the spacer confer wet-ability of synthesized surfactants. It was shown
that surfactant 4G with the most rigid spacer displayed a minor surface activity at 20 oC, but
all four surfactants are surface active at 40 oC.

Obtained amin values are less than four times the value for the single-chain surfactant sodium
1-decanesulfonate  (C10H21SO3Na)  indicating  that  these  tetrameric  surfactants  are  some‐
what  more  closely  packed  at  the  air–solution  interface  than  the  single  chain  reference
compound [40].

The γcmc values are smaller than those of single-chain surfactants, but similar to those of double-
and triple-decyl chain surfactants with two sulfonate groups. The γcmc values of the investi‐
gated surfactants are not meaningfully different [40]. The pC20 value of the surfactant 4D is
larger than those of the corresponding 4 E-G surfactants, which are quite similar. This reveals
that the pC20 values decrease with an increase in the number of dioxane rings, in accordance
with the fact that the shortest spacing group provides the maximum efficiency [40].

Although nonionic surfactants are widely applied, especially in the emulsion formulations
and in drug delivery, there are only few papers dealing with higher oligomeric surfactants.
One of the reasons can be that different polymeric nonionic surfactants are commercially
available.

Surface activity of nonionic oligomeric 3M surfactants was compared with oligomeric trimeric
nonylphenol polyoxyethylene surfactants (TNP) and monomeric nonylphenol polyoxyethy‐
lene ether surfactants (NP) [41]. γcmc and the Γmax values of the TNP surfactants are lower than
those of corresponding monomer NP surfactants. For both TNP and NP surfactants amin

decreases greatly as the length of oxyethylene chain number is increased. In general, low amin

values suggest close packing of the surfactants at the air/water interface with almost perpen‐
dicular orientation of the surfactant molecule. The area per surfactant molecule of TNP is three
times smaller than that of NP, which indicates that the trimeric surfactant molecules of TNP
are not arranged side by side at the air–water interface, but staggered three-dimensional
arrangement. This could be explained with increased hydrophobic interactions due to the
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cmc in large concentration range. This was attributed to the formation of premicellar aggre‐
gates before cmc through hydrophobic interaction among hydrophobic chains of different
molecules [36].

Neutral and cationic series of trimeric β-hydroxy amino ammonium surfactants with different
alkyl chain length (3G, 3H; m=8, 12, 18) was synthesized by Grau et al. [37]. Poor solubility of
neutral trimers (3G) prevented a reliable determination of their surface active properties. On
the other hand cationic compounds (3H) displayed a sharp break in the surface tension vs.
concentration (on log scale) curves and a final plateau indicating a well-defined cmc. The
variation of Γmax and amin with alkyl chain length is almost negligible. The values of amin decrease
somewhat with the increase in the alkyl chain length, which was attributed to the flexibility
of the spacing group and stronger intermolecular van der Waals forces at increasing chain
lengths [37].

All three cationic compounds (3H) have good surface activity as indicated by pC20 values. The
cmc/C20 ratios indicate that compound with dodecyl alkyl chain has a slightly greater prefer‐
ence for adsorption than for micellization [37].

Contrary to the relatively large number of data for oligomeric cationic surfactants, data for
anionic and nonionic surfactants are scarce.

Yoshimura and Esumi [38, 39] have synthesized diverse anionic surfactants. Physico-chemical
properties of all surfactants were investigated in alkaline solution at pH 13 (3J-L).

Surface activity of two trimeric surfactants (3K, 3L) was compared to the activity of corre‐
sponding single-chain sodium 2-aminododecanoate surfactant. All parameters, Γmax, amin and
γcmc show that investigated trimeric surfactants provide greater efficiency in lowering the
surface tension than the single-chain surfactant. Surface area occupied by 3L molecule is
somewhat larger than that of single-chained surfactant. On the other hand, amin for 3K is very
small. This can be attributed to the smaller electrostatic repulsion between the chains in the
molecule of 3K because central chain bears no charged groups unlike the 3L. This enables closer
packing of the chains. Among two triple-chain surfactants, 3K shows lower surface tension
than 3L. It is considered that the orientation of the latter derived from tris(2-aminoethyl)amine
is less effective at the air/water interface, due to the bulky structure compared to the former
from 3-aza-1,5-pentanediamine [39].

The obtained cmc/C20 values for both trimeric surfactants 3K and 3L indicates their preference
to adsorb at air/water interface due to the difficulty of packing three hydrocarbon chains into
the micelles. The cmc/C20 of 3L is also much larger than that of 3K, suggesting that it is easier
for the former to adsorb at the interface than for the latter [39].

Although it is expected that the areas occupied per molecule of the ring-type trimeric surfac‐
tants are large (3J), because they possess three hydrocarbon chains and a bulky triazine ring,
they turned out to be small. The amin of the surfactant with shorter chain was comparable to
the ones of single-chained surfactants. Increase in hydrocarbon chain length resulted in even
smaller amin. It is suggested that the ring-type trimeric surfactant molecules pack densely at the
air/water interface and therefore are highly surface active, probably due to the hydrophobic
interactions between multi-hydrocarbon chains [38].
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Ring-typed trimeric surfactants showed higher efficiency at reducing the surface tension in
the alkali solution in comparison with single-chain sodium dodecanoate and sodium dodecyl
sulfate (SDS). Increasing the length of the side chains results in lowering γcmc. The obtained
values are similar to those obtained for 3K and 3L anionic trimeric surfactants [38].

The pC20 values of the ring-type trimeric surfactants were larger than those of the monomeric
anionic surfactants (sodium dodecanoate and SDS) and increased when the hydrophobic chain
length increased, indicating that a long hydrophobic chain in the molecule facilitates a more
close packed arrangement at the air/water interface and a more efficient adsorption [38]. In
comparison with 3K and 3L, based on cmc/C20 values, ring like surfactants are more likely to
form micelles in the bulk solutions.

Grau et al. [40] synthesized tetrameric anionic surfactants with multiple ring spacers which
are flexible (4E), semi-flexible (4D, 4F) or rigid (4G). To the best of our knowledge this is the
only study of the influence of spacer nature on surface activity of anionic oligomeric surfac‐
tants. Dioxane groups in the spacer confer wet-ability of synthesized surfactants. It was shown
that surfactant 4G with the most rigid spacer displayed a minor surface activity at 20 oC, but
all four surfactants are surface active at 40 oC.

Obtained amin values are less than four times the value for the single-chain surfactant sodium
1-decanesulfonate  (C10H21SO3Na)  indicating  that  these  tetrameric  surfactants  are  some‐
what  more  closely  packed  at  the  air–solution  interface  than  the  single  chain  reference
compound [40].

The γcmc values are smaller than those of single-chain surfactants, but similar to those of double-
and triple-decyl chain surfactants with two sulfonate groups. The γcmc values of the investi‐
gated surfactants are not meaningfully different [40]. The pC20 value of the surfactant 4D is
larger than those of the corresponding 4 E-G surfactants, which are quite similar. This reveals
that the pC20 values decrease with an increase in the number of dioxane rings, in accordance
with the fact that the shortest spacing group provides the maximum efficiency [40].

Although nonionic surfactants are widely applied, especially in the emulsion formulations
and in drug delivery, there are only few papers dealing with higher oligomeric surfactants.
One of the reasons can be that different polymeric nonionic surfactants are commercially
available.

Surface activity of nonionic oligomeric 3M surfactants was compared with oligomeric trimeric
nonylphenol polyoxyethylene surfactants (TNP) and monomeric nonylphenol polyoxyethy‐
lene ether surfactants (NP) [41]. γcmc and the Γmax values of the TNP surfactants are lower than
those of corresponding monomer NP surfactants. For both TNP and NP surfactants amin

decreases greatly as the length of oxyethylene chain number is increased. In general, low amin

values suggest close packing of the surfactants at the air/water interface with almost perpen‐
dicular orientation of the surfactant molecule. The area per surfactant molecule of TNP is three
times smaller than that of NP, which indicates that the trimeric surfactant molecules of TNP
are not arranged side by side at the air–water interface, but staggered three-dimensional
arrangement. This could be explained with increased hydrophobic interactions due to the
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increase in number and length of the chains. Hence, TNP surfactants exhibit much better
surface activities, including strong adsorption at the surface and wetting ability [41].

Surface activity of 3M surfactants is not improved as much compared to monomeric surfac‐
tants. amin increases with increasing hydrophobic spacer length. This may be explained as
follows: with the number of carbon atoms in the hydrophobic spacer of the 3M increasing, the
hydrophobic property is stronger. Therefore, it decreases the amount of the saturation of
adsorption for 3M at the air–water interface, resulting in the increase of the surface tension at
cmc, γcmc.

Mohamed et al. [42] prepared a series of trimeric nonionic surfactants based on tris(2-amino‐
ethyl)amine with varying alkyl and poly(ethylene glycol) chain length, 3N. It was found that
amin for the prepared trimeric surfactants increases by increasing the alkyl chain length because
the surfactant molecules adsorb at the air/water interface to orient themselves so that the
hydrophobes are directed away from water. But it is obvious that amin decreases by increasing
the hydrophilic chain length within the group. This behavior was previously mentioned for
nonionic surfactants and is explained by the increase in polyethylene glycol chain leading to
coiling the chains in order to minimize any probable interactions between them [42].

In terms of minimum surface tension octyl-3N surfactants proved to be the most efficient in
lowering the surface tension of aqueous solutions. The increase in the hydrocarbon chains from
octyl to decyl to dodecyl caused an increase of the γcmc, whereas the increase in the poly(eth‐
ylene glycol) chain length within the same group leads to a decrease in the γcmc [42].

In conclusion, described higher oligomeric surfactants do poses better surface activity
compared with monomeric surfactants. However, the change is, in most cases, lesser than for
going from monomer to dimer. It was found that the influence of the nature and length of the
spacer, as well as alkyl chain length, on adsorption is not the same for different surfactants
series.

3.3. Micellization

One of the main characteristics of surfactants is that physico-chemical properties of surfactant
solutions abruptly change over small concentration range (see for example Fig. 7). This is a
consequence of a significant change in the nature of a solute species, i.e. formation of supra‐
molecular aggregates called micelles. The surfactant concentration at which the change occurs
is called the critical micelle concentration (cmc). cmc can also be defined as a minimum
surfactant concentration at which micelles are formed and remain in dynamical equilibrium
with free monomers [1, 2, 43].

The main driving force for the micelle formation in aqueous solution is the effective interaction
between the hydrophobic parts of the surfactant molecules. Interactions opposing micelliza‐
tion may include electrostatic repulsive interactions between charged head groups of ionic
surfactants, repulsive osmotic interactions between chainlike polar head groups such as
oligo(ethylene oxide) chains, or steric interactions between bulky head groups [49].
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Cmc values are characteristic for given surfactant. Factors influencing cmc value are alkyl chain
length, type of hydrophilic group and/or counterions, ionic strength, pH, pressure, tempera‐
ture, etc.

Micelles size and shape is another property of crucial importance for the application of
surfactants. Micelles can vary in size and shape (e.g. spherical, cylindrical, disklike, wormlike),
depending on the structure of the molecule and experimental conditions (e.g. surfactant
concentration, presence of the electrolytes, temperature, etc.). Aggregation number of the
micelles, i.e. number of the surfactant molecules present, ranges between 50 and 200, and can
be determined by static light scattering (SLS) or small angle neutron scattering (SANS).

The change of free energy of micellization (ΔGmic) tells us whether it is a spontaneous process
(ΔGmic< 0) or not (ΔGmic> 0) and the magnitude of its driving force. Expression for the free
energy of micellization of oligomeric surfactants has been derived by Zana [12]:
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where β is the degree of counterion association to the micelle/solution interface and j is the
number of alkyl chains connected by some spacer groups. Micelle ionization degree, α, is
defined as α=1-β.

The fact that dimeric and higher oligomeric surfactants have several degrees of the magnitude
lower cmcs than corresponding monomeric surfactans was among main reason for the
investigation of these surfactants. Lower cmcs means that less surfactant is needed, which has
both financial and environmental benefit. Observed general trend is decrease of cmc with
increasing oligomerization degree which is mainly attributed to thermodynamical reasons [3,
30] as basically the entropic loss resulting from micellization of the surfactants becomes
smaller. However, the difference in cmcs in the series of the same surfactants with the different
degree of oligomerization is largest going from monomer to dimer, and gets smaller in going
from one to the other higher oligomeric molecule. Micellisation properties of higher oligomeric
surfactants were assessed based on cmc and ΔGmic values. Available data are summarized in
Table 2.

For the dimeric, trimeric and tetrameric dodecyl quaternary ammonium bromides (1A-4B) the
general trend of decreasing cmc with degree of the oligomerization was observed [15, 16, 27].
The cmcs values increase with the spacer length for trimeric surfactants, as it is the case for
corresponding dimeric surfactants. In addition, the values of ΔGmic (per mole of dodecyl chain)
are all around-20 kJ/mol, irrespective of the values of degree of oligomerization and/or spacer
length as reported by In et al. [15]. Recent study showed that on a per chain basis for 1A – 4A
surfactants (m=12, s=2) ΔGmic is more negative for the monomer than for oligomers [27]. This
may be attributed to steric hindrance of the short ethylene spacer from becoming part of the
micelle core. The ΔGmic values within the oligomeric series become less negative with increas‐
ing the degree of oligomerization as a consequence of lower driving force for micellization.
Both ΔGads and ΔGmic are negative, showing spontaneous adsorption and micellization.
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increase in number and length of the chains. Hence, TNP surfactants exhibit much better
surface activities, including strong adsorption at the surface and wetting ability [41].

Surface activity of 3M surfactants is not improved as much compared to monomeric surfac‐
tants. amin increases with increasing hydrophobic spacer length. This may be explained as
follows: with the number of carbon atoms in the hydrophobic spacer of the 3M increasing, the
hydrophobic property is stronger. Therefore, it decreases the amount of the saturation of
adsorption for 3M at the air–water interface, resulting in the increase of the surface tension at
cmc, γcmc.

Mohamed et al. [42] prepared a series of trimeric nonionic surfactants based on tris(2-amino‐
ethyl)amine with varying alkyl and poly(ethylene glycol) chain length, 3N. It was found that
amin for the prepared trimeric surfactants increases by increasing the alkyl chain length because
the surfactant molecules adsorb at the air/water interface to orient themselves so that the
hydrophobes are directed away from water. But it is obvious that amin decreases by increasing
the hydrophilic chain length within the group. This behavior was previously mentioned for
nonionic surfactants and is explained by the increase in polyethylene glycol chain leading to
coiling the chains in order to minimize any probable interactions between them [42].

In terms of minimum surface tension octyl-3N surfactants proved to be the most efficient in
lowering the surface tension of aqueous solutions. The increase in the hydrocarbon chains from
octyl to decyl to dodecyl caused an increase of the γcmc, whereas the increase in the poly(eth‐
ylene glycol) chain length within the same group leads to a decrease in the γcmc [42].

In conclusion, described higher oligomeric surfactants do poses better surface activity
compared with monomeric surfactants. However, the change is, in most cases, lesser than for
going from monomer to dimer. It was found that the influence of the nature and length of the
spacer, as well as alkyl chain length, on adsorption is not the same for different surfactants
series.

3.3. Micellization

One of the main characteristics of surfactants is that physico-chemical properties of surfactant
solutions abruptly change over small concentration range (see for example Fig. 7). This is a
consequence of a significant change in the nature of a solute species, i.e. formation of supra‐
molecular aggregates called micelles. The surfactant concentration at which the change occurs
is called the critical micelle concentration (cmc). cmc can also be defined as a minimum
surfactant concentration at which micelles are formed and remain in dynamical equilibrium
with free monomers [1, 2, 43].

The main driving force for the micelle formation in aqueous solution is the effective interaction
between the hydrophobic parts of the surfactant molecules. Interactions opposing micelliza‐
tion may include electrostatic repulsive interactions between charged head groups of ionic
surfactants, repulsive osmotic interactions between chainlike polar head groups such as
oligo(ethylene oxide) chains, or steric interactions between bulky head groups [49].
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Cmc values are characteristic for given surfactant. Factors influencing cmc value are alkyl chain
length, type of hydrophilic group and/or counterions, ionic strength, pH, pressure, tempera‐
ture, etc.

Micelles size and shape is another property of crucial importance for the application of
surfactants. Micelles can vary in size and shape (e.g. spherical, cylindrical, disklike, wormlike),
depending on the structure of the molecule and experimental conditions (e.g. surfactant
concentration, presence of the electrolytes, temperature, etc.). Aggregation number of the
micelles, i.e. number of the surfactant molecules present, ranges between 50 and 200, and can
be determined by static light scattering (SLS) or small angle neutron scattering (SANS).

The change of free energy of micellization (ΔGmic) tells us whether it is a spontaneous process
(ΔGmic< 0) or not (ΔGmic> 0) and the magnitude of its driving force. Expression for the free
energy of micellization of oligomeric surfactants has been derived by Zana [12]:

mic
1 ln cmc ln

æ ö æ ö
D = + -ç ÷ ç ÷

è ø è ø

RTG RT j
j j

(3)

where β is the degree of counterion association to the micelle/solution interface and j is the
number of alkyl chains connected by some spacer groups. Micelle ionization degree, α, is
defined as α=1-β.

The fact that dimeric and higher oligomeric surfactants have several degrees of the magnitude
lower cmcs than corresponding monomeric surfactans was among main reason for the
investigation of these surfactants. Lower cmcs means that less surfactant is needed, which has
both financial and environmental benefit. Observed general trend is decrease of cmc with
increasing oligomerization degree which is mainly attributed to thermodynamical reasons [3,
30] as basically the entropic loss resulting from micellization of the surfactants becomes
smaller. However, the difference in cmcs in the series of the same surfactants with the different
degree of oligomerization is largest going from monomer to dimer, and gets smaller in going
from one to the other higher oligomeric molecule. Micellisation properties of higher oligomeric
surfactants were assessed based on cmc and ΔGmic values. Available data are summarized in
Table 2.

For the dimeric, trimeric and tetrameric dodecyl quaternary ammonium bromides (1A-4B) the
general trend of decreasing cmc with degree of the oligomerization was observed [15, 16, 27].
The cmcs values increase with the spacer length for trimeric surfactants, as it is the case for
corresponding dimeric surfactants. In addition, the values of ΔGmic (per mole of dodecyl chain)
are all around-20 kJ/mol, irrespective of the values of degree of oligomerization and/or spacer
length as reported by In et al. [15]. Recent study showed that on a per chain basis for 1A – 4A
surfactants (m=12, s=2) ΔGmic is more negative for the monomer than for oligomers [27]. This
may be attributed to steric hindrance of the short ethylene spacer from becoming part of the
micelle core. The ΔGmic values within the oligomeric series become less negative with increas‐
ing the degree of oligomerization as a consequence of lower driving force for micellization.
Both ΔGads and ΔGmic are negative, showing spontaneous adsorption and micellization.
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Differences in their magnitudes reveal that these surfactants have greater preference toward
adsorption in comparison with micellization. In the series of trimeric m-2-m-2-m surfactants
(3A; m=8, 10, 12) cmc linearly decreases with increasing alkyl chain length, like for monomeric
surfactants [26]. However, the effect of hydrocarbon chain length on the cmc is smaller for
trimeric than for monomeric surfactants.

Kim et al. [28] observed that the cmc values of the quaternary ammonium compounds with
two dodecyl chains (2B; m=1) are 2 orders of magnitude lower, and those of the compounds
with three dodecyl chains (3B; m=12) are 4 orders of magnitude lower compared with the
conventional dodecyltrimethylammonium chloride (1B), regardless of the number of hydro‐
philic ammonio groups in the molecule. The cmc values of compounds having a dimethylam‐
monio group in the center of the molecule are of the same order as that of compounds in which
it is not present. This means that the additional charge in the center of the molecule has only
a small effect on the cmc of the quaternary ammonium salts. In addition, there is a linear
relationship between the total carbon number in the hydrophobic group and the cmcs on the
semilogarithmic scale for all investigated quaternary ammonium salts, interestingly irrespec‐
tive of the number of hydrophilic ammonio groups in the molecule [28].

Increase in alkyl chain length from 2 to 8 resulted in linear decrease of the cmcs values of 2A
surfactants with both bromide and chloride counterions [29]. However, the type of counterion
influences the cmc values, the values for the chlorides were higher than for bromides. Obtained
values were 2 orders of the magnitude lower than those of corresponding monomeric 1A and
1B. They were also lower than that of dimeric m-s-m surfactants with hydrophobic flexible
spacers (2A; s=3, 4, 6). The authors explained this with the formation of H-bonds between two
OH groups in the spacer and water molecules, which facilitate the bending of the spacer toward
the aqueous phase forming the convex micellar surface [29].

In conclusion, Kim and Chlebicki showed that introducing additional hydrophobic chain
results in lower cmc values. Type of counterion also influences micellization process, bromide
salts aggregates at lower concentrations than chloride. Obtained results are in accordance with
generally observed trend for oligomeric surfactants.

The cmc values of oligomeric quaternary ammonium surfactants with various rigid spacers
2C, 3C, 4B are much lower than those of the structurally closely related surfactant monomers,
1B and 1C [30]. The decrease in cmc is more pronounced going from monomers to dimers,
than going from trimers to tetramers. It was shown that the chemical nature of the spacer has
an influence on the cmc values among the surfactants of the same degree of oligomerization.
Comparing the isomeric spacers m-xylylene and p-xylylene the cmc slightly increases with
increasing spacer length, similar to the behavior of oligomeric surfactants with flexible alkyl
spacers. The oligomers with m-xylylene spacer have lower cmcs than those with butenylen,
despite their increased length, due to the higher hydrophobicity [30]. Exception to this
behaviour was 4Bpx surfactant. The reason lies in the formation of premicellar aggregates at
very low concentration, resulting in shifting cmc to values higher than expected. Premicellar
aggregation can occur in solutions of conventional surfactants that are sufficiently hydropho‐
bic (at least 14 carbon atoms) and in those of dimeric m-s-m surfactants (for 12-s-12 with m ≥
12, for m-8-m with m ≥ 14, and for 16-p-xylylen-16 [11].
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Differences in their magnitudes reveal that these surfactants have greater preference toward
adsorption in comparison with micellization. In the series of trimeric m-2-m-2-m surfactants
(3A; m=8, 10, 12) cmc linearly decreases with increasing alkyl chain length, like for monomeric
surfactants [26]. However, the effect of hydrocarbon chain length on the cmc is smaller for
trimeric than for monomeric surfactants.

Kim et al. [28] observed that the cmc values of the quaternary ammonium compounds with
two dodecyl chains (2B; m=1) are 2 orders of magnitude lower, and those of the compounds
with three dodecyl chains (3B; m=12) are 4 orders of magnitude lower compared with the
conventional dodecyltrimethylammonium chloride (1B), regardless of the number of hydro‐
philic ammonio groups in the molecule. The cmc values of compounds having a dimethylam‐
monio group in the center of the molecule are of the same order as that of compounds in which
it is not present. This means that the additional charge in the center of the molecule has only
a small effect on the cmc of the quaternary ammonium salts. In addition, there is a linear
relationship between the total carbon number in the hydrophobic group and the cmcs on the
semilogarithmic scale for all investigated quaternary ammonium salts, interestingly irrespec‐
tive of the number of hydrophilic ammonio groups in the molecule [28].

Increase in alkyl chain length from 2 to 8 resulted in linear decrease of the cmcs values of 2A
surfactants with both bromide and chloride counterions [29]. However, the type of counterion
influences the cmc values, the values for the chlorides were higher than for bromides. Obtained
values were 2 orders of the magnitude lower than those of corresponding monomeric 1A and
1B. They were also lower than that of dimeric m-s-m surfactants with hydrophobic flexible
spacers (2A; s=3, 4, 6). The authors explained this with the formation of H-bonds between two
OH groups in the spacer and water molecules, which facilitate the bending of the spacer toward
the aqueous phase forming the convex micellar surface [29].

In conclusion, Kim and Chlebicki showed that introducing additional hydrophobic chain
results in lower cmc values. Type of counterion also influences micellization process, bromide
salts aggregates at lower concentrations than chloride. Obtained results are in accordance with
generally observed trend for oligomeric surfactants.

The cmc values of oligomeric quaternary ammonium surfactants with various rigid spacers
2C, 3C, 4B are much lower than those of the structurally closely related surfactant monomers,
1B and 1C [30]. The decrease in cmc is more pronounced going from monomers to dimers,
than going from trimers to tetramers. It was shown that the chemical nature of the spacer has
an influence on the cmc values among the surfactants of the same degree of oligomerization.
Comparing the isomeric spacers m-xylylene and p-xylylene the cmc slightly increases with
increasing spacer length, similar to the behavior of oligomeric surfactants with flexible alkyl
spacers. The oligomers with m-xylylene spacer have lower cmcs than those with butenylen,
despite their increased length, due to the higher hydrophobicity [30]. Exception to this
behaviour was 4Bpx surfactant. The reason lies in the formation of premicellar aggregates at
very low concentration, resulting in shifting cmc to values higher than expected. Premicellar
aggregation can occur in solutions of conventional surfactants that are sufficiently hydropho‐
bic (at least 14 carbon atoms) and in those of dimeric m-s-m surfactants (for 12-s-12 with m ≥
12, for m-8-m with m ≥ 14, and for 16-p-xylylen-16 [11].
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Table 2. The critical micellization concentration determined by surface tension (cmc) and electrical conductivity
measurement (cmc), the degree of counterion dissociation (), aggregation number (Nagg) and the free energy of
micellization (Gmic) obtained at given temperature (T) of higher oligomeric and corresponding monomeric and dimeric
surfactants. Abbreviated names of listed surfactants are given according to the figures 2-4.
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The cmc of the cationic trimeric surfactants 3H linearly decreases with the number of carbon
atoms in the alkyl chain. In other words, cmcs values decreases with alkyl length even for very
hydrophobic molecule with tree octadecyl chains. Calculated cmc/C20 values point that trimeric
surfactant with 16 C atoms in alkyl chains has slightly greater tendency to adsorb at air/water
interface in comparison with tendency to form micelles [37].

In the 3D series [33] the cmc values decrease with increasing chain length from 10 to 14. The
cmc of 3D-8 was not possible to determine because micelles did not form in solution even at
the highest concentration studied, due to the short chains, and the solution simply became
turbid. The cmc value of 3D-12 surfactant is lower than that of corresponding monomeric and
gemini surfactants. The cmc in that series of surfactants decreases for an order of magnitude
for each additional surfactant moiety. Compared with linear 12-2-12 surfactant, cmc of 3D-12
was slightly higher, in line with authors assumption that tris(2-amionoethyl)amine would
have greater hydrophobicity. 3D-12 also exhibited cmc lower than that of the linear cationic
trimeric surfactants with spacers such as trans-1,4-buten-2-ylene (3Ctb), m-xylylene (3Cmx),
and p-xylylene (3Cpx), respectively [33]. The relationship between the logarithm of cmc and
hydrocarbon chain lengths (as for monomeric and gemini surfactants) or chain number was
linear [33]. This means that the longer the chain length and the higher the chain number of
surfactants, the lower the cmc will be.

The values of pC20 and cmc/C20 ratio in 3D series were much larger than those of most ionic
monomeric surfactants. In addition, the absolute values of ΔGads are significantly greater than
those of ΔGmic for all the hydrocarbon chain lengths. Both these facts suggest that in comparison
to micellization, the adsorption of star-type trimeric surfactants is preferred [33].

Trimeric surfactants 3E and 3F display unusual aggregation behavior in aqueous solution [34].
Both trimeric molecules form vesicles just above critical aggregation concentration (cac) and
then vesicles gradually transform to the micelles with the increase of surfactant concentration.
Normally, surfactants form small aggregates first, and then the aggregates may become large
with an increase of the surfactant concentration. The reported cac value of 3E is lower than
that of the 3F. Both values are slightly lower from cmc of cationic gemini surfactants. The
enthalpy changes for aggregation have large negative value for both surfactants indicating
that they have similar aggregation behavior and ability, and that their aggregation is domi‐
nated by hydrophobic interaction. This is expected because investigated trimeric surfactants
have similar molecular structure. 3F is a completely symmetric molecule, whereas 3E is not
symmetric with spacer slightly different from 3F [34].

Tetrameric (4C) and hexameric (6A) surfactants synthesized by the same group of authors [22,
36] also display interesting aggregation behavior which will be address in more detail in the
next part of the chapter. Reported cmc value of tetrameric 4C (0.08 mmol dm-3) is at least an
order of magnitude smaller than those of cationic gemini surfactants [36]. This is in accordance
with the fact that increasing number of alkyl chains in the surfactant molecule results in
decreasing cmc values.

Hexameric 6A (as 3E and 3F) above cac forms vesicles not micelles. It is reported that 6A
displays two cac (C1 and C2) as a consequence of aggregate transformation caused by the
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Table 2. The critical micellization concentration determined by surface tension (cmc) and electrical conductivity
measurement (cmc), the degree of counterion dissociation (), aggregation number (Nagg) and the free energy of
micellization (Gmic) obtained at given temperature (T) of higher oligomeric and corresponding monomeric and dimeric
surfactants. Abbreviated names of listed surfactants are given according to the figures 2-4.
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The cmc of the cationic trimeric surfactants 3H linearly decreases with the number of carbon
atoms in the alkyl chain. In other words, cmcs values decreases with alkyl length even for very
hydrophobic molecule with tree octadecyl chains. Calculated cmc/C20 values point that trimeric
surfactant with 16 C atoms in alkyl chains has slightly greater tendency to adsorb at air/water
interface in comparison with tendency to form micelles [37].

In the 3D series [33] the cmc values decrease with increasing chain length from 10 to 14. The
cmc of 3D-8 was not possible to determine because micelles did not form in solution even at
the highest concentration studied, due to the short chains, and the solution simply became
turbid. The cmc value of 3D-12 surfactant is lower than that of corresponding monomeric and
gemini surfactants. The cmc in that series of surfactants decreases for an order of magnitude
for each additional surfactant moiety. Compared with linear 12-2-12 surfactant, cmc of 3D-12
was slightly higher, in line with authors assumption that tris(2-amionoethyl)amine would
have greater hydrophobicity. 3D-12 also exhibited cmc lower than that of the linear cationic
trimeric surfactants with spacers such as trans-1,4-buten-2-ylene (3Ctb), m-xylylene (3Cmx),
and p-xylylene (3Cpx), respectively [33]. The relationship between the logarithm of cmc and
hydrocarbon chain lengths (as for monomeric and gemini surfactants) or chain number was
linear [33]. This means that the longer the chain length and the higher the chain number of
surfactants, the lower the cmc will be.

The values of pC20 and cmc/C20 ratio in 3D series were much larger than those of most ionic
monomeric surfactants. In addition, the absolute values of ΔGads are significantly greater than
those of ΔGmic for all the hydrocarbon chain lengths. Both these facts suggest that in comparison
to micellization, the adsorption of star-type trimeric surfactants is preferred [33].

Trimeric surfactants 3E and 3F display unusual aggregation behavior in aqueous solution [34].
Both trimeric molecules form vesicles just above critical aggregation concentration (cac) and
then vesicles gradually transform to the micelles with the increase of surfactant concentration.
Normally, surfactants form small aggregates first, and then the aggregates may become large
with an increase of the surfactant concentration. The reported cac value of 3E is lower than
that of the 3F. Both values are slightly lower from cmc of cationic gemini surfactants. The
enthalpy changes for aggregation have large negative value for both surfactants indicating
that they have similar aggregation behavior and ability, and that their aggregation is domi‐
nated by hydrophobic interaction. This is expected because investigated trimeric surfactants
have similar molecular structure. 3F is a completely symmetric molecule, whereas 3E is not
symmetric with spacer slightly different from 3F [34].

Tetrameric (4C) and hexameric (6A) surfactants synthesized by the same group of authors [22,
36] also display interesting aggregation behavior which will be address in more detail in the
next part of the chapter. Reported cmc value of tetrameric 4C (0.08 mmol dm-3) is at least an
order of magnitude smaller than those of cationic gemini surfactants [36]. This is in accordance
with the fact that increasing number of alkyl chains in the surfactant molecule results in
decreasing cmc values.

Hexameric 6A (as 3E and 3F) above cac forms vesicles not micelles. It is reported that 6A
displays two cac (C1 and C2) as a consequence of aggregate transformation caused by the
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changes of the surfactant configuration through hydrophobic interaction among the hydro‐
carbon chains [22].

The enthalpy change for the aggregation of 6A exhibits a very large negative value, much larger
than those of other surfactants with closely similar cationic ammonium amphiphilic moiety.
This enthalpy change should concern the entire aggregation process including both the first
and the second aggregation processes at C1 and C2 [22].

Enthalpy change of aggregation for 6A is much more negative than for 1A, 2A (m=12, s=6), 3F
and 4C, due to the much stronger inter-and intramolecular hydrophobic interactions between
the alkyl chains. That is to say, the cooperative hydrophobic interaction becomes stronger with
the increase of the number of the hydrophobic chains in a surfactant molecule. Of course,
hydrogen bonding between amide groups can also increase the enthalpy change per amphi‐
philic moiety for 3F, 4C, and 6A. However, each amphiphilic moiety of these molecules has
one amide group, and the significantly enhanced enthalpy change per amphiphilic moiety for
6A confirms that the contribution of each hydrocarbon chain to inter-and intramolecular
hydrophobic interaction in the 6A aggregation becomes much stronger than that for other
surfactants [22].

The cmc values of ring type anionic trimeric surfactant 3J decrease with increasing the alkyl
chain length from 4 to 10 [38]. Obtained cmc/C20 ratios are very small compared with the single
chained surfactants suggesting that trimeric anionic ring type surfactants are more likely to
form micelles in the bulk solution due to the interactions between multi-hydrocarbon chains.

Anionic triple chain surfactants [39] 3K and 3L have cmc values one-two order of magnitude
lower than corresponding single chained sodium 2-aminododecanoate. This indicates that
both surfactants have excellent micelle-forming ability at low concentration. The cmc of 3K is
also lower than that of 3L, showing the effect in the number of hydrophilic groups on the cmc.
On the contrary, absolute values of ΔGmic per hydrocarbon chain of 3K and 3L are much smaller
than that of the single chain surfactant. It indicates that the steric hindrance of closely connected
hydrocarbon chains makes it difficult for the triple-chain surfactants to form micelles. This
result is supported by the large cmc/C20 ratio [39]. The opposite result for cmc/C20 ratio was
obtained for ring type anionic trimeric surfactant 3J [38].

The cmc values of 4D-4G tetrameric surfactants depend on the architecture of the spacer [40].
Increasing the number of dioxane rings in the spacer increases the cmc value, surfactant 4D
has the smallest cmc value among investigated surfactants. The dioxane rings appear to act as
hydrophilic units, which contribute to increasing cmc values. Furthermore, a comparison
between homologues compounds, as surfactants 4E and 4F, reveals that, as expected, the
higher the flexibility of the spacer the higher the cmc. This behavior is more evident at higher
temperature (40 oC) [40].

Cmc/C20  values indicate that 4D-4G surfactants have higher preference to aggregate than
gemini  surfactants.  Authors  proposed  that  this  might  be  because  the  four  hydrophobic
groups are more suitably oriented to accommodate themselves in the internal part of the
aggregates than the two hydrophobic groups of the gemini surfactants. The preference for
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the aggregation, relative to the adsorption, increases with the number of dioxane rings and
rigidity of the spacer [40].

As a rule cmc values of nonionic surfactants are lower in comparison with ionic surfactants
due to the lesser electrostatic repulsion of the hydrophilic groups at the micelle/water interface.
Although, the data for nonionic higher oligomeric surfactants are scarce, this trend has been
observed in investigated higher oligomeric nonionic surfactants. The cmc value of Tyloxapol
(7A) determined by time-resolved fluorescence quenching (TRFQ) is in the micromolar range,
i.e., about a hundred times lower than for the “monomer” TX100 [21].

The cmc values of trimeric nonylphenol polyoxyethylene and monomeric nonylphenol
polyoxyethylene ether surfactants 3M increase with the number of the oxyethylene groups in
the spacer due to the greater hydrophilic characteristics. On the other hand, increasing the
hydrophobic chain length results in lower cmc. Short hydrophobic chains are stretched and in
contact with water. Therefore they need more free energy to form micelle and as a results the
cmc of these surfactants are higher. Long hydrophobic chains, longer than the equilibrium
distance of electrostatic repulsion of the head groups, pack inside the micelle hydrophobic
core, which may decrease the free energy and consequently lower the cmc value [41].

The cmc values of trimeric nonionic 3N surfactants are small, which suggest that they easily
form aggregates in solution. As expected, the cmc values decrease with increasing alkyl chain
length. But they also decrease with increasing poly(ethylene glycol) chain length [42].

In conclusion, the cmc values of higher oligomeric surfactants are smaller in comparison with
corresponding monomeric and dimeric surfactants. However, the changes are becoming less
significant with increase of degree of oligomerization. Reported cmc/C20 ratios indicate that,
as expected, structural factors have dominant role in determining higher oligomeric surfac‐
tants preference toward adsorption or micellization. This is collaborated with wide range of
obtained ΔGmic values for different type of oligomeric surfactants (Table 2).

3.4. Properties of higher oligomeric surfactants aggregates

The most striking feature of the dimeric surfactants with short spacers, in comparison with
monomeric, is their tendency to form elongated micelles already at relatively low concentra‐
tions, without added electrolyte. Zana have pointed out that the origin of the different
aggregation behavior of monomeric and dimeric surfactants lies in the different distribution
of the head group distances at the micelle/water interface in these two classes of surfactants
[3, 10]. For the monomeric surfactants, the head groups are randomly distributed on the surface
separating the aqueous phase and the micelle hydrophobic core. The distribution of distances
between head groups has a maximum at a thermodynamic equilibrium distance (dT) deter‐
mined by the equilibrium of the opposite forces involved in micelle formation. In the case of
dimeric surfactants, the distribution becomes bimodal. One maximum corresponds to the
thermodynamic distance, the other one, narrower, at a distance dS that corresponds to the
length of the spacer. The length of the spacer is determined not only by the number of atoms
in the spacer but also by its conformation. The distance dS can be adjusted to be smaller, equal
or larger than dT by changing structure of the spacer opening a possibility to create variety of
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changes of the surfactant configuration through hydrophobic interaction among the hydro‐
carbon chains [22].

The enthalpy change for the aggregation of 6A exhibits a very large negative value, much larger
than those of other surfactants with closely similar cationic ammonium amphiphilic moiety.
This enthalpy change should concern the entire aggregation process including both the first
and the second aggregation processes at C1 and C2 [22].

Enthalpy change of aggregation for 6A is much more negative than for 1A, 2A (m=12, s=6), 3F
and 4C, due to the much stronger inter-and intramolecular hydrophobic interactions between
the alkyl chains. That is to say, the cooperative hydrophobic interaction becomes stronger with
the increase of the number of the hydrophobic chains in a surfactant molecule. Of course,
hydrogen bonding between amide groups can also increase the enthalpy change per amphi‐
philic moiety for 3F, 4C, and 6A. However, each amphiphilic moiety of these molecules has
one amide group, and the significantly enhanced enthalpy change per amphiphilic moiety for
6A confirms that the contribution of each hydrocarbon chain to inter-and intramolecular
hydrophobic interaction in the 6A aggregation becomes much stronger than that for other
surfactants [22].

The cmc values of ring type anionic trimeric surfactant 3J decrease with increasing the alkyl
chain length from 4 to 10 [38]. Obtained cmc/C20 ratios are very small compared with the single
chained surfactants suggesting that trimeric anionic ring type surfactants are more likely to
form micelles in the bulk solution due to the interactions between multi-hydrocarbon chains.

Anionic triple chain surfactants [39] 3K and 3L have cmc values one-two order of magnitude
lower than corresponding single chained sodium 2-aminododecanoate. This indicates that
both surfactants have excellent micelle-forming ability at low concentration. The cmc of 3K is
also lower than that of 3L, showing the effect in the number of hydrophilic groups on the cmc.
On the contrary, absolute values of ΔGmic per hydrocarbon chain of 3K and 3L are much smaller
than that of the single chain surfactant. It indicates that the steric hindrance of closely connected
hydrocarbon chains makes it difficult for the triple-chain surfactants to form micelles. This
result is supported by the large cmc/C20 ratio [39]. The opposite result for cmc/C20 ratio was
obtained for ring type anionic trimeric surfactant 3J [38].

The cmc values of 4D-4G tetrameric surfactants depend on the architecture of the spacer [40].
Increasing the number of dioxane rings in the spacer increases the cmc value, surfactant 4D
has the smallest cmc value among investigated surfactants. The dioxane rings appear to act as
hydrophilic units, which contribute to increasing cmc values. Furthermore, a comparison
between homologues compounds, as surfactants 4E and 4F, reveals that, as expected, the
higher the flexibility of the spacer the higher the cmc. This behavior is more evident at higher
temperature (40 oC) [40].

Cmc/C20  values indicate that 4D-4G surfactants have higher preference to aggregate than
gemini  surfactants.  Authors  proposed  that  this  might  be  because  the  four  hydrophobic
groups are more suitably oriented to accommodate themselves in the internal part of the
aggregates than the two hydrophobic groups of the gemini surfactants. The preference for
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the aggregation, relative to the adsorption, increases with the number of dioxane rings and
rigidity of the spacer [40].

As a rule cmc values of nonionic surfactants are lower in comparison with ionic surfactants
due to the lesser electrostatic repulsion of the hydrophilic groups at the micelle/water interface.
Although, the data for nonionic higher oligomeric surfactants are scarce, this trend has been
observed in investigated higher oligomeric nonionic surfactants. The cmc value of Tyloxapol
(7A) determined by time-resolved fluorescence quenching (TRFQ) is in the micromolar range,
i.e., about a hundred times lower than for the “monomer” TX100 [21].

The cmc values of trimeric nonylphenol polyoxyethylene and monomeric nonylphenol
polyoxyethylene ether surfactants 3M increase with the number of the oxyethylene groups in
the spacer due to the greater hydrophilic characteristics. On the other hand, increasing the
hydrophobic chain length results in lower cmc. Short hydrophobic chains are stretched and in
contact with water. Therefore they need more free energy to form micelle and as a results the
cmc of these surfactants are higher. Long hydrophobic chains, longer than the equilibrium
distance of electrostatic repulsion of the head groups, pack inside the micelle hydrophobic
core, which may decrease the free energy and consequently lower the cmc value [41].

The cmc values of trimeric nonionic 3N surfactants are small, which suggest that they easily
form aggregates in solution. As expected, the cmc values decrease with increasing alkyl chain
length. But they also decrease with increasing poly(ethylene glycol) chain length [42].

In conclusion, the cmc values of higher oligomeric surfactants are smaller in comparison with
corresponding monomeric and dimeric surfactants. However, the changes are becoming less
significant with increase of degree of oligomerization. Reported cmc/C20 ratios indicate that,
as expected, structural factors have dominant role in determining higher oligomeric surfac‐
tants preference toward adsorption or micellization. This is collaborated with wide range of
obtained ΔGmic values for different type of oligomeric surfactants (Table 2).

3.4. Properties of higher oligomeric surfactants aggregates

The most striking feature of the dimeric surfactants with short spacers, in comparison with
monomeric, is their tendency to form elongated micelles already at relatively low concentra‐
tions, without added electrolyte. Zana have pointed out that the origin of the different
aggregation behavior of monomeric and dimeric surfactants lies in the different distribution
of the head group distances at the micelle/water interface in these two classes of surfactants
[3, 10]. For the monomeric surfactants, the head groups are randomly distributed on the surface
separating the aqueous phase and the micelle hydrophobic core. The distribution of distances
between head groups has a maximum at a thermodynamic equilibrium distance (dT) deter‐
mined by the equilibrium of the opposite forces involved in micelle formation. In the case of
dimeric surfactants, the distribution becomes bimodal. One maximum corresponds to the
thermodynamic distance, the other one, narrower, at a distance dS that corresponds to the
length of the spacer. The length of the spacer is determined not only by the number of atoms
in the spacer but also by its conformation. The distance dS can be adjusted to be smaller, equal
or larger than dT by changing structure of the spacer opening a possibility to create variety of
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structure [3]. The bimodal distribution of head group distances and the presence of the
chemical link between head groups strongly affect the curvature of surfactant layers, and thus
the micelle shape. Additional alkyl chains and hydrophilic or hydrophobic spacers in mole‐
cules of higher oligomeric surfactants complicate aggregation processes even more from this
point of view. For higher oligomeric surfactants to date most data about aggregation behavior
is given for linear and star-shaped dodecyl quaternary ammonium surfactants. Experimental
techniques used for determining the aggregation number and structure of oligomeric surfac‐
tant micellar solutions are SANS, TRFQ, SLS, dynamic light scattering (DLS) and transmission
electron microscopy at cryogenic temperatures (cryo-TEM).

In et al. [15] have shown, using cryo-TEM, that the sequence of the aggregates morphology of
linear dodecyl quaternary ammonium surfactants 1A-4A, (m=12, s=3) with increasing degree
of oligomerization from 1 to 4 is:

spherical micelles (monomer) → linear wormlike micelles (dimer) → branched wormlike
micelles (trimer) → closedloop (ring) micelles (tetramer).

These results were confirmed with molecular modeling and molecular dynamic simulations
[19, 20]. The changes of micelle shape can have a strong impact on rheology of the oligomeric
surfactants solution, as will be discussed in following part.

In 12-s-(12-s)x-12 series with a long spacer, s=6, there is practically no change of micelle shape
with the increasing degree of oligomerization. It was shown that aggregation numbers for
these oligomeric surfactants are similar to the aggregation number of DTAB (1A) spherical
micelles [15].

The size distributions for the micelles of the trimeric surfactants m-2-m-2-m (3A; m=8, 10, 12)
were obtained by DLS at concentrations 2-to 16-fold cmc [26]. For all three surfactants bimodal
size distribution was obtained. The smaller hydrodynamic diameter was determined to be 3.8–
5.2, 3.8–5.4 and 4.8–6.6 nm for 8-2-8-2-8, 10-2-10-2-10, and 12-2-12-2-12, respectively. The
hydrodynamic diameter of larger particles was 30–50 nm. The aggregation numbers at cmc,
determined by SLS, increases with increasing alkyl chain length from 7±3 for 8-2-8-2-8, to 8±2
for 10-2-10-2-10 and 18±1 for 12-2-12-2-12. The aggregation number of 12-2-12-2-12 corresponds
to 54 (3x18) alkyl chains in the micelle, which is almost identical to the aggregation number of
DTAB (1A) and twofold for 12-2-12 [26]. The small aggregation numbers of 8-2-8-2-8 and
10-2-10-2-10 were attributed to shorter hydrocarbon chains [26].

The particle size measurements at a concentration 2-fold of the cmc revealed that the apparent
hydrodynamic diameter of monomeric, dimeric trimeric and tetrameric dodecyl ammonium
bromides with ethylene spacer is around 3.6 nm in all cases, indicating the formation of
spherical micelles [27]. This is in accordance with the theoretical considerations [19] and
experimentally obtained data for oligomeric surfactants, showing that their micelles are
spherical at the cmc [15]. It is shown that both DTAB (1A) and 12-2-12 form spherical micelles,
DTAB even at fairly high concentrations and the 12-2-12 up to 1.3 wt% [50, 51]. The larger
particles observed in the Yoshimura’s study [26] of trimer were not detected in this case.

Chlebicki et al. [29] reported the coexistence of small spherical micelles and large nearly
spherical aggregates when the length of the alkyl chain at the central nitrogen is short (2B).
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Furthermore, when this alkyl chain is longer, only larger aggregates are observed. In addition,
it was also found that the aggregate size increased with an increase in the surfactant concen‐
tration. It can be concluded that the size distribution of investigated 2B surfactants depends
on the alkyl chain length and concentration but not on the counterion, Br-or Cl-.

DLS revealed the existence of only small aggregates (2 nm or smaller) in the solution of 2C, 3C
and 4B (regardless of the spacer) surfactants up to 1% wt of surfactant [51]. TRFQ measure‐
ments were used to determine aggregation numbers (Nagg). The relatively low Nagg < 40 for
solutions of ca. 3 wt %, was ascribed to the chloride counterion which are less bound to the
cationic head groups (higher ionization degree) than bromide, resulting in a stronger electro‐
static repulsion of the hydrophilic heads as well as a steric hindrance due to higher hydration
of the latter. The nature of the spacer has a major influence on the aggregation number of the
oligomeric surfactants. In general, the shorter the spacer the larger aggregation number is. For
the trimers aggregation number decreases in series Nagg (tb) > Nagg (mx) > Nagg (px) in accordance
with the behavior of dimeric surfactants. Contrary to m-s-m type of surfactants, the aggregation
number of 2C, 3C and 4B surfactants decrease with the degree of oligomerization. In this case
a decrease of Nagg with increasing degree of oligomerization, could be ascribed to the fact that
further addition of long rigid spacers between the head groups reduces the overall flexibility
of the structures and, hence, makes it difficult for the higher oligomers to pack tightly [51].

The structure of the micelles formed in the solution of star-shaped trimeric surfactants 3D was
significantly influenced by alkyl chain length, for m=10, ellipsoidal micelle formed, for m=12,
the ellipsoidal micelle transformed to the threadlike micelles with increasing concentration,
and for m=14, threadlike micelles were formed at low concentration and no transitions were
observed as concentration increased [33].

Unusual aggregation behavior of star-shaped trimeric 3E and 3F, tetrameric 4C and hexameric
6A surfactants was explained by the dominant role of hydrophobic interactions which enables
the configuration of the molecules to change [22, 34-36].

Due to the rigid spacer and the intramolecular electrostatic repulsion among the quaternary
ammonium headgroups, the hydrophobic chains of 3E and 3F pack loosely, and the 4C
molecule presents a stretched configuration at low concentrations [34-36].

Trimeric surfactants (3E and 3F) form vesicles just above the cac. With increasing concentration
hydrophobic interaction becomes strong enough to pack the hydrophobic tails tightly and turn
the molecular conformation into a pyramid-like shape, which results in the gradual transfor‐
mation of vesicles in spherical micelles.

For tetrameric 4C these interactions are strong enough already below cac so 4C form large
network-like premicellar aggregates that changes to small spherical micelles at high surfactant
concentration due to the same reason as for trimeric surfactants [34-36].

Star-shaped hexameric (6A) surfactant also form network-like premicellar aggregates well
below the cac and transfer to small spherical micelles at high concentration. Its aggregation
behavior is more complex since two cacs are observed. Between two cacs the hydrophobic
interaction becomes stronger so that the 6A may transfer to a claw-like configuration. Above
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structure [3]. The bimodal distribution of head group distances and the presence of the
chemical link between head groups strongly affect the curvature of surfactant layers, and thus
the micelle shape. Additional alkyl chains and hydrophilic or hydrophobic spacers in mole‐
cules of higher oligomeric surfactants complicate aggregation processes even more from this
point of view. For higher oligomeric surfactants to date most data about aggregation behavior
is given for linear and star-shaped dodecyl quaternary ammonium surfactants. Experimental
techniques used for determining the aggregation number and structure of oligomeric surfac‐
tant micellar solutions are SANS, TRFQ, SLS, dynamic light scattering (DLS) and transmission
electron microscopy at cryogenic temperatures (cryo-TEM).

In et al. [15] have shown, using cryo-TEM, that the sequence of the aggregates morphology of
linear dodecyl quaternary ammonium surfactants 1A-4A, (m=12, s=3) with increasing degree
of oligomerization from 1 to 4 is:

spherical micelles (monomer) → linear wormlike micelles (dimer) → branched wormlike
micelles (trimer) → closedloop (ring) micelles (tetramer).

These results were confirmed with molecular modeling and molecular dynamic simulations
[19, 20]. The changes of micelle shape can have a strong impact on rheology of the oligomeric
surfactants solution, as will be discussed in following part.

In 12-s-(12-s)x-12 series with a long spacer, s=6, there is practically no change of micelle shape
with the increasing degree of oligomerization. It was shown that aggregation numbers for
these oligomeric surfactants are similar to the aggregation number of DTAB (1A) spherical
micelles [15].

The size distributions for the micelles of the trimeric surfactants m-2-m-2-m (3A; m=8, 10, 12)
were obtained by DLS at concentrations 2-to 16-fold cmc [26]. For all three surfactants bimodal
size distribution was obtained. The smaller hydrodynamic diameter was determined to be 3.8–
5.2, 3.8–5.4 and 4.8–6.6 nm for 8-2-8-2-8, 10-2-10-2-10, and 12-2-12-2-12, respectively. The
hydrodynamic diameter of larger particles was 30–50 nm. The aggregation numbers at cmc,
determined by SLS, increases with increasing alkyl chain length from 7±3 for 8-2-8-2-8, to 8±2
for 10-2-10-2-10 and 18±1 for 12-2-12-2-12. The aggregation number of 12-2-12-2-12 corresponds
to 54 (3x18) alkyl chains in the micelle, which is almost identical to the aggregation number of
DTAB (1A) and twofold for 12-2-12 [26]. The small aggregation numbers of 8-2-8-2-8 and
10-2-10-2-10 were attributed to shorter hydrocarbon chains [26].

The particle size measurements at a concentration 2-fold of the cmc revealed that the apparent
hydrodynamic diameter of monomeric, dimeric trimeric and tetrameric dodecyl ammonium
bromides with ethylene spacer is around 3.6 nm in all cases, indicating the formation of
spherical micelles [27]. This is in accordance with the theoretical considerations [19] and
experimentally obtained data for oligomeric surfactants, showing that their micelles are
spherical at the cmc [15]. It is shown that both DTAB (1A) and 12-2-12 form spherical micelles,
DTAB even at fairly high concentrations and the 12-2-12 up to 1.3 wt% [50, 51]. The larger
particles observed in the Yoshimura’s study [26] of trimer were not detected in this case.

Chlebicki et al. [29] reported the coexistence of small spherical micelles and large nearly
spherical aggregates when the length of the alkyl chain at the central nitrogen is short (2B).
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Furthermore, when this alkyl chain is longer, only larger aggregates are observed. In addition,
it was also found that the aggregate size increased with an increase in the surfactant concen‐
tration. It can be concluded that the size distribution of investigated 2B surfactants depends
on the alkyl chain length and concentration but not on the counterion, Br-or Cl-.

DLS revealed the existence of only small aggregates (2 nm or smaller) in the solution of 2C, 3C
and 4B (regardless of the spacer) surfactants up to 1% wt of surfactant [51]. TRFQ measure‐
ments were used to determine aggregation numbers (Nagg). The relatively low Nagg < 40 for
solutions of ca. 3 wt %, was ascribed to the chloride counterion which are less bound to the
cationic head groups (higher ionization degree) than bromide, resulting in a stronger electro‐
static repulsion of the hydrophilic heads as well as a steric hindrance due to higher hydration
of the latter. The nature of the spacer has a major influence on the aggregation number of the
oligomeric surfactants. In general, the shorter the spacer the larger aggregation number is. For
the trimers aggregation number decreases in series Nagg (tb) > Nagg (mx) > Nagg (px) in accordance
with the behavior of dimeric surfactants. Contrary to m-s-m type of surfactants, the aggregation
number of 2C, 3C and 4B surfactants decrease with the degree of oligomerization. In this case
a decrease of Nagg with increasing degree of oligomerization, could be ascribed to the fact that
further addition of long rigid spacers between the head groups reduces the overall flexibility
of the structures and, hence, makes it difficult for the higher oligomers to pack tightly [51].

The structure of the micelles formed in the solution of star-shaped trimeric surfactants 3D was
significantly influenced by alkyl chain length, for m=10, ellipsoidal micelle formed, for m=12,
the ellipsoidal micelle transformed to the threadlike micelles with increasing concentration,
and for m=14, threadlike micelles were formed at low concentration and no transitions were
observed as concentration increased [33].

Unusual aggregation behavior of star-shaped trimeric 3E and 3F, tetrameric 4C and hexameric
6A surfactants was explained by the dominant role of hydrophobic interactions which enables
the configuration of the molecules to change [22, 34-36].

Due to the rigid spacer and the intramolecular electrostatic repulsion among the quaternary
ammonium headgroups, the hydrophobic chains of 3E and 3F pack loosely, and the 4C
molecule presents a stretched configuration at low concentrations [34-36].

Trimeric surfactants (3E and 3F) form vesicles just above the cac. With increasing concentration
hydrophobic interaction becomes strong enough to pack the hydrophobic tails tightly and turn
the molecular conformation into a pyramid-like shape, which results in the gradual transfor‐
mation of vesicles in spherical micelles.

For tetrameric 4C these interactions are strong enough already below cac so 4C form large
network-like premicellar aggregates that changes to small spherical micelles at high surfactant
concentration due to the same reason as for trimeric surfactants [34-36].

Star-shaped hexameric (6A) surfactant also form network-like premicellar aggregates well
below the cac and transfer to small spherical micelles at high concentration. Its aggregation
behavior is more complex since two cacs are observed. Between two cacs the hydrophobic
interaction becomes stronger so that the 6A may transfer to a claw-like configuration. Above
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second cac the hydrophobic interaction continues to strengthen, and to cause the molecular
configuration to convert into a pyramid-like shape, which generates the transition of the large
spherical aggregates to small spherical micelles as for 3E, 3F and 4C surfactants [22]. This
research also proves that introducing more alkyl chains in molecules results with more
complex aggregation process of oligomeric surfactants.

Yosimura and Esumi [38, 39] investigated size and aggregation number of anionic trimeric
surfactants (3K, 3L, 3J) aggregates in solution by DLS and SLS.

The aggregation number of the ring-type trimeric surfactants 3J-4 and 3J-10 were 32 and
580±20, respectively as determined by SLS [38]. The Nagg of 3J-10 is very large, probably due
to the strong cohesion derived from the interactions between longer three hydrocarbon chains
in the ring-type trimeric surfactants. The size of the micelles was determined by DLS at the
concentration 4-6-fold of the cmc of 3J. In the solution of both surfactants smaller and larger
aggregates were detected. Both kinds of aggregates increased in size with increasing length of
alkyl chains [38].

The large difference in aggregation numbers of 3K (Nagg=1304±8) and 3L (Nagg=39±2) was
explained by the strong attractive interactions between hydrocarbon chains as well as the
decrease of electrostatic repulsion due to less hydrophilic groups of 3K in comparison with
3L, which has usual micelle size [39]. DLS measurements revealed that in solution of 3K the
aggregates 20–30 nm in size are formed, while in the solution of 3L aggregates of sizes 2–10
and 15–40 nm coexist. In the case of 3L, it is considered that the smaller ones correspond to the
micelles and the larger ones correspond to the large aggregates similar to 3K [39].

The aggregation numbers of Tyloxapol (7A) and of TX100 micelles were determined by TRFQ.
The Tyloxapol micelles were found to be smaller than the TX100 micelles. This behavior is
opposite to that found for ionic surfactant oligomers (2A-4A) with respect to their correspond‐
ing monomers. Cryo-TEM showed that the Tyloxapol micelles remain spheroidal up to a
concentration of about 10 wt%. At 15 wt%, some regions of ordered elongated micelles were
also observed, which could be the precursors of the hexagonal phase known to occur at about
35 wt% [21].

3.5. Viscosity

The peculiar aggregation behavior of oligomeric m-s-(m-s)x-m surfactants significantly
influences the rheological behavior of their solutions. The change of the micelle shape, in the
series of surfactants with short spacers, from spherical to wormlike or threadlike micelles with
increasing degree of oligomerization affects viscosity of the surfactant solution. The phenom‐
enon that attracts special attention, in this sense, is viscoelastic behavior that is observed in
solution of long wormlike micelles. For example dimeric surfactants with a short spacer, such
as 12-2-12, give rise to worm-like micelles at fairly low surfactant concentrations, even in the
absence of added salt [3, 9-11, 14, 15, 52].

No such changes were observed in the solution of the surfactants with longer spacers, like in
going from the monomeric [53] to the dimeric (12-6-12) [10] and trimeric surfactant
(12-6-12-6-12) analogues [15]. This indicates that the large, rodlike aggregates were not formed
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in the solution of these surfactants. The same absence of the effect was observed by Laschewsky
et al. [30] who concluded that despite general theoretical predictions made for oligomeric
surfactants [19, 20] the remarkable thickening power of certain oligomeric surfactants is
apparently restricted to molecular structures with very short spacer groups (namely s=2 or 3).

Rheological behavior of star-shaped trimeric surfactants strongly depends on alkyl chain
length [33].The shear-rate dependence of viscosity of the star-shaped 3D-10 solutions was the
same as that for water. On the basis of previous findings it was concluded that 3D-10 forms
the spherical or ellipsoidal micelles [33].

At lower concentrations the viscosity of 3D-12 solution was also the same as that for the water.
But at higher concentrations viscosity decreased with increasing shear rate the behavior known
as shear thinning typical for the rod-or wormlike micelles and chainlike polymers. The results
point out that with increasing concentration of 3D-12 surfactant a transition of the spherical
micelle-to-rodlike micelle occurs, which was confirmed with SANS and cryo-TEM techniques.
When concentration was further increased, growth of wormlike micelles was observed,
accompanying the extrusion of the water from the micelles. In order to elucidate this behavior
the surface charge per unit length and the end-cap energy of monomeric 1A, dimeric 12-2-12
and trimeric 3D-12 were obtained from the analysis of the volume fraction dependence of the
zero-shear viscosity. Results have shown that molecular structure (linear or star-shaped) and
degree of oligomerization (j=1, 2 or 3) have no influence on the surface charge per unit length.
However, the end-cap energy of wormlike micelles decreased in order 3D-12 > 12-2-12 > 1A,
indicating that wormlike micelles form more easily in the solutions of trimeric and dimerics
surfactants even at lower concentrations. The crucial difference in the molecular structure
between 3D-12 and 12-2-12 is the number of spacer chains. It seems that it is the spacer
responsible for the increase of end-cap energy, one of the reasons being limitation of intramo‐
lecular motion by increasing the number of spacer groups in the molecule. The shape of the
molecule also affects the end-cap energy. Trimeric star-shaped 3D surfactant is more round
shaped than the linear one which results in lower end-cap energy of its wormlike micelles [54].

Viscosity of 3D-14 solutions was higher than that of water and it didn't change with increasing
shear rate which was attributed to presence of threadlike micelles in solution [33].

Already in these several studies the complex rheological behavior of higher oligomeric
surfactants was observed. Results have shown that number and length of spacer in surfactant
molecule have key role in their aggregation and thus rheological behavior. It seems that the
interplay of contribution of spacer and alkyl chains in resulting behavior is even more subtle
than for dimeric surfactants. Considering the unusual aggregation behavior of tetrameric 4C
and hexameric 6A it would be interesting to see how it reflects to their rheological behavior.

4. Applications

Synthetic surfactants are nowadays present in many everyday products and are utilized in
many industrial processes. Although, dimeric and higher oligomeric surfactants have shown
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second cac the hydrophobic interaction continues to strengthen, and to cause the molecular
configuration to convert into a pyramid-like shape, which generates the transition of the large
spherical aggregates to small spherical micelles as for 3E, 3F and 4C surfactants [22]. This
research also proves that introducing more alkyl chains in molecules results with more
complex aggregation process of oligomeric surfactants.

Yosimura and Esumi [38, 39] investigated size and aggregation number of anionic trimeric
surfactants (3K, 3L, 3J) aggregates in solution by DLS and SLS.

The aggregation number of the ring-type trimeric surfactants 3J-4 and 3J-10 were 32 and
580±20, respectively as determined by SLS [38]. The Nagg of 3J-10 is very large, probably due
to the strong cohesion derived from the interactions between longer three hydrocarbon chains
in the ring-type trimeric surfactants. The size of the micelles was determined by DLS at the
concentration 4-6-fold of the cmc of 3J. In the solution of both surfactants smaller and larger
aggregates were detected. Both kinds of aggregates increased in size with increasing length of
alkyl chains [38].

The large difference in aggregation numbers of 3K (Nagg=1304±8) and 3L (Nagg=39±2) was
explained by the strong attractive interactions between hydrocarbon chains as well as the
decrease of electrostatic repulsion due to less hydrophilic groups of 3K in comparison with
3L, which has usual micelle size [39]. DLS measurements revealed that in solution of 3K the
aggregates 20–30 nm in size are formed, while in the solution of 3L aggregates of sizes 2–10
and 15–40 nm coexist. In the case of 3L, it is considered that the smaller ones correspond to the
micelles and the larger ones correspond to the large aggregates similar to 3K [39].

The aggregation numbers of Tyloxapol (7A) and of TX100 micelles were determined by TRFQ.
The Tyloxapol micelles were found to be smaller than the TX100 micelles. This behavior is
opposite to that found for ionic surfactant oligomers (2A-4A) with respect to their correspond‐
ing monomers. Cryo-TEM showed that the Tyloxapol micelles remain spheroidal up to a
concentration of about 10 wt%. At 15 wt%, some regions of ordered elongated micelles were
also observed, which could be the precursors of the hexagonal phase known to occur at about
35 wt% [21].

3.5. Viscosity

The peculiar aggregation behavior of oligomeric m-s-(m-s)x-m surfactants significantly
influences the rheological behavior of their solutions. The change of the micelle shape, in the
series of surfactants with short spacers, from spherical to wormlike or threadlike micelles with
increasing degree of oligomerization affects viscosity of the surfactant solution. The phenom‐
enon that attracts special attention, in this sense, is viscoelastic behavior that is observed in
solution of long wormlike micelles. For example dimeric surfactants with a short spacer, such
as 12-2-12, give rise to worm-like micelles at fairly low surfactant concentrations, even in the
absence of added salt [3, 9-11, 14, 15, 52].

No such changes were observed in the solution of the surfactants with longer spacers, like in
going from the monomeric [53] to the dimeric (12-6-12) [10] and trimeric surfactant
(12-6-12-6-12) analogues [15]. This indicates that the large, rodlike aggregates were not formed
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in the solution of these surfactants. The same absence of the effect was observed by Laschewsky
et al. [30] who concluded that despite general theoretical predictions made for oligomeric
surfactants [19, 20] the remarkable thickening power of certain oligomeric surfactants is
apparently restricted to molecular structures with very short spacer groups (namely s=2 or 3).

Rheological behavior of star-shaped trimeric surfactants strongly depends on alkyl chain
length [33].The shear-rate dependence of viscosity of the star-shaped 3D-10 solutions was the
same as that for water. On the basis of previous findings it was concluded that 3D-10 forms
the spherical or ellipsoidal micelles [33].

At lower concentrations the viscosity of 3D-12 solution was also the same as that for the water.
But at higher concentrations viscosity decreased with increasing shear rate the behavior known
as shear thinning typical for the rod-or wormlike micelles and chainlike polymers. The results
point out that with increasing concentration of 3D-12 surfactant a transition of the spherical
micelle-to-rodlike micelle occurs, which was confirmed with SANS and cryo-TEM techniques.
When concentration was further increased, growth of wormlike micelles was observed,
accompanying the extrusion of the water from the micelles. In order to elucidate this behavior
the surface charge per unit length and the end-cap energy of monomeric 1A, dimeric 12-2-12
and trimeric 3D-12 were obtained from the analysis of the volume fraction dependence of the
zero-shear viscosity. Results have shown that molecular structure (linear or star-shaped) and
degree of oligomerization (j=1, 2 or 3) have no influence on the surface charge per unit length.
However, the end-cap energy of wormlike micelles decreased in order 3D-12 > 12-2-12 > 1A,
indicating that wormlike micelles form more easily in the solutions of trimeric and dimerics
surfactants even at lower concentrations. The crucial difference in the molecular structure
between 3D-12 and 12-2-12 is the number of spacer chains. It seems that it is the spacer
responsible for the increase of end-cap energy, one of the reasons being limitation of intramo‐
lecular motion by increasing the number of spacer groups in the molecule. The shape of the
molecule also affects the end-cap energy. Trimeric star-shaped 3D surfactant is more round
shaped than the linear one which results in lower end-cap energy of its wormlike micelles [54].

Viscosity of 3D-14 solutions was higher than that of water and it didn't change with increasing
shear rate which was attributed to presence of threadlike micelles in solution [33].

Already in these several studies the complex rheological behavior of higher oligomeric
surfactants was observed. Results have shown that number and length of spacer in surfactant
molecule have key role in their aggregation and thus rheological behavior. It seems that the
interplay of contribution of spacer and alkyl chains in resulting behavior is even more subtle
than for dimeric surfactants. Considering the unusual aggregation behavior of tetrameric 4C
and hexameric 6A it would be interesting to see how it reflects to their rheological behavior.

4. Applications

Synthetic surfactants are nowadays present in many everyday products and are utilized in
many industrial processes. Although, dimeric and higher oligomeric surfactants have shown
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better properties compared to conventional ones, the difficulties in their synthesis in sufficient
quantities are rendering their commercial application. In addition, in order for new surfactant
to be used in certain application, its toxicity and harmfulness should be assessed, which
requires both time and money. Considering their improved physico-chemical properties it
would be worthwhile to perform such tests. Possibility to use higher oligomeric surfactants
for several different applications has been investigated.

4.1. Solubilization

Solubilization of poorly water-soluble or insoluble compounds is among most frequent
surfactant application.

Laschewsky at el. [30] investigated solubilization capacity of a 2C, 3C and 4B for p-xylene and
2,3-dimethylbut-2-ene. The results indicated that the solubilization depends on both the
chemical nature of the spacer and the couple surfactant-solubilizate used. Degree of oligome‐
rization, within a given series of oligomers, didn’t have significant influence on the solubili‐
zation capacity.

4.2. Foaming

Foams are encountered in many important technological areas.

It was shown that the trimeric surfactant 3B has almost the same foaming ability and the foam
stability as corresponding bisquaternary ammonium dichlorides which indicates that balance
of hydrophobicity and hydrophilicity strongly affects the foaming properties [28]. Simple test
of bubbling the air through aqueous solution of a fixed concentration until a given height of
foam was produced was used for determining foaming ability of 2C, 3C and 4B [30]. For both
trimeric and tetrameric surfactants it was observed that the short spacer favor foam formation
and stability. Trimeric surfactants stabilize foam significantly more than corresponding
dimeric, but the difference between corresponding trimers and tetramers is marginal. This
effect cannot be explained by the difference in viscosity.

4.3. Emulsification

The oil/water emulsions are fine dispersions, encountered in many household and industrial
products. The role of surfactants in emulsions is to stabilize them by adsorbing at the
water/oil interface preventing phase separation into oil and water phases.

Ability of hexameric quaternary ammonium salt 6A to emulsify heptanes, dodecane, toluene,
xylene was investigated. As described in section 3.4, hexameric 6A forms network-like
premicellar aggregates at very low concentration, which have compeled the authors to study
emulsion forming efficiency at the concentrations far below first cac. It was found that oil/
water emulsion form quickly after vigorous shaking. The surfactant 6A can emulsify heptanes
and dodecane, emulsions being stable at the level of 60 – 70 %, but can’t emulsify toluene and
xylene. The reason was proposed to be the greater compatibility of 6A with linear fatty acids
due to its long hydrophobic alkyl chains. Due to the hexameric structure, in comparison with
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monomeric and dimeric surfactants, the emulsification ability and the strength of interfacial
films are greatly enhanced [22].

Abdul-Raouf et al. have studied factors affecting stability of oil-in-water emulsions prepared
by shearing together known amounts of Land Belayim crude oil and aqueous solutions of
nonionic 3N surfactants. It was observed that equilibrium interfacial tension of nonionic 3N
surfactants decreases with the length of ethylene oxide chain for the same alkyl chain length.
After 24 h coalescence process has started only in a few emulsions, indicating that the emul‐
sions were mostly stable. The stability of the emulsions depended on oil percentage and oil/
water ratio. The emulsions with higher oil percentage were found to be more stable. The
effectiveness of the emulsifiers decreases with increasing alkyl chain length for 3N surfactants.
The emulsions stability increased with increasing surfactants concentration from 300 to 400
ppm, but decreased by further increasing the surfactants concentration to 500 ppm. These
findings led to the conclusion that there is an optimum concentration at which the emulsion
droplets are fully encapsulated, preventing agglomeration and coalescence which occur at
lower concentrations. At higher concentrations surfactant molecules interact with each other
and cause the disorder of the arrangement at the interface which facilitates the coalescence [42].

4.4. Lubricants

Surfactants that can self-assemble in smooth bilayers are promising water-based lubricants.
However, the cohesion of adsorbed layers is not always satisfactory. Lagleize et al. [55] have
investigated the possibility of combining surface-adsorbing surfactants and coadsorbing
polymer in order to obtain dense and cohesive lubricant films by self-assembly on mica
surfaces. The three studied quarternary ammonium surfactants, monomeric cetyl triethylam‐
monium chloride, dimeric 12-3-12 and trimeric 12-3-12-3-12 form flat bilayers at the negatively
charged mica surface at the concentrations above cmc [3]. It was shown that the degree by
which coadsorption of the anionic–neutral poly(acrylic acid)–polyacrylamide diblock copoly‐
mer reinforces the adsorbed layers, as well as the nature and the characteristic times of shear-
induced dynamic transitions between states of low-and high-friction forces depend on the
degree of oligomerization. Behaviour of systems containing dimeric and trimeric surfactants
under shear and compression are qualitatively simillar, while systems with monomeric
surfactant have shown different response indicating lower cohesion of the layers [55].

4.5. Adsorption at mineral surfaces

Many practical applications of the surfactants are based on their ability to adsorb at different
surfaces. Understanding the interactions between surfactants and mineral surfaces are of
special interest for agriculture and oil recovery and consequently for the environment.

Esumi et al. [17] investigated adsorption of 2A and 3A (m=12, s=2) surfactants, on silica as well
as adsolubilization of 2-naphtol. Adsorption of dimeric and trimeric surfactant differs from
the monomeric as revealed by adsorption isotherms. Density of adsorbed surfactants decreases
with oligomerization degree. The ratio of maximum amount of 2-naphtol adsolubilized to the
adsorbed amount of surfactant on silica increases with the oligomerization degree. From a
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better properties compared to conventional ones, the difficulties in their synthesis in sufficient
quantities are rendering their commercial application. In addition, in order for new surfactant
to be used in certain application, its toxicity and harmfulness should be assessed, which
requires both time and money. Considering their improved physico-chemical properties it
would be worthwhile to perform such tests. Possibility to use higher oligomeric surfactants
for several different applications has been investigated.

4.1. Solubilization

Solubilization of poorly water-soluble or insoluble compounds is among most frequent
surfactant application.

Laschewsky at el. [30] investigated solubilization capacity of a 2C, 3C and 4B for p-xylene and
2,3-dimethylbut-2-ene. The results indicated that the solubilization depends on both the
chemical nature of the spacer and the couple surfactant-solubilizate used. Degree of oligome‐
rization, within a given series of oligomers, didn’t have significant influence on the solubili‐
zation capacity.

4.2. Foaming

Foams are encountered in many important technological areas.

It was shown that the trimeric surfactant 3B has almost the same foaming ability and the foam
stability as corresponding bisquaternary ammonium dichlorides which indicates that balance
of hydrophobicity and hydrophilicity strongly affects the foaming properties [28]. Simple test
of bubbling the air through aqueous solution of a fixed concentration until a given height of
foam was produced was used for determining foaming ability of 2C, 3C and 4B [30]. For both
trimeric and tetrameric surfactants it was observed that the short spacer favor foam formation
and stability. Trimeric surfactants stabilize foam significantly more than corresponding
dimeric, but the difference between corresponding trimers and tetramers is marginal. This
effect cannot be explained by the difference in viscosity.

4.3. Emulsification

The oil/water emulsions are fine dispersions, encountered in many household and industrial
products. The role of surfactants in emulsions is to stabilize them by adsorbing at the
water/oil interface preventing phase separation into oil and water phases.

Ability of hexameric quaternary ammonium salt 6A to emulsify heptanes, dodecane, toluene,
xylene was investigated. As described in section 3.4, hexameric 6A forms network-like
premicellar aggregates at very low concentration, which have compeled the authors to study
emulsion forming efficiency at the concentrations far below first cac. It was found that oil/
water emulsion form quickly after vigorous shaking. The surfactant 6A can emulsify heptanes
and dodecane, emulsions being stable at the level of 60 – 70 %, but can’t emulsify toluene and
xylene. The reason was proposed to be the greater compatibility of 6A with linear fatty acids
due to its long hydrophobic alkyl chains. Due to the hexameric structure, in comparison with
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monomeric and dimeric surfactants, the emulsification ability and the strength of interfacial
films are greatly enhanced [22].

Abdul-Raouf et al. have studied factors affecting stability of oil-in-water emulsions prepared
by shearing together known amounts of Land Belayim crude oil and aqueous solutions of
nonionic 3N surfactants. It was observed that equilibrium interfacial tension of nonionic 3N
surfactants decreases with the length of ethylene oxide chain for the same alkyl chain length.
After 24 h coalescence process has started only in a few emulsions, indicating that the emul‐
sions were mostly stable. The stability of the emulsions depended on oil percentage and oil/
water ratio. The emulsions with higher oil percentage were found to be more stable. The
effectiveness of the emulsifiers decreases with increasing alkyl chain length for 3N surfactants.
The emulsions stability increased with increasing surfactants concentration from 300 to 400
ppm, but decreased by further increasing the surfactants concentration to 500 ppm. These
findings led to the conclusion that there is an optimum concentration at which the emulsion
droplets are fully encapsulated, preventing agglomeration and coalescence which occur at
lower concentrations. At higher concentrations surfactant molecules interact with each other
and cause the disorder of the arrangement at the interface which facilitates the coalescence [42].

4.4. Lubricants

Surfactants that can self-assemble in smooth bilayers are promising water-based lubricants.
However, the cohesion of adsorbed layers is not always satisfactory. Lagleize et al. [55] have
investigated the possibility of combining surface-adsorbing surfactants and coadsorbing
polymer in order to obtain dense and cohesive lubricant films by self-assembly on mica
surfaces. The three studied quarternary ammonium surfactants, monomeric cetyl triethylam‐
monium chloride, dimeric 12-3-12 and trimeric 12-3-12-3-12 form flat bilayers at the negatively
charged mica surface at the concentrations above cmc [3]. It was shown that the degree by
which coadsorption of the anionic–neutral poly(acrylic acid)–polyacrylamide diblock copoly‐
mer reinforces the adsorbed layers, as well as the nature and the characteristic times of shear-
induced dynamic transitions between states of low-and high-friction forces depend on the
degree of oligomerization. Behaviour of systems containing dimeric and trimeric surfactants
under shear and compression are qualitatively simillar, while systems with monomeric
surfactant have shown different response indicating lower cohesion of the layers [55].

4.5. Adsorption at mineral surfaces

Many practical applications of the surfactants are based on their ability to adsorb at different
surfaces. Understanding the interactions between surfactants and mineral surfaces are of
special interest for agriculture and oil recovery and consequently for the environment.

Esumi et al. [17] investigated adsorption of 2A and 3A (m=12, s=2) surfactants, on silica as well
as adsolubilization of 2-naphtol. Adsorption of dimeric and trimeric surfactant differs from
the monomeric as revealed by adsorption isotherms. Density of adsorbed surfactants decreases
with oligomerization degree. The ratio of maximum amount of 2-naphtol adsolubilized to the
adsorbed amount of surfactant on silica increases with the oligomerization degree. From a
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two-step process of adsorption-adsolubilization it was concluded that oligomers are adsorbed
at silica much more strongly than the monomeric surfactant keeping 2-naphtol in their
adsorbed layers.

The same group investigated competitive adsorption of pesticide paraquat and 2A and 3A
(m=12, s=2) surfactants, on clay [56]. The results indicate competitive adsorption between
paraquat and the surfactants. Oligomerization degree didn’t have a significant influence on
replacement of paraquat.

In et al. [15] investigated adsorption of 12-3-12-3-12 and 12-6-12-6-12 trimers and
12-3-12-4-12-3-12 tetramer at silica and compared it with behavior of corresponding dimers.
The values of surface surface excess concentration per mol of adsorbed chain indicate that
12-3-12-3-12 and 12-3-12-4-12-3-12 form bilayer on silica, while value for 12-6-12-6-12 indicates
that it forms cylindrical micelles, similar to 12-6-12.

The efficiency of oil recovery process is affected by the wettability of oil reservoir rocks. It was
shown that trimeric 12-2-12-2-12 surfactant can alter wettabilty of both water-wet and oil-wet
mica surfaces more efficiently then monomeric or dimeric cationic surfactants. The change in
wettabillity is a consequence of surfactant adsorption in the form of monolayer at the mica
surface. The orientation of the surfactant molecules in the monolayer depends on the type of
the surface (oil or water wet) [57].

Atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS) and PC model
calculation showed that trimeric 3F forms highly-ordered bilayers on the mica surface [35].
Such an ordered structure is induced by match of 3 charged surfactant head groups with
negatively charged sites on mica surface. In addition, the formation of the bilayer is promoted
by intermolecular bonding and hydrophobic interactions. It was concluded that structural
features of an oligomeric surfactant can greatly affect its manner of adsorption, which can help
in design of self-assembling molecules for the fabrication of surface patterns.

4.6. Synthesis of advanced materials

So far higher oligomeric surfactants have been used in synthesis of two classes of materials –
mesoporous silica materials and ZnO quantum dots.

Preparation of the materials with pores of controlled size, shape and connectivity is of great
importance for the practical applications where the shape of the molecules should be recog‐
nized. Examples are catalysis, molecular sieves, selective adsorption, sensing, etc. Different
applications put different demands for the material properties. Therefore the new routs of
synthesis or modifications of existing ones are constantly thought. Surfactants, in general, are
frequently used as templates in the synthesis of inorganic materials. Among different meso-
and microporous materials, silica based materials take special place.

Although different gemini surfactants of bis-quarternay ammonium type has been used in
preparation of different cubic, hexagonal, lamellar mesoporous silica materials [3], only
14-2-14-2-14 [58] and 10-2-10-2-10 [59] have been used as structure directing agent. By using
14-2-14-2-14 surfactant it was possible to synthesize, high quality, ordered two-dimensional
hexagonal mesoporous silica under mild conditions. In the presence of 10-2-10-2-10 surfactant
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highly ordered supermicroporous silica with the pore structure belonging to the two-dimen‐
sional hexagonal structure and pore size from 1.92 to 2.16 nm was obtained.

Quantum dots are inorganic nanoparticles with photoluminiscent properties. They can be
prepared either in water or in organic solvents. Synthesis in organic solvents do offer better
shape control and achieving higher crystallinity of the product, since organic ligands (most
often alkyl amine) are used to control crystal growth. As a result particles coated with
hydrophobic layer are obtained. This layer should be removed if nanoparticles are to be used
in the water, without affecting their optical properties. Strategy based on encapsulation of
nanoparticles in amphiphilic molecules aggregates is proving to be successful in this sense.

Dazzazi et al. [60] investigated the phase transfer of highly monodispers ZnO nanocrystals
using monomer (DTAB, 1A), dimer (12-3-12 2Br-), trimer (12-3-12-3-12 3Br-) and polymer alkyl
ammonium surfactants. It was shown that 60 % transfer yields could be obtained with the
oligomers and polymer, but no measurable transfer was observed with monomeric surfactant.
Trimer and polymer were more efficient than dimer. The results were explained by more
quantitative molecular aggregation of surfactants at nanocrystals surface with increasing
degree of oligomerization. In addition, the dynamics of molecular exchange between the bulk
and double layer coating decreases with increasing degree of oligomerization. Obtained
nanocrystals exhibited strong photoluminiscence in the water, as well as long term chemical
and photo-chemical stability.

4.7. Antistatic properties

It was shown that the antielectrostatic effect of oligomeric quaternary ammonium derived from
epichlorohydrin 2B strongly depends on the counterion, i.e. bromide or chloride. However,
both chlorides and bromides have shown very good antistatic properties, similar to commer‐
cially available antistatic agent Catanac. No influence of increasing the central chain length on
the antielectrostatic properties was observed [29].

4.8. Biomedical applications

Surfactants are frequently used in pharmacy in preparation of drug carriers or systems for
targeted drug delivery. In addition, many drug molecules are amphiphilic and therefore
surface active.

Motivated by the fact that some dimeric surfactants have antimicrobial activity, neutral and
cationic trimeric surfactants 3G and 3H were tested against fungi, Gram positive and Gram-
negative bacteria. Both types of trimeric surfactants were the most efficient against Gram
positive bacteria. Cationic trimers were more efficient then neutral. Compounds with 12 C
atoms in alkyl chain were found to be most active, while those with 8 and 18 C atoms were
found to be almost inactive [37].

A proposed approach in the prevention or therapy of Alzheimer’s disease is decreasing or
eliminating the neuritic plaques composed of fibrillar β-amyloid (Aβ). The strong tendency of
4C to self-assemble even below cmc prompted authors to study disassembly of amyloide fibrils
in its presence. It was shown that both 4C premicellar and micellar aggregates can effectively
disassemble matutre Aβ(1-40) fibrils in aqueous solution. Unlike 4C, 12-6-12 loses its efficiency
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two-step process of adsorption-adsolubilization it was concluded that oligomers are adsorbed
at silica much more strongly than the monomeric surfactant keeping 2-naphtol in their
adsorbed layers.

The same group investigated competitive adsorption of pesticide paraquat and 2A and 3A
(m=12, s=2) surfactants, on clay [56]. The results indicate competitive adsorption between
paraquat and the surfactants. Oligomerization degree didn’t have a significant influence on
replacement of paraquat.

In et al. [15] investigated adsorption of 12-3-12-3-12 and 12-6-12-6-12 trimers and
12-3-12-4-12-3-12 tetramer at silica and compared it with behavior of corresponding dimers.
The values of surface surface excess concentration per mol of adsorbed chain indicate that
12-3-12-3-12 and 12-3-12-4-12-3-12 form bilayer on silica, while value for 12-6-12-6-12 indicates
that it forms cylindrical micelles, similar to 12-6-12.

The efficiency of oil recovery process is affected by the wettability of oil reservoir rocks. It was
shown that trimeric 12-2-12-2-12 surfactant can alter wettabilty of both water-wet and oil-wet
mica surfaces more efficiently then monomeric or dimeric cationic surfactants. The change in
wettabillity is a consequence of surfactant adsorption in the form of monolayer at the mica
surface. The orientation of the surfactant molecules in the monolayer depends on the type of
the surface (oil or water wet) [57].

Atomic force microscopy (AFM), X-ray photoelectron spectroscopy (XPS) and PC model
calculation showed that trimeric 3F forms highly-ordered bilayers on the mica surface [35].
Such an ordered structure is induced by match of 3 charged surfactant head groups with
negatively charged sites on mica surface. In addition, the formation of the bilayer is promoted
by intermolecular bonding and hydrophobic interactions. It was concluded that structural
features of an oligomeric surfactant can greatly affect its manner of adsorption, which can help
in design of self-assembling molecules for the fabrication of surface patterns.

4.6. Synthesis of advanced materials

So far higher oligomeric surfactants have been used in synthesis of two classes of materials –
mesoporous silica materials and ZnO quantum dots.

Preparation of the materials with pores of controlled size, shape and connectivity is of great
importance for the practical applications where the shape of the molecules should be recog‐
nized. Examples are catalysis, molecular sieves, selective adsorption, sensing, etc. Different
applications put different demands for the material properties. Therefore the new routs of
synthesis or modifications of existing ones are constantly thought. Surfactants, in general, are
frequently used as templates in the synthesis of inorganic materials. Among different meso-
and microporous materials, silica based materials take special place.

Although different gemini surfactants of bis-quarternay ammonium type has been used in
preparation of different cubic, hexagonal, lamellar mesoporous silica materials [3], only
14-2-14-2-14 [58] and 10-2-10-2-10 [59] have been used as structure directing agent. By using
14-2-14-2-14 surfactant it was possible to synthesize, high quality, ordered two-dimensional
hexagonal mesoporous silica under mild conditions. In the presence of 10-2-10-2-10 surfactant
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highly ordered supermicroporous silica with the pore structure belonging to the two-dimen‐
sional hexagonal structure and pore size from 1.92 to 2.16 nm was obtained.

Quantum dots are inorganic nanoparticles with photoluminiscent properties. They can be
prepared either in water or in organic solvents. Synthesis in organic solvents do offer better
shape control and achieving higher crystallinity of the product, since organic ligands (most
often alkyl amine) are used to control crystal growth. As a result particles coated with
hydrophobic layer are obtained. This layer should be removed if nanoparticles are to be used
in the water, without affecting their optical properties. Strategy based on encapsulation of
nanoparticles in amphiphilic molecules aggregates is proving to be successful in this sense.

Dazzazi et al. [60] investigated the phase transfer of highly monodispers ZnO nanocrystals
using monomer (DTAB, 1A), dimer (12-3-12 2Br-), trimer (12-3-12-3-12 3Br-) and polymer alkyl
ammonium surfactants. It was shown that 60 % transfer yields could be obtained with the
oligomers and polymer, but no measurable transfer was observed with monomeric surfactant.
Trimer and polymer were more efficient than dimer. The results were explained by more
quantitative molecular aggregation of surfactants at nanocrystals surface with increasing
degree of oligomerization. In addition, the dynamics of molecular exchange between the bulk
and double layer coating decreases with increasing degree of oligomerization. Obtained
nanocrystals exhibited strong photoluminiscence in the water, as well as long term chemical
and photo-chemical stability.

4.7. Antistatic properties

It was shown that the antielectrostatic effect of oligomeric quaternary ammonium derived from
epichlorohydrin 2B strongly depends on the counterion, i.e. bromide or chloride. However,
both chlorides and bromides have shown very good antistatic properties, similar to commer‐
cially available antistatic agent Catanac. No influence of increasing the central chain length on
the antielectrostatic properties was observed [29].

4.8. Biomedical applications

Surfactants are frequently used in pharmacy in preparation of drug carriers or systems for
targeted drug delivery. In addition, many drug molecules are amphiphilic and therefore
surface active.

Motivated by the fact that some dimeric surfactants have antimicrobial activity, neutral and
cationic trimeric surfactants 3G and 3H were tested against fungi, Gram positive and Gram-
negative bacteria. Both types of trimeric surfactants were the most efficient against Gram
positive bacteria. Cationic trimers were more efficient then neutral. Compounds with 12 C
atoms in alkyl chain were found to be most active, while those with 8 and 18 C atoms were
found to be almost inactive [37].

A proposed approach in the prevention or therapy of Alzheimer’s disease is decreasing or
eliminating the neuritic plaques composed of fibrillar β-amyloid (Aβ). The strong tendency of
4C to self-assemble even below cmc prompted authors to study disassembly of amyloide fibrils
in its presence. It was shown that both 4C premicellar and micellar aggregates can effectively
disassemble matutre Aβ(1-40) fibrils in aqueous solution. Unlike 4C, 12-6-12 loses its efficiency
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with decreasing the concentration, indicating that 4C significant self-aggregation ability below
cmc could be the key factor in the fibril disassembly. Authors have proposed two key features
of the fibril disassembly. First is binding of positively charged 4C surfactant with negatively
charged fibriles through electrostatic interactions. Second is self-assembly of the bound 4C
molecules which lead to fibrils disaggregation and formation of mixed surfactant/ Aβ(1-40)
molecules aggregates [61].

5. Conclusion

Current investigations in surfactant science are driven by the requirements to design surfac‐
tants that possess enhanced physico-chemical properties, new surfactant utilization in
complex systems and specific applications in modern technologies. Hence, investigations of
the structure–property relationship in surfactant systems are very important in order to be
able to design new surfactants and their supramolecules for specific applications [62]. Al‐
though, in theory, higher oligomeric surfactants are text book example how the properties
could be tailored by changing structural elements of the surfactants molecule, in the practice
investigation of higher oligomeric surfactants are still more driven by the feasibility of the
synthesis than the intended application. Additional reason is that the process of their aggre‐
gation is still largely unpredictable.

So far mostly cationic oligomeric quaternary ammonium surfactants have been synthesized
and investigated, due to the relative ease of their synthesis, low Krafft temperatures and
interesting rheological behavior. Oligomeric quaternary ammonium surfactants with different
molecular architecture, linear [15-17, 26, 27], dissymmetric [62-65] and star-shaped molecules
[22, 33, 34, 36], have been synthesized. Anionic and nonionic oligomeric surfactants have been
studied to much lesser extent.

Common conclusions that can be drawn for these different classes of higher oligomeric
surfactants are:

• most frequently the dodecyl chain was chosen as hydrophobic building block because it is
long enough to confer good surfactant properties to amphiphiles, while it is still short
enough that good water solubility for higher oligomeric or polymeric derivatives could be
expected. Also, in the most cases, within certain series of surfactants the best properties have
surfactants with dodecyl chains,

• the increase of the number of alkyl chains, i.e. degree of oligomerization, within oligomeric
surfactant series:

◦ enhances the surface activity,

◦ shifts the critical micelle concentration (cmc) to lower concentrations, although the
changes are becoming less significant with increase of degree of oligomerization above
2,
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• linear relationship between the total carbon number in the hydrophobic group and the cmcs
on the semilogarithmic scale has been shown for different oligomeric quaternary ammoni‐
um surfactants series, as for monomers and dimers

• quaternary ammonium oligomeric surfactants with short spacers (m=12, s=2 or 3) and star-
shaped topology exhibit peculiar aggregation behavior, which significantly influences the
rheological behavior of their solutions. Such a behavior was not observed for the oligomeric
surfactants with longer spacers.

• the length and nature of the spacer within the series of surfactants with the same alkyl chain
length and hydrophilic group are most dominant factors in determining the overall
surfactant behavior. However, influence of the nature and length of the spacer on adsorption
and micellization is not the same for different surfactants series, i.e. it depends on entire
molecular architecture.

Although solid state properties of surfactant, in general, attract considerable attention due to
their polymorphism and mesomorphism, to the best of our knowledge only one study of higher
oligomeric surfactants has been reported [67].

Despite the obstacles, the results of a number studies which have shown the potential of
oligomeric surfactants for different applications give additional motivation for the future
research.
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1. Introduction

1.1. Why are nucleic acids and peptides so important for the emergence of life-like systems?

Question how life originated on the primitive earth is still a frontier of science. Nowadays,
primitive life-like system is mostly considered to have emerged by chemical evolution on the
Earth although some scientists are evaluating the possibility of panspermia hypothesis [1-3].
External and internal energies from the earth, such as cosmic rays, ultra violet radiation,
meteorite impacts, volcanic eruption, submarine hydrothermal vent system, etc. resulted in
organic molecules from inorganic materials, such as primitive atmospheric gas, minerals,
materials solved in the ocean. Organic molecules were polymerized and finally resulted in
several biological functions. Complex mixtures of the organic molecules should have evolved
to primitive life-like systems. By the Miller-Urey experiment at 1953, a scenario from simple
molecules to organic molecules in a simulated primitive atmosphere – ocean system was
evaluated for the first time [4]. After the Miller-Urey experiment, the origin of life problem
became as a scientific subject and a number of simulation experiments were carried out to
elucidate how life-like system was originated on this planet [5-7].

The knowledge regarding the primitive environments of the Earth and surrounding universe
in relation to chemical evolution has been accumulated as well as the simulation experiments.
For instance, an environment, which was assumed at the time of the Miller-Urey experiment,
is not already acceptable nowadays although it does not mean that the Miller-Urey experiment
was devalued; the knowledge on the primitive earth has continuously accumulated to improve
the reliability of simulation experiments. The primitive earth environments are difficult to
estimate since the evidences regarding oldest rocks and fossil organisms are merely capable
to trace back to near 3.9 billion years ago, where almost oldest evidence of life-like system has
been obtained [8, 9], although the best current evidences are closer to 3.5 billion years ago [10].
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



[56] Esumi K, Takeda Y, Koide Y. Competitive adsorption of cationic surfactant and pesti‐
cide on laponite, Colloids and Surfaces A: Physicochemical and Engineering Aspects
1998;135 59-62.

[57] Zhang R, Qin N, Peng L, Tang K, Ye Z. Wettability alteration by trimeric cationic sur‐
factant at water-wet/oil-wet mice mineral surfaces. Applied Surface Science 2012;258
7943-7949.

[58] Yan X, Han S, Hou W, Yu X, Zeng C, Zhao X, Che H. Synthesis of highely ordered
mesoporous silica using cationic trimeric surfactant as structure-directing agent, Col‐
loids and Surfaces A: Physicochemical and Engineering Aspects 2007;303 219-225.

[59] Sun Y, Han s, Yu X, Che H, Liu A, Wang S, Synthesis of highly ordered supermi‐
croporous silica using short-chain cationic trimeric surfactant as structure-directing
agent. Journal of porous Materials 2010;17:597-603.

[60] Dazzazi A, Coppel Y, In M, Chassenieux C, Mascalchi P, Salome L, Bouhaouss A,
Kahn ML, Gauffre F. Oligomeric and polymeric surfactants for the transfer of lumi‐
niscent ZnO nanocrystals to water. Journal of Materials Chemistry C 2013;11
2158-2165.

[61] He C, Hou Y, Han Y, Wang Y. Disassembly of Amyloid Fibrils by Premicellar and
Micellar Aggregates of a Tetrameric Cationic Surfactant in Aqueous Solution. Lang‐
muir 2011;27 4551-4556.

[62] Svenson S. Controlling surfactant self-assembly. Current Opinion in Colloid and In‐
terface Science 2004;25 201–212.

[63] Oda R, Huc I, Candau SJ. Gemini surfactants, the effect of hydrophobic chain length
and dissymmetry. Chemical Communications 1997;2105-2106.

[64] Oda R, Huc I, Homo JC, Heinrich B, Schmutz M, Candau SJ. Elongated Aggregates
Formed by Cationic Gemini Surfactants. Langmuir 1999;15 2384-2390.

[65] Sikirić M, Primožič I, Talmon Y, Filipović-Vinceković N. Effect of the spacer length
on the association and adsorption behavior of dissymmetric gemini surfactants. Jour‐
nal of Colloid and Interface Science 2005;281 473-481.

[66] Sikirić M, Šmit I, Tušek-Božić Lj, Tomašić V, Pucić I, Primožič I, Filipović-Vinceković
N. Effect of the spacer length on the solid phase transitions of dissymmetric gemini
surfactants. Langmuir 2003;19 10044-10053.

[67] Jurašin D, Pustak A, Habuš I, Šmit I, Filipović-Vinceković N. Polymorphism and
Mesomorphism of Oligomeric Surfactants: Effect of the Degree of Oligomerization.
Langmuir 2011;27 14118-14130.

Oligomerization of Chemical and Biological Compounds172

Chapter 6

Oligomerization of Nucleic Acids and Peptides under the
Primitive Earth Conditions

Kunio  Kawamura

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/58222

1. Introduction

1.1. Why are nucleic acids and peptides so important for the emergence of life-like systems?

Question how life originated on the primitive earth is still a frontier of science. Nowadays,
primitive life-like system is mostly considered to have emerged by chemical evolution on the
Earth although some scientists are evaluating the possibility of panspermia hypothesis [1-3].
External and internal energies from the earth, such as cosmic rays, ultra violet radiation,
meteorite impacts, volcanic eruption, submarine hydrothermal vent system, etc. resulted in
organic molecules from inorganic materials, such as primitive atmospheric gas, minerals,
materials solved in the ocean. Organic molecules were polymerized and finally resulted in
several biological functions. Complex mixtures of the organic molecules should have evolved
to primitive life-like systems. By the Miller-Urey experiment at 1953, a scenario from simple
molecules to organic molecules in a simulated primitive atmosphere – ocean system was
evaluated for the first time [4]. After the Miller-Urey experiment, the origin of life problem
became as a scientific subject and a number of simulation experiments were carried out to
elucidate how life-like system was originated on this planet [5-7].

The knowledge regarding the primitive environments of the Earth and surrounding universe
in relation to chemical evolution has been accumulated as well as the simulation experiments.
For instance, an environment, which was assumed at the time of the Miller-Urey experiment,
is not already acceptable nowadays although it does not mean that the Miller-Urey experiment
was devalued; the knowledge on the primitive earth has continuously accumulated to improve
the reliability of simulation experiments. The primitive earth environments are difficult to
estimate since the evidences regarding oldest rocks and fossil organisms are merely capable
to trace back to near 3.9 billion years ago, where almost oldest evidence of life-like system has
been obtained [8, 9], although the best current evidences are closer to 3.5 billion years ago [10].

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



DNA, RNA, and proteins are realized as most important biological materials, which play
central roles in the present life-like systems. These molecules possess a number of functions,
such as genetic information storage, transcription and translation of genetic information,
enzymatic activities, which are based on their unique three-dimensional structures of oligo-
and polynucleotides and proteins. A certain length of polymerized nucleic acid and peptide
chains is the essential to display systemized biological functions although small molecules also
play important roles in living organisms. Thus, the formation and accumulation of a certain
length of polymers of nucleic acids and peptides are essential process toward the emergence
of life-like system.

Metabolism, amplification (replication), and evolution are generally considered as essential
requisites, for which a life-like system is regarded as alive [11]. The requisites are strongly
related to a train of machinery, which maintains the genetic coding and translation system in
cell consisting of DNA, RNA, and proteins as shown in Figure. 1. It was generally considered
that the phenotype molecules of cell-type of organism are proteins while the genotype
molecules are DNA molecules until the discovery of ribozymes. The function of DNA is storage
of genetic information. A DNA sequence is copied to mRNA and translated to amino acid
sequence of polypeptide on ribosome using tRNA (Figure 1 left). The peptide becomes a
protein by final processing and folding of three-dimensional structure. In the modern organ‐
isms, DNA is regarded as blueprint and protein is regarded as building block created on the
basis of the blueprint. The information flow from DNA and protein is universal in all the
present organisms [12]. On the other hand, one of the important functions of proteins is
enzymatic function. It is considered that protein enzymes control the formation of other
biologically important molecules, such as sugar, lipid, vitamin, coenzyme; these functional
molecules are constructed indirectly by the catalytic actions of protein enzymes. In addition,
protein enzymes maintain the several reactions regarding the DNA replication, the RNA
formation, and the protein metabolism itself.

Figure 1. Information flow in the present organisms (left) and in an RNA-based life-like system (right)

A schematic pathway for chemical evolution of RNA and protein-like molecules is illustrated
in Figure 2. According to the modern functions of RNA and proteins, it is assumed that proteins
could not have possessed capability for storage of information during the chemical evolution
in contrast to RNA molecules. However, the interactions between RNA and protein-like
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molecules would have facilitated chemical evolution each other. Such cooperative chemical
evolution would have resulted in an RNA – protein world after the RNA world system.

Here, the term “protein” and ”peptide” should be reconsidered in the present chapter.
Normally, a protein is ambiguously defined just as a very long peptide, which has a biochem‐
ical function. On the other hand, peptides are frequently regarded as just smaller molecules
than proteins. However, an important characteristic from the viewpoint of the origin of life,
that is, the fact that proteins are synthesized on the basis of genetic translation system in cell
should be pointed out. So, if a primitive long peptide were synthesized on the basis of genetic
information, which might be constructed from RNA molecules, the long peptide is regarded
as a protein. Thus, the assignment method must be elucidated simultaneously during the
evaluation of the origin of protein. Thus, in the present chapter the term “a protein” is defined
as a certain length of peptide molecule, which is created using an assignment method in a life-
like system. Thus, the term “abiotic-peptide” or “protein-like” will be used as describing
oligomerized molecules made from amino acids including peptide bonding. On the other
hand, the length of abiotic-peptides, which could have gained biological functions would be
also important to consider the oligomerization of amino acids. Biological functions of proteins
and peptides are based on the three-dimensional structures. Thus, a minimum length of
oligopeptides would be regarded as a candidate functional molecule. The minimum length of
a peptide possessing a biological function might be down to 10-mer oligopeptides since a 10-
mer peptide could form a rigid three-dimensional structure [13].

Conclusively, DNA, RNA, and proteins are regarded as most important molecules, which play
important roles regarding the genetic information flow. Then, the origin of the genetic
information is important issue in relation to the origin of life. The relationship between DNA

Figure 2. Chemical evolution of RNA and protein-like molecules towards RNA-protein world
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and protein has been an issue for many years, which is so-called as “egg and chicken problem”.
DNA replication, the transformation of DNA to RNA, the translation to proteins are main‐
tained by protein enzymes and the genetic information of such proteins is coded in DNA
sequences. Thus, the relationship between DNA and protein resembles the relationship
between egg and chicken. However, discovery of RNA enzyme [14], that is ribozyme, sug‐
gested that RNA molecules should have played a central role in ancient life-like systems, where
RNA preserves genetic information, but also enzymatic functions. This is so-called the RNA
world hypothesis [15-17] and extensively investigated for the last 2 decays. The genetic
information flow in an RNA-based life-like system is shown in Figure 1 (right). RNA molecules
play both the functions, that are, storage of genetic information and expression of enzymatic
activities. Evidences, such as, important functions of mRNA, tRNA, rRNA during the trans‐
lation of DNA to protein, the enzymatic functions of ribozymes, the role of ATP as high energy
phosphate, the roles of coenzyme possessing nucleotide moieties, support the RNA world
hypothesis. Nowadays, it is understood that the DNA sequences as genotype molecules are
assigned to the amino acid sequences and RNA sequences as phenotype molecules in cell. The
presence of an assignment method between genotype and phenotype is added as an important
requisite for life-like system [18, 19]. In an RNA based life-like system, RNA molecules should
have played both the roles of genotype and phenotype.

2. Difficulties of dehydration in aqueous solution

Both the formations of nucleic acids and proteins in vivo are the dehydration process in aqueous
medium. In other words, the hydrolytic degradation of both nucleic acids and proteins
spontaneously proceeds in aqueous medium from the thermodynamic viewpoint. Thus, the
formation of these biopolymers is not advantageous from the viewpoint of thermodynamics
unless using a condensation reagent and/or an activation technique of monomer. In the present
organisms, triphosphate nucleotide monomers are primarily used to form nucleic acids as
monomer unit, and the activated amino acids by forming aminoacyl-tRNA (Figure 3) are
adopted to form peptide bonding on ribosome. Similarly, the dehydration using condensation
agent and/or activation of the monomers in organic solvent are a standard strategy for the
organic chemical synthesis of nucleic acids and proteins.

On the other hand, RNA oligomerization proceeds by RNA polymerases on a DNA template
from nucleotide 5’-triphosphates (Figure 4), which are the activated nucleotide monomers in
vivo. A polypeptide forms on a ribosome in the presence of mRNA molecules and aminoacyl-
tRNA molecules, which are formed from amino acids and tRNA molecules by aminoacyl tRNA
synthetase molecules. On the other hand, modern DNA templates, ribosomes, and enzymes
were not present on the primitive earth. Thus, the processes of RNA formation without these
organic materials should be identified to clarify the origin of primitive life-like system.

Furthermore, an important factor should be pointed out for the investigation of prebiotic
oligomerization; life-like system is a thermodynamically open system, of which energy and
materials inflow and outflow from and to the environment. Thus, the formation of dissipative
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structures could be formed in an open system, which could not be formed under the equili‐
brium state. Thus, it should be considered that oligonucleotides and abiotic-peptides could
have accumulated under conditions, which are far from equilibrium conditions.

Figure 3. Activation of amino acid in aminoacyl-tRNA

Figure 4. Structures of nucleoside 5’-triphosphate
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3. Primitive earth environments: So extreme as comparing to the present
earth environments

The time that a most primitive life emerged on the primitive earth is considered between from
4.6 to 3.9 billion years ago; the earth formed 4.6 billion years ago and the oldest evidence in
3.8 billion year old rock has been pointed out [8]. Thus, since physical evidences between 4.6
– 3.9 billion years ago are hardly obtained the theoretical estimation on the basis of astrophysics
and earth science regarding the environments of the earth between 4.6 – 3.9 billion years ago
has been carried out. At the early stage of the earth, the surface of the earth is covered with
magma-ocean. Presumably, a large number of giant meteorite impacts, celestial bodies, and
planetesimals attacked the primitive earth until 3.8 billion years ago [20]. Thus, the giant
meteorite impact could have evaporated totally the water of the ocean while the ocean would
have formed until 4.2 billion years ago [21, 22]; life-like system, which might have emerged
before 3.8 years ago, could have been destroyed under such extreme conditions. Furthermore,
the moon was much closer than today which caused strong tidal actions. These factors should
have strongly affected the surface temperature of the earth. On the other hand, some scientists
assumed that the primitive earth was frozen since the solar luminosity was relatively less than
at present [23, 24]. Thus, the temperature of the primitive ocean, in which life originated,
remains speculative [25-27] although the temperature would have been higher than the
present.

At the same time, it should be also considered that the ancient environments of the earth should
be heterogeneous as the present environments are. It would be more difficult to elucidate the
local heterogeneity of the ancient environments because of the limitation by theoretical
estimation. The presence of the ocean would suggest the presence of mantle convection on the
ancient earth before 4.2 billion years ago [28] so that hydrothermal vent systems would have
been present in the primitive ocean. In addition, it should be considered that large continents
were not formed on the primitive earth. On the other hand, the primitive atmospheric
conditions should be taken into account since the primitive atmosphere is nowadays consid‐
ered including CO2, CO, N2, H2O mainly as such strong reductive one [4] dispite the relatively
strong reductive atmosphere at the time of Miller-Urey experiment was assumed to include
CH4, NH3, H2O [27].

Conclusively, the primitive earth environments should have been extreme and heterogeneous.
Nevertheless, the simulation experiments of chemical evolution of nucleic acids and abiotic-
peptides have been normally carried out under mild conditions. One reason is that the ancient
environments of the earth should have been so extreme that these simulation experiments
could not be easily carried out. Thus, these extreme conditions must be considered as possible
earth environments for the simulation experiments of chemical evolution.
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4. Successful examples of the formation of nucleic acids

4.1. RNA formation using the present high-energy nucleotide monomers

Discovery of ribozyme suggested that RNA molecules played important roles in the emergence
of life. If the RNA world hypothesis is correct then RNA or RNA-like molecules should have
accumulated on the primitive earth. It is now getting known that diversity of RNA molecules
in the present organisms is very large including mRNA, tRNA, rRNA, ribozymes, small non-
coding RNA [29]. The biological functions of tRNA, rRNA, and ribozymes are caused by the
formation of three-dimensional structures. Presumably, a certain length of RNA oligomers
would be necessary to display such functions.

The importance of RNA molecules to the origin of life had been speculated many years ago [30,
31] before the time when the RNA world hypothesis was proposed [15]. Thus, the simulation
experiments of chemical evolution of RNA molecules were extensively carried out before the
proposal of the RNA world hypothesis. RNA molecules should have evolved without enzymes
and template DNA molecules. On the other hand, there are some enzymes in modern organ‐
isms and viruses (Table 1) that catalyze the formation of RNA molecules with and without
using a template nucleic acid. RNA polymerase catalyzes the RNA formation from nucleotide
5’-triphosphate (NTP) in the presence of DNA template [32], and Qβ replicase from a virus
catalyzes the RNA formation in the presence of an RNA template [33]. Besides, polynucleotide
phosphorylase (PNPase) catalyzes the formation of RNA from nucleotide 5’-diphosphate
(NDP) without a template nucleic acid [34]; it is considered that the role of PNPase is primarily
to form NDP from polynucleotides, but the enzyme also catalyzes the formation of polynu‐
cleotide from NTP. Thus, the enzyme is used for the preparation of polynucleotide in the
laboratory. The presence of different enzymes in the formation of RNA indicates that oligo‐
nucleotides would have formed under the primitive earth conditions through multiple
pathways.

The pathways for the formation of oligonucleotides without enzymes were extensively
investigated. The potential of the present high-energy nucleotide phosphate as monomer unit,
that is, NDP and NTP, was examined in the absence of the enzyme and a template nucleic acid.
However, the efficient formation of oligonucleotides from neither NDP nor NTP has been
observed [35]. The high-energy nucleotide phosphates possess the sufficient Gibbs free energy
to form oligonucleotides so that the reason of the difficulty of oligomerization of NDP and
NTP is probably due to the relatively small rate constants of formation of oligonucleotide
without enzyme as comparing to the degradation of these monomers or the hydrolysis of
monomers. Thus, condensation agents were used for the oligomeriation of nucleotide mono‐
mers on a template nucleotide polymer although these reactions are normally not so efficient
[36-40]. These condensation agents are not considered as prebiotic so cyclic 2’, 3’-phosphate
were also verified [41, 42]. Recently, the acceptable prebiotic pathway of 2’, 3’-cyclic pyrimidine
nucleotide monomers was proposed, which might have been an activated nucleotide monomer
for oligoucleotides [43]. Very recently, nucleoside 3’, 5’-cyclicmonophosphate was used to
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nucleotide monomers was proposed, which might have been an activated nucleotide monomer
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produce oligonucleotides at medium temperatures, where oligonucleotides were detected
using gel electrophoresis [44].

Enzyme Monomer Template

Ribonuclease Nucleoside 5’-triphosphate DNA

Qβ replicase Nucleoside 5’-triphosphate RNA

Polynucleotide phosphorylase Nucleoside 5’-diphosphate No template

Table 1. Formation of RNA in the presence of different types of enzymes.

It was not successful for an efficient template-directed formation of oligonucleotides from
nucleoside 5’-monophosphate monomers [36-40, 45] or using an activated nucleotide inter‐
mediate [46] in the presence of the condensation agent. Finally, it was discovered an acceptable
primitive activated nucleotide monomer, that is, nucleotide 5’-monophosphorimidazolide
(ImpN) (Figure 5), which is activated with N-P bound on the phosphate group of the nucleotide
monomer [47-49]. For instance, adenosine 5’-monophophorimidazolide (ImpA) forms
oligoadenylate (oligoA) in the presence of Zn2+without a template [50] and guanosine 5’-
monophosphorimidazolide (ImpG) forms efficiently oligoguanylate (oligoG) up to 40 nucleo‐
tide units in the presence of a polycytidylic acid template (polyC) without using enzyme in
the presence of Pb2+or Zn2+[51, 52]. The prebiotic RNA formation reactions in detail will be
summarized in the following sections.

Figure 5. Activated nucleotide monomers

The details and variation of the reaction using activated nucleotide monomers have been
extensively investigated in the absence and presence of template, in the presence of metal ion
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catalysts, clay mineral catalysts, using different types of activated nucleotide monomers, using
non-ribose based nucleotide analogues. As a variation of ImpN, nucleoside 5’-monophos‐
pho-2-methylimidazolde (2MeImpN) has been frequently used [53].

4.2. Prebiotic formation and organic synthesis of the activated nucleotide monomer

It was successfully demonstrated that oligonucleotides form from the activated nucleotide
monomers without enzyme. However, the formation of the activated nucleotide under the
primitive earth conditions is also an important issue. Possible pathways for the spontaneous
formation of the activated nucleotide had been barely elucidated [48, 54, 55]. However, the
accumulation of the activated nucleotide monomers would not be so likely since the moisture
controlled N-P bond formation and the formation of nucleotide phosphate under dry condi‐
tions are included [54]. Furthermore, the activated nucleotide monomers are substantially
hydrolyzed to nucleoside 5’-monophosphate [56]. The yield of the activated nucleotide
monomers formed under these simulation conditions is not so high that the simulation
experiments of oligonucleotide formation from the activated nucleotide monomers under the
primitive earth are normally carried out using a sufficient amount of the activated nucleotide
monomers, such as ImpN, which are prepared using an organic synthetic technique. Organic
synthesis of ImpN was established and the yields of ImpN and the analogues are normally
over 95 % by coupling method using a sulfide compound [57].

4.3. Spontaneous formation of oligonucleotide using metal catalyst (Metal-catalyzed
reaction)

Spontaneous oligomerization of the activated nucleotide monomers should be a next step for
the chemical evolution of oligonucleotide once these formed under the primitive earth
conditions. A spontaneous formation pathway in the presence of metal ion catalysts was found
for the first time (Figure 6) [50, 58]. The maximum length of the oligonucleotide formed by the
Metal-catalyzed reaction of RNA reaches to ca. 10-mer nucleotide units [59-61]. The efficiency
of Metal-catalyzed reaction is less dependent on the type of nucleotide bases. Catalytic metal
ions, such as Zn2+, Pb2+, and UO2

2+, are normally active at fairly high concentrations in the
simulation experiments as comparing to the concentration in the present ocean. Regioselective
formation of 3’, 5’-or 2’, 5’-linked oligonucleotides has been observed that the formation of 2’,
5’-linked oligonucleotide is preferable using Pb2+or UO2

2+and that of 3’, 5’-linked oligonucleo‐
tide is preferable using Zn2+[50, 59-61]. Although the reason 3’, 5’-linked RNA oligonucelotide
was selected by the chemical evolution of RNA is not yet established, these experimental data
would be related to the reason 3’, 5’-linked olignucelotide was selected. In addition, it is
pointed out that the 2’, 5’-linked oligonucelotide formation was applied to a practical synthetic
method of 2’, 5’-linked oligonucleotide [59]. Mechanistic analysis of Metal-catalyzed reactions
suggested that the acceleration by metal ions is due to the formation of the metal ions with
phosphate group and/or bases, which enhance the association between two monomers or that
between a monomer and an elongating oligomer prior to the phosphodiester bond formation
[62].
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pho-2-methylimidazolde (2MeImpN) has been frequently used [53].

4.2. Prebiotic formation and organic synthesis of the activated nucleotide monomer
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formation of the activated nucleotide had been barely elucidated [48, 54, 55]. However, the
accumulation of the activated nucleotide monomers would not be so likely since the moisture
controlled N-P bond formation and the formation of nucleotide phosphate under dry condi‐
tions are included [54]. Furthermore, the activated nucleotide monomers are substantially
hydrolyzed to nucleoside 5’-monophosphate [56]. The yield of the activated nucleotide
monomers formed under these simulation conditions is not so high that the simulation
experiments of oligonucleotide formation from the activated nucleotide monomers under the
primitive earth are normally carried out using a sufficient amount of the activated nucleotide
monomers, such as ImpN, which are prepared using an organic synthetic technique. Organic
synthesis of ImpN was established and the yields of ImpN and the analogues are normally
over 95 % by coupling method using a sulfide compound [57].

4.3. Spontaneous formation of oligonucleotide using metal catalyst (Metal-catalyzed
reaction)

Spontaneous oligomerization of the activated nucleotide monomers should be a next step for
the chemical evolution of oligonucleotide once these formed under the primitive earth
conditions. A spontaneous formation pathway in the presence of metal ion catalysts was found
for the first time (Figure 6) [50, 58]. The maximum length of the oligonucleotide formed by the
Metal-catalyzed reaction of RNA reaches to ca. 10-mer nucleotide units [59-61]. The efficiency
of Metal-catalyzed reaction is less dependent on the type of nucleotide bases. Catalytic metal
ions, such as Zn2+, Pb2+, and UO2

2+, are normally active at fairly high concentrations in the
simulation experiments as comparing to the concentration in the present ocean. Regioselective
formation of 3’, 5’-or 2’, 5’-linked oligonucleotides has been observed that the formation of 2’,
5’-linked oligonucleotide is preferable using Pb2+or UO2

2+and that of 3’, 5’-linked oligonucleo‐
tide is preferable using Zn2+[50, 59-61]. Although the reason 3’, 5’-linked RNA oligonucelotide
was selected by the chemical evolution of RNA is not yet established, these experimental data
would be related to the reason 3’, 5’-linked olignucelotide was selected. In addition, it is
pointed out that the 2’, 5’-linked oligonucelotide formation was applied to a practical synthetic
method of 2’, 5’-linked oligonucleotide [59]. Mechanistic analysis of Metal-catalyzed reactions
suggested that the acceleration by metal ions is due to the formation of the metal ions with
phosphate group and/or bases, which enhance the association between two monomers or that
between a monomer and an elongating oligomer prior to the phosphodiester bond formation
[62].
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Figure 6. Metal-catalyzed reaction

Figure 7. RNA formation of montmorillonite clay

4.4. Spontaneous formation of oligonucleotide using clay catalyst (Clay-catalyzed reaction)

The importance of minerals for the chemical evolution of biomolecules and biopolymers was
frequently assumed from old days [63]. Thus, the simulation experiments of oligonucleotide
formation have been extensively carried out [64-66]. An efficient formation of oligonucleotide
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on a clay mineral, naturally-occurring montmorillonite, was discovered for the first time at
1992 and the reaction was extensively investigated [67]. The oligonucleotides up to ca. 10-mer
nucleotide monomer units are formed spontaneously in one pot reaction in the presence of
montmorillonite catalyst. The efficiency of Clay-catalyzed reaction is somewhat dependent on
the type of nucleotide bases; the formation of oligoguanylate (oligoA) is somewhat less
effective as comparing to the others [68-71]. By these reactions, both the 2’, 5’-linked and 3’, 5’-
linked oligonucleotides form and pyrophosphate-linked isomers were observed. There is a
trend that the oligonucleotides formed from ImpN consisting of purine base involve mainly
3’, 5’-linked isomers and those formed from ImpN consisting of pyrimidine base involve
mainly 2’, 5’-linked isomers. The percentage of pyrophosphate-linked isomers is normally
small.

Furthermore, it is noted that a fairly large amount of cyclic oligonucleotides, such as cyclic-2-
mer, cyclic-3-mer, and cyclic-4-mer, are generally observed. The ratio of the cyclic isomers is
also dependent on the type of nucleotide bases [70]. For instance, the 2-mer fraction on an
anion-exchange HPLC column of the products using ImpU and ImpI involves 60 – 96% of
cyclic-3-mers. Longer cyclic oligomers are also observed in higher length fractions. The
cyclization of nucleotide 6-mer and higher oligomers, which possess phosphate group at 5’-
terminal and 2’-OH at 3’-terminal, was observed in the presence of condensation agent [72,
73]; this reaction was designed for the competition reaction between elongation and cycliza‐
tion. The cyclization of oligonucleotides is considered as termination reaction for the chemical
evolution of RNA.

The oligonucleotide formation proceeds using different sources of montmorillonite, but the
oligonucleotide formation does not proceed at all using a clay from Otay [69]. The binding of
ImpN on different clay mineral is observed in these reaction systems, and there is a strong
correlation between the yield of oligonucleotide and the binding constant of the activated
nucleotide monomer on the clay. Thus, binding is necessary step for the acceleration of
oligonucleotide formation on the clay. The activated nucleotide monomer is bound to the
surface of montmorillonite ca. 80%, where negative charges are present, and bound to the edge
of the montmorillonite 20% [74]. The activated nucleotide monomer is bound through Mg2+ion
bridge, which forms complex with phosphorimidazolide group (Figure 7) [69]. Low efficiency
of oligonucleotide formation in the absence of Mg2+supports the Mg2+bridge binding model,
and Ca2+ion can also form the bridge [69].

On the other hand, the binding of the activated nucleotide monomers is fairly dependent on
the types of nucleotide bases [69, 70]. The strength of binding of ImpN consisting of purine
base is larger than that consisting of pyrimidine base. Although the apparent binding ratio of
ImpC and ImpU on the clay is very low, the yields of oligonucleotide are not much different
from those of ImpA and ImpG. This fact suggests that the apparent binding of ImpN includes
an effective and non-effective binding on the clay mineral for the oligonucleotide formation.
Non-effective binding reflects that the binding is dependent on the hydrophobicity and staking
by nucleotide bases.

By using Clay-catalyzed reaction, it was elucidated that oligonucleotides up to ca. 50-mer
nucleotide units form by a continuous feeding of ImpN to the montmorillonite-aqueous
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solution system [75]. Furthermore, a ImpN analogue replaced the imidazole moiety with
purine derivative forms oligonucleotides with ca. 50-mer nucleotide units in one-step reaction
[76, 77]. The modifications of Clay-catalyzed reaction indicate that oligonucleotides could have
accumulated under the primitive earth conditions if the conditions were mild as present.

The reaction mechanism of Clay-catalyzed reaction was extensively investigated on the basis
of reaction kinetics and binding thermodynamics. The binding of ImpN or analogues is the
first step for the formation of oligonucleotides. Mg2+ions are necessary for the binding of ImpN
through the bridge with Mg2+, which attaches to phosphate group of ImpN on the negatively
charged clay surface [69, 74]. Kinetic analysis showed that the formation rate constant of 2-mer
is much smaller than that of 3-mer and longer oligonucleotides. This fact would suggest that
the association of two ImpN molecules to form 2-mer is much weaker than that of ImpN with
elongating olignucleotide. A similar trend was observed in the cases of Metal-catalyzed
reaction [62]. The regioselectivity of 2’, 5’-or 3’, 5’-linked isomers using pyrimidine or purine
ImpN is probably due to the different binding conformation of the activated nucleotide
monomer on clay surface. During the oligomerization, the hydrolysis of ImpN simultaneously
proceeds, but the formation of oligonucleotide is much faster than that of ImpN hydrolysis.

4.5. Template-directed formation of oligonucleotide (Template-directed reaction)

According to the scenario of chemical evolution of RNA, the replication of oligonucleotides
should be a next step after the spontaneous formation of oligonucelotides by Metal-catalyzed
and Clay-catalyzed reactions since the replication of RNA would have resulted in the repli‐
cation of genetic information. Orgel and coworkers showed that template-directed formation
of oligoG from ImpG or 2MeImpG on a polyC without using any enzyme (Figure 8) [51-53].
These reactions produce oligonucleotides up to ca. 40-mer. The efficiency of Template-directed
reaction using ImpG is dependent on metal ions, where Pb2+ion catalyzes the 2’, 5’-linked
oligoG and Zn2+ion catalyzes the 3’, 5’-linked oligoG. It is interesting that Zn2+is present in the
active center of modern RNA polymerase (Figure 9) [78]. Besides, 2MeImpG forms 3’, 5’-linked
oligoG without using any metal ions. Formation of cyclic isomers is less in Template-directed
reaction while the cyclic 2-mer, 3-mer, and higher oligomers are frequently observed for Clay-
catalyzed reactions. The Template-directed reaction is dependent on pH and temperature.
Normally, the efficiency of the reaction is highest at around pH 8 [53]. This is due to the activity
of the activity of the activated nucleotide monomers.

It is noted that Template-directed reactions using different ImpN or 2MeImpN with different
nucleotide bases, that is, adenine, uracil, and cytosine do efficiently not proceed to form
oligonucleotides; oligoA forms with very low efficient from ImpA on polyU template [49] and
oligoU and oligoC are not formed at all from ImpU and ImpC on a complementary template.
The low efficiency using activated nucleotide monomers is probably due to that the association
between two ImpN molecules or that between ImpN and an elongating oligonucleotide on a
complementary template is very weak for ImpN consisting of adenine, uridine, or cytidine
base.

A possible pathway was demonstrated that Template-directed reaction from a mixture of 4
types of ImpN with different bases on a template including complementary bases enable to
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partially incorporate different bases in the oligonucleotides other than oligoG [57, 79]. The
efficiency of the Template-directed reaction increases with increasing of the ratio of cytidine
of the template. In addition, it was confirmed that Template-directed reaction using ImpA,
ImpU, and ImpC would partially proceeds using hairpin oligonucleotides [80]. Furthermore,
Template-directed reaction proceeds if the activated oligoU is used as starting material on a
polyA template, of which the association of oligoU would be stronger than that of ImpU
monomers [81]. Although these results suggest that Template-directed reaction partially
proceeds in mixed oligonucleotides, thus the fidelity of Template-directed reaction is not high.
The limitaition of Template-directed reaction as prebiotic formation of RNA has been pointed
out [82]. In other words, these facts would suggest that there is still a drawback how the
replication of oligonucleotide could have proceeded in the absence of enzyme. In addition,
protocell and vesicles could have enhanced the chemical evolution of RNA molecules [83, 84].
Conclusively, a universal pathway for the replication using activated nucleotide monomers is
not yet identified.

Figure 8. Template-directed formation of RNA

Oligomerization of Nucleic Acids and Peptides under the Primitive Earth Conditions
http://dx.doi.org/10.5772/58222

185



solution system [75]. Furthermore, a ImpN analogue replaced the imidazole moiety with
purine derivative forms oligonucleotides with ca. 50-mer nucleotide units in one-step reaction
[76, 77]. The modifications of Clay-catalyzed reaction indicate that oligonucleotides could have
accumulated under the primitive earth conditions if the conditions were mild as present.

The reaction mechanism of Clay-catalyzed reaction was extensively investigated on the basis
of reaction kinetics and binding thermodynamics. The binding of ImpN or analogues is the
first step for the formation of oligonucleotides. Mg2+ions are necessary for the binding of ImpN
through the bridge with Mg2+, which attaches to phosphate group of ImpN on the negatively
charged clay surface [69, 74]. Kinetic analysis showed that the formation rate constant of 2-mer
is much smaller than that of 3-mer and longer oligonucleotides. This fact would suggest that
the association of two ImpN molecules to form 2-mer is much weaker than that of ImpN with
elongating olignucleotide. A similar trend was observed in the cases of Metal-catalyzed
reaction [62]. The regioselectivity of 2’, 5’-or 3’, 5’-linked isomers using pyrimidine or purine
ImpN is probably due to the different binding conformation of the activated nucleotide
monomer on clay surface. During the oligomerization, the hydrolysis of ImpN simultaneously
proceeds, but the formation of oligonucleotide is much faster than that of ImpN hydrolysis.

4.5. Template-directed formation of oligonucleotide (Template-directed reaction)

According to the scenario of chemical evolution of RNA, the replication of oligonucleotides
should be a next step after the spontaneous formation of oligonucelotides by Metal-catalyzed
and Clay-catalyzed reactions since the replication of RNA would have resulted in the repli‐
cation of genetic information. Orgel and coworkers showed that template-directed formation
of oligoG from ImpG or 2MeImpG on a polyC without using any enzyme (Figure 8) [51-53].
These reactions produce oligonucleotides up to ca. 40-mer. The efficiency of Template-directed
reaction using ImpG is dependent on metal ions, where Pb2+ion catalyzes the 2’, 5’-linked
oligoG and Zn2+ion catalyzes the 3’, 5’-linked oligoG. It is interesting that Zn2+is present in the
active center of modern RNA polymerase (Figure 9) [78]. Besides, 2MeImpG forms 3’, 5’-linked
oligoG without using any metal ions. Formation of cyclic isomers is less in Template-directed
reaction while the cyclic 2-mer, 3-mer, and higher oligomers are frequently observed for Clay-
catalyzed reactions. The Template-directed reaction is dependent on pH and temperature.
Normally, the efficiency of the reaction is highest at around pH 8 [53]. This is due to the activity
of the activity of the activated nucleotide monomers.

It is noted that Template-directed reactions using different ImpN or 2MeImpN with different
nucleotide bases, that is, adenine, uracil, and cytosine do efficiently not proceed to form
oligonucleotides; oligoA forms with very low efficient from ImpA on polyU template [49] and
oligoU and oligoC are not formed at all from ImpU and ImpC on a complementary template.
The low efficiency using activated nucleotide monomers is probably due to that the association
between two ImpN molecules or that between ImpN and an elongating oligonucleotide on a
complementary template is very weak for ImpN consisting of adenine, uridine, or cytidine
base.

A possible pathway was demonstrated that Template-directed reaction from a mixture of 4
types of ImpN with different bases on a template including complementary bases enable to

Oligomerization of Chemical and Biological Compounds184

partially incorporate different bases in the oligonucleotides other than oligoG [57, 79]. The
efficiency of the Template-directed reaction increases with increasing of the ratio of cytidine
of the template. In addition, it was confirmed that Template-directed reaction using ImpA,
ImpU, and ImpC would partially proceeds using hairpin oligonucleotides [80]. Furthermore,
Template-directed reaction proceeds if the activated oligoU is used as starting material on a
polyA template, of which the association of oligoU would be stronger than that of ImpU
monomers [81]. Although these results suggest that Template-directed reaction partially
proceeds in mixed oligonucleotides, thus the fidelity of Template-directed reaction is not high.
The limitaition of Template-directed reaction as prebiotic formation of RNA has been pointed
out [82]. In other words, these facts would suggest that there is still a drawback how the
replication of oligonucleotide could have proceeded in the absence of enzyme. In addition,
protocell and vesicles could have enhanced the chemical evolution of RNA molecules [83, 84].
Conclusively, a universal pathway for the replication using activated nucleotide monomers is
not yet identified.

Figure 8. Template-directed formation of RNA

Oligomerization of Nucleic Acids and Peptides under the Primitive Earth Conditions
http://dx.doi.org/10.5772/58222

185



4.6. Kinetic analysis of prebiotic oligonucleotide formation

First, the reaction mechanism of Template-directed reaction has been extensively investigated
on the basis of kinetic analysis [85]. The rate constants for the formation of 2-mer, 3-mer and
longer increase in the order 2-mer << 3-mer < 4-mer and higher. The hydrolysis of the activated
nucleotide proceeds simultaneously to the oligomerization (Figure 10) [56, 85]. The rate
constants of oligomerization are greater than that of hydrolysis in the presence of template.
The association between two activated monomers and that between activated monomer and
the elongating oligoG is important for the oligonucleotide formation. A similar trend was
observed for Clay-catalyzed reaction [69, 70]. This was evaluated in detail and kinetic analysis
in details showed a trend that two or three activated nucleotide monomers align on the polyC
template prior to the phosphodiester bond formation [85]. For instance, the association
between two ImpG molecules would be stronger than that between two ImpC molecules,
which is determined by the strength of stacking of nucleotide bases. This is compatible to the
fact that the efficiency of Template-directed reaction with ImpA, ImpU, and/or ImpC is much
lower than Template-directed reaction with ImpG.

On the other hand, kinetic analysis of the reaction mechanism of Clay-catalyzed reaction
showed that the rate constants for the formation of 2-mer, 3-mer, and 4-mer and higher
oligonucleotide increase in the order of 2-mer < 3-mer < 4-mer and higher; this trend is
consistent with Template-directed reaction [69, 70]. Thus, the hydrolysis of the activated
nucleotide monomer is somewhat competitive reaction to the oligomerization in the presence
of clay. The kinetics suggested that the association between two activation monomers and that

Figure 9. 3’, 5’-linked (left) and 2’, 5’-linked (right) RNA
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between activated monomer and elongating oligomer are important to determine the rate
constants of 2-mer, 3-mer, and 4-mer formations, which is similar to Template-directed
reaction. The association is mainly due to the stacking through nucleotide bases, which
increases with length of oligonucleotide up to 4-mer and remains constant. Kinetic analysis of
Metal-catalyzed reaction also implies a similar mechanism to that for Template-directed and
Clay-catalyzed reactions (Figure 11). Conclusively, the kinetic investigations summarize that
the association of an activated nucleotide monomer with another one activated nucleotide
monomer or an elongating oligomer is important to determine the efficiency of oligomerization
in the presence of any additives, such as a polynucleotide template, clay surface, and metal
ions.

Figure 11. Importance of associate formation for oligonucleotide elongation

4.7. Variations of the activated nucleotide monomers

The activated nucleotide monomers with N-P bond were normally tested using ImpN or
2MeImpN, where imidazole and 2-methylimidazole moieties are the leaving group from N-P
bound with phosphate group. Although the methyl group does not seem to be so effective,
this causes fairly large influence for the formation of long oligonucleotides [86]. For instance,
the efficiency of Template-directed reaction using 2MImpG in the absence of metal catalyst is
higher than that using ImpG. This is probably due to the enhancement of association between

Figure 10. Hydrolytic degradation of the activated nucleotide
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monomers or that between monomer and elongating oligomer by stacking of 2-methyl-
imidazole. The solubility of 2MeImpN is lower than that of ImpN in aqueous solutions. Both
imidazole and 2-methy-limidazole are potentially prebiotic compounds. Analogues of ImpN
with different leaving group were examined. It was found that the efficiency of the oligonu‐
cleotide formation using different leaving group with N-P bond is correlated to the acidity of
the leading group. Oligonucleotide formation indeed proceeds efficiently using such ImpN
analogues for Clay-catalyzed reactions, where higher oligonucleotides were observed in some
cases (Figure 12) [87, 88]. These studies suggest that a variation of pathways should have been
possible for the formation of RNA under the primitive earth conditions.

Figure 12. Variations of the activated nucleotide

On the other hand, it is claimed that RNA would not be suitable as an initial material to preserve
genetic information since ribose as an RNA moiety is considered normally difficult to form
under the primitive earth conditions. Ribose does not form efficiently under prebiotic condi‐
tions although many types of sugars are readily formed by formose reaction [89, 90]; it is
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considered as a major pathway for the formation of sugars. In addition, RNA is considered
unstable as comparing to hexose. Naturally, the nucleotide analogues of RNA instead of ribose
could be formed under prebiotic conditions. Furthermore, the backbone of phosphodiester
bond could be replaced with peptide bonding backbone [91-93] (Figure 13). These possibilities
were also experimentally verified. Conclusively, the reactions of the activated nucleotide
analogues using hexose backbone also proceed to form oligonucleotide analogues using
Template-directed reaction [94, 95]. These examples suggest that template direction could have
played important roles in a variety of analogical materials under the prebiotic conditions.

Finally, as mentioned above, it is known that ImpN monomers consisting of deoxyribose do
not form oligonucleotides since the reactivity of ImpN with deoxyribose is very low. This is
due to the less reactivity of 2’-H group of ribose. The formation of DNA from such activated
nucleotide monomers is not yet deeply investigated since DNA molecules are not considered
as initial genetic material on the primitive earth.

4.8. Chiral selection of oligonucleotide using the prebiotic RNA formation models

The RNA polymerization model reactions were extensively studied. Normally, these studies
were normally carried out using homochiral materials because of the difficulty of preparation
of starting materials. The selection of a single chirality, which is L-ribose for the present nucleic

Figure 13. RBA and peptide nucleic acid
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acid, is a great issue in the field of the origin of life study. Although this question is not yet
solved, some attempts were carried out for the evaluation of the efficiency of Template-
directed, Clay-catalyzed, and Metal-catalyzed reactions by using heterochiral materials
[96-99]. The preparation of the activated nucleotide monomers with L-ribose was succeeded
although it involves very complicated organic synthetic procedures. These reactions showed
that the homochiral oligomerization is preferable instead of the heterochiral oligomerization
for both the Clay-catalyzed and Template-directed reactions. The results would imply the
reason how homochiral biochemistry was selected during the chemical evolution of nucleotide
and abiotic-peptide (Figure 14).

Figure 14. Homochiral selectivity for prebiotic RNA formation

4.9. Temperature dependence of the pebiotic oligomerization at medium to high
temperature

According to the evidences of geoscience, the temperature of the primitive earth would be
much higher than that of present. In addition, submarine hydrothermal vent system would
have been present and played important roles for the emergence of life and the last universal
common ancestor, which is deduced from phylogenetic tree analysis, could be close to
hyperthermophiles [100, 101]. Naturally, the heterogeneity of the primitive earth environment
should be considered so the previous studies on the formation of RNA are regarded to bias
very mild conditions. As mentioned above, the oligomeriation of the activated nucleotide
monomers does not proceed in acidic and alkaline solutions because of the hydrolysis of the
activated nucleotide. Besides, the temperature dependence of these reactions was extensively
investigated in relation to the hydrothermal origin of life hypothesis.
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In general, the efficiency of oligonucleotide formation by Metal-catalyzed, Clay-catalyzed, and
Template-directed reactions decreases with increasing temperature. Kinetic analyses clarified
successfully the reason of the low efficiency at high temperatures [102-104]. The investigations
provided the rate constants regarding these reaction systems, that is, the formation of oligom‐
ers 2-mer (k2), 3-mer (k3), 4-mer (k4), the hydrolysis of the activated nucleotide (khy), the
formation of pyrophosphate-linkage (kpy), and the hydrolysis of oligonucleotide formed by
these prebiotic oligomerizations. Comparison of the temperature dependence of k2, k3, k4 shows
that k2 has a smaller activation energy than that for k3 and k4. In addition, the relative magnitude
of k2 becomes small as comparing to khy with increasing temperature although that of k3 and k4

does not; the activation energy for k2 is smaller thant that for khy, but that for k3 and k4 is
comparable to that for khy. The main reason of low efficiency of oligonucleotide formation at
high temperature is that the formation of 2-mer becomes relatively slow as comparing to the
hydrolysis of the activated nucleotide at high temperature.

The similar trend was observed for Metal-catalyzed and Clay-catalyzed reactions on the basis
of kinetic analysis [103, 104]. In addition, the association does not only affect the efficiency of
these reactions but also the regioselectivity, and effective to the formation of cyclic-isomers. The
fact that the formation of DNA double-helix is primarily stabilized by the base-stacking rather
than hydrogen bonding is minor factor [105] is consistent with the trend in the primitive RNA
formation reactions. These analyses suggest that the accumulation of the activated nucleotide
monomer would be difficult at high temperatures since the hydrolysis of the activation nucleotide
becomes fast unless the activated nucleotide monomers are continuously supplied by a plausible
pathway. Nevertheless, such conformation of DNA and RNA must be held at high tempera‐
tures since a thermophilic organism could survive at least 100-120 °C [106, 107].

5. Successful examples of the formation of abiotic-peptides

5.1. Introduction

Proteins are regarded the practical entity for maintaining life-like system while DNA in the
present organisms or the primitive RNA in RNA worlds is regarded as blueprint of life-like
systems. The question, which was the first material between nucleic acids and proteins for the
emergence of life-like system on the primitive earth, has been controversy for many years
although this might be solved by the proposal of the RNA world hypothesis. However, there
are a number of drawbacks regarding the RNA world hypothesis so the question is continu‐
ously discussed. As mentioned above, the term ”protein” in the present chapter involves the
meaning that protein must be a functional material, which is synthesized on the basis of genetic
information. If a protein-like molecule is merely consisting of peptide, but the sequence is not
encoded in a genetic coding system, the material is called as just abiotic-peptide. As mentioned,
such peptides are called as abiotic-peptides to distinguish from the peptides possessing
biological functions in vivo. Naturally, for instance, this is not inconsistent with a hypothesis
that both the RNA and protein-like molecules formed independently and became interrelated
only after the accumulations of these molecules.
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are a number of drawbacks regarding the RNA world hypothesis so the question is continu‐
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In the first place, abiotic-peptide formation from amino acids is also the dehydration so this is
not preferable in aqueous medium unless using the activation of amino acid or a condensation
agent. Peptides are normally regarded more stable against the hydrolysis as comparing to
nucleic acids although peptides in aqueous medium are normally exposed under the pressure
to hydrolytic degradation. In the present organisms, peptides form on ribosomes from
aminoacyl-tRNA, which is regarded as activation of amino acid activation. Furthermore,
condensation agent and activation techniques are used for modern organic synthesis of
peptides. Thus, it should be noted that abiotic-peptides do not form spontaneously from the
viewpoint of thermodynamics even if amino acids are mixed in aqueous medium. This is the
same situation as the oligomerization of DNA and RNA.

5.2. Thermal condensation of amino acid mixture

Spontaneous condensation of amino acid mixtures does not or less proceeds in aqueous
solutions. This is due to that dehydration is disadvantageous in aqueous medium. It was found
that thermal condensation products form from amino acid mixtures, such as glutamic acid and
aspartic acid, under dry conditions at temperatures 180-200 °C [108-110] (Figure. 15). Micro‐
spheres can be formed by treatment of the condensation products in boiling water; the
microspheres were named as proteinoid. It is surprising that these condensation products
readily form with normally molecular weight over 10000 Da involving peptide bonding, but
the peptide bonds are not controlled; probably branched sequences and non-peptide bonding
would be involved. Lacton formed by heating glutamic acid etc. is melted at high temperatures,
where other amino acids are dissolved and then result in polymerization. The biochemical
functions of proteinoids have been extensively investigated [111-113].

Figure 15. Thermal condensation of amino acids
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Although the proteinoids involve partially peptide bonding, proteinoids might not reflect a
plausible ancient accumulation pathway of protein-like molecules since large continents were
not present on the primitive earth. The question how the proteinoids containing peptide
bonding incompletely had evolved to the modern proteins is a great drawback. In addition,
as mentioned above these condensation products are not categorized as proteins since these
are not synthesized by the direction of genetic information. Normally, it is realized that protein
does not replicate alone. Furthermore, these condensation products do not seem to be useful
in an organic synthetic method. Thus, the research regarding the thermal condensation of
amino acids does not progress so far.

5.3. Formation of protein-like and abiotic-peptide molecules in aqueous medium

The condensation from amino acids to form peptide bonding is disadvantageous in aqueous
medium [114]. Activation of amino acids or usage of a condensation agent is necessary for
peptide bond formation [115-120]. Thus, the pathways for oligopeptides have been investigat‐
ed as simulation experiments under the primitive earth environments. Several types of minerals
and metal ions were evaluated to see whether these materials enhance the formation of long
oligopeptides. Nevertheless, the plausible oligomerization has met with limited success [119].

5.4. Hydrothermal synthesis of oligpeptides

Presumably, the temperature of the primitive earth surface should have been much higher
than present. Furthermore, the phylogenetic analysis of present organisms suggested that last
universal common ancestor (LUCA), which is located to the branches between Bacteria and
Archaea, would have been a hyperthermophilic organism [100, 101] although this assumption
is still strongly disputed [121, 122]. The importance of such hydrothermal systems has been
extensively investigated [123]. The hypothesis is named as “hydrothermal origin of life
hypothesis”. Although LUCA is not the origin of life, it would reflect old organisms and the
environments, where life had emerged. Recent discoveries of ecosystem present near submar‐
ine hydrothermal vent systems in deep-ocean support the hydrothermal origin of life hypoth‐
esis [124]. Thus, simulation experiments have been carried out for the formation of
oligopeptides under the hydrothermal conditions using batch reactors at the beginning of such
simulation experiments. Condensation products, which involve peptide bonding and bonding
between silicate and organic materials, were observed in the products [125].

Recently, flow reactors were developed and behaviors of biomolecules in hydrothermal
systems have been extensively investigated to simulate the submarine vent system in deep-
ocean [126]. The simulation experiment showed that oligopeptides are formed from glycine
monomers at temperature over 250 °C, where oligoglycine up to 6 amino acid units was
detected. The efficiency of the direct oligopeptide formation from amino acid is normally low;
the maximum yield is normally 0.1 – 1 % at most [126, 127]. The reason is due to primarily the
fact that dehydration in aqueous solution is not advantageous so that the oligopeptides once
produced are always exposed under the degradation pressure. In addition, the formation of
diketopierazine (DKP) inhibits the further elongation of oligopeptides (Figure 16); DKP is
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Although the proteinoids involve partially peptide bonding, proteinoids might not reflect a
plausible ancient accumulation pathway of protein-like molecules since large continents were
not present on the primitive earth. The question how the proteinoids containing peptide
bonding incompletely had evolved to the modern proteins is a great drawback. In addition,
as mentioned above these condensation products are not categorized as proteins since these
are not synthesized by the direction of genetic information. Normally, it is realized that protein
does not replicate alone. Furthermore, these condensation products do not seem to be useful
in an organic synthetic method. Thus, the research regarding the thermal condensation of
amino acids does not progress so far.

5.3. Formation of protein-like and abiotic-peptide molecules in aqueous medium

The condensation from amino acids to form peptide bonding is disadvantageous in aqueous
medium [114]. Activation of amino acids or usage of a condensation agent is necessary for
peptide bond formation [115-120]. Thus, the pathways for oligopeptides have been investigat‐
ed as simulation experiments under the primitive earth environments. Several types of minerals
and metal ions were evaluated to see whether these materials enhance the formation of long
oligopeptides. Nevertheless, the plausible oligomerization has met with limited success [119].

5.4. Hydrothermal synthesis of oligpeptides

Presumably, the temperature of the primitive earth surface should have been much higher
than present. Furthermore, the phylogenetic analysis of present organisms suggested that last
universal common ancestor (LUCA), which is located to the branches between Bacteria and
Archaea, would have been a hyperthermophilic organism [100, 101] although this assumption
is still strongly disputed [121, 122]. The importance of such hydrothermal systems has been
extensively investigated [123]. The hypothesis is named as “hydrothermal origin of life
hypothesis”. Although LUCA is not the origin of life, it would reflect old organisms and the
environments, where life had emerged. Recent discoveries of ecosystem present near submar‐
ine hydrothermal vent systems in deep-ocean support the hydrothermal origin of life hypoth‐
esis [124]. Thus, simulation experiments have been carried out for the formation of
oligopeptides under the hydrothermal conditions using batch reactors at the beginning of such
simulation experiments. Condensation products, which involve peptide bonding and bonding
between silicate and organic materials, were observed in the products [125].

Recently, flow reactors were developed and behaviors of biomolecules in hydrothermal
systems have been extensively investigated to simulate the submarine vent system in deep-
ocean [126]. The simulation experiment showed that oligopeptides are formed from glycine
monomers at temperature over 250 °C, where oligoglycine up to 6 amino acid units was
detected. The efficiency of the direct oligopeptide formation from amino acid is normally low;
the maximum yield is normally 0.1 – 1 % at most [126, 127]. The reason is due to primarily the
fact that dehydration in aqueous solution is not advantageous so that the oligopeptides once
produced are always exposed under the degradation pressure. In addition, the formation of
diketopierazine (DKP) inhibits the further elongation of oligopeptides (Figure 16); DKP is
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cyclic dipeptide and considered as very stable. Rapid accumulation of DKP from glycine is
also observed in the simulation reaction of submarine vent system.

Figure 16. DKP formation from amino acids

On the other hand, in our group, a hydrothermal micro flow reactor using fused-silica capillary
has been developed (Figure 17) [128-130]. This enables to monitor hydrothermal reactions at
temperature up to 400 °C at time scale between 2 ms – 200 s. By using the flow reactor, a more
efficient elongation of 4-mer and 5-mer of alanine to 5-mer and 6-mer was discovered at 250 –
310 °C within 5 – 20 s [131]. Furthermore, it was found that oligopeptides including 20 amino
acid units form within 180 s at temperatures 270 – 310 °C [132]. These reactions were designed
to avoid the formation of DKP during the direct oligomerization of monomeric amino acids;
the formation of DKP is regarded as a problem for the organic synthesis of peptide. DKP readily
forms from dipeptide at high temperatures, for instance DKP forms from alanine dipeptide
within 10 s at 275 °C (Figure 18). On the contrary, DKP formation is relatively slow if the
elongation starts from 4-mer and 5-mer of alanine. In these reactions, 4-mer and 5-mer are
converted to DKP finally, but the DKP formation is relatively slow. Thus the elongation of
these peptides is observed during the conversion of the 4-mer and 5-me to DKP. The reaction
scheme is shown in Figure 18. The elongation yield reaches to 10 %, which is ca. 100-fold greater
than that of direct formation from monomeric amino acids. This is surprising since neither
condensation reagent nor catalyst is necessary. The kinetic analysis implies that peptide bond
within 4-mer would compensate the elongation of peptide bonding to form 5-mer at very high
temperatures.

Figure 17. Principle of hydrothermal flow reactor

To investigate the role of minerals under hydrothermal conditions, a new type of flow reactor
technique was established in our group [133]. The system consisting a mineral-packed column
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reactor is settled in a high temperature heating system. This system enables to monitor
hydrothermal reactions at temperatures up to 300 °C at the time scale 2 – 200 s in the presence
of mineral particles. By using the method, it was discovered that the oligopeptide elongation
reaction from alanine 4-mer to 5-mer within 5 – 20 s is notably enhanced by naturally-occurring
carbonate minerals, such as calcite and dolomite.

6. Unsolved drawbacks regarding the origin of building blocks for a
primitive life-like system

6.1. General difficulties of oligomerization of nucleic acids and abiotic-peptides

First, the dehydration in aqueous solution is disadvantageous from the viewpoint of thermo‐
dynamics. As we evaluated the difficulties of oligonucleotides and oligopeptides in a former
section, activation method is a key technique to form long oligomers. For the case of nucleotide,
the activated nucleotide monomer, that is, imidazolide of nucleoside 5’-monophosphate is
useful material. However, the prebiotic activation method, which is regarded as compatible
to the primitive earth environments, is not identified for the peptide formation. Aminoacyl-
tRNA is universally used in the present organisms and some minerals would have played roles
for activation or condensation agents for the oligopeptide formation. However, these possi‐
bilities are not yet extensively evaluated.

Figure 18. Pathways of elongation and degradation of oligopeptides
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reactor is settled in a high temperature heating system. This system enables to monitor
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Figure 18. Pathways of elongation and degradation of oligopeptides
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Second, it is generally true that the formation of short cyclic-oligonucleotides [70, 72, 73, 134]
and DKP [131] inhibits the further elongation of oligomers (Figure 19). The cyclization of
oligonucleotides is completely controlled by RNA polymerase and peptide synthetic method
on ribosomes in vivo. Nucleic acid templates, mineral catalysts, and metal ion catalysts tend to
inhibit the cyclization reaction. The additives probably enhance suitable steric alignment of
monomers to inhibit cyclization although the general rules for inhibition of cyclization are not
elucidated. Actually as a primitive oligomerization, there is less cyclic-dinucleotide for the
formation of oligoG in Template-directed reaction. This is probably due to Watson-Crick type
hydrogen bonding and base stacking. On the contrary, cyclic-2-mer, 3-mer, and 4-mer
somewhat readily form in Clay-catalyzed reactions. On the other hand, the elongation from
4mer or higher is effective for inhibition of DKP formation. In the present organisms, the
alignment of amino acid monomers is supported by the machinery of ribosome as well as
mRNA and tRNA. However, if the hydrothermal hypothesis is correct, then the oligopeptide
formation would have occurred even under such extreme conditions involving the submarine
hydrothermal vent system. In such a system, it is assumed that the alignment of amino acids
would be so difficult since weak interactions among biomolecules would not act at high
temperatures.

Figure 19. Cyclization and elongation of prebiotic oligomers

Third, the estimation of the primitive earth environments is not yet succeeded. Furthermore,
the heterogeneity of earth conditions should be considered. Improvement of knowledge about
the primitive environment is essential and a variety of conditions of simulation experiments
would be helpful. Most of simulation reactions for the oligonucleotide formation have been
carried out under the fairly mild temperatures and pressures. Beside, abiotic-peptide forma‐
tions were carried out under a variety conditions from mild conditions to hydrothermal
conditions. Wider range of simulation experiments should be carried out unless the exact earth
environments are readily identified. General rules would be found on the basis of such a
variety of simulation experiments in future.
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6.2. Formation of simple oligomers to functional entities

The genetic information flow in present organisms consists of DNA replication, transformation
of DNA sequence to mRNA, translation of mRNA sequence to protein. According to the RNA
world hypothesis, the roles of DNA and protein should have been covered by RNA molecules
so the replication of RNA molecules is the first step in an RNA based life-like systems [135,
136]. Here, the possibility of the prebiotic RNA replication is briefly discussed.

In a former section, the difficulty if Template-directed reaction for the cases of A, U, C as
nucleotide bases on the complementary template was described. This would be due to the
weak stacking between the activated monomers and elongating oligomer. Thus, the enhance‐
ment of the association has been attempted. It has been shown that intercalator somewhat
enhances the efficiency of oligonucleotide by enhancement of the association [137]. However,
the practical replication conditions using primitive activate nucleotide monomers are not
identified [82, 135].

The biological functions of oligonucleotide and oliopeptide would be displayed with a certain
length of oligomers, such as 30-mer, 50-mer, and 100-mer. Transfer-RNA (tRNA) would be
one of smallest functional RNA consisting of ca. 80-mer. On the other hand, recently it has
been extensively found that small non-coding RNA and so-called microRNA possess impor‐
tant roles in vivo. In addition, it is also known that short peptides possess several important
roles while the average length of proteins is ca. 100-mer. Oligonucleotides with 40 – 50-mer
can form from Template-directed and Clay-catalyzed reactions. This fact suggests that
different types of functional RNA molecules should have been included in a randomly formed
large RNA pool on the primitive earth. Several functional RNA sequences would have
amplified by replication machinery, that is ribosome, of which some main parts are made of
RNA molecules. As mentioned, Template-directed reaction is only efficient for the case of the
formation of oligoG on a polyC template. However, the Template-directed reaction could
proceed using the activated oligonucleotide as a monomer for the case of oligoU formation of
a polyA template. If this type of Template-directed reaction is universal for the different types
of combination of monomer and template, a replication of RNA molecules could have evolved
under the primitive earth conditions. Nevertheless, it was confirmed that a heterogeneous
oligoC template spontaneously formed by Clay-catalyzed reaction containing 2’, 5’-and 3’-5’-
linked isomers could have preserved as template for the Template-directed reaction of oligoG
formation [138]. On the other hand, the oligopeptide formation from amino acid mixtures is
not yet elucidated although some thermal condensation products of amino acids, such as
proteinoids, were observed. Actually, it is considered that the formation of amino acids seems
to be easier than that of nucleotide monomers since amino acids are readily found in gas
reaction products with different types of energy sources. However, it could not straightfor‐
wardly mean that the oligopeptide formation using prebiotic materials is easier than the
oligonucleotide formation.

In vitro selection technique has been extensively investigated to create several types of artificial
functional RNA molecules [139, 140]. This technique elucidated that a RNA replication system
catalyzed by RNA molecule could have evolved if amplification and selection processes were
present. Naturally, the molecular biological tools and materials are necessary for the in vitro
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the primitive environment is essential and a variety of conditions of simulation experiments
would be helpful. Most of simulation reactions for the oligonucleotide formation have been
carried out under the fairly mild temperatures and pressures. Beside, abiotic-peptide forma‐
tions were carried out under a variety conditions from mild conditions to hydrothermal
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variety of simulation experiments in future.
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6.2. Formation of simple oligomers to functional entities

The genetic information flow in present organisms consists of DNA replication, transformation
of DNA sequence to mRNA, translation of mRNA sequence to protein. According to the RNA
world hypothesis, the roles of DNA and protein should have been covered by RNA molecules
so the replication of RNA molecules is the first step in an RNA based life-like systems [135,
136]. Here, the possibility of the prebiotic RNA replication is briefly discussed.

In a former section, the difficulty if Template-directed reaction for the cases of A, U, C as
nucleotide bases on the complementary template was described. This would be due to the
weak stacking between the activated monomers and elongating oligomer. Thus, the enhance‐
ment of the association has been attempted. It has been shown that intercalator somewhat
enhances the efficiency of oligonucleotide by enhancement of the association [137]. However,
the practical replication conditions using primitive activate nucleotide monomers are not
identified [82, 135].

The biological functions of oligonucleotide and oliopeptide would be displayed with a certain
length of oligomers, such as 30-mer, 50-mer, and 100-mer. Transfer-RNA (tRNA) would be
one of smallest functional RNA consisting of ca. 80-mer. On the other hand, recently it has
been extensively found that small non-coding RNA and so-called microRNA possess impor‐
tant roles in vivo. In addition, it is also known that short peptides possess several important
roles while the average length of proteins is ca. 100-mer. Oligonucleotides with 40 – 50-mer
can form from Template-directed and Clay-catalyzed reactions. This fact suggests that
different types of functional RNA molecules should have been included in a randomly formed
large RNA pool on the primitive earth. Several functional RNA sequences would have
amplified by replication machinery, that is ribosome, of which some main parts are made of
RNA molecules. As mentioned, Template-directed reaction is only efficient for the case of the
formation of oligoG on a polyC template. However, the Template-directed reaction could
proceed using the activated oligonucleotide as a monomer for the case of oligoU formation of
a polyA template. If this type of Template-directed reaction is universal for the different types
of combination of monomer and template, a replication of RNA molecules could have evolved
under the primitive earth conditions. Nevertheless, it was confirmed that a heterogeneous
oligoC template spontaneously formed by Clay-catalyzed reaction containing 2’, 5’-and 3’-5’-
linked isomers could have preserved as template for the Template-directed reaction of oligoG
formation [138]. On the other hand, the oligopeptide formation from amino acid mixtures is
not yet elucidated although some thermal condensation products of amino acids, such as
proteinoids, were observed. Actually, it is considered that the formation of amino acids seems
to be easier than that of nucleotide monomers since amino acids are readily found in gas
reaction products with different types of energy sources. However, it could not straightfor‐
wardly mean that the oligopeptide formation using prebiotic materials is easier than the
oligonucleotide formation.

In vitro selection technique has been extensively investigated to create several types of artificial
functional RNA molecules [139, 140]. This technique elucidated that a RNA replication system
catalyzed by RNA molecule could have evolved if amplification and selection processes were
present. Naturally, the molecular biological tools and materials are necessary for the in vitro
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selection technique. However, if the amplification on the basis of Template-directed reaction
under the primitive earth conditions, amplified RNA molecules are exposed under different
types of selection pressure. This would cause the accumulation of functional RNA molecules,
such as RNA replicase function, under the primitive earth conditions.

6.3. Relationship between RNA and protein-like molecules

Cooperation of RNA and proteins is definitely important in modern organisms. Thus, it should
be evaluated that the formation of RNA and that of peptides could be enhanced by each other.
According to previous studies, Template-directed reaction is not enhanced in the presence of
proteinoids [141]. On the other hand, possible roles of nucleotides and oligonucleotides for the
formation of oligopeptides are not yet well evaluated. Presumably, nucleotides and oligonu‐
cleotides would not be helpful for the abiotic-peptide synthesis under hydrothermal condi‐
tions since nucleotides and oligonucleotides are much more unstable than amino acids and
peptides [129, 135, 136, 142]. This fact implies that chemical evolution of RNA would have
started after the accumulation of oligopeptides.

6.4. Accumulation of RNA molecules and abiotic-peptide under the primitive earth
conditions

According to the former sections, RNA could have formed from the activated nucleotide in
the absence of enzyme. Abiotic-peptides also form without using the in vitro translation system
on ribosome. However, the accumulation of oligonucleotides and oligopeptides would not
have been easy under the primitive earth conditions since these are spontaneously hydrolyzed
in aqueous medium although the rates of hydrolysis of these oligomers are normally slower
than those of formation at low temperatures. The hydrolysis rate increases with increasing
temperature.

The accumulation of oligomers should be considered from the viewpoint that the life-like
system is considered as thermodynamically open system. That is, the accumulation of
oligomers is determined by both the rates of formation and degradation of oligomers. Thus,
although the rate of degradation of oligomers at high temperatures is large, the accumulation
would be possible if the formation rate is much lager than that of degradation. The formation
rate would be possibly enhanced by several prebiotic catalysts. Experimental simulations of
these conditions are not yet well succeeded while most of simulation experiments were carried
out under static conditions. Some experiments, of which activated monomers were fed to batch
reaction, successfully showed the possible formation of long oligonucleotides and oligopep‐
tides [75]. Flow reactor would be useful to design where the activated monomers are fed to a
chemical evolutionary system.
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7. Conclusive remarks: Possible future applications by learning the
primitive oligomerization processes

These studies support the fact that oligomer formation in aqueous solution in the absence of
enzyme is possible. The reaction processes are different from normal organic synthetic
techniques. Therefore, the improvement of the formation reactions of oligomers, which possess
biological functions, should be achieved by learning chemistry of living organisms. Recently,
organic chemistry is expected to be a technology compatible with the global environmental
protection. Obviously, organic synthesis requires a large amount of organic solvent, which is
not suitable to the environmental protection. On the contrary, nowadays, creation of a
environmental harmless system for organic synthetic methods is expected by learning the
living organisms. However, the organic synthesis is generally difficult in aqueous medium.
According to the examples shown here, oligonucleotides and oligopeptides could be synthe‐
sized in aqueous medium. The fundamental researches will facilitate such demand of envi‐
ronment harmless organic synthesis.
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1. Introduction

1.1. A multitude of RNAs

The central dogma of molecular biology stated that genetic information only flows in one
direction, from DNA to proteins via an intermediate called messenger ribonucleic acid
(mRNA) [1,2,3]. Originally, ribonucleic acid (RNA) was thought to have roles in information
transfer and structure maintenance. Today, we know that RNA performs a remarkable range
of functions in the living cell, (control of gene expression, chromosome –end maintenance,
housekeeping activities, sorting of proteins in the cell and defines metazoan development)
[3].Although, proteins have enzymatic activities mostly, in the early 1980s has been shown that
RNA molecules can catalyze a chemical reaction and RNAs with catalytic activity are called
ribozymes. The discovery of ribozymes led to the hypothesis that RNA could have been the
original molecule of life on earth about four billion years ago; a biopolymer with the ability to
self-replicate and that could both store information and catalyze chemical reactions. RNA
would have been self-sufficient as the original molecule of life [4]. Discovery of the unexpect‐
edly wide variety of functions carried out by RNA was accompanied by the identification of
a multitude of further types of small, non-coding RNAs (small nuclear RNA, small nucleolar
RNAs, small interfering RNAs, micro RNAs) highlighting the versatility of RNA as a bio‐
chemical tool for the cell [2].

rRNAs  represent  structural  and  catalytic  elements  of  the  ribosome.  In  the  nucleolus  of
eukaryotic cells, more than 100 tandemly repeated units of rRNA genes are transcribed into
long precursor transcripts [7,8]. Following transcription, pre-rRNA is subsequently cleaved
to form mature rRNAs and with approximately 80 proteins to form the large and small
ribosomal  subunits  prior  to  their  export  to  the  cytoplasm.  SnoRNAs  (Small  nucleolar

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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RNAs)  participate  in both the modification and cleavage events  that  occur during ribo‐
some biogenesis [5]. A second group of small RNAs are the tRNAs, which are essential in
translation [8,10]. Micro RNAs are non-coding RNAs of 22-24 nucleotides in length. They
down regulate gene expression by attaching themselves to mRNA, thereby preventing them
from being translated into protein. Another type of non-coding RNA is the small interfer‐
ing RNA.  These small RNAs mediate life time of RNA by interacting with mRNAs and
labeling it for destruction [2, 4]. PiRNA is the large class of small non-coding RNAs which
acts with piwi proteins. These piRNA have been linked to both epigenetic and posttransla‐
tional gene silencing of retrotransposons and other genetic elements in germline cells [11,12].
Telomerase is complex of proteins and RNA,and is responsible for maintaining of natural
end of chromosomes.  Telomerase acts  as reverse transcriptase because its  mechanism of
action is copying RNA template into DNA [10].

Small nuclear RNAs are components of the macromolecular machinery (spliceosome) that has
a role in the maturation of mRNA. They are termed U snRNAs (stands for uridyl rich small
nuclear RNA). U1, U2, U4, U5, U7, U11, and U12 are synthesized in the nucleus by RNA
polymerase II. After that they are transported to the cytoplasm where association with the U
snRNP proteins (proteins which associate with uridine rich small nuclear RNAs, generating
UsnRNP, uridyl rich small nuclear ribonuclear particles) occurs, followed by re-import into
the nucleus [1, 13].U6 and U8 snRNA belong as well to class of small nuclear RNA but their
synthesis, biogenesis and function differs from mentioned UsnRNAs. U3 snRNA shares
common denomination but as well this small RNA is found in the nucleolus, and has role in
pre-rRNA processing and has C/D box motif, which technically make it a member of the C/D
class of snoRNAs [14].

1.2. Structure of RNA and association with proteins

DNA and RNA have similar covalent structures, the only difference being the change from a
2`-deoxyribose sugar to a ribose sugar and from a methyl group in thymine to a hydrogen in

Figure 1. The RNA family (Reprinted from reference 2)
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uracil. RNA has much wider biological activities and adopts a wider range of structures. DNA
double helices preferentially assume the B-form structure in solution and RNA double helices
are found in the A-form. The RNA A-form double helix has a narrow and deep major groove,
which prevents proteins to recognize RNA in a manner analogous to the way they recognize
DNA. An RNA molecule can locally adopt several types of secondary structure (bulges,
hairpins, internal loops) [15, 16].Eukaryotic mRNAs are almost always associated with RNA-
binding proteins. RNA-binding proteins generally have a modular structure and contain RNA-
binding domains of 70–150 amino acids that mediate RNA recognition. Three major classes of
eukaryotic RNA-binding protein domains are known: the RNA-recognition motif (RRM), the
double stranded RNA binding domain (dsRBD) and the K-homology (KH) domain [17].

1.3. All mRNA processing steps are coupled

Eukaryotic gene expression is a complex, stepwise process that begins with transcription
(synthesis of pre-mRNA) [18]. Mature mRNAs are produced in the cell nucleus from primary
transcripts of coding genes (pre-mRNAs) by a series of processing events which include
capping, splicing, and 3` end polyadenylation. Mature mRNAs are transported to the cyto‐
plasm. All modification steps are coupled and influence each other. RNA polymerase II is a
key molecular coordinator of these processing events, and phosphorylation of it has regulatory
role [19, 20,21,].

1.4. Removal of introns and the splicing reaction

In 1977, a number of research groups discovered that the genes of higher organisms are often
made up of a sequence of coding (called exons) and non-coding base sequences (introns).
During transcription, all parts of the gene are copied to form a strand of pre-mRNA. Introns
are removed and the exons stitched together so that the now continuous exons can be translated
to produce a protein. This splicing of the pre-mRNA is a multistage process, carried out by
complex macromolecular machinery known as the spliceosome, which is among the most
complex macromolecular machineries in the cell [22].

Splicing of precursors to mRNAs occurs in two steps, both involving a single transesterification
reaction [23].Assembly and function of the spliceosome requires approximately 300 polypep‐
tides and five snRNAs, not considering gene-specific RNA-binding factors [23]. There are two
distinct types of spliceosome in most cells. The major class U2-type spliceosome is universal
in eukaryotes, whereas the minor class or U12-type spliceosome is not present in some
organisms. The evolutionary relation between these two spliceosomes is uncertain.

1.5. Types of introns

The pre-mRNA contains conserved elements at its intron/ exon boundaries that determine the
proper sites for the splicing reaction (Figure 3.). The 5’ splice site contains a conserved
consensus sequence, which is AG/GURAGU (R=purine, / denotes the exon/ intron boundary).
The branch site lies between 100 and 18 bases upstream of the 3’ splice site and has the
consensus: CURAY for vertebrates (A branching nucleotide, Y is pyrimidine). In higher
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eukaryotes, a polypyrimidine tract variable in length is often located between the branch site
and the 3’ splice site. The 3’ splice site has the consensus:YAG/R for mammals. This class of
introns is spliced by U2 spliceosome. The U12 type introns have different consensus sequences
and are spliced by the U12 spliceosome [24]. The number of known U12 introns is still very
small. U12 type introns are present in many vertebrates, nematodes, insect, and plant species.

Figure 3. Splice site consensus sequences. Comparison of splice site consensus sequences for human U2 dependent
and U12 dependent introns. The most conserved regions, 5' splice site (5' SS), branch point (BP), 3'splice site (3' SS), are
shown with their consensus sequences (R=purine, Y=pyrimidine). The polypyrimidine tract often present in metazoan
U2 dependent introns is indicated as (Py). (Reprinted from reference 25)

1.6. Small nuclear ribonucleoproteins, snRNPs

Small ribonucleoproteins (RNPs) are tight complexes of one or more proteins with a short RNA
molecule (usually 60-300 nucleotides). RNPs inhabit nuclear and cytoplasmatical compart‐
ments of the eukaryotic cell [25]. Those that reside in the nucleus, the small nuclear ribonu‐
cleoproteins (snRNPs) can themselves be divided into two families. There are snRNPs of the
nucleoplasm, whose function lies in preparing messenger RNA for export into the cytoplasm.
A different set of snRNPs, called snoRNPs, reside in the nucleolus [26]. The nucleolus is a

Figure 2. The two chemical steps of splicing (Reprinted from reference 23)
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structure in the nucleus composed of proteins and nucleic acids. Its function is to transcribe
ribosomal RNA (rRNA) and combine it with proteins to form ribosomes. There are about 200
distinct kinds of snRNPs (they differ according to the RNA or protein components) with
abundances between 104 (for snoRNPs) to over 106 copies per cell (for snRNPs in major
spliceosomes). They generally play a role in gene expression. One exception is the telomerase
snRNP, essential for genome maintenance, which is present only in a few copies per cell.
Spliceosomes are formed around the pre-mRNA substrate by the successive assembly of five
small nuclear ribonucleoprotein-particles (snRNPs): U1, U2, U4, U5, and U6. These particles
are composed each of a small nuclear RNA (snRNA), seven Sm core proteins common to all
snRNPs (except for the U6 snRNP, which contains a related set of seven proteins, the Sm-like
proteins) and several snRNP-specific proteins. The snRNPs play a central role in the process
of splicing. They are responsible for the recognition of splice sites, definition of exon/ intron
boundaries. These interactions are partially mediated through base pairing and are dynamic
so that the spliceosome complex changes during the process of splicing.

1.7. U snRNP biogenesis

Subsequent to transcription by RNA polymerase II and capping, pre-U1 snRNA assembles
with several factors including cap-binding proteins (CBP), a phosphorylated adaptor for RNA
export (PHAX), Crm1, and Ran-GTP, which all together mediate export of U1 snRNA to the
cytoplasm. After export, Sm proteins interact with the U snRNAs to form the snRNP Sm core.
This step is facilitated by the SMN complex (survival of motor neurons complex). The SMN
complex is composed from SMN protein and the other proteins called Gemins (Gemins 2-7).
Nuclear re-import is mediated by snurportin-1 (SPN1), which binds to the snRNAs m3G cap
structure. After import, these factors dissociate. The U1 specific proteins are imported
independently into the nucleus, where assembly into mature U1 snRNP occurs [27]. This is a
pathway shared with U1, U2, U4 and U5 snRNPs.

1.8. Spliceosome assembly

Assembly of a spliceosome for excision of an intron requires recognition of sequences at the 5'
splice site as well as the branch site and nearby 3' splice site. U1 snRNA binds to the 5` end of
the intron using sequence complementarities. There are reports which show that the U1 snRNA
recognizes the 5` splice site in a preassembled penta-snRNP complex [28]. U2 snRNP complex
associates with the branch region. Early snRNP/pre-mRNA complexes are preferentially
committed to splicing as compared to free RNA and thus are called commitment complexes
(CCs). The process of U2 snRNP association is ATP-dependent and four proteins are critical
for recognition [29]. Subsequent to the binding of U2 snRNP complex, a tri-snRNP complex
containing U4/U6 snRNP and U5 snRNP associates in an ATP-dependent manner to form
complex A2-1. It is likely that the U1 snRNA/pre-mRNA duplex dissociates at this stage. The
5' splice site sequence is probably paired on the intron side to U6 snRNA and on the exon side
to U5 snRNA. The transition between complex A2-1 and A1 requires destabilization of at least
U4/U6 di-snRNA. As only three snRNAs U2, U6 and U5 are associated with the spliceosome
at the moment of catalysis, and as U5 snRNA pairing with exon sequences is not essential, the
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eukaryotes, a polypyrimidine tract variable in length is often located between the branch site
and the 3’ splice site. The 3’ splice site has the consensus:YAG/R for mammals. This class of
introns is spliced by U2 spliceosome. The U12 type introns have different consensus sequences
and are spliced by the U12 spliceosome [24]. The number of known U12 introns is still very
small. U12 type introns are present in many vertebrates, nematodes, insect, and plant species.

Figure 3. Splice site consensus sequences. Comparison of splice site consensus sequences for human U2 dependent
and U12 dependent introns. The most conserved regions, 5' splice site (5' SS), branch point (BP), 3'splice site (3' SS), are
shown with their consensus sequences (R=purine, Y=pyrimidine). The polypyrimidine tract often present in metazoan
U2 dependent introns is indicated as (Py). (Reprinted from reference 25)
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Figure 2. The two chemical steps of splicing (Reprinted from reference 23)
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structure in the nucleus composed of proteins and nucleic acids. Its function is to transcribe
ribosomal RNA (rRNA) and combine it with proteins to form ribosomes. There are about 200
distinct kinds of snRNPs (they differ according to the RNA or protein components) with
abundances between 104 (for snoRNPs) to over 106 copies per cell (for snRNPs in major
spliceosomes). They generally play a role in gene expression. One exception is the telomerase
snRNP, essential for genome maintenance, which is present only in a few copies per cell.
Spliceosomes are formed around the pre-mRNA substrate by the successive assembly of five
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complex A2-1. It is likely that the U1 snRNA/pre-mRNA duplex dissociates at this stage. The
5' splice site sequence is probably paired on the intron side to U6 snRNA and on the exon side
to U5 snRNA. The transition between complex A2-1 and A1 requires destabilization of at least
U4/U6 di-snRNA. As only three snRNAs U2, U6 and U5 are associated with the spliceosome
at the moment of catalysis, and as U5 snRNA pairing with exon sequences is not essential, the
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catalytic site is either created by U6 snRNA by U2 snRNA or both. The action of certain proteins
is required for the transition to the second step in splicing. The catalytic site for the second step
is created by either U6 snRNA, U2 snRNA, or associated proteins. The reannealing of released
U4 and U6 snRNP and association with U5 forms the U4/U6 U5 tri-snRNP complex which is
then ready to reassemble on another commitment complex.

Figure 4. The U snRNP biogenesis pathway (Reprinted from reference 27)
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The classical view of spliceosome assembly has been challenged by Stevens et al [30]. This
group isolated from yeast a penta-snRNP complex which when supplied with soluble
components, does splice pre-mRNA.

Figure 5. A simplified view of the splicing process (Reprinted from reference 5)
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1.9. mRNA stabilization, degradation

Regulation of mRNA decay rates is an important control point in determining the abundance
of cellular transcripts. Some mRNA has half-lives that are 100 times shorter than cellular
generation times and some mRNA have half-lives spanning several cell cycles [21]. The poly
(A) tail is important in stabilization of mRNA. It interacts with the poly (A) binding protein
(PABP), which makes direct contact with a specific region of the translation-initiation factor
(eIF4E). Translation initiation factor (eIF4) interacts with the cap binding proteins. In this way,
a ternary (PABP-translation initiation,-cap binding protein, poly (A) tail) complex is formed
which circularizes mRNA in vitro, promoting translation and stabilization of mRNAs [21].
Several sequence elements can regulate the mRNA turnover rate, either by its promotion
(destabilizer elements) or by its inhibition (stabilizer elements). Important elements are A+U-
rich elements (ARE), located in the 3` untranslated regions (UTR) of mRNAs [31]. At least four
different ways of mRNA degradation have been reported in eukaryotic cells [32]. In most cases,
degradation of the transcript begins with the shortening of the poly (A) tail at the 3` end of
mRNA. After shortening of the poly (A) tail follows the removal of the 5` cap structure
(decapping), thereby exposing the transcript to digestion by a 5` to 3` exonuclease. Family of
LSm proteins is involved in degradation of mRNAs, in the deccaping step Transcripts can be
degraded in the 3`-5` direction after deadenylation. This process is catalyzed by the exosome
[33]. One mRNA degradation pathway is the nonsense mediated decay (NMD), which
provides strongest evidence for a link between translation and turnover [34].

2. Family of Sm-LSm proteins

2.1. Sm proteins, assembly of U1, U2, U4, U5 snRNPs

The Sm proteins were first discovered as antigens targeted by so-called Anti-Sm antibodies
in a patient with a form of Systemic lupus erythematosus (SLE), a debilitating autoimmune
disease. They were named Sm proteins in honor of Stephanie Smith, a patient who suffered
from SLE. Other proteins with very similar structures were subsequently discovered and
named LSm proteins. The common proteins for U1, U2, U4 and U5 snRNPs are named Sm
proteins due to their recognition by anti-Sm autoantibodies (isolated from the serum of patients
with autoimmune diseases [35, 36].Eight proteins: B`, B, D1-D3, E, F and G have been charac‐
terized in human cells. All of the Sm core proteins are encoded by separate genes [37], with
the exception of B and B`. The B and B` that result from an alternative splicing of gene 6628
located on chromosome 20, locus 20p13, only differs in 11 amino acids at the C-terminus [38].
In neural tissues, SmN replaces SmB and SmB` [39]. Two sequence motifs, named Sm1 and
Sm2, are found in all known Sm proteins, what is reason that they are called Sm proteins [40].
The N terminal Sm1 motif is composed of 32 amino acids. The Sm2 motif, located closer to the
C terminus, is shorter spanning only 14 amino acids [35]. Sm motif 1 and Sm motif 2 are
separated by a linker of variable length. The alignment of the sequences of human Sm proteins
reveals a striking conservation of the two motifs. Majority of the Sm proteins have amino or
carboxy-terminal extensions.
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Figure 6. Primary and secondary structure of Sm proteins (Reprinted from reference 41). Amino acid sequence align‐
ment of the human Sm (D1, D2, D3, B/B`, E, F, and G) proteins with secondary structure elements. Wavy line, helix;
arrows, β strands. The β strands within the Sm1 and Sm2 motifs are colored blue and yellow, respectively. The β
strands and interconnecting loops are numbered consecutively from the N terminus. The conserved Sm1 and Sm2 mo‐
tifs are indicated and the conserved residues within these motifs are highlighted in blue (hydrophobic), grey (hydro‐
phobic, less well conserved), orange (neutral polar), red (basic) and green (acidic). (Reprinted from reference 41)

Solved structures of this protein family members (pdb codes: 1d3b,1b34,1hk9, 1h64,1i8f,1i4k,
1kq1,3bw1,1th7) show that the fold is highly conserved. It is defined by an N-terminal helix,
followed by a five-stranded anti-parallel β sheet. Strands β1, β2, and β3 are part of the Sm1
motif, whereas the Sm2 motif forms strands β4 and β5. The five stranded β sheet is strongly
bent in the middle and the conserved hydrophobic residues form a hydrophobic core [41].

The Sm proteins bind to the Sm site of U snRNAs [42]. The Sm site consensus sequence
(PuAU4-6GPu) has a central, uridine rich tract and flanking purines. In vitro studies reveal that
the single–stranded U rich region and the 5` adenosine of the Sm site play critical roles in Sm
protein assembly. The uridine bases and the 2` hydroxyl groups collectively provide binding
determinants [43]. In the absence of U snRNA, the seven Sm proteins form three stable
subcomplexes (D3B, or D3B’, D1D2, and EFG). These sub complexes then form a heptameric
ring around the snRNA Sm site, and as such the complex is termed the Sm core. SnRNP core
assembly is an ordered pathway that involves formation of a sub-core particle followed by
formation of the full Sm core, which promotes cap hypermethylation and pre-snRNP import
[44]. The Sm fold is necessary and sufficient for the formation of specific inter-subunit
interactions. Biochemical results indicate that there is one copy of each Sm protein in the snRNP
core domain and therefore support the heptameric ring model of the snRNP core domain [45].
None of the single Sm proteins has a known RNA recognition motif, so another type of
interactions with RNA must be involved. Crosslinking studies indicate that Sm motif 1 is
responsible for interactions with RNA, and Sm motif 2 for protein –protein interactions [43].
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The Sm proteins bind to the Sm site of U snRNAs [42]. The Sm site consensus sequence
(PuAU4-6GPu) has a central, uridine rich tract and flanking purines. In vitro studies reveal that
the single–stranded U rich region and the 5` adenosine of the Sm site play critical roles in Sm
protein assembly. The uridine bases and the 2` hydroxyl groups collectively provide binding
determinants [43]. In the absence of U snRNA, the seven Sm proteins form three stable
subcomplexes (D3B, or D3B’, D1D2, and EFG). These sub complexes then form a heptameric
ring around the snRNA Sm site, and as such the complex is termed the Sm core. SnRNP core
assembly is an ordered pathway that involves formation of a sub-core particle followed by
formation of the full Sm core, which promotes cap hypermethylation and pre-snRNP import
[44]. The Sm fold is necessary and sufficient for the formation of specific inter-subunit
interactions. Biochemical results indicate that there is one copy of each Sm protein in the snRNP
core domain and therefore support the heptameric ring model of the snRNP core domain [45].
None of the single Sm proteins has a known RNA recognition motif, so another type of
interactions with RNA must be involved. Crosslinking studies indicate that Sm motif 1 is
responsible for interactions with RNA, and Sm motif 2 for protein –protein interactions [43].
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Basic residues of human and yeast SmB, SmD1 and SmD3 are reported to be responsible for
import of the Sm core particle [45]. In vitro, the snRNP core domain can be assembled from
purified components [46]. Assembly of the spliceosomal class of snRNPs in vivo is an active
process that is mediated by several factors, including the product of the SMN gene (survival
of motor neurons gene). Mutations of SMN gene are responsible for spinal muscular atrophy
disease (SMA). Spinal muscular atrophy is an autosomal recessive disorder correlated with
loss of motor neurons, as a result of a mutation on the SMN gene [47]. The SMN protein is
ubiquitously expressed in all tissues of metazoan organisms reflecting the fact that it provides
a fundamental activity required by all cells. The SMN protein is predominantly cytosolic but
it is also found in the nucleus, namely in a few spherical nuclear domains that overlap with
the so-called Cajal bodies (where snRNPs and snoRNPs are localized). These spherical
domains have been called Gemini of Cajal bodies (Gems). Proteins associated with the SMN
protein are called Gemins. The SMN complex interacts in vitro with Sm and LSm proteins
which contain symmetrically methylated RG (arginine –glycine) repeats [48]. Symmetrically
methylated RG repeats of SmD1, SmD3 and LSm4 are generated by action of the so-called
methylosome [48,49].The SMN complex binds to the human hypermethylase which suggests
that SMN may have a role in formation of the snRNA m3G cap structure. It has been proposed
that after binding of SMN to the Sm core proteins, SMN promotes engagement of TGS1 to the
m7G-capped snRNP particle. According to that model, SMN dissociates from the C terminal
part of the B/B` Sm proteins followed by association of TGS1 and Sm core. This step allows
formation of the m3G-cap. The association of Snurportin 1 with the m3G-cap can promote
release of TGS1 and generate import-competent snRNP [50]. According to these data, the SMN
complex interacts with protein components of U snRNPs, but there are reports [51] on
sequence-specific interactions between U1 snRNA and the SMN complex. The nuclear

Figure 7. Proposed Higher-Order Assembly of the Human Core snRNP Proteins. The seven core Sm proteins (B/B`,
D1, D2, D3, E, F, and G) are arranged within the seven-membered ring based on the crystal structures of the
D1D2(1b34) and D3B (d3b)complexes and pairwise interactions deduced from biochemical and genetic experiments.
(Reprinted from reference 41)
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localization signal of U snRNP is composed of the U snRNAs 2,2,7 tri-methylguanosine cap
and Sm core domain. Snurportin 1 binds to the m3G cap but not to the Sm core. Snurportin1
has an N-terminal importin beta binding domain and a carboxy terminal m3G-cap binding
domain [52]. The Importin beta binding domain allows for snRNPs cargo to be imported in a
Ran independent fashion. After import of snRNPs into the nucleus, Snurportin1 dissociates
from its cargo and is exported back into the cytoplasm using Crm1, a receptor for leucine-rich
nuclear export signals [53]. The SMN complex not only mediates snRNP core assembly but is
an integral complex component during the entire snRNP core biogenesis in the cytoplasm.It
is not excluded that SMN is actually the long-sought Sm core nuclear localization signal
receptor [54].

Figure 8. Schematic model of the role of SMN in snRNP core biogenesis in the cytoplasm. (Reprinted from reference 54)

2.2. LSm proteins

Sm and Sm-like  proteins  are  found in  all  kingdoms of  life:  eukarya,  archaea  and bacteria.
These proteins were found even in Archaea.  Because Archaea have been proposed to be
related to the ancestor of the eukaryotic nuclear genome, this fact suggests that an LSm
protein gene was present in the last common ancestor. Archaebacteria harbour between one
and two genes  wich  encode  for  Sm motif  containing  proteins.  The  in  vivo  functions  of
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archaeal  Sm  proteins  remain  unknown  (in  constrast  to  the  eukaryotic  and  bacterial
homologs,  and fact  that  high resolution structure from archaeal  systems is  known (pdb
code 1ljo) [55]. LSm proteins have been identified in plants as well [56]. Eukaryotic genomes
have more than 20 Sm/LSm genes each, corresponding to the LSm and Sm proteins which
are components of Sm and LSm complexes. Database searches in the yeast genome, revealed
16 Sm motif containing proteins. Some Sm-like proteins were found to interact weakly with
some Sm proteins, most probably via non-specific Sm domain interactions [57], but some
of the LSm proteins interact with Sm proteins as part of U7 snRNP. In yeast there are nine
LSm  proteins,  in  humans  more  than  eight.  Each  of  the  human  LSm  proteins  has  one
orthologue  in  yeast.  Yeast  LSm2p-LSm7p  share  sequence  identity  with  human  LSm2-
LSm7 ranging from 41-62%. LSm9p appears to be present only in yeast. Yeast LSm8p aligns
best  with  human LSm8 (26% identity).  In  addition,  LSm proteins  are  highly  conserved
throughout  all  eukaryotic  kingdoms,  as  the  homologues  in  insect,  nematode  and  plant
database share between 50 and 75 % identity with their human counterparts. Each of the
LSm proteins in humans can clearly be best  aligned with one of  the canonical  Sm pro‐
teins. However, their sequence identities are not high enough to allow the conclusion that
LSm proteins undergo the same protein–protein interactions like Sm proteins [58].

Figure 9. Structural Alignment of Human Sm/LSm proteins

Similar to canonical Sm proteins, the LSm proteins are recognized by antibodies from patients
suffering from systemic lupus erythematosus (SLE) [59]. Sm/LSm proteins always appear as
homomeric (in the case of prokaryotes) or heteromeric (in eukaryotes) ringlike multimers.
These ring-shaped complexes, generally containing either six or seven subunits, are the
functional LSm protein unit. All canonical Sm proteins are essential for vegetative growth of
yeast. LSm proteins have variable effects after depletion in yeast. In mice embryos, LSm4-null
zygotes survived to the blastocyst stage, but died shortly after [60].
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2.3. Role of LSm 2-8 oligomers in U6snRNP assembly

The LSm2-8 complex was isolated from Hela cells nuclear extract in an RNA free form. Electron
micrographs revealed a doughnut–shaped heterooligomer, similar to the Sm core snRNPs [58].
LSm proteins have a high affinity for single-stranded oligo-U, but they do not recognize the
canonical Sm binding site. In yeast and humans, LSm2-8 forms a heteroheptameric ring around
the 3` end of U6 snRNA, consisting of a U rich tract. The Sm core RNP is extremely salt stable;
however, LSm-U6 snRNA dissociates at salt concentrations higher than 0.5M, or in the
presence of competitor RNA, suggesting that the LSm-U6 complex is less stable [58]. U6 snRNA
has no conserved Sm site and does not associate with Sm proteins. Its biogenesis pathway
differs in many respects from the U1, U2, U4 and U5snRNP pathways; it is transcribed by RNA
polymerase III and capped by γ-monomethyltriphosphate. The 3` end of pre-U6 snRNA is
elongated during maturation and subsequently trimmed leaving in most organisms a 2`-3`
cyclic phosphate. The enzymes involved in this process are specific for U6 snRNA, and U6
snRNA does not leave the nucleus [61]. Mature U6 snRNA shows nucleoplasmic localization
[62]. Experimental evidence suggests that U6 snRNA is present in the cytoplasmic compart‐
ment of mouse fibroblast cells [63]. This result suggests that the LSm2-8 complex may act as a
nuclear localization signal, but the cytoplasmic localization of the U6 snRNP is highly
questionable. The actual function of the LSm 2-8 complex associated with U6 snRNA appears
to be connected to U6 snRNP assembly and function. Mutants with decreased levels of LSm2-8
show splicing defects correlating with a reduced level of U6 snRNA. How the LSm2-8 complex
affects U6 snRNP remains unclear. One possibility is that LSm proteins facilitate conforma‐
tional rearrangements during the splicing cycle, U4/U6 annealing and formation of U4/U6/U5
tri-snRNP [64].

2.4. Role of LSm proteins in protecting mRNA 3` end termini from degradation

LSm proteins have additional roles apart from splicing. Yeast strains which lack LSm1-7p fail
to grow at higher temperatures, and accumulate mRNA shortened at the 3` end by 20-30
nucleotides. The simplest model proposes that LSm1-7 complex binds to the mRNA and
sterically inhibits endo and exo-nucleases. Nuclear LSm2-8 binds to the U6 snRNA 3` end,
suggesting, that LSm2-8 protects the 3` end of U6 snRNA from degradation [65].

2.5. Role of LSm oligomer proteins in U8 snoRNP organization

U8 snoRNP is required for processing of 5.8S and 28S rRNAs, which together with the 5S rRNA
build up the large ribosomal subunit. In Xenopus extract, LSm2, 3, 4, 6, 7, and 8 are bound as
hetero hexamer to U8 snoRNA on the conserved third stem-loop sequences [66].

2.6. LSm oligomers as part of U7 snRNP

Maturation of the non-polyadenylated histone mRNAs 3' ends occurs by endonucleolytic
cleavage mediated by U7 snRNP [67]. U7 snRNA contains a non-canonical Sm site. Purified
U7 snRNP lacks D1 and D2 proteins but has LSm10 (14kDa) and LSm 11 (50kDa) instead [68].
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2.7. LSm protein oligomers in mRNA degradation

Yeast  two  hybrid  assays  reveal  multiple  interactions  between  the  eight  LSm  proteins,
suggesting the existence of more than one LSm protein complex. Each human LSm protein
is capable of interacting with multiple other LSm proteins and splicing factors, like prp24,
prp4, and SmD1 [69].  Coprecipitation experiments demonstrated that LSm1p (LSmXp, is
the nomenclature for yeast LSm proteins) together with LSm2p-LSm7p forms a new seven-
subunit  complex [70,  71].  The LSm complex LSm1-7 plays a role in mRNA degradation
[72],  and  LSm2-8  has  a  role  in  the  stabilization  of  U6  snRNP.  These  two protein  com‐
plexes thus have very different functions. LSm1p mutants accumulate full length capped
transcripts,  but  mutations on LSm1p do not  stabilize  mRNA containing premature stop
codons, suggesting that the LSm1-7 complex is not involved in NMD [71]. The function of
the  LSm1-7  complex  is  most  likely  to  interact  with  the  mRNA substrate  and accelerate
decapping.  Decapping is  mediated by a  decapping enzyme that  is  consisting of  Dcp1a,
Dcp1b,  and  the  catalytic  subunit  Dcp2.  The  LSm1-7  proteins  are  localized  in  discrete
cytoplasmic foci. The foci contain key decapping factors required for 5`-3` mRNA degrada‐
tion.  Coexpression  of  LSm  proteins  increases  the  number  of  foci.  The  cytoplasmic  foci
contain LSm1-7 proteins [73]. LSm1 and LSm8 are closely related to each other, and to the
SmB protein. The 33 C terminal amino acids of LSm1 are necessary but not sufficient for
proper cellular localization of hLSm1 [73]. Finally it has been demonstrated [73] that the
foci are actual degradation centers, where mRNA degradation occurs. This suggests that
the cytoplasm of  cells  is  more organized than previously thought.  Bacterial  Hfq protein
(pdb 1hk9) is able to chaperone RNA-RNA interactions similarly like LSm proteins ability
to chaperone RNA/protein interactions and protect the 3' end of a transcript from exonucleo‐
lytic decay while encouraging degradation through other pathways [74].

2.8. LSm proteins in the processing of pre-tRNAs

It has been reported that depletion of LSm proteins in yeast leads to strong accumulation of
unspliced tRNA species. The absence of LSm proteins most probably alters the pattern of
processing intermediate [75].

2.9. LSm 2-7 complex associated with snR5

An LSm2-7 hexameric complex is found to be associated with snR5 in Saccharomyces cerevi‐
siae. This RNA is a member of the class of snoRNAs that function in pseudouridylation of
rRNA. The SnR5 associated LSm complex may be a hexamer, but it is not excluded that one
LSm protein in this complex is present in more than one copy, or an as yet unidentified yeast
protein associates with LSm2-7, thereby closing the heptameric ring [76]. LSm2-8 interacts with
external 3` sequences on U6 snRNA. The LSm1-7 complex interacts with 3` UTR mRNA but
there could well be secondary structure elements between the LSm1-7 binding site and the
mRNA 3’ end. U8snoRNA and snR5 bind LSm proteins via internal RNA sequences, suggest‐
ing that LSm rings can assemble onto the RNA. LSm proteins have a role in the biogenesis and
function of at least a subset of nucleolar RNAs. One possibility is that LSm proteins assist base
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pairing of snoRNAs with their rRNA targets, to conduct pseudouridylation and ribose
modifications.

Figure 10. Three different heptameric complexes contain Sm or LSm proteins, reprinted from [71]

A particularly interesting example of forming higher order complexes-oligomers is the
Sm/LSm protein family (whose various complexes are described above), whose members are
engaged in a variety of RNA processing events, forming complexes which differ sometimes
only by one out of seven subunits. Another important aspect of the Sm/LSm protein family is
that these proteins never occur in isolation; for proper functioning they require complex
formation. Hence, the way to better understand Sm/LSm protein function is to study Sm/LSm
complexes. It is difficult to determine the connection between the oligomeric state of a given

Oligomerization of Biomacromolecules – Example of RNA Binding Sm/LSm Proteins
http://dx.doi.org/10.5772/57592

227



2.7. LSm protein oligomers in mRNA degradation

Yeast  two  hybrid  assays  reveal  multiple  interactions  between  the  eight  LSm  proteins,
suggesting the existence of more than one LSm protein complex. Each human LSm protein
is capable of interacting with multiple other LSm proteins and splicing factors, like prp24,
prp4, and SmD1 [69].  Coprecipitation experiments demonstrated that LSm1p (LSmXp, is
the nomenclature for yeast LSm proteins) together with LSm2p-LSm7p forms a new seven-
subunit  complex [70,  71].  The LSm complex LSm1-7 plays a role in mRNA degradation
[72],  and  LSm2-8  has  a  role  in  the  stabilization  of  U6  snRNP.  These  two protein  com‐
plexes thus have very different functions. LSm1p mutants accumulate full length capped
transcripts,  but  mutations on LSm1p do not  stabilize  mRNA containing premature stop
codons, suggesting that the LSm1-7 complex is not involved in NMD [71]. The function of
the  LSm1-7  complex  is  most  likely  to  interact  with  the  mRNA substrate  and accelerate
decapping.  Decapping is  mediated by a  decapping enzyme that  is  consisting of  Dcp1a,
Dcp1b,  and  the  catalytic  subunit  Dcp2.  The  LSm1-7  proteins  are  localized  in  discrete
cytoplasmic foci. The foci contain key decapping factors required for 5`-3` mRNA degrada‐
tion.  Coexpression  of  LSm  proteins  increases  the  number  of  foci.  The  cytoplasmic  foci
contain LSm1-7 proteins [73]. LSm1 and LSm8 are closely related to each other, and to the
SmB protein. The 33 C terminal amino acids of LSm1 are necessary but not sufficient for
proper cellular localization of hLSm1 [73]. Finally it has been demonstrated [73] that the
foci are actual degradation centers, where mRNA degradation occurs. This suggests that
the cytoplasm of  cells  is  more organized than previously thought.  Bacterial  Hfq protein
(pdb 1hk9) is able to chaperone RNA-RNA interactions similarly like LSm proteins ability
to chaperone RNA/protein interactions and protect the 3' end of a transcript from exonucleo‐
lytic decay while encouraging degradation through other pathways [74].

2.8. LSm proteins in the processing of pre-tRNAs

It has been reported that depletion of LSm proteins in yeast leads to strong accumulation of
unspliced tRNA species. The absence of LSm proteins most probably alters the pattern of
processing intermediate [75].

2.9. LSm 2-7 complex associated with snR5

An LSm2-7 hexameric complex is found to be associated with snR5 in Saccharomyces cerevi‐
siae. This RNA is a member of the class of snoRNAs that function in pseudouridylation of
rRNA. The SnR5 associated LSm complex may be a hexamer, but it is not excluded that one
LSm protein in this complex is present in more than one copy, or an as yet unidentified yeast
protein associates with LSm2-7, thereby closing the heptameric ring [76]. LSm2-8 interacts with
external 3` sequences on U6 snRNA. The LSm1-7 complex interacts with 3` UTR mRNA but
there could well be secondary structure elements between the LSm1-7 binding site and the
mRNA 3’ end. U8snoRNA and snR5 bind LSm proteins via internal RNA sequences, suggest‐
ing that LSm rings can assemble onto the RNA. LSm proteins have a role in the biogenesis and
function of at least a subset of nucleolar RNAs. One possibility is that LSm proteins assist base

Oligomerization of Chemical and Biological Compounds226

pairing of snoRNAs with their rRNA targets, to conduct pseudouridylation and ribose
modifications.

Figure 10. Three different heptameric complexes contain Sm or LSm proteins, reprinted from [71]

A particularly interesting example of forming higher order complexes-oligomers is the
Sm/LSm protein family (whose various complexes are described above), whose members are
engaged in a variety of RNA processing events, forming complexes which differ sometimes
only by one out of seven subunits. Another important aspect of the Sm/LSm protein family is
that these proteins never occur in isolation; for proper functioning they require complex
formation. Hence, the way to better understand Sm/LSm protein function is to study Sm/LSm
complexes. It is difficult to determine the connection between the oligomeric state of a given

Oligomerization of Biomacromolecules – Example of RNA Binding Sm/LSm Proteins
http://dx.doi.org/10.5772/57592

227



protein and its function in vivo. Reconstitution in vitro of two human LSm complexes with
seven subunits each, LSm1-7 and LSm 2-8, has been described [77, 78, 79]. The LSm2-8 complex
binds to the 3’-end of U6 snRNA in the cell nucleus. The closely related cytoplasmic
LSm1-7complex binds to the 3’UTR of mRNAs destined for degradation. Remarkably, LSm1-7
differs from LSm2-8 only by the exchange of one single subunit, LSm1 for LSm8.

Sequence comparisons of the yeast LSm protein family indicate that each canonical Sm protein
has a corresponding LSm protein with the exception of SmB, which aligns almost equally well
with LSm1 and LSm8. Based on sequence comparisons co expression vectors encoding the
homologs of SmD1D2, LSm23, of SmD3B, LSm48, and of SmEFG, LSm567 were constructed
and proteins were expressed in bacteria [77]. LSm4 and LSm1 were singly over expressed for
the reconstitution of LSm1-7 [77].

Two heteroheptameric complexes LSm1-7 and LSm2-8 were reconstituted from two hetero‐
dimers and one heterotrimer in case of LSm2-8 (LSm2-3, LSm4-8, LSm5-6-7) and one hetero‐
trimer, one heterodimer and two proteins singly expressed (LSm2-3, LSm5-6-7, LSm1, LSm8).
Reconstitution of heteroheptamers was achieved by mixing of equimolar amounts of each
appropriate protein at 37°C adding 4 M urea in order to disrupt higher order structures,
because those proteins have tendency to oligomerize. After incubation, mixture of pure
recombinant proteins was dialyzed against native buffer. Mixture was applied on to size
exclusion chromatography, followed by the anion exchange chromatography. Last step in
purification of homogenous heteroheptamers was size exclusion chromatography (peak
profile shown on figure 11., and respective fractions were analyzed on polyacrylamide gel
(shown of figure 12).
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Figure 11. Second size exclusion chromatography step

Negative stain electron micrographs show that reconstituted LSm2-8 has a ring-like architec‐
ture with a diameter of about 8 nm. The overall dimensions are similar to those previously
observed for the native LSm2-8 complex isolated from HeLa cell nuclear extract (8 nm) and
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core snRNP domain [58]. The central cavity observed for the recombinant LSm2-8 complex is
larger than in the native LSm2-8 complexes (3 vs. 2 nm, respectively). The LSm1-7 rings appear
to be slightly smaller, measuring ~ 7 nm across with a pore diameter of less than 1.5 nm. Thus,
recombinant LSm1-7 and LSm2-8 complexes are similar to one another and to the native
Sm/LSm complexes at this level. In all LSm co-crystal structures solved with RNA oligonu‐
cleotides, the RNA molecules mainly wrap around the rim of the pore.

One of the methods which can be used for the identification and characterization of the RNA
binding proteins is the electrophoretic mobility shift assay (EMSA). The basis of this method
is the change in the electrophoretic mobility of a nucleic acid molecule upon binding to a
protein or another molecule. Initially a labeled RNA, which contains the binding sequence, is
incubated with a sample containing the RNA binding proteins and the mixture is then
analyzed on a non-denaturing gel. The unbound RNA will have a characteristic electrophoretic
mobility. Functionality of reconstituted LSm2-8 and LSm1-7 complexes has been demonstrated
using this essay in vitro [77]. That oligomer complexes are functional in vivo has been shown
[77], by injecting fluorescently labeled complexes into cytoplasm of living cells. They localized
in expected cellular compartment, namely LSm 2-8 took nuclear localization and LSm1-7
complex remained in the cytoplasm. The structure-function relationships within the Sm/LSm
protein family reflect three major interconnected features which illustrate why it is so impor‐
tant to solve the structures of Sm/LSm hetero-oligomeric complexes: First, Sm/LSm protein
function is in general strictly dependent on complex formation. This holds for RNA binding,
Sm/LSm-protein containing RNP biogenesis, interaction with non-Sm protein effector pro‐
teins, and RNA processing activity. The required interaction interfaces are apparently always
three dimensional structural sites generated from several Sm/LSm subunits. High resolution

Figure 12. SDS PAGE gel
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structural information is clearly required to explain the molecular basis for this phenomenon.
Second, exchange of only one or two subunits from one to another heterooligomeric (mostly
heptameric) Sm/LSm complex changes its whole biology (see above). How such subtle
structural changes can have these very large functional effects can only be addressed by solving
the crystal structures of the respective complexes. Lastly, the ability of individual Sm/LSm
proteins to assemble with different homologous binding partners to form architecturally very
similar, yet functionally diverse complexes argues for a very fine balance between flexibility
and specificity for the respective Sm-Sm interactions. Clearly, in order to understand the
“molecular recognition code” governing the specificity balance mentioned above, more
structural information on such interactions is indispensable. Recently crystal structure of
Saccharomyces cerevisiae LSm2-8 complex bound to U6 snRNA had been determined (pdb
code 4M7D) [80].
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structural information is clearly required to explain the molecular basis for this phenomenon.
Second, exchange of only one or two subunits from one to another heterooligomeric (mostly
heptameric) Sm/LSm complex changes its whole biology (see above). How such subtle
structural changes can have these very large functional effects can only be addressed by solving
the crystal structures of the respective complexes. Lastly, the ability of individual Sm/LSm
proteins to assemble with different homologous binding partners to form architecturally very
similar, yet functionally diverse complexes argues for a very fine balance between flexibility
and specificity for the respective Sm-Sm interactions. Clearly, in order to understand the
“molecular recognition code” governing the specificity balance mentioned above, more
structural information on such interactions is indispensable. Recently crystal structure of
Saccharomyces cerevisiae LSm2-8 complex bound to U6 snRNA had been determined (pdb
code 4M7D) [80].
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1. Introduction

Protein oligomerization is a wide and fascinating topic concerning the behavior of proteins
that can form supramolecular structures, either naturally or artificially. Proteins can homo- or
hetero-oligomerize through a covalent, almost always irreversible stabilization, or through
often reversible associations mediated by electrostatic and hydrophobic interactions, or H-
bonds. The structural and functional aspects of protein oligomerization have acquired
increasing importance especially in the last two decades. The improvement of the X-ray
analyses quality, and NMR potential, as well as the incoming of dynamic light scattering (DLS)
or surface Plasmon resonance (SPR) techniques allowed to understand features unknown
before or to correct notions that were wrongly believed true. Protein oligomerization is often
a phenomenon crucial in triggering various physiological pathways. On the contrary, in
different compartments other protein oligomers can be the first deleterious seed driving to
protein fibrillization, an event implicated in several devastating neurodegenerative diseases.
In the latter case, the isolation and analysis of the oligomeric species, considered as the real
toxic agents, remained elusive for a long time. Only very recently new techniques, such as
solid-state NMR, Cryo-transmission electron microscopy (Cryo-TEM), High-Resolution
Atomic-Force Spectroscopy, Molecular Modeling, allowed to discover structural and func‐
tional data that can clarify the determinants of a very complicated pathway.

Under the light of these recent discoveries, the chapter aims at exploring the most important
structural and functional aspects of natural or artificial oligomers.

In the first paragraph after this we introduce a tentative rationalization of the terms related to
the wide world of protein oligomerization; in the second we unveil the structural and mech‐
anistic features of the different protein oligomers that can natively or artificially form; in the
third we analyze the stability of protein oligomers and the factors influencing or affecting it;
in the fourth we describe the functional (benign) versus the aberrant interactions determined

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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by protein oligomerization; in the fifth paragraph, finally, some hints related to possible
industrial applications of protein oligomers will be mentioned.

Numerous cases and literature reports related to different protein will be described, especially
the ones whose oligomers have been extensively studied. In this context, ribonucleases
(RNases), and ribonuclease A in particular, which have become useful and interesting models,
will be considered.

2. Natural and/or artificial protein polymers: Oligomers, multimers,
aggregates, fibrils; tentative definitions and classifications

Before describing and analyzing the protein oligomerization events in detail, some definitions
are necessary.

First of all, proteins can self- or cross-associate either naturally or artificially. The artificial
phenomenon can occur when the environmental conditions of a protein solution are changed,
or cross-linking chemical reaction(s) are introduced.

If a monomeric protein, i.e., lacking quaternary structure, is considered as the starting species,
we can obtain the first polymeric seed when a dimer, or different dimers, form. Then, poly‐
merization can continue towards trimer(s), tetramer(s), up to decamer(s) and so on. All these
protein species are polymers that in the literature are termed, in turn, oligomers, multimers,
or large aggregates, protofibrils and fibrils. The smallest subset of different subunits forming
an oligomer is the structural unit of an oligomeric protein, and can also be called protomer. A
promoter can be a protein subunit or several different subunits that assemble(s) in a defined
stoichiometry to form an oligomer. For example, hemoglobin consists of four subunits, two
α-chains and two β-chains. The oligomer stoichiometry is thus α2β2. Hemoglobin is a hetero‐
tetramer, but it is also a dimer of two αβ-protomers. Several authors use the terms protein
oligomers, multimers or aggregates, to define protein species that range between a dimer and
a proto-fibril. Consequently, the reader cannot withdraw the right meaning of what is reported
unless from the context in which these terms are used. These different definitions are due to
the lack of a clear-cut terminology assignment to the various supra-molecular protein products
forming.

Although the elegant classification of homomers recently reported by Levy & Teichmann [1]
is based on the symmetry and size of the structures, i.e., the number of subunits, it does not
distinguish between homo-oligomers and large homo-polymers. Thus, we introduce here a
tentative rationalization of the terminologies. In addition, rules that may help to assign the
right terminology are lacking also because protein oligomers can be distinguished in two
different ways: a) on the basis of the number of subunits forming the polymer (i.e., on the basis
of the polymerization degree) or b) on the basis of the molecular weight (M.W.) of the polymer.

These two different approaches represent the principal controversy that may generate
confusion. In fact, if an oligomer can be formed by two to eight-ten protein subunits, a protein
of 50 kDa can be considered oligomeric also when its M.W. reaches 400-500 kDa. Instead, a 10

Oligomerization of Chemical and Biological Compounds240

kDa protein is oligomeric when it reaches a weight of 80-100 kDa. On the contrary, if the
oligomeric limit were a MW of, hypothetically, 100 kDa, the former protein would be larger
than an oligomer already at a trimeric status, while the latter would be an oligomer also when
composed by ten subunits, thus being a decamer. Protein oligomerization is heavily involved
also in the formation of amyloidogenic (or not) fibrils, and in this scenario it is difficult to find
the most appropriate terms able to indicate oligomers or other supramolecular structures
preceding fibrillization [2] because of the transient nature of these structures. Moreover, it is
almost impossible to determine the exact number of subunits forming a fibril, although the
main criterion to distinguish an oligomer from a fibril is that the former is soluble, while the
latter is not.

Consequently, the M.W. classification (low-molecular/high-molecular weight oligomers)
becomes prevalent in the ‘fibrillization’ context [3, 4], while the classification based on the
polymerization degree [5, 6] can be useful in the context of natural or artificial, limited or
controlled, self- or hetero-protein(s) association.

To make the story short and to tangibly classify the protein polymerization (oligomerization)
events we can enter two paths, one following controlled oligomerization, the other trapping
protein oligomers before undergoing fibrillization and using Aβ-amyloid peptide of 40-42
residues as the monomeric unit [7]. From these two different, although possibly overlapping
terminologies, although referring to different structures and/or structural elements, the
following classification could be adopted:

1. Limited protein polymerization (not resulting in fibers)

a. Oligomers: from dimer(s) to pentamer(s)

b. Multimers or higher-order oligomers: from hexamer(s) to pentadecamers

c. Very large oligomers or large multimers: from pentadecamers up to more than
20-30mers.

2. Uncontrolled and extensive oligomerization driving to fibrillization:

a. (Aβ) Pre-Fibrillar Oligomers: from a tetramer of 18 kDa to structures of about 75 kDa
[7].

b. (Aβ) Fibrillar Oligomers: from a dimer or a tetramer of 9-18 kDa to structures of about
500 kDa [7].

c. Proto-fibrils: structures lacking order and periodic symmetry of mature fibrils;
shorter and less linear than fibrils [8], and often deriving from ‘globulomers’ [9] or
‘annular oligomers’ [10], already called ‘ring-like shaped’ annular aggregates [11].

d. Fibrils: ordered, symmetrical, long, varying in length, extending towards several
micrometers [12], stacked filaments of unbranched cross-β-spine [13] pairs, ranging
from about 60 up to 200 Å in diameter or width [8, 14].

Thus, different types of oligomers deriving from the same protein or domain can certainly
overlap in terms of size and M.W. Consequently, it has to be also taken into account that the
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same protein can be considered as to be fibrillogenic or not fibrillogenic not only on the basis
of its dimensions or M.W., but also because of its morphology, toxicity, pathway of formation,
or method of artificial formation of its oligomers [2, 7, 8]. Furthermore, these supramolecular
species can be toxic or harmless provided they satisfy, or not, some requisites [2, 15] that will
be discussed in the following paragraphs.

Based on what it has been reported, the terms oligomers or others related to supramolecular
protein structures may be still somehow misleading and equivocal. Anyway, the tentative
classification here proposed and based on two different contexts, i.e., fibrillogenesis or not,
will be used in the following paragraphs.

3. Protein oligomers

3.1. Homo/hetero-dimeric or oligomeric proteins

Several studies have been focused, especially in the last two decades, on the features of homo-
polymeric or, more precisely, homo-oligomeric proteins, i.e., supramolecular structures
formed by self-associating proteins. In this context, a great amount of structural, mechanistic,
physicochemical, and functional elements have been discovered and elucidated as important
determinants which tune and control protein self-association.

Instead, except the very well known heterotetrameric hemoglobin, less is known about hetero-
oligomeric protein complexes. These hetero-structures refer to chains of different sequences,
which undergo association pathway in a way less statistically favorable and easily controllable,
either qualitatively or quantitatively, than protein self-association. Nevertheless, protein
hetero-oligomerization represents a very important phenomenon in the formation of molec‐
ular machines, like for motor proteins (kinesin, microtubules,), or, alternatively, can be
obtained artificially by the use of asymmetric bifunctional reagents, while new discoveries of
natural hetero-protein association events lighted up again the interest over this topic.

3.2. Covalently linked oligomers

Although not very frequently, protein cross-linking can occur naturally forming covalently
linked species that display quaternary structures, or active covalent complexes starting from
inactive monomeric precursors. Post-transduction modifications, photochemical event(s), or
co-enzyme binding (i.e., going from apo-to holo-forms), can also induce protein self-or cross-
linking.

Natural cross-linking can sometimes occur through free cysteines of two different subunits
that can couple to form intermolecular disulfides depending on the redox state of the envi‐
ronment. This is the case, for example, of bovine seminal RNase (BS-RNase), the unique
member of the large pancreatic-type secretory ribonuclease super-family which is dimeric in
nature [16]. Other proteins that can form covalent supramolecular structures are structural
proteins such as collagen or elastin, the latter forming or disrupting in tissues or vessels
desmosine bridges forming between lysine residues after elastic stress or relaxation [17].
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Alternatively, artificial cross-linking(s) can produce oligomers after the reaction of a protein
with dehydrating molecules, such as EDC or carbodihymides in general, or through the use
of several bifunctional reagents, such as dialdehydes or diimidoesters [18, 19]. These two latter
chemicals display two terminal reactive groups separated by a variable number of unreactive
spacers, such as methylenes. They are often symmetric, but sometimes asymmetric. The
alternative use of them becomes advantageous depending on the goal to be reached, as for
example for a homo-or hetero-protein cross-linking, respectively.

Some of these different reagents were extensively used already in the late ‘50s and ‘60s to
produce protein oligomers that have been useful, after limited proteolysis, to study protein
primary and tertiary structures, and, thus, protein conformations. Later, the formation of
covalently linked oligomers allowed sometimes the production of protein derivatives with
increased activity, and also higher stability against proteases, and so on.

One of the first class of reagents used in protein cross-linking were dialdehydes, such as
glutaraldehyde (Figure 1 a) or diimidoesters [19], like dimethyladipimidate, dimethylpimeli‐
midate and dimethylsuberimidate (Figure 1 b).

Both classes of these cross-linkers react mainly with lysine residues, which act as nucleophyles
towards the aldehydic or imidic carbon of the cross-linker (Fig. 1 c) under slightly basic
environmental conditions (pH ranging from 7.5 to 8.5-9). By this reaction a yield of more than
20% of dimers can be obtained, as well as a decreasing amount of trimers, tetramers and traces
of higher-order oligomers.

Figure 1. (a) Glutaraldehyde. (b) Diimidoesters: n=4, dimethyl-adipimidate; n=5,-pimelimidate; n=6,-suberimidate. (c)
Mechanism of reaction of a protein with an imidoester (dimethylsuberimidate).

The advantage represented by diimidoesters with respect to dialdehydes, like glutaraldehyde,
is that the latters are toxic, generally more reactive than diimidoesters and consequently often
able to introduce unwanted changes in a protein. Moreover, sometimes they strongly drive
towards side intramolecular reactions with a possible inactivation of the protein. Diimidoesters
reactivity, on the contrary, can be better controlled although protein lysines may be modified,
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be discussed in the following paragraphs.

Based on what it has been reported, the terms oligomers or others related to supramolecular
protein structures may be still somehow misleading and equivocal. Anyway, the tentative
classification here proposed and based on two different contexts, i.e., fibrillogenesis or not,
will be used in the following paragraphs.

3. Protein oligomers

3.1. Homo/hetero-dimeric or oligomeric proteins

Several studies have been focused, especially in the last two decades, on the features of homo-
polymeric or, more precisely, homo-oligomeric proteins, i.e., supramolecular structures
formed by self-associating proteins. In this context, a great amount of structural, mechanistic,
physicochemical, and functional elements have been discovered and elucidated as important
determinants which tune and control protein self-association.

Instead, except the very well known heterotetrameric hemoglobin, less is known about hetero-
oligomeric protein complexes. These hetero-structures refer to chains of different sequences,
which undergo association pathway in a way less statistically favorable and easily controllable,
either qualitatively or quantitatively, than protein self-association. Nevertheless, protein
hetero-oligomerization represents a very important phenomenon in the formation of molec‐
ular machines, like for motor proteins (kinesin, microtubules,), or, alternatively, can be
obtained artificially by the use of asymmetric bifunctional reagents, while new discoveries of
natural hetero-protein association events lighted up again the interest over this topic.

3.2. Covalently linked oligomers

Although not very frequently, protein cross-linking can occur naturally forming covalently
linked species that display quaternary structures, or active covalent complexes starting from
inactive monomeric precursors. Post-transduction modifications, photochemical event(s), or
co-enzyme binding (i.e., going from apo-to holo-forms), can also induce protein self-or cross-
linking.

Natural cross-linking can sometimes occur through free cysteines of two different subunits
that can couple to form intermolecular disulfides depending on the redox state of the envi‐
ronment. This is the case, for example, of bovine seminal RNase (BS-RNase), the unique
member of the large pancreatic-type secretory ribonuclease super-family which is dimeric in
nature [16]. Other proteins that can form covalent supramolecular structures are structural
proteins such as collagen or elastin, the latter forming or disrupting in tissues or vessels
desmosine bridges forming between lysine residues after elastic stress or relaxation [17].
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Alternatively, artificial cross-linking(s) can produce oligomers after the reaction of a protein
with dehydrating molecules, such as EDC or carbodihymides in general, or through the use
of several bifunctional reagents, such as dialdehydes or diimidoesters [18, 19]. These two latter
chemicals display two terminal reactive groups separated by a variable number of unreactive
spacers, such as methylenes. They are often symmetric, but sometimes asymmetric. The
alternative use of them becomes advantageous depending on the goal to be reached, as for
example for a homo-or hetero-protein cross-linking, respectively.

Some of these different reagents were extensively used already in the late ‘50s and ‘60s to
produce protein oligomers that have been useful, after limited proteolysis, to study protein
primary and tertiary structures, and, thus, protein conformations. Later, the formation of
covalently linked oligomers allowed sometimes the production of protein derivatives with
increased activity, and also higher stability against proteases, and so on.

One of the first class of reagents used in protein cross-linking were dialdehydes, such as
glutaraldehyde (Figure 1 a) or diimidoesters [19], like dimethyladipimidate, dimethylpimeli‐
midate and dimethylsuberimidate (Figure 1 b).

Both classes of these cross-linkers react mainly with lysine residues, which act as nucleophyles
towards the aldehydic or imidic carbon of the cross-linker (Fig. 1 c) under slightly basic
environmental conditions (pH ranging from 7.5 to 8.5-9). By this reaction a yield of more than
20% of dimers can be obtained, as well as a decreasing amount of trimers, tetramers and traces
of higher-order oligomers.

Figure 1. (a) Glutaraldehyde. (b) Diimidoesters: n=4, dimethyl-adipimidate; n=5,-pimelimidate; n=6,-suberimidate. (c)
Mechanism of reaction of a protein with an imidoester (dimethylsuberimidate).

The advantage represented by diimidoesters with respect to dialdehydes, like glutaraldehyde,
is that the latters are toxic, generally more reactive than diimidoesters and consequently often
able to introduce unwanted changes in a protein. Moreover, sometimes they strongly drive
towards side intramolecular reactions with a possible inactivation of the protein. Diimidoesters
reactivity, on the contrary, can be better controlled although protein lysines may be modified,
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and allows to maintain the overall charge of the protein unmodified. Consequently, despite
the oligomeric yields obtained with diimidoesters are lower than those of dialdehydes, the
products obtained are more specific and active than the ones obtained with the latters. Finally,
the longer the spacer, the higher the intermolecular yield and the less rigid oligomeric product
obtainable [19]. Thus, dimethylsuberimidate is more useful to artificially oligomerize a protein
than the other shorter diimidoesters mentioned above.

Other reagents that can be useful to obtain protein oligomers are the bifunctional N-substituted
maleimide derivatives [20], such as N,N’1,2-or 1,3-or 1,4phenyldimaleimide (orto-meta-para-
PDM) (Figure 2 a-c), or derivatives displaying spacers of varying length between the two
reactive maleimides (Figure 2 d-f). The reaction occurs between the maleimide and the free
sulfhydryl group of a cysteine of the protein as an addiction which saturates the double link
of the maleimide conjugated with two carbonyls (Figure 2 g) [20].

The cross-linking event can be irreversible or reversible. Reversibility can be favored, for
example, by the use of spacers containing disulfide bonds (Figure 2 g). These “redox” spacers
can be applied to all bifunctional reagents displaying spacers if the reversibility of the reaction
is desired, and are very tricky for asymmetric bifunctional linkers.

Figure 2. Some bifuctional maleimides.(a), (b), (c) orto-meta-para N, N’phenylenemaleimmide (o,m,pPDM); (d) 1,4-
bismaleimidobutane (BMB); (e) 1,8-bismaleimidotriethyleneglycol (BM[PEO]3); (f) dithio-bis-maleimidoethane (DMTE);
(g) Reaction of a bis-maleimide derivative with sulfhydryl groups (free, reduced cysteines). Figure adapted from [20].

This can allow, for example, to obtain species that need to be driven inside cells as heterodimers
and then to be released as dissociated monomers exploiting the reducing environment of the
cytosol. Thus, spacers containing disulfides can be applied to all bifunctional reagents if the
reversibility of the reaction is desired.

Asymmetric bifunctional reagents can be very useful to covalently link antibodies or part of
them (light/heavy chains) with proteins, protein domains, or toxins, or whatever of biological
interest. They can be a combination of maleimides or succinimides displaying or not dithio-
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derivatives in the spacers, and coupled, in the second terminus, with imidoesters, diones,
thiones, 2-iminothiolane, etc. Almost all of these bifunctional cross-links foresee a two-step
reaction in which one of the partners is firstly modified and activated (for example, with 2-
iminothiolane) in order to become able to react with the appropriate partner and form the new
hetero-dimeric adduct. Some of the most important reactants used for artificial heterodimer‐
ziation are 1-(3-((2,5-Dioxopyrrolidinyl)oxy-carbonyl)phenyl)-1H-pyrrole-2,5-dione (MBS) N-
succinimidyl-3-(2-pyridyldithio)propionate (SPDP), S-4-succinimidyloxycarbonyl-α-methyl
benzyl thiosulfate (SMBT), or 4-succinimidyloxycarbonyl-α-methyl-α(2pyridyldithio)toluene
(SMPT). The details of these hetero-oligomerization reactions are beyond the aim of this
chapter but are clearly described in the review of Fracasso and colleagues [21].

Again, also another dione, 4-phenyl, 1,2,4-triazoline-3,5-dione (PTD), structurally similar to
maleimides but containing nitrogens in the pentagon ring, can be useful to covalently cross-
link proteins through amino-groups [22].

Other important bifunctional reagents are carbodiimides (R1-N=C=C-R2
+), such as EDC, which

exploits its dehydrating power to create new isopeptide bonds between the side chains of Lys
and Glu or Asp residues of proteins [23], thus producing a “zero-length” cross-linking. This
reagent can be very useful to covalently fix previously formed oligomeric protein aggregates
[24] and allows to avoid unwanted insertions of chemicals or net charge modifications in the
protein complex.

Divinyl sulfone (DVS) [25] and dinitrodifluorobenzene (DFDNB) [26] are two bifunctional
reagents that deserve to be mentioned (Figure 3). They lack spacers, and to stabilize preformed
structures without affecting oligomers’ conformations [25, 27-29].

Figure 3. (a) Divinyl sulfone (DVS). (b) Dinitrodifluorobenzene (DFDNB)

DVS is specific for histidines, while DFDNB reacts with lysines. The limited dimensions of
both molecules allow cross-linking only between residues that are very close to each other. For
this reason subsequent chromatographic or electrophoretic analyses can highlight important
conformational features of the protein or its oligomers. The cross-linking can drive towards
intra-or inter-molecular adducts, thus revealing if the protein was monomeric or already
oligomeric before the covalent stabilization [25].

Finally, covalent protein “zero-length” oligomerization can be obtained, without chemicals,
by sealing a lyophilized protein under vacuum at high temperature, up to 85 °C, for 24-96
hours [30]. This process permits to obtain dimers, trimers, and traces of tetramers of ribonu‐
clease A (RNase A) and lysozyme, without the introduction of chemical groups which could
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and allows to maintain the overall charge of the protein unmodified. Consequently, despite
the oligomeric yields obtained with diimidoesters are lower than those of dialdehydes, the
products obtained are more specific and active than the ones obtained with the latters. Finally,
the longer the spacer, the higher the intermolecular yield and the less rigid oligomeric product
obtainable [19]. Thus, dimethylsuberimidate is more useful to artificially oligomerize a protein
than the other shorter diimidoesters mentioned above.

Other reagents that can be useful to obtain protein oligomers are the bifunctional N-substituted
maleimide derivatives [20], such as N,N’1,2-or 1,3-or 1,4phenyldimaleimide (orto-meta-para-
PDM) (Figure 2 a-c), or derivatives displaying spacers of varying length between the two
reactive maleimides (Figure 2 d-f). The reaction occurs between the maleimide and the free
sulfhydryl group of a cysteine of the protein as an addiction which saturates the double link
of the maleimide conjugated with two carbonyls (Figure 2 g) [20].

The cross-linking event can be irreversible or reversible. Reversibility can be favored, for
example, by the use of spacers containing disulfide bonds (Figure 2 g). These “redox” spacers
can be applied to all bifunctional reagents displaying spacers if the reversibility of the reaction
is desired, and are very tricky for asymmetric bifunctional linkers.

Figure 2. Some bifuctional maleimides.(a), (b), (c) orto-meta-para N, N’phenylenemaleimmide (o,m,pPDM); (d) 1,4-
bismaleimidobutane (BMB); (e) 1,8-bismaleimidotriethyleneglycol (BM[PEO]3); (f) dithio-bis-maleimidoethane (DMTE);
(g) Reaction of a bis-maleimide derivative with sulfhydryl groups (free, reduced cysteines). Figure adapted from [20].

This can allow, for example, to obtain species that need to be driven inside cells as heterodimers
and then to be released as dissociated monomers exploiting the reducing environment of the
cytosol. Thus, spacers containing disulfides can be applied to all bifunctional reagents if the
reversibility of the reaction is desired.

Asymmetric bifunctional reagents can be very useful to covalently link antibodies or part of
them (light/heavy chains) with proteins, protein domains, or toxins, or whatever of biological
interest. They can be a combination of maleimides or succinimides displaying or not dithio-
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derivatives in the spacers, and coupled, in the second terminus, with imidoesters, diones,
thiones, 2-iminothiolane, etc. Almost all of these bifunctional cross-links foresee a two-step
reaction in which one of the partners is firstly modified and activated (for example, with 2-
iminothiolane) in order to become able to react with the appropriate partner and form the new
hetero-dimeric adduct. Some of the most important reactants used for artificial heterodimer‐
ziation are 1-(3-((2,5-Dioxopyrrolidinyl)oxy-carbonyl)phenyl)-1H-pyrrole-2,5-dione (MBS) N-
succinimidyl-3-(2-pyridyldithio)propionate (SPDP), S-4-succinimidyloxycarbonyl-α-methyl
benzyl thiosulfate (SMBT), or 4-succinimidyloxycarbonyl-α-methyl-α(2pyridyldithio)toluene
(SMPT). The details of these hetero-oligomerization reactions are beyond the aim of this
chapter but are clearly described in the review of Fracasso and colleagues [21].

Again, also another dione, 4-phenyl, 1,2,4-triazoline-3,5-dione (PTD), structurally similar to
maleimides but containing nitrogens in the pentagon ring, can be useful to covalently cross-
link proteins through amino-groups [22].

Other important bifunctional reagents are carbodiimides (R1-N=C=C-R2
+), such as EDC, which

exploits its dehydrating power to create new isopeptide bonds between the side chains of Lys
and Glu or Asp residues of proteins [23], thus producing a “zero-length” cross-linking. This
reagent can be very useful to covalently fix previously formed oligomeric protein aggregates
[24] and allows to avoid unwanted insertions of chemicals or net charge modifications in the
protein complex.

Divinyl sulfone (DVS) [25] and dinitrodifluorobenzene (DFDNB) [26] are two bifunctional
reagents that deserve to be mentioned (Figure 3). They lack spacers, and to stabilize preformed
structures without affecting oligomers’ conformations [25, 27-29].

Figure 3. (a) Divinyl sulfone (DVS). (b) Dinitrodifluorobenzene (DFDNB)

DVS is specific for histidines, while DFDNB reacts with lysines. The limited dimensions of
both molecules allow cross-linking only between residues that are very close to each other. For
this reason subsequent chromatographic or electrophoretic analyses can highlight important
conformational features of the protein or its oligomers. The cross-linking can drive towards
intra-or inter-molecular adducts, thus revealing if the protein was monomeric or already
oligomeric before the covalent stabilization [25].

Finally, covalent protein “zero-length” oligomerization can be obtained, without chemicals,
by sealing a lyophilized protein under vacuum at high temperature, up to 85 °C, for 24-96
hours [30]. This process permits to obtain dimers, trimers, and traces of tetramers of ribonu‐
clease A (RNase A) and lysozyme, without the introduction of chemical groups which could
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totally or partially inactivate the protein residues involved in the reaction. In fact, the heat-
vacuum treatment of proteins induces the dehydration of some of the Lys and Asp or Glu side-
chains, thus producing newly formed intermolecular isopeptide bonds. However, this
reaction, firstly considered to be specific of a single couple of Lys and Glu of RNase A [31],
was later found to involve more than one of these acid or basic residues, thus producing a
mixture of heterogeneous products [32].

Last, but not least, cross-linked oligomers can be produced also through UV photochemistry.
The UV-treatment of a monomer or pre-formed non-covalent oligomers [33] produces
covalently stabilized oligomers. If the photochemical treatment inactivates the native protein
or its possibly pre-formed oligomers, structural important information can be anyway
withdrawn from these artificial modifications [34, 35].

3.3. Non-covalent protein oligomers

Protein association can occur very often naturally, and without covalent modification(s),
through a homo-or hetero-association mediated by a weak-bond-network, formed by electro‐
static or hydrophobic interactions, and/or specific H-bond(s). If the interface between mono‐
mers or protomers is large almost all types of interactions can occur and are more frequently
conserved. Small interfaces have been probably acquired recently in evolution [36]. These
interactions can be crucial for the active forms of several class of proteins, such as enzymes
and transporters. These interaction(s)/association(s) may occur naturally because of the
sequence and structural features of the subunits which build the oligomeric complex(es).
Otherwise, they can form because of environmental changes, like pH or ionic strength, or as
a consequence of the increase of the monomers local concentration.

These events allow the protein to overpass its dimerization dissociation constant(s) KD1/2

(equation 1 and Figure 4, red and orange).

/               ,  with M monomer  D dimeré ù é ùë ë= û =û =
2

DK M D (1)

A further increase of the concentration can augment the degree of polymerization with the
formation of trimers (Figure 4, green pictures), tetramers (Figure 4 magenta, pink, violet), and
larger oligomers or multimers if the entropy cost is balanced by favorable interface interac‐
tion(s).

The free energy of multimerization is reported in equation 2 [37].

( )/        é ù é ùë û ë û= +
n0ΔG ΔG RT ln nP P (2)

in which [P] is the concentration of protein segment(s) exposed, or protein interfaces [37], and
prone to interact with other protomers.
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Figure 4. Schematic view of protein oligomerization. A native monomer (blue) can become a dimer if KD of dimeri‐
zation (equation 1) is overpassed. Two possible dimeric conformers with different interfaces or interface areas are
shown to form with KD1 and KD2 respectively. These events can lead to the formation of different trimers (three green
conformers are shown), tetramers (magenta, pink, violet) and so on. Trimers and tetramers unlikely form from isolated
monomers because of entropic reasons, but can grow from the pre-existing oligomer(s) (or also from two dimers).
Oligomers can follow different pathways (dotted lines) to form higher-order oligomers or multimers, and can undergo
conformational rearrangements which can compensate the entropy cost to be payed to associate the subunits.

An example of natural oligomeric protein is represented by the oxygen transporter hemoglobin
(Hb), which is functionally active only as an α2β2 tetramer (or, in the fetus, α2γ2, endowed with
a greater affinity to oxygen) with its subunits being associated through salt bridges and other
weak interactions. The loss of these interactions drives Hb to switch its conformation from the
deoxygenated (tense, T) to the oxygenated (relaxed, R) form, and this modification is due to
allosteric interactions triggered by the first oxygen bound (Figure 5). Hb, unless being
tetrameric, cannot be active, while myoglobin, the oxygen collector in tissues, is active as a
monomer.

T R 

Figure 5. Allosteric control of haemoglobin (Hb) induced by oxygen binding.

Another important oligomeric protein transporter is transthyretin (TTR), formerly called pre-
albumin, one of the transporters of the hormone thyroxine and of the lipocalin retinol-binding
protein (RBP), the specific carrier of A-vitamin [38]. TTR is natively a 55-kDa dimer of dimers,
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totally or partially inactivate the protein residues involved in the reaction. In fact, the heat-
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reaction, firstly considered to be specific of a single couple of Lys and Glu of RNase A [31],
was later found to involve more than one of these acid or basic residues, thus producing a
mixture of heterogeneous products [32].

Last, but not least, cross-linked oligomers can be produced also through UV photochemistry.
The UV-treatment of a monomer or pre-formed non-covalent oligomers [33] produces
covalently stabilized oligomers. If the photochemical treatment inactivates the native protein
or its possibly pre-formed oligomers, structural important information can be anyway
withdrawn from these artificial modifications [34, 35].

3.3. Non-covalent protein oligomers

Protein association can occur very often naturally, and without covalent modification(s),
through a homo-or hetero-association mediated by a weak-bond-network, formed by electro‐
static or hydrophobic interactions, and/or specific H-bond(s). If the interface between mono‐
mers or protomers is large almost all types of interactions can occur and are more frequently
conserved. Small interfaces have been probably acquired recently in evolution [36]. These
interactions can be crucial for the active forms of several class of proteins, such as enzymes
and transporters. These interaction(s)/association(s) may occur naturally because of the
sequence and structural features of the subunits which build the oligomeric complex(es).
Otherwise, they can form because of environmental changes, like pH or ionic strength, or as
a consequence of the increase of the monomers local concentration.

These events allow the protein to overpass its dimerization dissociation constant(s) KD1/2

(equation 1 and Figure 4, red and orange).
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A further increase of the concentration can augment the degree of polymerization with the
formation of trimers (Figure 4, green pictures), tetramers (Figure 4 magenta, pink, violet), and
larger oligomers or multimers if the entropy cost is balanced by favorable interface interac‐
tion(s).

The free energy of multimerization is reported in equation 2 [37].
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in which [P] is the concentration of protein segment(s) exposed, or protein interfaces [37], and
prone to interact with other protomers.
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An example of natural oligomeric protein is represented by the oxygen transporter hemoglobin
(Hb), which is functionally active only as an α2β2 tetramer (or, in the fetus, α2γ2, endowed with
a greater affinity to oxygen) with its subunits being associated through salt bridges and other
weak interactions. The loss of these interactions drives Hb to switch its conformation from the
deoxygenated (tense, T) to the oxygenated (relaxed, R) form, and this modification is due to
allosteric interactions triggered by the first oxygen bound (Figure 5). Hb, unless being
tetrameric, cannot be active, while myoglobin, the oxygen collector in tissues, is active as a
monomer.
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Another important oligomeric protein transporter is transthyretin (TTR), formerly called pre-
albumin, one of the transporters of the hormone thyroxine and of the lipocalin retinol-binding
protein (RBP), the specific carrier of A-vitamin [38]. TTR is natively a 55-kDa dimer of dimers,
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or homotetramer, mainly composed of β-sheets [39]. Its peculiarity consists of the pathologic
pathway it follows if destabilized by malignant mutations: if so, monomers dissociate from
tetrameric assembly and undergo uncontrolled aggregation and fibrillization through the
formation of intermediate annular oligomers [10]. These findings will be further discussed
below.

Other cases of non-covalent association between proteins can be represented, for example, by
5’pyridoxal-phosphate (PLP) enzymes, such as the aspartic aminotransferase (AAT), alanine-
glyoxylate-aminotransferase (AGT) (Figure 6a), dopa-decarboxylase (DDC) (Figure 6 b), and
cystalisin (a lyase, like DDC). Inactive as monomers, these enzymes are active only when they
are in form of dimers, although a detailed analysis of their dimerization pathways has been
performed only with Treponema Denticola cystalisin mutants [40].

The family of the PLP-dependent enzymes is very large, forming five different fold types, and
some members of the family are active as tetramers or hexamers. AGT [41] and DDC [42],
shown in Figure 6, are dimers belonging to Fold Type I, as well as cystalysin and AAT.
Belonging to Fold Type I means that each subunit of the holo-form host a PLP molecule, but
the active site is composite, i.e., formed by residues of both subunits. Instead, enzymes
belonging to Fold Type II are active as dimers or oligomers binding one PLP each at the same
time, but they evolved to form one active site per subunit, and are often accompanied by the
presence of allosteric regulation domains.

Figure 6. Three dimensional structure of holo natively dimeric(a) human liver alanine-glioxylate aminotransferase
(hAGT) [41] (b) pig kidney dopa decarboxylase (pkDDC) [42] (Burkhard P. et al 2001, NSB 8 (11) 963-7). The two α/β
subunits are shown with different colours and for AGT the location of the two PLP molecules is shown in green. AGT is
peculiar for the wrapping of each terminal arm (Nα/Nβ) into the region occupied by the complementary subunit.

This evolution pathway allowed them to build domains which are active as allosteric regula‐
tors. The association of the subunits of these PLP-enzymes is often mediated mainly by
hydrophobic interactions because the monomeric forms are readily prone to uncontrolled
extensive aggregation [35]. Anyway, the inter-subunit surfaces being often very large, several
types of contacts occur, such as electrostatic interactions or H-bonds.

Another interesting example of oligomeric protein is represented by mammalian Phenylala‐
nine Hydroxylase (PAH), which is a homo-tetrameric enzyme made of four 50 kDa subunits
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whose overall 3D structure has not been solved yet. Its activity depends on its tetrameric
structure and the presence of tetrahydrobiopterin (BH4), and is allosterically regulated by the
substrate itself (Phe). Some mutations become pathogenic because they destabilize and
inactivate the tetramer, and consequently drive the organism towards the incoming of
Phenylketonuria (PKU) [43].

A natively oligomeric protein can also switch towards higher-order oligomers. Indeed, the
natively homotetrameric L-rhamnulose-1-phosphatase aldolase becomes an octamer only
upon a single A88F mutation [44]. The introduction of a single residue displaying large non-
polar side-chains (Phe, Trp) can be sufficient to drive the native oligomer towards larger
multimeric complex(es).

It has to be mentioned here that from a total of about 450 well characterized enzymes, only
about 140 of them are monomeric. Of the other 310, 200 are homo-oligomers/multimers and
in detail: 125 homodimers, 50 homotetramers and 25 are structures larger than tetramers.
Finally, the remaining about 110 are hetero-oligomers/multimers [45].

Protein oligomerization can also be a non-native event: indeed, natively monomeric proteins
can naturally and non-covalently undergo oligomerization as a sort of post translational event
which can become a switch between active and non active products. This is true, for example,
for several trans-membrane receptors, which often display kinase activity. Upon ligand
binding, the intracellular domain dimerizes, this event triggering (auto)phosphorilation of the
intracellular domain which undergoes conformational changes and is able to activate a signal
transduction cascade that induces or tunes important physiological phenomena. Examples of
families of this type of receptors are: growth ormone, interferon, cytokine and Tyr-kinase, G-
protein-coupled receptors families (GPCRs) [46]. The components of the latter family were
initially thought to act as monomers, but several pharmacological, biochemical and biophys‐
ical data indicate that GPCRs function as cooperatively controlled dimers [47].

Another very interesting example is represented by the Caspase-3,-7, and-9, a family of
proteins involved in apoptosis. Under physiological conditions Caspase-9 exists as an inactive
monomer forming an 1:1 complex with the Apaf-1 cofactor in the presence of Cytochrome C
and ATP to produce a heteromultimer. This complex co-localizes with a multiple array of
Caspase-9 molecules, which consequently increase their concentration above the Caspase-9
homodimer dissociation constant KD. This event allows the homodimer to be formed through
the exposure of an activation loop, and the active dimer provides the catalytic activity
necessary to activate Caspase-3 and-7 [48].

Finally, other interesting examples of oligomeric natural proteins are the membrane channel-
forming tetrameric complexes that allow specific ions (Na+ or K+) or water to permeate cells,
such as aquaporins or aquaglyceroporins [49].

Proteins can also form large pathogenic oligomers or multimers that can evolve towards
pathogenic supramolecular structures. Important examples of these malignant events are the
uncontrolled aggregation of the Glu6Val Hb mutant of Hb (E6V-Hb or HbS) in sickle cell
anaemia or the formation of amyloid or amyloid-like fibrils, as it occurs with several proteins
related to severe neurodegenerative diseases. These latter products, overpassing the oligo‐
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or homotetramer, mainly composed of β-sheets [39]. Its peculiarity consists of the pathologic
pathway it follows if destabilized by malignant mutations: if so, monomers dissociate from
tetrameric assembly and undergo uncontrolled aggregation and fibrillization through the
formation of intermediate annular oligomers [10]. These findings will be further discussed
below.

Other cases of non-covalent association between proteins can be represented, for example, by
5’pyridoxal-phosphate (PLP) enzymes, such as the aspartic aminotransferase (AAT), alanine-
glyoxylate-aminotransferase (AGT) (Figure 6a), dopa-decarboxylase (DDC) (Figure 6 b), and
cystalisin (a lyase, like DDC). Inactive as monomers, these enzymes are active only when they
are in form of dimers, although a detailed analysis of their dimerization pathways has been
performed only with Treponema Denticola cystalisin mutants [40].

The family of the PLP-dependent enzymes is very large, forming five different fold types, and
some members of the family are active as tetramers or hexamers. AGT [41] and DDC [42],
shown in Figure 6, are dimers belonging to Fold Type I, as well as cystalysin and AAT.
Belonging to Fold Type I means that each subunit of the holo-form host a PLP molecule, but
the active site is composite, i.e., formed by residues of both subunits. Instead, enzymes
belonging to Fold Type II are active as dimers or oligomers binding one PLP each at the same
time, but they evolved to form one active site per subunit, and are often accompanied by the
presence of allosteric regulation domains.

Figure 6. Three dimensional structure of holo natively dimeric(a) human liver alanine-glioxylate aminotransferase
(hAGT) [41] (b) pig kidney dopa decarboxylase (pkDDC) [42] (Burkhard P. et al 2001, NSB 8 (11) 963-7). The two α/β
subunits are shown with different colours and for AGT the location of the two PLP molecules is shown in green. AGT is
peculiar for the wrapping of each terminal arm (Nα/Nβ) into the region occupied by the complementary subunit.

This evolution pathway allowed them to build domains which are active as allosteric regula‐
tors. The association of the subunits of these PLP-enzymes is often mediated mainly by
hydrophobic interactions because the monomeric forms are readily prone to uncontrolled
extensive aggregation [35]. Anyway, the inter-subunit surfaces being often very large, several
types of contacts occur, such as electrostatic interactions or H-bonds.

Another interesting example of oligomeric protein is represented by mammalian Phenylala‐
nine Hydroxylase (PAH), which is a homo-tetrameric enzyme made of four 50 kDa subunits
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whose overall 3D structure has not been solved yet. Its activity depends on its tetrameric
structure and the presence of tetrahydrobiopterin (BH4), and is allosterically regulated by the
substrate itself (Phe). Some mutations become pathogenic because they destabilize and
inactivate the tetramer, and consequently drive the organism towards the incoming of
Phenylketonuria (PKU) [43].

A natively oligomeric protein can also switch towards higher-order oligomers. Indeed, the
natively homotetrameric L-rhamnulose-1-phosphatase aldolase becomes an octamer only
upon a single A88F mutation [44]. The introduction of a single residue displaying large non-
polar side-chains (Phe, Trp) can be sufficient to drive the native oligomer towards larger
multimeric complex(es).

It has to be mentioned here that from a total of about 450 well characterized enzymes, only
about 140 of them are monomeric. Of the other 310, 200 are homo-oligomers/multimers and
in detail: 125 homodimers, 50 homotetramers and 25 are structures larger than tetramers.
Finally, the remaining about 110 are hetero-oligomers/multimers [45].

Protein oligomerization can also be a non-native event: indeed, natively monomeric proteins
can naturally and non-covalently undergo oligomerization as a sort of post translational event
which can become a switch between active and non active products. This is true, for example,
for several trans-membrane receptors, which often display kinase activity. Upon ligand
binding, the intracellular domain dimerizes, this event triggering (auto)phosphorilation of the
intracellular domain which undergoes conformational changes and is able to activate a signal
transduction cascade that induces or tunes important physiological phenomena. Examples of
families of this type of receptors are: growth ormone, interferon, cytokine and Tyr-kinase, G-
protein-coupled receptors families (GPCRs) [46]. The components of the latter family were
initially thought to act as monomers, but several pharmacological, biochemical and biophys‐
ical data indicate that GPCRs function as cooperatively controlled dimers [47].

Another very interesting example is represented by the Caspase-3,-7, and-9, a family of
proteins involved in apoptosis. Under physiological conditions Caspase-9 exists as an inactive
monomer forming an 1:1 complex with the Apaf-1 cofactor in the presence of Cytochrome C
and ATP to produce a heteromultimer. This complex co-localizes with a multiple array of
Caspase-9 molecules, which consequently increase their concentration above the Caspase-9
homodimer dissociation constant KD. This event allows the homodimer to be formed through
the exposure of an activation loop, and the active dimer provides the catalytic activity
necessary to activate Caspase-3 and-7 [48].

Finally, other interesting examples of oligomeric natural proteins are the membrane channel-
forming tetrameric complexes that allow specific ions (Na+ or K+) or water to permeate cells,
such as aquaporins or aquaglyceroporins [49].

Proteins can also form large pathogenic oligomers or multimers that can evolve towards
pathogenic supramolecular structures. Important examples of these malignant events are the
uncontrolled aggregation of the Glu6Val Hb mutant of Hb (E6V-Hb or HbS) in sickle cell
anaemia or the formation of amyloid or amyloid-like fibrils, as it occurs with several proteins
related to severe neurodegenerative diseases. These latter products, overpassing the oligo‐
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meric status, will be discussed later in a greater detail, within the physio-pathological func‐
tional consequences of protein oligomerization.

3.4. Self/cross-association through three dimensional (3D) domain swapping

A peculiar, interesting way to form protein dimers, oligomers or large multimers can occur
naturally or artificially through the reciprocal exchange of small or large regions (peptide(s)
or entire domain(s)) of the monomeric subunits. Monomers exploit short flexible hinge-loops
present in their sequence to address a definite domain (or more than one) into the correspond‐
ing partner subunit that will reciprocally swap an identical domain with the former (Figure
7). This mechanism was called three dimensional domain swapping (3D-DS) by Eisenberg and
co-workers when they discovered that diphtheria toxin (DT) can form a dimer intertwining
an entire domain [50]. Beyond dimers, this mechanism, known for DT as well as for other
proteins, can also lead to the formation of larger oligomers [51], exploiting a small flexible loop
(Figure 7) that is able to adopt different conformations within various different environmental
conditions.

The domain-swapped oligomer reconstitutes the native contacts present in the monomer
(closed interface [52], green in Figure 7) except the hinge loop, while a new interface (open
interface [52], magenta in Figure 7) forms in the oligomer only, stabilizing it.

Figure 7. Schematic view of the 3D domain swapping (3D-DS) mechanism. The movement opening of the loop‐
present in the ‘starting’ monomer (blue) allows the formation of the dimer by recreating the intramolecular interdo‐
main interface present in the monomer (closed interface, green [52]) in an intermolecular dimeric interface instead.
This subsequently drives the formation of a new dimeric interface (open interface, magenta [52]), absent in the mono‐
mer. Through this mechanism a protein can form an active dimer still maintaining functional units (F.U.). The same
mechanism can drive to oligomers of higher stoichiometry (number of associated chains) than dimers. (Modified from
[53]).

3D domain swapping (3D-DS) was hypothesized about fifty years ago [54] for RNase A, and
was then confirmed by several brilliant crystallographic results obtained in the ‘90s, the first
with BS-RNase [55]. In the last two decades, domain swapping has been discovered to involve
more than sixty proteins [56], and about 300 domain-swapped structures have been solved in
crystals or solution, while even a higher number of models of oligomeric swapped proteins
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have been proposed. Furthermore, 3D-DS is almost uniquely related to protein self-association,
although rare cases of hetero-association exist.

Eisenberg and co-workers, who named 3D-DS this mechanism of reciprocal exchange of
domains between proteins, immediately underlined the double-face nature, malignant and/or
benign, of this protein-protein interaction, defining it as “entangling alliances between
proteins” [50]. The term “entanglement” can be forced to be considered as expressing a
negative fate of a protein without any possibility to evade the interaction although this ‘jailing’
can not be known ‘a priori’. This is the case of amyloidogenic proteins which form, through
this mechanism, fibrils involved in neurodegenerative diseases. Conversely, the term “alli‐
ances” clearly indicates the benign face of 3D-DS. In fact, a protein can self-associate to acquire
novel activities absent in the monomer, or could also enforce pre-existing ones [57, 58], or
control them, for example allosterically, as it occurs for swapped dimeric RNases [59, 60].

The mechanism is made possible thanks to the presence of a hinge-loop (red in Figure 7) located
between two different protein structured domains. The flexible loop changes its conformation
depending on the environment, and can address the swappable domain(s) into the comple‐
mentary subunit(s). The parts of a protein to be exchanged can be elements of secondary
structure, such as α-helices or β-sheets (RNase A, BS-RNase), or entire domains (DT). The loop
is usually composed of few residues which can be different from one protein to another.
Interestingly, a single point mutation can induce dramatic changes in the loop flexibility and
switch the protein towards or against self association through 3D-DS [61-64]. Other important
factors that govern the 3D-DS event(s) are obviously protein concentration and inter-molecular
interactions [65, 66].

Some proteins can be constitutively domain-swapped, as it is for the member of the cyclin-
dependent kinase p13suc1, which is natively a mixture of a monomer and a domain-swapped
dimer [67]. The two monomeric/dimeric states are in equilibrium and the domain-swapped
dimer is favored by the presence of proline residues in the hinge loop [68].

Another very interesting natively domain-swapped protein is one of the two conformers
of BS-RNase (Figure 8). This protein is the unique natural dimer of the large pancreatic-
type RNases superfamily, whose proto-type is RNase A. Furthermore, BS-RNase is a mixture
of two isoforms [60],  which are both covalently dimeric because of  the presence of  two
antiparallel disulfide bonds, i.e., occurring between Cys-31 and-32 of one subunit and Cys-32
and-31,  respectively,  of  the other [69].  About 70% of  the molecules spontaneously swap
their  N-terminal helices to form the conformer called MxM shown in the right panel of
Figure  8.  This  swapping  event  implies  interesting  functional  consequences  that  will  be
discussed later.  Thus, About 30% of BS-RNase is dimeric only thanks to the cited disul‐
fides  and called  M=M [60,  70]  (Figure  8,  left  panel),  while  about  70% of  the  molecules
additionally swap their N-terminal helices to form the second BS-RNase conformer, called
MxM (Figure 8,  right panel)  [55,  60].  This swapping event implies interesting functional
consequences that will be discussed later.
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Eisenberg and co-workers, who named 3D-DS this mechanism of reciprocal exchange of
domains between proteins, immediately underlined the double-face nature, malignant and/or
benign, of this protein-protein interaction, defining it as “entangling alliances between
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control them, for example allosterically, as it occurs for swapped dimeric RNases [59, 60].

The mechanism is made possible thanks to the presence of a hinge-loop (red in Figure 7) located
between two different protein structured domains. The flexible loop changes its conformation
depending on the environment, and can address the swappable domain(s) into the comple‐
mentary subunit(s). The parts of a protein to be exchanged can be elements of secondary
structure, such as α-helices or β-sheets (RNase A, BS-RNase), or entire domains (DT). The loop
is usually composed of few residues which can be different from one protein to another.
Interestingly, a single point mutation can induce dramatic changes in the loop flexibility and
switch the protein towards or against self association through 3D-DS [61-64]. Other important
factors that govern the 3D-DS event(s) are obviously protein concentration and inter-molecular
interactions [65, 66].

Some proteins can be constitutively domain-swapped, as it is for the member of the cyclin-
dependent kinase p13suc1, which is natively a mixture of a monomer and a domain-swapped
dimer [67]. The two monomeric/dimeric states are in equilibrium and the domain-swapped
dimer is favored by the presence of proline residues in the hinge loop [68].

Another very interesting natively domain-swapped protein is one of the two conformers
of BS-RNase (Figure 8). This protein is the unique natural dimer of the large pancreatic-
type RNases superfamily, whose proto-type is RNase A. Furthermore, BS-RNase is a mixture
of two isoforms [60],  which are both covalently dimeric because of  the presence of  two
antiparallel disulfide bonds, i.e., occurring between Cys-31 and-32 of one subunit and Cys-32
and-31,  respectively,  of  the other [69].  About 70% of  the molecules spontaneously swap
their  N-terminal helices to form the conformer called MxM shown in the right panel of
Figure  8.  This  swapping  event  implies  interesting  functional  consequences  that  will  be
discussed later.  Thus, About 30% of BS-RNase is dimeric only thanks to the cited disul‐
fides  and called  M=M [60,  70]  (Figure  8,  left  panel),  while  about  70% of  the  molecules
additionally swap their N-terminal helices to form the second BS-RNase conformer, called
MxM (Figure 8,  right panel)  [55,  60].  This swapping event implies interesting functional
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Figure 8. Structure of the two dimeric conformers of BS-RNase: left panel, the unswapped (M=M) conformer [70];
right, the swapped isoform (MxM) [55]. The two subunits, A and B, and their N-termini, are highlighted, as well as the
disulfide bonds that covalently link the two subunits in both isoforms [60].

The BS-RNase hinge loop and open interface have been exstensively studied [64] and, while
Pro 19 and Leu 28 are key-residues for the stability of the MxM isoform [65], the entire 16-21
loop mutation together with a R80S mutation dramatically inverted the swapping tendency
of the protein [63].

Other proteins, being native monomers, can be induced to form domain-swapped oligom‐
ers either naturally or artificially. This is the case of the 13.7 kDa RNase A (Figure 9 A).
This enzyme can form various non-covalent oligomers when is lyophilized from 40-50%
acetic acid solutions, and was the first protein for which 3D-DS mechanism was hypothe‐
sized to  occur through the swapping of  its  N-terminal  ends [54].  In  1998 this  idea was
confirmed by the analysis of the crystal structure of the N-term-swapped dimer of RNase
A  [71],  now  called  RNase  A  N-dimer,  or  ND  [5]  (Figure  9  B).  Three  years  later,  the
crystallographic structure of another dimeric conformer of RNase A was solved, discover‐
ing that the protein also swaps its C-terminus to form a second dimeric conformer [72],
then called the C-dimer or CD [5] (Figure 9 C).

Several RNase A oligomers larger than dimers have also been found to form [6, 29, 73, 74],
Among them, three trimers (Figure 9 D-F), and six tetrameric different conformers have been
found and extensively or partially characterized (Figure 9, panels G-N) as well as several other
larger multimers [6, 27, 29, 73-75].

These findings indicate that the folds of RNase A are highly versatile, despite its overall known
stability. Its dimers are not exclusively artificial, given that traces of ND are present in a native
mixture [77, 78], and that CD has been detected to form and be subsequently degraded during
protein expression in cells [79]. The capability of this enzyme to swap both termini definitely
increases the number of possible structures it can form: in fact, the linear, or quasi-linear but
not cyclically-closed oligomeric structures reported in Figure 9 (panels D and G-M), can form
thanks to the contemporary swapping of N-and C-termini [6, 27, 28, 75, 76].

The capability to swap multiple domains highly increases the ‘swapping capacity’ (SC), which
is defined as the upper limit of subunits with which a protein may interact [80]. In fact, if a
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protein displays N swappable domains, SC is defined to be equal to N2+N [80]. Thus, if N=1,
then SC=2 (1+1), while if N=2 SC speeds up to 6 (4+2), and so on. RNase A was thought to be
unique in its capability to swap more than one domain, but recently also BS-RNase [81],
cyanovirin-N and the mammalian DUF59-Fam96a protein displayed a similar multiple DS
behavior [82, 83]. In particular, the natively N-swapped dimeric BS-RNase, known to be able
to self-associate since 1969 [57], was found to form either N-and C-swapped tetramers and
multimers [81, 84]. In addition, it has recently been reported that a monomerized BS-RNase
[85] can be induced to form a C-swapped dimer similar to the one of RNase A [86].

Furthermore, RNase A was firstly thought to be induced to oligomerize through an initial only
partial denaturation [72] via 40% aqueous acetic acid treatment [54], while later it was shown
that the protein undergoes almost complete denaturation (except its four disulfides) under
acidic conditions [87]. Then, when lyophilization is followed by a re-dissolution of the powder
in ‘benign’ buffers [87], i.e., buffers that can slow the regression towards monomer, as
phosphate does for RNase oligomers, the protein can re-gain its native monomeric form for
about 70% of the initial amount, and the remaining 30% forms various domain-swapped
oligomers. The debate between the theories based on a partial [88], or total [87] denaturation

Figure 9. RNase A 3D domain-swapped oligomers.A, native RNase A monomer; B, N-dimer, ND [71]; C, C-dimer, CD

[72]; D, N+C-swapped trimeric model [27, 75]; E, cyclic C-swapped-only, trimer, [75]; F, cyclic C-swapped-only, trimeric
model [75]; G-N: tetramers, all N+C-swapped [6, 27, 28, 76], except the cyclic C-swapped-only model of panel N [76].
The dimensions of the oligomers here reported are tentatively representing the relative proportions withdrawable af‐
ter the lyophilization from 40% acetic acid solutions. RNase A also forms pentamers, hexamers [6, 29, 73], and larger
multimers, up to tetradecamers [6, 74], not shown here.
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pathway that a generic protein must follow to oligomerize through 3D-DS is still open, and
what has been established for RNase A [87] is not possible to be absolutely stated for all
proteins.

RNase A and BS-RNase can oligomerize following the same 3D-DS mechanism also if very
highly concentrated water-alcohol solutions of the enzyme are heated up to 60 °C, and then
stabilized by phosphate buffers avoiding the lyophilization step [78, 81]. In this way, the
absolute and relative amounts of the various N- or C-swapped oligomers change depending
on the environmental conditions. Point mutations which modulated the hydrophilic/hydro‐
phobic nature of the N-/C-swappable domains of RNase A confirmed this tendency [89].

Also human RNases like human pancreatic RNase (hp-RNase) can spontaneously dimerize
through 3D-DS when some point mutations are introduced [90-92], although no oligomers
larger than dimers have been detected among its aggregation products.

The 3D-DS mechanism can let a protein to overpass the dimeric status and go towards larger
oligomerization, multimerization and possibly fibrillization through multiple swapping and/
or other alternative ways to stabilize the aggregates. For instance, the formation of disulfide
bonds, or the repeat for several times of the same type of swapping with the formation of open-
ended structures through a propagative or runaway 3D-DS [93, 94] (Figure 10) are proper
alternative ways.

Figure 10. DS in not-cyclic oligomers larger than dimers. (modified from [94]). The first two models display open-
ended edging subunits. The increase in stability of an open-ended structure is proportional to the number of subunits
that are present between the two edges. The three models reported are an evolution of the ones reported in [93].

Beyond RNases, several other proteins involved in important biologic processes show to form
domain-swapped oligomers. One domain swapping-prone protein which in the last years has
been discovered to be highly structurally versatile is cyanovirin-N, an 11 kDa protein that
inhibits HIV [95]. It can be active either as a monomer or as a metastable domain-swapped
dimer [96]. Interestingly, some mutants that become active only as domain-swapped dimers
were recently found to form two different relatively stable 3D-DS dimeric conformers, one 3D-
DS trimer, and two 3D-DS tetramers [82].
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Other important examples of proteins able to form domain-swapped structures are the
following: i) Cytochrome C, which was known to polymerize since 1962 [97], but only recently
showed to form these inactive supramolecular structures protomers via a runaway 3D-DS of
its C-termini. In particular, domain-swapped dimers, trimers, tetramers and polymers up to ~
40-mers have been characterized [98]; ii) BCL-XL, an anti-apoptotic protein belonging to the
BCL-2 family which can form active C-term-swapped dimers when highly concentrated [99]
or alternatively when heated up to 50 °C [100]. iii) Cadherins, which are cell adhesion proteins,
dimerize through β-strand swapping to mediate the adhesion itself [101]. Incidentally, it has
to be mentioned that several protein cell receptors are known to dimerize to become active
(see above), but less is known about the mechanism responsible for the dimerization. Thus,
possibly some of them could undergo 3D-DS. iv) Finally, also histones are known to fold
through 3D-DS in their evolutionary pathway [102].

3D-DS can also be favored, or hindered, by point or multiple mutations, as is well known
for hp-RNase, or by the conditions under which the crystallization process occurs. This is
true for barnase, a 12kDa RNase from Bacillus amyloliquefaciens,  which forms a DS cyclic
trimer under not too harsh conditions [103], and for the DS dimer formed in crystals by
Grb2-SH2 domains [104].

Last, but not least, some amyloidogenic proteins form fibrils through the initial formation
of domain-swapped dimers and oligomers, which are the starting point of their massive
self-association [80]. The possibility to overlap 3D-DS with the mechanism of formation of
amyloid fibrils was firstly hypothesized by Eisenberg and colleagues. They explained it as
a  compatibility  existing  between  3D-DS  and  the  polyglutammine(polyQ)-cross-β  steric
zippers [72]. This idea was supported by the structural similarity existing between the Asn-
based open interface  of  RNase  A CD  [72]  and the  fibrillogenic  nature  of  poly-Q expan‐
sions [105] which are structured as cross-β-spines [13]. The validity of this theory was also
enforced by the discovery that either prion protein or cystatin-C, two amyloidogenic cross-
β-spine-prone proteins, form 3D-DS dimers [106, 107] (Figure 11, panels A and B). Later,
numerous  different  experimental  evidences  confirmed  this  hypothesis.  In  fact,  after
discovering that the prion protein (PrP), which is associated with the lethal neurodegener‐
ative  Creutzfeld-Jacobs  Disease  (CJD)  and  Scrapie,  dimerizes  through  3D-DS  [106],  the
dimerization event was shown to be the rate-limiting step in the conversion towards the
infectious  fibrillogenic  form of  PrP [108].  Then,  conversion to  fibrils  is  promoted by an
unlocking of the globular domain combined to a redox process, both triggered by 3D-DS
[109, 110]. These events drive to the formation of domain-swapped oligomers and multi‐
mers stabilized by intermolecular newly formed disulfide bonds [110], but do not affect the
overall tertiary structure of the globular main domain of PrP [109] (Figure 11 A).

Furthermore, cystatins, a class of proteins which comprises also stefins and that inhibit cysteine
proteases, can also dimerize through 3D-DS [113]. In particular, the L68Q human cystatin-C
(hCC) mutant in particular, can dimerize through 3D-DS [107], then inducing severe massive
amyloidosis in brain arteries and lethal cerebral hemorrhages. The 13.3 kDa hCC forms fibers
through a preliminary domain-swapped dimer+dimer tetrameric rearrangement [114] and a
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pathway that a generic protein must follow to oligomerize through 3D-DS is still open, and
what has been established for RNase A [87] is not possible to be absolutely stated for all
proteins.

RNase A and BS-RNase can oligomerize following the same 3D-DS mechanism also if very
highly concentrated water-alcohol solutions of the enzyme are heated up to 60 °C, and then
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The 3D-DS mechanism can let a protein to overpass the dimeric status and go towards larger
oligomerization, multimerization and possibly fibrillization through multiple swapping and/
or other alternative ways to stabilize the aggregates. For instance, the formation of disulfide
bonds, or the repeat for several times of the same type of swapping with the formation of open-
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alternative ways.

Figure 10. DS in not-cyclic oligomers larger than dimers. (modified from [94]). The first two models display open-
ended edging subunits. The increase in stability of an open-ended structure is proportional to the number of subunits
that are present between the two edges. The three models reported are an evolution of the ones reported in [93].

Beyond RNases, several other proteins involved in important biologic processes show to form
domain-swapped oligomers. One domain swapping-prone protein which in the last years has
been discovered to be highly structurally versatile is cyanovirin-N, an 11 kDa protein that
inhibits HIV [95]. It can be active either as a monomer or as a metastable domain-swapped
dimer [96]. Interestingly, some mutants that become active only as domain-swapped dimers
were recently found to form two different relatively stable 3D-DS dimeric conformers, one 3D-
DS trimer, and two 3D-DS tetramers [82].
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Figure 11. DS Amyloid fibrilsof(A) human prion protein (hPrP), (B) human cystatin-C, hCC, and (C) β2-microglobulin
(β2-m). In all cases, fibrillogenesis is promoted by the preliminary formation of a domain-swapped dimer which
evolves towards fibrils through a redox pathway. All the three fibers display the features of a generic amyloid fiber
shown in panel D. The figure summarizes pictures reported in [106, 107, 110-112].
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subsequent propagation of 3D-DS [111]. The finding that prevention of 3D-DS inhibits cystatin-
C dimerization and multimerization [115] and studies on the hinge-loop governing the 3D-DS
event [116] confirm that 3D-DS plays a key-role in cystatin-C fibrillogenesis [117] (Figure 11 B).

Another important amyloidogenic protein able to self-associate through 3D-DS is β2-micro‐
globulin (β2-m), the 10.9 kDa light chain of type-I histocompatibility complex, which can seed
as amyloid fibrils during long-term hemodyalisis treatments. Like PrP, β2-m dimerizes through
3D-DS [118] and forms propagated domain-swapped amyloid fibrils stabilized by disulfide
bonds [112] (Figure 11 C).

Again,  other  amyloidogenic  proteins  dimerize  and massively  aggregate  through 3D-DS.
These are: i) the immunoglobulin G-binding B1 domain, which forms 3D-DS conformation‐
ally different dimers [119] and tetramers [120] induced by core-domain mutations before
forming fibrils [121]; ii) T7-endonuclease I which forms runaway domain-swapped fibrils
stabilized by core-domain intermolecular disulfides [122]. iii) Cell cycle protein Cks1, which
fibrillize through the preliminary formation of a domain-swapped dimer [123]. Converse‐
ly,  for  another  important  amyloidogenic  protein,  TTR,  3D-DS  is  to  date  only  hypothe‐
sized [124], while the direct stacking model interaction between subunits [125] is the one
still nowadays accepted.

Before leaving the “3D-DS toward amyloidosis” topic, it has to be mentioned that wt RNase
A, despite its high structural versatility [5], and its high SC, and although displaying some
amyloid-prone short sequences [126, 127], is not able to form amyloid or amyloid-like (i.e., in
vitro) fibers. Its core domain, in fact, is stabilized by four disulfide bonds, and ‘self-chaperones’
the whole protein from falling towards fibrillization [128]. Incidentally, the only pancreatic-
type RNase known to date to form fibrils is the eosinophil cationic protein ECP [129]. Again,
Eisenberg and co-workers showed that, contrary to wt RNase A, some mutants, such as poly
Q- and poly G-RNase A, spontaneously form “native-like” amyloid fibrils through C-terminal
and N-terminal 3D-DS, respectively [128, 130]. The term “native-like” is referred to the
evidence that the core-domains of each protomer forming the fiber remain conserved and
natively structured in it [128, 130]. These findings confirm once again that 3D-DS and cross-
β-zipper spines are events that can overlap [72].

Finally, the 3D-DS protein dimers or oligomers mentioned above are homo-polymers, and
almost all domain-swapped proteins nowadays known are indeed homo-oligomers. Domain-
swapped hetero-oligomers are extremely rare, but one to be mentioned is the IX/X-bp antico‐
agulant complex. This is a domain-swapped dimer forming between two homologous
subunits which cross-associate through an intermolecular disulfide bond, but also intertwin‐
ing a flexible loop located in the central part of each subunit [131]. Contrary to what it could
be expected, the dimeric hybrid obtained by associating RNase A with a monomerized BS-
RNase [85] did not show a domain-swapped nature. It consists, instead, of two different
conformers associated through hydrophobic and electrostatic interactions [132].
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sized [124], while the direct stacking model interaction between subunits [125] is the one
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A, despite its high structural versatility [5], and its high SC, and although displaying some
amyloid-prone short sequences [126, 127], is not able to form amyloid or amyloid-like (i.e., in
vitro) fibers. Its core domain, in fact, is stabilized by four disulfide bonds, and ‘self-chaperones’
the whole protein from falling towards fibrillization [128]. Incidentally, the only pancreatic-
type RNase known to date to form fibrils is the eosinophil cationic protein ECP [129]. Again,
Eisenberg and co-workers showed that, contrary to wt RNase A, some mutants, such as poly
Q- and poly G-RNase A, spontaneously form “native-like” amyloid fibrils through C-terminal
and N-terminal 3D-DS, respectively [128, 130]. The term “native-like” is referred to the
evidence that the core-domains of each protomer forming the fiber remain conserved and
natively structured in it [128, 130]. These findings confirm once again that 3D-DS and cross-
β-zipper spines are events that can overlap [72].

Finally, the 3D-DS protein dimers or oligomers mentioned above are homo-polymers, and
almost all domain-swapped proteins nowadays known are indeed homo-oligomers. Domain-
swapped hetero-oligomers are extremely rare, but one to be mentioned is the IX/X-bp antico‐
agulant complex. This is a domain-swapped dimer forming between two homologous
subunits which cross-associate through an intermolecular disulfide bond, but also intertwin‐
ing a flexible loop located in the central part of each subunit [131]. Contrary to what it could
be expected, the dimeric hybrid obtained by associating RNase A with a monomerized BS-
RNase [85] did not show a domain-swapped nature. It consists, instead, of two different
conformers associated through hydrophobic and electrostatic interactions [132].
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4. Stability of the protein oligomers

Protein oligomers are supramolecular structures which are sometimes ‘chosen’by nature ab-
initio, or often built up as a response to natural or non-natural events. Anyway, in both cases
oligomers can follow different fates. They can be highly stable, mainly when formed by
irreversible phenomena, or can represent metastable or even transient events, thus undergoing
fast or slow dissociation. Therefore, there are clearly several cases to be analyzed.

First of all, covalently linked oligomers are obviously the most stable supra-molecular protein
structures, except if they interact with proteases, or of course if they have disulfide bonds.
Disulfides can be affected by slight redox changes of the environment and reduced to free
cysteines or cysteine-like adducts, thus unchaining the two (or more) covalently linked protein
molecules. This can be the case of hetero-dimers formed by immunotoxins or other artificial
conjugates that can be released in the cell by the reducing power of cytosol [21]. A similar but
natural event is what concerns BS-RNase, whose two intermolecular disulfide bridges can be
reduced in the cytosol with the formation of two monomers derived from the M=M isoform,
while a non-covalent dimer (NCD) [133] survives from MxM [55] thanks to the 3D-DS of its
N-termini.

The majority of protein oligomers forms through non-covalent weak associations which can
often lead to metastable dimers or oligomers. Their lability is essentially related to the nature
of the interaction(s) between the subunits, and to the extent of interface area. H-bonds are
weaker than electrostatic interactions, but they can be crucial in anchoring a domain into a
specific orientation that can be further stabilized by hydrophobic or electrostatic interactions.
Thus, the balance of enthalpy and entropy contributions is decisive in driving a protein
oligomer to survive or not, taking into account that entropy is against protein-protein associ‐
ation, a phenomenon which is instead favored by a high concentration of the protomers [37,
50, 77], as was reported above in equations 1 and 2.

For example, human AGT (see Figure 6 a) is active only in the dimeric status, while the enzyme
loses its activity if dimerization is hindered. This occurs because the two composite active sites
are incomplete despite a PLP co-enzyme is present in each subunit [41]. It is now well known
that mutations destabilizing the large interface located between the two subunits can dramat‐
ically lower the activity of AGT and possibly drive the enzyme towards monomerization [35].
This latter event induces an unwanted and uncontrolled aggregation which traps monomers,
blocking the natural dimerization of AGT [35]. The pathologic effects due to the loss of dimeric,
or in general oligomeric, native structures is a general feature of PLP-dependent enzymes.

In general, mutations can affect the overall conformation of protein dimers and/or oligomers
and induce monomerization or vice versa uncontrolled aggregation, and even fibrillization.
This is the case of TTR (see above), whose native homotetramers are destabilized by point
mutations, such as V30M or L55P. The tetrameric assembly in these variants is weakened and
the protein easily monomerizes, then undergoing fibrillization through dimeric and octameric
annular intermediates [10]. Another protein whose oligomeric status is dramatically affected
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by point mutations is hemoglobin, which extensively self-associates in its sickle-cell variant
(HbS).

Formation of protein oligomers can be induced in some cases by point mutations, as is for hp-
RNase [91], or as a consequence of changes in environmental conditions (pH, temperature,
protein concentration). This is true for the various domain-swapped dimers and oligomers of
RNase A and BS-RNase. Indeed, several studies have been performed on these two pancreatic-
type enzymes, who display 82% identity [53]. Thus, the 23 out of 124 different residues have
been considered as key stabilizing or destabilizing determinants. In particular, in both variants
several hinge loops residues and/or others belonging to the swappable N-terminal or C-
terminal domains or interacting with them have been mutated [64, 65, 134, 135]. Many of them
have been found to be key residues in stabilizing the domain-swapped oligomers, while other
were found to promote oligomers dissociation towards the native proteins, i.e., monomeric
RNase A or dimeric BS-RNase [134].

Other factors which affect the stability of the oligomers are pH, temperature, ionic strength of
the medium. It is easily understandable that acidic or basic pHs destabilize oligomeric
assemblies, as well as native monomeric proteins. The role of temperature is very important
in stabilizing or destabilizing non-covalent protein oligomers. In fact the subunit motions are
proportional to temperature increase, thus, a metastable adduct can be forced to quickly
dissociate by increasing the temperature. Furthermore, heat allows a protein to access its
denatured state [136] which is a destabilizing event ‘per sè’. Anyway, a very recent study
reveals that low temperatures, beyond affecting the folding of native monomers [137] can be
useful to study the denaturation and dissociation of dimers through NMR procedures [138].

All these effects, as well as the role played by ionic strength, are qualitatively and quantitatively
different from one case to another, because each oligomeric complex can display different
shapes, dynamics, and intersubunits surfaces.

In addition, dynamic motions can differently affect the stability of oligomeric conformers
belonging to the same protein. This is the case for RNase A whose dimers display a different
flexibility, higher for CD than for ND [139, 140]. The dynamics of multimeric assemblies
dissociation can lead towards different pathways, then producing different smaller products.
This is true, for example, for porphobilinogen synthase (PBGS), an octamer which can
dissociate to tetramers and dimers either symmetrically, through a consecutive loss of dimeric
adducts, or through an asymmetric detach of one subunit per time [141].

The concentration of a protein is crucial either to oligomerize or dissociate, or even evolve
toward larger multimers and fibrils. These phenomena are ruled by the KD values associated
to each oligomerization process (see equations 1 and 2 and Figure 4), thus dilution can be a
mean by which oligomers and multimers can be destabilized and dissociated [93]. Conse‐
quently, macromolecular crowding in general [142] can deeply affect the propensity of a
protein to oligomerize by influencing the oligomerization yields [143] and/or the dissociation
pathways and kinetics [74].
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Also proteolysis, occurring naturally or induced, limited or massive, is a way through which
proteins’ activities are naturally or artificially switched on/off, or anyhow tuned. Thus,
oligomerization can also affect proteolysis: in fact, a domain that in a native monomer is
exposed to the action of a proteolytic agent can be partially or totally hidden by dimerization
or oligomerization, and proteolysis can be slowed down or even blocked; otherwise, a region
which in the native monomer is well structured and therefore protected, or even hidden, can
be destabilized, destructured and exposed after oligomerization, becoming susceptible to
proteolysis. This is what happens with RNase A, whose ND is definitely more susceptible to
proteolysis than the CD conformer [144].

Another interesting case is represented by the pore forming toxin (PFT) families, which are
most often produced as soluble monomers, proteolitically cleaved by host proteases leading
to their oligomerization and pore formation. This occurs, for example, with aerolysin [145],
with protective antigen (PA) from anthrax [146], and with thiol-activated cytolysin (TACY)
pore forming family [147].

Finally, it has to be underlined that all factors able to stabilize/destabilize protein oligomers,
i.e., pH, temperature, ionic strength, protein concentration, molecular crowding, mutations,
are not independent of each other. This makes the scenario more complicated than expected
and clearly indicates that an ‘absolute stability’ of a protein can not be easily defined. This is
true, for example, for RNase A domain-swapped oligomers (see Figure 9). Their high number
of conformers and the possible interconversions between oligomers make the picture quite
complicated [74], and only some data concerning dimers’ stabilities have been reported to date
[89, 148, 149]. With an apparent contradiction, RNase A-ND was sometimes reported to be more
stable than CD while in other environmental conditions the situation is the opposite. These data
clearly indicate that different combinations of all the environmental conditions reported above
are crucial to stabilize or destabilize different dimeric or oligomeric structures.

5. Oligomeric proteins: functional vs aberrant interactions

5.1. Gain or loss of function(s) after protein oligomerization

Natural oligomerization of proteins has been settled by evolution in order to obtain a control
of their biological features, for instance of enzyme activity. In some cases, proteins are inactive
unless they dimerize or oligomerize because of the high hydrophobic surface the monomer
exposes to the solvent, as reported above for PLP-enzymes. Oligomerization can be constitu‐
tive, such as for PLP-enzymes, or induced by signal molecules, like for membrane proteins.
Self-or hetero-association of proteins can also be artificial, but can in any case lead to new
activities or block activities that in certain situations can become unwanted, for example in the
feedback control of some enzymes.

Dimerization and oligomerization can also increase or lower pre-existing activities. In this
case  the  phenomenon  can  be  considered  as  a  sharp  controller  and  tuner  of  important
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activities. These gain- or loss-of-function events occur by exposing or hiding active surfaces
or, for example, by inducing positive or negative allostery impossible to be warranted by
the native monomer. These events can be ruled not only by changing the oligomerization/
polymerization  status  of  the  proteins,  but  also  by  conformational  changes  induced  by
ligands, such as it occurs with Hb (see Figure 5). Gain or loss of native functions induced
by oligomerization can be benign or malignant and also nature can drive either towards
physiologic  or  pathological  events,  as  it  happens,  respectively,  with  actin  [150]  or  with
sickle-cell anaemia associated to a point mutation in hemoglobin (HbS). Other important
pathological implications, i.e.,  oligomers evolving towards fibrils,  will be discussed later.
A benign case that deserves to be mentioned is rhodopsin,  the pigment involved in the
phototransduction events that are crucial for vision, which physiologically organizes itself
in a supra-molecular ensemble to be active [151].

An interesting case in which protein oligomerization induces a gain of function concerns
RNase A. The native monomeric enzyme only degrades single-stranded (ss) RNA and is not
cytotoxic, while its artificial dimers and oligomers, either forming through non-covalent 3D-
DS or covalent bonds become also active against double-stranded (ds) RNA [29, 57, 73, 152].
Moreover, they can become selectively cytotoxic towards cancer cells both in vitro and in
vivo [153-156], although more recent results indicate that cytotoxicity can be dependent also
on the type of cell line studied [32]. This acquired cytotoxic power can be considered benign,
given the selectivity towards malignant cells, and can be mainly ascribable to the possibility
of oligomeric RNases to evade the ribonuclease inhibitor (RI), which is designed for tightly
trap monomeric RNases [157]. This is also the main reason why only MxM BS-RNase (see
Figure 8) is cytotoxic: in fact, the cytosolic reducing environment allows only the MxM domain-
swapped isoform to survive as a non-covalent dimer (NCD) and to evade RI, while M=M
becomes a monomeric, RI-susceptible, derivative [158]. Another example of cytotoxic protein
oligomers is represented by the ones formed by p13suc1 [159]. The native cell-cycle regulatory
protein is a monomer/DS-dimer mixture [160] that can form large native-like cytotoxic
aggregates through 3D-DS, and whose structural determinants governing the swapping
mechanism have been extensively studied as reported above [62, 68]. Thus, the artificial
induction, quench, or control of the oligomerization event(s) can be useful to avoid, induce, or
tune several biological properties of proteins, such as for example enzymatic activity, or the
incoming of cytotoxicity.

5.2. Protein oligomerization towards fibrillization and/or amyloidosis

Protein self- or cross-association can be naturally or artificially controlled to the degree of
oligomers or multimers, but can sometimes undergo uncontrolled massive aggregation, often
resulting in fibers, as it has already been reported in the domain swapping section. These supra-
molecular structures can be benign, such as in muscle tissues (actin [150]), or very often
harmful. The latter case is true for sickle cell HbS insoluble fibrous malignant polymers, or for
amyloid or amyloid-like fibrils, which are often, although not always [2, 15], associated with
deleterious neurodegenerative diseases [37]. Proteins can become prone to fibrillization
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because of ageing, or after changes in the environmental conditions, such as crowding, pH or
temperature shocks. In addition, also point mutations can induce and often speed up the
fibrillization phenomena, as for TTR V30M or L55P [161, 162], or for the human prion protein
[163], or also for the homo-tetrameric p53 tumor suppressor protein [164, 165]. Several lethal
amyloidoses, for example linked to TTR or β2-m, or to other toxic fibrillogenic proteins, like
prions, display a premature incoming when associated to familial pathogenic mutations or
overpass the species transmission barriers [166]. Then, also cancer has been recently considered
a possible prio-like disease, due to the fibrillogenic behavior of some p53 mutants [167].

In this complex scenario, it is known [163] and is more and more accepted that the first
oligomeric/multimeric species preceding the formation of protofibrils and fibrils are the toxic
agents responsible for the incoming of the associated pathology(ies) [2]. Thus, a lot of work is
presently devoted to discover the structural and functional properties of these ‘toxic oligom‐
ers’, which is a very difficult endeavor indeed, because these species show a great tendency to
fibrillize quickly.

In the last five years, the evidence became clear that oligomers produced by the same protein
can be toxic or non toxic depending on the way they are produced [2, 7, 15]. This was found,
for example, with the Escherichia Coli hyperforin-N (HypF-N) spherical oligomers [15] and also
with other amyloidogenic proteins. Several different supramolecular large structures can be
detected with new techniques, such as solid-state NMR, Cryo-TEM, High-Resolution Atomic-
Force Spectroscopy, Molecular Modeling. For example, TTR has been discovered to fibrillize
through the formation of annular oligomers deriving from the monomer which had been in
turn detached from the native tetramer [10].

Several  other  amyloidogenic  proteins  have  been  extensively  studied.  Among  them,  the
number of those that follow the 3D-DS mechanism is continuously increasing [80], such as
for hPrP, hCC, β2-m, the properties of which have already been discussed. In the last years
several proteins initially not considered to follow 3D-DS were discovered instead to undergo
this  mechanism.  Nevertheless,  the  mechanism  by  which  an  oligomer/fiber  may  form
essentially depends on the symmetry of the interfacial association and 3D-DS can be not
mandatory to reach this requisite.  Thus, the formation of the cross-β-spine fibrils intima
could follow an end-to-end stacking mechanism, the same followed by non-amyloidogen‐
ic proteins, such as hemoglobin-S [164], or by non-harmful proteins, such as actin [170] or
tubulin [171]. Anyway, considering that amyloid fibers are not oligomers, several oligomer‐
ic  precursors of  amyloidogenic proteins are continuously studied,  despite their  transient
nature. Among them, human lysozime, Sulfolobus Solfataricus acylphosphatase (AcP), human
superoxide dismutase-1 (SOD1), the latter associated with the devastating disease amyotro‐
phic lateral sclerosis, have been deeply investigated in their propensity to undergo amyloid
fibers through amyloidogenic oligomers [167]. Further detailed studies, which are beyond
the topic of this chapter and focused on the nature of amyloidogenic oligomers and their
differences  from  the  non-amyloidogenic  ones  have  been  recently  reviewed  [2].  Several
interesting  news concerning the  oligomers’  polymorphism and the  structural  rearrange‐
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ments they can undergo (Figure 12)  to follow a harmful fibrillogenic pathway or a non
fibrillogenic harmless destiny [7] can be found in that review [2].

Figure 12. Evolution of partially or totally unfolded protein monomers towards ordered fibrils through oligomeric in‐
termediates displaying different sizes and conformations. (Modified from [2] and [88]).

6. Oligomeric proteins and industry

Besides artificial chemistry products, industry has often used natural or artificially modified
bio-products to produce bio-materials or bio-fibers. In this context, nano-particles and nano-
materials certainly represent a new fascinating frontier to be developed.

Peptides and proteins can be driven towards controlled oligomerization, polymerization and/
or fibrillization to form products displaying useful physico-chemical and mechanical features
to be adopted for new or renewed industrial applications. Incidentally, several efforts have
been performed in the engineering of short peptides and small biomolecules [168-170], while
definitely less is known on the industrial application of protein oligomers, multimers and/or
fibrils. The most common materials formed from peptides and proteins are hydrogels, which
can be applied in tissue engineering and in drug delivery [169]. These materials are typically
formed by hydrated cross-linked fibers that somehow resemble the agarose or polyacrylamide
gels extensively used in biochemical laboratories.

The ‘intima’ of these hydrogel structures and their morphology define size, biocompatibility,
and mechanical, elastic or rigid properties. Anyway, only some hints concerning the interest‐
ing ‘industrial’ applications of protein oligomers will be given here.

For example, the 3D-DS mechanism has been reported as to be applicable in material design
[94]. Indeed, domain-swapped oligomeric peptides have been produced to obtain hydrogels
[171], while also proteins can be artificially designed to undergo 3D-DS to form oligomers
which could be useful to produce biomaterials [172]. Beyond small oligomers, the ability of
some proteins to become fibrillogenic through propagative or runaway domain swapping [80,
94] could, or should, be exploited in order to engineer variants that could form harmless 3D-

Protein Oligomerization
http://dx.doi.org/10.5772/57489

263



because of ageing, or after changes in the environmental conditions, such as crowding, pH or
temperature shocks. In addition, also point mutations can induce and often speed up the
fibrillization phenomena, as for TTR V30M or L55P [161, 162], or for the human prion protein
[163], or also for the homo-tetrameric p53 tumor suppressor protein [164, 165]. Several lethal
amyloidoses, for example linked to TTR or β2-m, or to other toxic fibrillogenic proteins, like
prions, display a premature incoming when associated to familial pathogenic mutations or
overpass the species transmission barriers [166]. Then, also cancer has been recently considered
a possible prio-like disease, due to the fibrillogenic behavior of some p53 mutants [167].

In this complex scenario, it is known [163] and is more and more accepted that the first
oligomeric/multimeric species preceding the formation of protofibrils and fibrils are the toxic
agents responsible for the incoming of the associated pathology(ies) [2]. Thus, a lot of work is
presently devoted to discover the structural and functional properties of these ‘toxic oligom‐
ers’, which is a very difficult endeavor indeed, because these species show a great tendency to
fibrillize quickly.

In the last five years, the evidence became clear that oligomers produced by the same protein
can be toxic or non toxic depending on the way they are produced [2, 7, 15]. This was found,
for example, with the Escherichia Coli hyperforin-N (HypF-N) spherical oligomers [15] and also
with other amyloidogenic proteins. Several different supramolecular large structures can be
detected with new techniques, such as solid-state NMR, Cryo-TEM, High-Resolution Atomic-
Force Spectroscopy, Molecular Modeling. For example, TTR has been discovered to fibrillize
through the formation of annular oligomers deriving from the monomer which had been in
turn detached from the native tetramer [10].

Several  other  amyloidogenic  proteins  have  been  extensively  studied.  Among  them,  the
number of those that follow the 3D-DS mechanism is continuously increasing [80], such as
for hPrP, hCC, β2-m, the properties of which have already been discussed. In the last years
several proteins initially not considered to follow 3D-DS were discovered instead to undergo
this  mechanism.  Nevertheless,  the  mechanism  by  which  an  oligomer/fiber  may  form
essentially depends on the symmetry of the interfacial association and 3D-DS can be not
mandatory to reach this requisite.  Thus, the formation of the cross-β-spine fibrils intima
could follow an end-to-end stacking mechanism, the same followed by non-amyloidogen‐
ic proteins, such as hemoglobin-S [164], or by non-harmful proteins, such as actin [170] or
tubulin [171]. Anyway, considering that amyloid fibers are not oligomers, several oligomer‐
ic  precursors of  amyloidogenic proteins are continuously studied,  despite their  transient
nature. Among them, human lysozime, Sulfolobus Solfataricus acylphosphatase (AcP), human
superoxide dismutase-1 (SOD1), the latter associated with the devastating disease amyotro‐
phic lateral sclerosis, have been deeply investigated in their propensity to undergo amyloid
fibers through amyloidogenic oligomers [167]. Further detailed studies, which are beyond
the topic of this chapter and focused on the nature of amyloidogenic oligomers and their
differences  from  the  non-amyloidogenic  ones  have  been  recently  reviewed  [2].  Several
interesting  news concerning the  oligomers’  polymorphism and the  structural  rearrange‐

Oligomerization of Chemical and Biological Compounds262

ments they can undergo (Figure 12)  to follow a harmful fibrillogenic pathway or a non
fibrillogenic harmless destiny [7] can be found in that review [2].

Figure 12. Evolution of partially or totally unfolded protein monomers towards ordered fibrils through oligomeric in‐
termediates displaying different sizes and conformations. (Modified from [2] and [88]).

6. Oligomeric proteins and industry

Besides artificial chemistry products, industry has often used natural or artificially modified
bio-products to produce bio-materials or bio-fibers. In this context, nano-particles and nano-
materials certainly represent a new fascinating frontier to be developed.

Peptides and proteins can be driven towards controlled oligomerization, polymerization and/
or fibrillization to form products displaying useful physico-chemical and mechanical features
to be adopted for new or renewed industrial applications. Incidentally, several efforts have
been performed in the engineering of short peptides and small biomolecules [168-170], while
definitely less is known on the industrial application of protein oligomers, multimers and/or
fibrils. The most common materials formed from peptides and proteins are hydrogels, which
can be applied in tissue engineering and in drug delivery [169]. These materials are typically
formed by hydrated cross-linked fibers that somehow resemble the agarose or polyacrylamide
gels extensively used in biochemical laboratories.

The ‘intima’ of these hydrogel structures and their morphology define size, biocompatibility,
and mechanical, elastic or rigid properties. Anyway, only some hints concerning the interest‐
ing ‘industrial’ applications of protein oligomers will be given here.

For example, the 3D-DS mechanism has been reported as to be applicable in material design
[94]. Indeed, domain-swapped oligomeric peptides have been produced to obtain hydrogels
[171], while also proteins can be artificially designed to undergo 3D-DS to form oligomers
which could be useful to produce biomaterials [172]. Beyond small oligomers, the ability of
some proteins to become fibrillogenic through propagative or runaway domain swapping [80,
94] could, or should, be exploited in order to engineer variants that could form harmless 3D-

Protein Oligomerization
http://dx.doi.org/10.5772/57489

263



DS fibers with special morphological and mechanical properties. These supra-molecular
structures could also become materials devoid of direct biological applications, but with
industrial and ecologic relevance. Indeed, proteins that for example combine 3D-DS with a
covalent stabilization of their fibrillar products through the formation of novel disulfides (like
β2-m and recombinant PrP) [110, 112], should be useful to obtain reversible products that could
be easily unstructured and recycled under reducing conditions, and, thus, without negative
ecologic consequences.

Many examples of protein ‘benign’ (non-amyloidogenic) fibers could become precious for
industry applications. An example can be represented by the trimeric hexon protein. display‐
ing a novel triple β-spiral fibrous fold with implications for the design of a new class of artificial,
silk-like fibrous materials [173].

Anyway, all the potential industrial applications of protein oligomers, multimers, and fibrils
are certainly far to be completely explored, and what we have here reported about 3D-DS
applications confirms that further deep investigations deserve to be performed.

7. Conclusions

All the notions reported in this chapter indicate that the complexity of the protein oligomeri‐
zation topic augments every day. In particular, the increasing number of studies focused on
natural protein oligomerization and the improvement of the quality of the investigation
techniques have greatly enlarged the complexity of the analysis of the structural and functional
features of protein oligomers. Furthermore, the sharpening of the strategies used by chemistry
to obtain cross-linked artificial oligomers allowed industry and laboratories to obtain less
heterogeneous products, which were, in addition, scarcely modified with respect to the native
monomeric protein(s).

Again, the discovery that some proteins can naturally oligomerize by combining covalent
linkings with weak interactions made the scenario even more complicated. This is the case, for
example, of proteins that form domain-swapped fibrils additionally stabilized by newly
forming disulfides. The same is true also for membrane proteins that associate and sometimes
covalently stabilize their interaction as a response to effectors which can play the role of
activators or quench cell signals.

Thus, the aim of this chapter is to focus the attention of the reader on the principal features of
protein oligomerization. We kept separated, when possible, the covalent linking oligomers
from the non-covalent protein self-association products, as well as the natural, constitutive or
induced, events from the artificial ones. When we were not able to separate these aspects well,
we tried to give a picture as clear as possible. On the other hand, this underlines how much
increasing interest has and how many further studies deserves the topic of protein oligome‐
rization.
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1. Introduction

Oligomerization of amino acids by binding their peptide bonds (-CONH-) forms proteins (or
peptides), which are the major components of our bodies. Although the primary sequence (the
linear sequence of amino acids) of the protein mainly determines its characteristics, its
secondary structures (the conformations) are also critical determinants of their shapes and
functions. The conformation (random coil, α-helix, and ß-sheet) is restricted by the circum‐
stances nearby proteins. The hydrogen bond between the amino acids in the peptide chain
forms the α-helix structure. Meanwhile, the ß-sheets (ß-plated sheets) consist of ß-strands
which are laterally connected peptide bonds with hydrogen bonds.

Recent neurochemical evidence indicates that the oligomerization of proteins and the forma‐
tion of ß-sheet structures are linked with several neurodegenerative diseases such as Alz‐
heimer’s disease (AD), prion diseases, triplet repeat diseases, dementia with Lewy bodies
(DLB). The disease-related proteins, such as ß-amyloid protein (AßP) in AD, prion protein in
prion diseases, polyglutamine in triplet repeat disease, α-synuclein in DLB, are identical in
each disease (Table 1). However, all of these amyloidogenic proteins share common charac‐
teristics in the formation of amyloid with ß-sheet structures, and in the exhibition of cytotox‐
icity. Therefore, a new concept termed “conformational disease” was proposed, suggesting
that protein conformation is an important determinant of its toxicity, and consequently, the
development of the related disease [1].

These conformational diseases are included in amyloidosis. At 1853, Virchow found the
abnormal accumulates in tissues and named “amyloid”, since they exhibited similar charac‐
teristics with amylum. At 1968, amyloid was determined to be the oligomers of proteins with
ß-sheet structures. The accumulation of amyloid causes various diseases (amyloidosis)
including familial amyloid polyneuropathy (FAP), amyloid-light chain amyloidosis, dialysis
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Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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amyloidosis, etc [2]. All of theses diseases share common properties about the deposition of
amyloids in various tissues or organs with protease-resistant, insoluble fibril-like structures
(amyloid fibrils), and stained by congo-red, ß-sheet specific dye. However, the component of
amyloid is different in each disease. For example, the major component of amyloid in FAP
patients is transthyretin, and ß2-microglobulin deposits in patients with dialysis amyloidosis.
There are no effective treatments for amyloidosis.

In this chapter, we review the implication of protein oligomerization in the pathogenesis of
these neurodegenerative diseases. Considering that the amyloidogenic proteins are commonly
present in our brain, factors which influence oligomerization play crucial roles in their
pathogenesis. As such factors, we focus on trace elements such as Al, Zn, Cu, and Fe. Metals
have a property of firmly binding to metal-binding residues of proteins, such as tyrosine (Tyr)

Disease The primary sequence of amyloidogenic protein

or its fragment peptide

Metal ß-sheet

formation

Cyto-

toxicity

Pore-

formation

Alzheimer’s

disease

AßP(1-42) and AßP(1-42)truncated C-terminal

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGG

VVIA

Al, Zn, Cu,

Fe

+ + +

Prion disease Prion protein: PrP106-126

MANLGCWMLVLFVATWSDLGLCKKRPKPGGWNTGG

SRYPGQGSPGGNRYPPQGGGGWGQPHGGGWGQPH

GGGWGQPHGGGWGQPHGGGWGQGGGTHSQWN

KPSKPKTNMKHMAGAAAAGAVVGGLGGYVLGSAMS

RPIIHFGSDYEDRYYRENMHRYPNQVYYRPMDEYSNQ

NNFVHDCVNITIKQHTVTTTTKGENFTETDVKMMERVV

EQMCITQYERESQAYYQRGSSMVLFSSPPVILLISFLIFL

IVG

Zn, Cu,

M,

Fe

+ + +

Dementia with

Lewy bodies

(DLB)

α-synuclein; NAC ( a fragment of α-synuclein )

MDVFMKGLSKAKEGVVAAAEKTKQGVAEAAGKTKEG

VLYVGSKTKEGVVHGVTTVAEKTKEQVSNVGGAVVTG

VTAVAHKTVEGAGNFAAATGLVKKDQKNESGFGPEG

TMENSENMPVNPNNETYEMPPEEEYQDYDPEA

Cu, Fe,

Al

+ + +

Triplet- repeat

disease

Polyglutamine

MATLEKLMKAFESLKSFQQQQQQQQQQQQQQQQQ

QQQQQQPPPPPPPPPPPQLPQPPPQAQPLLPQPQPPPP

PPPPPPGP

Fe + + +

Diabetes mellitusHuman amylin

KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY

Cu, Al + + +

* The sequence of fragment peptide of each amyloidogenic protein (PrP106-126, NAC, polyglutamine) is indicated in
italic form.

Table 1. Characteristics of amyloidogenic proteins and the related peptides
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or histidine (His) or phosphorylated amino acids, and cause cross-linking of the proteins (Fig.
1). Furthermore, all of these amyloidogenic proteins were reported to have the ability to bind
metals as shown in Table 1. Our and other numerous studies reported that oligomers cause
neurodegeneration by induction of Ca2+ dyshomeostasis through the formation of amyloid
channels on neuronal membranes [3,4]. The beneficial characteristics of carnosine (ß alanyl
histidine) as a drug for the treatment for these neurodegenerative diseases are also discussed.

M

HisTyr Arg

Phosphorylated
amino acid

MM
MM

MM
MM

MM

Amyloidogenic protein Oligomers with ß-sheet structures

M stands for metal.

Figure 1. Trace elements acts cross-linkers of amyloidogenic proteins.

2. Alzheimer’s disease and oligomerization of AßP

2.1. Amyloid cascade hypothesis

Alzheimer’s disease (AD) is a severe type of senile dementia, affecting a large portion of elderly
people worldwide. It is characterized by profound memory loss and inability to form new
memories. The pathological hallmarks of AD are the presence of numerous extracellular
deposits (senile plaques) and intraneuronal neurofibrillary tangles (NFTs). The degeneration
of synapses and neurons in the hippocampus or cerebral cortex is also observed. The major
components of NFTs are phosphorylated tau proteins, and that of senile plaques are ß-amyloid
proteins (AßPs) [5]. Although the precise cause of AD remains elusive, numerous biochemical,
cell biological, and genetic studies have supported the idea termed “amyloid cascade hypoth‐
esis” that the AßP accumulation and the consequent neurodegeneration play a central role in
AD [6]. Moreover, recent studies on the identified AßP species have indicated that the
oligomerization of AßP and the conformational changes are critical in the neurodegeneration
process [7].

AßP is a small peptide of 39–43 amino acid long. It is derived from the proteolytic cleavage of
a large precursor protein (amyloid precursor protein; APP). AßP is secreted by the cleavage
of its N-terminal by ß-secretase (BACE), followed by the intra-membrane cleavage of its C-
terminal by γ-secretase. Genetic studies of early-onset cases of familial AD indicated that APP
mutations and AßP metabolism are associated with AD. It was also revealed that mutations

Oligomerization of Proteins and Neurodegenerative Diseases
http://dx.doi.org/10.5772/57482

281



amyloidosis, etc [2]. All of theses diseases share common properties about the deposition of
amyloids in various tissues or organs with protease-resistant, insoluble fibril-like structures
(amyloid fibrils), and stained by congo-red, ß-sheet specific dye. However, the component of
amyloid is different in each disease. For example, the major component of amyloid in FAP
patients is transthyretin, and ß2-microglobulin deposits in patients with dialysis amyloidosis.
There are no effective treatments for amyloidosis.

In this chapter, we review the implication of protein oligomerization in the pathogenesis of
these neurodegenerative diseases. Considering that the amyloidogenic proteins are commonly
present in our brain, factors which influence oligomerization play crucial roles in their
pathogenesis. As such factors, we focus on trace elements such as Al, Zn, Cu, and Fe. Metals
have a property of firmly binding to metal-binding residues of proteins, such as tyrosine (Tyr)
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* The sequence of fragment peptide of each amyloidogenic protein (PrP106-126, NAC, polyglutamine) is indicated in
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Table 1. Characteristics of amyloidogenic proteins and the related peptides
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or histidine (His) or phosphorylated amino acids, and cause cross-linking of the proteins (Fig.
1). Furthermore, all of these amyloidogenic proteins were reported to have the ability to bind
metals as shown in Table 1. Our and other numerous studies reported that oligomers cause
neurodegeneration by induction of Ca2+ dyshomeostasis through the formation of amyloid
channels on neuronal membranes [3,4]. The beneficial characteristics of carnosine (ß alanyl
histidine) as a drug for the treatment for these neurodegenerative diseases are also discussed.

M

HisTyr Arg

Phosphorylated
amino acid

MM
MM

MM
MM

MM

Amyloidogenic protein Oligomers with ß-sheet structures

M stands for metal.

Figure 1. Trace elements acts cross-linkers of amyloidogenic proteins.

2. Alzheimer’s disease and oligomerization of AßP

2.1. Amyloid cascade hypothesis

Alzheimer’s disease (AD) is a severe type of senile dementia, affecting a large portion of elderly
people worldwide. It is characterized by profound memory loss and inability to form new
memories. The pathological hallmarks of AD are the presence of numerous extracellular
deposits (senile plaques) and intraneuronal neurofibrillary tangles (NFTs). The degeneration
of synapses and neurons in the hippocampus or cerebral cortex is also observed. The major
components of NFTs are phosphorylated tau proteins, and that of senile plaques are ß-amyloid
proteins (AßPs) [5]. Although the precise cause of AD remains elusive, numerous biochemical,
cell biological, and genetic studies have supported the idea termed “amyloid cascade hypoth‐
esis” that the AßP accumulation and the consequent neurodegeneration play a central role in
AD [6]. Moreover, recent studies on the identified AßP species have indicated that the
oligomerization of AßP and the conformational changes are critical in the neurodegeneration
process [7].

AßP is a small peptide of 39–43 amino acid long. It is derived from the proteolytic cleavage of
a large precursor protein (amyloid precursor protein; APP). AßP is secreted by the cleavage
of its N-terminal by ß-secretase (BACE), followed by the intra-membrane cleavage of its C-
terminal by γ-secretase. Genetic studies of early-onset cases of familial AD indicated that APP
mutations and AßP metabolism are associated with AD. It was also revealed that mutations
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in the presenilin genes account for the majority of cases of early-onset familial AD. Presenilins
have been revealed to be one of γ -secretases, and their mutations also influence the production
of AßP and its neurotoxicity.

DAEFRHDSGYEVHHQKLVFFAEDVGSNKGAIIGLMVGGVVIATVIVITLVMLKKK-Primate AßP: 

APP 
membrane

DAEFGHDSGFEVRHQKLVFFAEDVGSNKGAIIGLMVGGVVIATRodent AßP:

ß-secretase g-secretase

AßP is secreted from its precursor protein, APP by transmembrane cleavage. Sequences of primate AßP(1-42) and ro‐
dent AßP(1-42) are shown. The comparison between the sequence of primate (human or monkey) Aß(1-42) and ro‐
dent (rat or mouse) Aß(1-42) is depicted.

Figure 2. Structure of AßP

Yankner et al. reported that the first 40 amino acid residues of AßP (AßP(1–40)) caused the
death of cultured rat hippocampal neurons or the neurodegeneration in the brains of experi‐
mental animals. Thereafter, it was agreed upon that the aggregation and the subsequent
conformational change of AßP contribute to its neurotoxicity. AßP is a hydrophobic peptide
with an intrinsic tendency to self-assemble to form insoluble oligomers with ß-pleated sheet
structures. Pike et al. revealed that aged AßP(1–40) (aggregated under incubation at 37°C for
several days) were considerably more toxic to cultured neurons as compared to freshly
prepared AßP(1–40). Simmons et al. revealed ß-sheet contents of AßP observed by circular
dichroism (CD) spectroscopy correlates with its neurotoxicity.

Furthermore, the longer peptide variant, AßP(1–42), has the characteristics of immediate
polymerization compared to AßP(1–40). AßP(1–42) enhances the aggregation of AßP(1–40)
and becomes a seed of the amyloid fibrils. AßP (1–42) is more abundant in the brains of AD
patients as compared to those of age matched controls. The mutations of APP and those of
presenilin genes induce the increased production of AßP (1–42) in the transfected cell lines.

Recent approaches using size-exclusion chromatography, gel electrophoresis, and atomic force
microscopy have demonstrated that there are several stable types of soluble oligomers:
naturally occurring soluble oligomers (dimers or trimers), ADDLs (AßP-derived diffusible
ligands), AßP globulomers, or protofibrils. Hartley separated aggregated AßP(1–40) into low–
molecular-weight (mainly monomer), protofibrillar, and fibril fractions by size-exclusion
chromatography, and found that the protofibrillar fraction caused marked changes in the
electrical activity of cultured neurons and neurotoxicity. Walsh et al. found that the intracere‐
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bral administration of the conditioned medium with cultured cells transfected with the human
APP gene inhibited long-term potentiation (LTP), which is a form of synaptic information
storage well known as a paradigm of memory mechanisms. They also demonstrated that LTP
was blocked by SDS-stable low-molecular-weight oligomers (dimers, trimers, or tetramers)
but not AßP monomers or larger aggregates. The natural AßP oligomers (derived from the
cerebrospinal fluid of AD patients) cause the loss of dendritic spines, synapses, and LTP
blockage. Klein and the colleagues reported that AßP-derived diffusible ligands (ADDLs)
obtained from sedimentation by clustering are highly toxic to cultured neurons. They also
reported that ADDLs inhibited LTP and exhibited adverse effects on synaptic plasticity such
as abnormal spine morphology, decreased spine density, and decreased synaptic proteins.
Based on these and other numerous findings, it is widely accepted that AßP oligomers are
synaptotoxic and neurotoxic, but not monomer or fibrils. These studies further strengthened
and modified the amyloid cascade hypothesis, which suggest that AßP oligomers are neuro‐
toxic and crucial for the pathogeneis of AD [8,9].

2.2. Metal-induced oligomerization of AßP

Considering that AßP is secreted from APP into the brain of young people or of normal
subjects, factors which influence (accelerate or delay) the oligomerization may become
important determinants of the pathogenesis of AD. Various factors, such as the concentration
of peptides, the oxidations, mutations, and racemization of AßP, pH, composition of solvents,
temperature, and trace elements, can influence the oligomerization processes. A considerable
amount of asparagines (Asp) or serine (Ser) residues of AßP accumulated in senile plaques are

• ß-sheet
• insoluble
• less or non-toxic

• aging (incubation) 
• metals (Al, Cu, Zn, etc.)
• oxidation
• Mutation
• racemization etc.

• rifampicin
• curcumine
• polyphenol
• aspirin
• ß-sheet breaker peptide etc.

monomer Soluble oligomer Amyloid fibril

AßP 

• -helix
or randam coil
• soluble
• non-toxic

• ß-sheet
• soluble
• toxic

Acceleratory factors

Inhibitory factors

protofibril
ADDLs

globulomer etc.

Toxicity

AßP monomers exhibit random or a-helix structures. However, under aging conditions or in the presence of some ac‐
celeratory factors, Aß self-aggregates and forms several types of oligomers (SDS-soluble oligomers, ADDLS, globulom‐
ers, or protofibrils etc.) and finally forms insoluble aggregates termed amyloid fibrils. Oligomeric soluble Aßs are toxic,
although the monomeric and fibril ones are rather nontoxic.

Figure 3. Oligomerization of AßP
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racemized. Tomiyama et al. reported that racemized D-Asp23-AßP easily aggregates compared
to the L-type. Meanwhile, several substances such as rifampicin, curcumin, and aspirin have
been reported to inhibit AßP oligomerization in vitro. Rifampicin, a drug used to treat Hansen’s
disease, may be an interesting inhibitor of oligomerization since patients with Hansen’s disease
have a low susceptibility to AD. Aspirin and other NSAIDs (non-steroidal anti-inflammatory
drugs) inhibit the AßP oligomerization and simultaneously attenuate inflammation.

Among these factors, trace elements such as aluminum (Al), zinc (Zn), copper (Cu), iron (Fe)
are of particular interest. The accumulation of AßP is rarely observed in the brains of rodents
(rats or mice) as compared to humans or monkeys. As shown in Fig.2, the amino acid sequence
of human and rodent AßP are similar, yet they differ by three amino acids. However, rodent
AßP exhibits less tendency to oligomerization compared to human AßP [10]. Considering that
these three amino acids (Arg5, Tyr10, and His13) have the ability to bind metals and that trace
metals have cross-linking ability, trace elements might play important roles in the accumula‐
tion of AßP in the human brain.

Exley et al. first demonstrated that Al induces a conformational change in AßP(1-40) by CD
spectroscopy. Furthermore, exposure to Al causes the accumulation of AßP in cultured
neurons or in brains of experimental animals or human. Pratico et al. found that Al-fed mice
transfected with the human APP gene (Tg 2576) exhibited pathological changes similar to those
of the AD brain, including a marked increase in the amount of AßP both in the secreted form
and the accumulated form: an increased deposition of senile plaques was also observed [11].
The neuropathological case study of the accidental Al-exposure that occurred in 1988 at
Camelford (Cornwall, U.K.) indicated that the exposure to Al, even if it is short-term, could
cause the accumulation of AßP and exhibit severe amyloid angiopathy [12]. Since there have
been studies indicating the link between Al in drinking water and the pathogenesis of AD, Al-
induced oligomerization may directly implicated in AD pathogenesis [13].

Bush et al. demonstrated that Zn2+ and Cu2+caused the oligomerization of AβP [14]. However,
the metal-induced oligomerization of AßP and other amyloidogenic proteins are complex and
controversial. The morphology of AßP oligomers treated with Al, Cu, Fe, and Zn were reported
to be quite different. Zatta and his colleagues demonstrated that metals including Al, Cu, Fe,
Zn differentially alter the oligomerization of AßP and its toxicity. We have shown that Al
enhances the polymerization of AßP(1-40) and forms SDS-stable oligomers in vitro by immu‐
noblotting and precipitation [15,16]. The oligomerized AßP(1-40) is heat- or SDS-stable but re-
dissolves on adding deferoxamine, a chelator of Al. The oligomerization induced by Al is more
marked than that induced by other metals, including Zn, Fe, Cu, and Cd. Furthermore, while
Zn-aggregated AßPs are rarely observed on the surface of cultured neurons several days after
its exposure, Al-aggregated AßPs bind tightly to the surface of cultured neurons and form
fibrillar deposits. These results suggest that Al-induced AßP oligomers have a strong affinity
to membrane surfaces and undergo minimal degradation by proteases compared to Zn-
induced oligomers. Furthermore, AßP coupled with Al was reported to be highly toxic
compared to normal AßP.

Considering the implications of metals in AD pathogenesis, chelation therapy for AD treat‐
ment is of great interest. Clioquinol (quinoform), a chelator of Cu2+ or Zn2+, inhibits oligome‐
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rization of AßP and attenuates the accumulation of amyloid in the brains of experimental
animals. Clinical trials using its analogue PBT2 are under investigation. DFO, a chelator of Al
and Fe, attenuates the decline of daily living skills in AD patients. Silicates, which couple with
Al and reduce its toxicity, are also candidates for chelation therapy in AD [17].

2.2. Oligomerization-induced neurotoxicity of AßP

There is a considerable interest regarding the mechanisms by which AßP oligomers cause
neurotoxicity. Exposure to AßP causes various adverse effects on neuronal survivals such as
the production of reactive oxygen species, the induction of cytokines, the induction of
endoplasmic reticulum (ER) stresses, and the abnormal increase of intracellular calcium levels
([Ca2+]i), etc [18]. Although these effects may be interwoven, the disruption of Ca2+ homeostasis
is regarded to be an important determinant considering it occurs upstream of the other effects
[19,20]. Ca2+ ions are essential for the normal brain functions. They are involved with key
enzymes such as kinases, phosphatases, and proteases. Therefore, its influx is severely
controlled, and the intracellular Ca2+ levels ([Ca2+]i) are strictly conserved by Ca2+ channels,
etc. Ca2+ is also implicated in the phosphorylation of the tau protein or in APP sequestration.
Increasing evidence indicates that presenilins are involved in capacitative Ca2+ entry or
endoplasmic reticulum (ER) Ca2+ signaling, and that their mutations affect Ca2+-regulated
functions including AßP production [21].

There is considerable interest regarding the mechanism by which AßPs interact with neurons
and disrupt Ca2+ homeostasis. In 1993, Arispe et al. first demonstrated that AßP(1–40) directly
incorporates into artificial lipid bilayer membranes and forms cation-selective ion channels
[22]. The channels termed “amyloid channels” were revealed to be giant multi-level pores and
can allow a large amount of Ca2+ to pass through. Their activity was blocked by Zn2+ ions, which
are abundantly present in the brain. Furthermore, soluble AßP oligomers but not amyloid
fibrils were reported to increase the membrane permeability. Durell et al. proposed a 3-D
structural model of the amyloid channels obtained from a computer simulation of the secon‐
dary structure of AßP(1–40) in membranes that showed 5- to 8-mers aggregating to form pore-
like structures on the membranes. The multimeric (tetramer to hexamer) pore-like structures
of AßPs on reconstituted membranes were observed using atomic force microscopy. Jang et
al. established a model of amyloid channels on the membranes and observed that pentamer
AßPs form pores, and their dimensions, shapes, and subunit organizations are in good
agreement with AFM studies [23]. These results strongly support the hypothetical idea termed
“amyloid channel hypothesis”, which suggests that the direct incorporation of AßPs and the
subsequent imbalances of Ca2+ and other ions through amyloid channels might be the primary
event in AßP neurotoxicity. In this respect, AßP might share the mechanism of toxicity with a
similar mechanism underlying the toxicity of various antimicrobial or antifungal peptides that
also exhibit channel-forming activity and cell toxicity.

To determine whether AßPs form channels on neuronal cell membranes as well as artificial
lipid bilayers, we employed membrane patches from a neuroblastoma cell line (GT1-7 cells),
which exhibit several neuronal characteristics such as the extension of neuritis and the
expression of neuron-specific proteins or receptors [24]. After exposing the excised membrane
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patches of GT1-7 cells in the bath solution to AßP(1–40), the current derived from the amyloid
channels appeared. The amyloid channels formed on the GT1-7 cell membranes were cation-
selective, multilevel, voltage-independent, long-lasting ones; the channel activity was inhib‐
ited by the addition of Zn2+, and recovered by a zinc chelator, o-phenanthroline [25]. These
features were considerably similar to those observed on artificial lipid bilayers. Meanwhile,
AßP(40–1), a peptide bearing the reversed sequence of AßP(1–40), did not form any channels.
Thus, we can conclude that AßPs are directly incorporated into neuronal membranes to form
calcium-permeable pores. In order to test the amyloid channel hypothesis, we examined
whether AßP altered the [Ca2+]i levels in neurons by a high-resolution multi-site video imaging
system with fura-2 as the cytosolic free calcium reporter fluorescent probe. This multisite
fluorometry system enables the simultaneous long-term observation of temporal changes in
[Ca2+]i of more than 50 neurons. We could observe AßP-induced abnormal increase in [Ca2+]i

in GT1-7 cells [26-28] as well as in primary cultured rat hippocampal neurons [29]. Shortly
after exposure to AßP (1–40), a marked increase in [Ca2+]i occurred among many, but not all
neurons. We also observed apoptotic death of cultured neurons after the exposure to AßPs
and the consequent rise in the [Ca2+]i levels.

Considering the results of our study together with those of the other studies, we propose the
following hypothetical scheme of neurodegeneration induced by oligomerization of AßP (Fig.
4).

AßPs are normally secreted from APP into the cerebrospinal fluid and are usually degraded
proteolytically by neprilysin within a short period. However, upregulation of the AßP
secretion from APP, or an increased ratio of AßP(1–42) to AßP(1–40) may render AßPs liable
to be retained in the brain. It has been demonstrated that APP or presenilin gene mutations
promote this process. AßP possesses positive charges at neutral pH. Therefore, the net charge
of the outer membrane surface may be a determinant when secreted AßPs bind to cellular
membranes (Fig.4 (A)). The distribution of phospholipids on cellular membranes is usually
asymmetrical and negatively charged phospholipids such as PS exist on the inner membrane
surfaces. Disruption of the assymetrical distribution is the first hallmark of apoptotic cell death
[30]. Therefore, the binding of AßP to neuronal membranes seldom occur in normal and young
brains. This idea may explain why AD occurs in aged subjects meanwhile AßPs are secreted
in the brains of young subjects. After incorporation into the membrane, the conformation of
AßPs change and the accumulated AßPs aggregate on the membranes (Fig. 4(B)). The ratio of
cholesterol to phospholipids in the membrane may alter membrane fluidity, thereby affecting
the process from step (A) to (B). AßP oligomerization in vitro will also enhance the channel
formation velocity. Considering that natural oligomers (dimers or trimers) are more toxic as
compared to monomers or fibrils, it is provable that these oligomers might form tetrameric or
hexameric pores and exhibit neurotoxicity. Micro-circumstances on the membranes, such as
rafts, are suitable locations that facilitate this process. Finally, aggregated AßP oligomers form
ion channels (Fig.4 (C)) leading to the various neurodegenerative processes. The processes
required for channel formation (from steps (A) to (C)) may require a long life span and
determine the rate of the entire process. Unlike endogenous Ca2+ channels, these AßP channels
are not regulated by usual blockers. Thus, once formed on membranes, a continuous flow of
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[Ca2+]i is initiated. However, zinc ions (Zn2+), which are secreted into synaptic clefts in a
neuronal activity-dependent manner, inhibit AßP-induced Ca2+ entry, and thus have a
protective function in AD.

Once AßP channels are formed on neuronal membranes, homeostasis of Ca2+ and other-ion
will be disrupted. Disruption of Ca2+ homeostasis triggers several apoptotic pathways such as
the activation of calpain, the induction of caspase, and promote numerous degenerative
processes, including the production of reactive oxygen species (ROS) and the phosphorylation
of tau, thereby accelerating neuronal death. Mutations of presenilins cause disturbances in the
capacitive Ca2+ entry and may influence these pathways. Free radicals also induce membrane
disruption, by which unregulated Ca2+ influx is further amplified. The disruption of Ca2+

homeostasis also influences the production and processing of APP. Thus, a vicious cycle of
neurodegeneration is initiated. This hypothesis explains the long delay in AD development;
AD occurs only in senile subjects despite the fact that Aßs are normally secreted also in younger
or in normal subjects. Various environmental factors, such as foods or trace metals, as well as
genetic factors will influence these processes and contribute to AD pathogenesis [31].

3. Prion diseases and other amyloidosis

The disease-related amyloidogenic proteins exhibit similarities in the formation of ß-pleated
sheet structures, abnormal deposition as amyloid fibrils in the tissues, and introduction of
apoptotic degeneration. Prion diseases, including human kuru, Creutzfeldt-Jakob disease, and
bovine spongiform encephalopathy (BSE), are associated with the conversion of a normal prion
protein (PrPC) to an abnormal scrapie isoform (PrPSC) [32]. The ß-sheet region of PrPSC is
suggested to play a crucial role in its transmissible degenerative processes. A peptide fragment
of PrP corresponding to residues 106–126 (PrP106–126) has been reported to cause death in
cultured hippocampal neurons. We investigated the oligomerization of PrP106-126 and its
neurotoxicity on primary cultured rat hippocampal neurons [33]. As AßP, PrP106-126 formed
amyloid-like fibrils with ß–sheet structures by observation with atomic force microspope and
by thioflavin T staining during the aging process. The oligomerization and formation ß-sheet
structure enhanced the neurotoxicity of PrP106-126. The co-existence of Zn or Cu inhibited ß-
sheet formation of PrP106-126 and attenuated its neurotoxicity. Furthermore, the thickness of
PrP106-126 fibrils was decreased in the presence of Zn or Cu.

Electrophysiological and morphological studies have revealed that PrP106-126 exhibits
similarities in the formation of amyloid channels as well as AßP [34]. Lin et al. reported that
PrP106–126 forms cation-permeable pores in artificial lipid bilayers. The activity of PrP
channels was also blocked by Zn2+. Kourie et al. investigated the detailed characteristics of
channels formed by PrP106–126, concluding that it was directly incorporated into lipid bilayers
and formed cation-selective, copper-sensitive ion channels. They also revealed that quinacrine,
a potent therapeutic drug, possibly blocks amyloid channels induced by PrP106-126.

The oligomerization and fibrillation of α-synuclein has been implicated in the formation of
abnormal inclusions, termed Lewy bodies, and the etiology of dementia with Lewy bodies
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(DLB). Non-amyloid component (NAC), a fragment peptide of α-synuclein, accumulates in
Alzheimer’s senile plaques and causes apoptotic neuronal death. Lashuel et al. demonstrated
by electron microscope observation that α-synuclein forms annular pore-like structures [35].

The elongation of a polyglutamine-coding CAG triplet repeat in the responsible genes is based
on the pathogenesis of triplet-repeat disease such as Huntington’s disease or Machado-Joseph
disease. Hirakura et al. reported that polyglutamine formed ion channels in lipid bilayers.

Lal et al. investigated the oligomerization and conformational changes of AßP, synuclein,
amylin, and other amyloidogenic proteins using gel electrophoresis and AFM imaging, and
demonstrated that these amyloidogenic proteins form annular channel-like structures on
bilayer membranes [36]. We have demonstrated that these amyloidogenic peptide also cause
the elevations in [Ca2+]i as well as AßP [3,31]. Considering these results together as shown in
Table 1, it is suggested that the oligomerization of disease-related amyloidogenic proteins and
the introduction of apoptotic degeneration by disruption of calcium homeostasis via unregu‐
lated amyloid channels may be the molecular basis of neurotoxicity of these diseases.

4. Conclusion

This hypothesis about the pathogenesis of conformational diseases may help in the develop‐
ment of drugs for these diseases. We focus carnosine (ß-alanyl histidine) as such a protective
drug. Carnosine is a naturally occurring dipeptide and is commonly present in vertebrate
tissues, particularly within the skeletal muscles and nervous tissues [37]. It is found at high
concentrations in the muscles of animals or fish which exhibit high levels of exercise, such as
horses, chickens, and whales. Thus, it is believed that carnosine plays important roles in the
buffering capacities of muscle tissue and the administration of carnosine has been reported to
induce hyperactivity in animals.

Secretion from synapses of AßP, and its direct incorporation into membranes and formation
of oligomeric amyloid channels are depicted. Details are discussed in the text.

In the brain, a considerable amount of carnosine is localized in the neurons of the olfactory
bulb. It is secreted into synaptic clefts along with the excitatory neurotransmitter glutamate
during neuronal excitation. Carnosine reportedly has several beneficial effects including the
antioxidant activity, the chelating ability to metal ions, the inhibition of the Maillard reaction.
Furthermore, carnosine is reported to have anti-crosslinking properties. Attanasio et al.
reported that carnosine inhibited the fibrillation of alpha-crystallin. It was also demonstrated
that carnosine inhibited the oligomerization and subsequent neurotoxicity of AßP. Corona et
al. showed that dietary supplementation of carnosine attenuated mitochondrial dysfunction
and the accumulation of AßP in Alzheimer’s model mice [38]. We also showed that carnosine
attenuated the neuronal death induced by prion protein fragment peptide (PrP106-126) by
changing its conformation [33]. Carnosine level is significantly reduced in the serum of AD
patients. These results suggest possible beneficial effects of carnosine as a treatment for AD
and prion diseases. We also demonstrated that carnosine attenuates Zn-induced neuronal
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death and becomes a candidate for drugs of vascular dementia [39,40]. All of these functions
of carnosine (e.g., antioxidant, anti-glycating, anti-crosslinking, and scavenging toxic alde‐
hydes) are related to the aging processes. The level of carnosine varies during development
and is low in the aged animals. Therefore, it is highly possible that carnosine protects against
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death and becomes a candidate for drugs of vascular dementia [39,40]. All of these functions
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external toxins and acts as an endogenous protective substance against neuronal injury,
senescence, and aging. We have applied patents for carnosine and related compounds as drugs
for vascular type of senile dementia (Patent No. 5382633, Patent No. JP5294194).

In conclusion, further research into the role of protein oligomerization and Ca homeostasis via
amyloid channels might lead to the development of new treatments for neurodegenerative
diseases.
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1. Introduction

Many functional proteins act as oligomers. Oligomerization is a well-controlled and regulated
process. Those proteins cannot adopt their physiological functions without oligomerization,
while the protein misfolding and subsequent unphysiological oligomerization influence the
primary protein functions and produce a “gain in toxic function” as the prefibrillar oligomers
are toxic for the cells. Misfolding, oligomerization and aggregation are the reasons for the so
called conformational diseases. Several of them are neurodegenerative, but some also affect
other vital organs. The accumulation of intracellular protein aggregates (various inclusions)
and of extracellular protein deposits cause severe cellular degeneration, such as neurodegen‐
eration of affected neurons. Different proteins form rather similar but not identical fibrillar
structures, all showing cross-β-structure, where continuous β-sheets run perpendicular to the
long axis of the fibrils.

Neurodegenerative diseases like Alzheimer’s disease, Parkinson’s disease, Huntington’s
disease, prion diseases and many others have in common protein aggregation to amyloid
fibrils. Type II diabetes is also an amyloid disease although it is not neurodegenerative.
Nowadays it is believed that ordered prefibrillar oligomers or protofibrils may be responsible
for cell death and that mature fibrils may even be neuroprotective. Most amyloid prone
proteins form different oligomers in the lag phase of the amyloid fibril formation. Conforma‐
tional diseases (Table 1) are difficult to diagnose in the early stage, because they are usually a-
symptomatic during their development. Even when they can be diagnosed in the early stage
there is an ethical reason for avoiding diagnosis (i.e. to hesitate letting know the patient or the
relatives), because there are still no therapies which would slow down or even stop the
progression of this type of diseases. Many different proteins are being studied in order to
understand the common molecular mechanism of the conformational disease and to develop

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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appropriate treatments. Studies use in vitro (different spectroscopic methods), ex vivo (different
cell cultures) and in vivo (mouse models) systems to clarify the changes of the protein confor‐
mation and the down-stream effects during the whole process.

Conformational diseases ( organ/systemic) ) Protein

Alzheimer’s disease, Down’s syndrome (Trisomy 21), Hereditary cerebral

angiopathy (Dutch)
Amyloid precursor protein (Aβ 1-42)

Kuru, Gerstmann-Straussler-Scheinker Syndrome (GSS), Creutzfeld-Jacob

disease, Scrapie (sheep), Bovine spongiform encephalopathy (“mad cow”)
Prion protein

Type II diabetes mellitus (adult onset) Islet amyloid polypeptide (amylin)

Dialysis-associated amyloidosis β2-microglobulin

Senile cardiac amyloidosis Atrial natriuretic factor

Familial amyloid polyneuropathy Transthyretin

Reactive amyloidosis familial Mediterranean fever Serum amyloid A

Familial amyloid polyneuropathy (Finnish) Gelsolin

Macroglobulinemia Gamma-1 heavy chain

Primary systemic amyloidosis Ig-lambda, Ig-kappa

Familial polyneuropathy – Iowa (Irish) Apolipoprotein A1

Hereditary cerebral myopathy – Iceland Cystatin C

Nonneuropathic hereditary amyloid with renal disease Fibrinogen alpha, Lysozyme

Familial British dementia FBDP

Familial Danish dementia FDDP

Diffuse lewy body disease, Parkinson’s disease α-synuclein

Fronto-temporal dementia Tau

Amyotropic lateral sclerosis Superoxide dismutase-1

Triplet repeat diseases: (Huntinghton’s, Spinocerebellar ataxias Polyglutamine tracts (Huntingtin)

Spinal and bulbar muscural atropy Androgen receptor

Spinocerebellar ataxias Ataxins

Spinocerebellar ataxia 17 TATA box-binding protein

Table 1. Diseases of protein misfolding: amyloidoses and non-amyloidoses (reviewed in [1])

Both the amyloid forming proteins involved in certain conformational disease and model
proteins are used (Table 2). Stefin B is a model protein for studying amyloid fibril formation.

Oligomerization of Chemical and Biological Compounds296

SH3 domain p 85 phosphatidylinositol 3-kinase Fibronectin type III phosphoglycenite linase acylphosphatase

HypF N-terminal domain (E. coli) Amphoterin (human)

Apomyoglobin (equine) Apocytochrome c

Endostatin (human) Met aminopeptidase

Stefin B (human) ADA2H

Fibroblast growth factor (N. viridescens) Apolipoprotein CII

VI domain (murine) B1 domain of IgG binding protein

Curlin CgsA subunit Monellin

Serpins

Table 2. Nondisease related amyloid forming proteins/peptides – model proteins (reviewed in [1]) serpins leads to
diseases when there are mutations inducing aggregation or change of conformation (e.g. see serpinopathies and the
Conformational dementias by David A. Lomas and Robin W. Carrell [2].

2. Human stefin B

Stefins are endogenous cysteine protease inhibitors [3], which are ubiquitously expressed in
human tissues [4]. They are specific for the papain-family of cysteine proteases and classified
as the IH clan in the MEROPS scheme [5]. They are mainly intracellular inhibitors, although
have also been found outside the cell in body fluids [6]. They do not have a signal peptide, and
they bear a cystatin motif QXVXG, which is the main site involved in binding to target enzymes.

Human stefin B (also termed cystatin B) possesses 98 amino acid residues (Mr= 11 kDa) and
no carbohydrate groups or disulphide bridges [7], although it contains one free cysteine [8]. It
is an intracellular protein, which tightly and reversibly binds to papain-like cysteine proteases.
We will simply call it stefin B from now on.

Stefin B main function is protection against inappropriate proteolysis of lysosomal cysteine
proteases [9]. It is an inhibitor of cathepsins B, L, H and S [7, 10, 11]. However, it exerts some
additional functions. It was found to interact with five known non-protease proteins (neuro‐
filament light chain (NFL), brain β-spectrin, RACK-1, human myotubularin related protein 8
(Mtrp) and human T-cell activation protein (Tcrp)) [12]. NFL and β-spectrin are specific to the
nervous system. Stefin B (cystatin B) knock-out mice show neurological disorder (loss of the
cerebellar granule cells, because of apoptotic bodies, chromatin condensation and some other
changes). This suggests that stefin B has an essential anti apoptotic role in the cerebellum [12].

Stefin B is overexpressed in patients with hepatocellular carcinoma and is therefore in
combination with some other proteins used as a marker for this disease (it is elevated in the
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serum already at the early stage of the disease development and therefore easy to detect) [13].
In different types of cancer (human colorectal cancer [14], gastric cancer [15], esophageal
carcinoma [16], prostatic adenocarcinoma [17], bladder cancer [18]…) both lower expression
level and higher activity due to higher expression level have been detected.

Stefin B is localized both in the cytosol and in the nucleus [19, 20]. It is expressed in neurons
and glial cells in the brain, but with slightly different localizations; in neurons it localizes to
the nucleus while in astrocytes it is localized in the nucleus and in the cytoplasm [21]. It inhibits
cathepsin L in the nucleus, whose substrates are transcription factors. Interaction with
nucleosome – histones H2A.Z, H2B and H3, and cathepsin L in the nucleus has also been
reported [19]. Therefore, it likely regulates transcription. Furthermore, stefin B was reported
to regulate cell cycle progression into the S phase – entry into the S phase is delayed [19].
Increased expression of stefin B in the nucleus of T98G astrocytoma cells delays caspase-3 and
caspase-7 activation and this delay is independent of cathepsin inhibition [22].

Stefin B plays an important role in the immune system. It upregulates the release of nitric oxide
from interferon-γ-activated macrophages [23]. The protein is involved in innate immune
response to bacterial challenge of the leech Theromyzon tessulatum [24]. It has an essential role
in protection of the central nervous system from apoptosis [25] and from oxidative stress [26].
Increased level of stefin B was found in the senile plaques of Alzheimer’s and Parkinson’s
diseases and in samples of patients suffering from senile dementia [27].

Stefin B functions are summarized in Table 3.

Loss of functions because of alterations in the cystatin B gene (dodecameric repeat expansions
in the promoter region or point mutations in the coding gene) is the cause of progressive
myoclonus epilepsy of type 1 also known as Unverricht-Lundborg disease (EPM1) [25, 28].
EPM1 mutans are polymeric and aggregate prone in vivo [29]. In vitro and ex vivo G4R, R68X,
[30, 31], G50E and Q71P [32, 33] have been studied. Only G4R mutant folds like the wild type
protein [31], all others lack tertiary structure and are partially unfolded [31, 33]. G4R and R68X
also form amyloid fibrils [31]. Both G50E and Q71P mutants are more susceptible to cleavages
by proteases, because of the partially unfolded structure [33], which likely contributes to loss
of function in cells. Stefin B deficiency triggers neurodegeneration by impaired redox homeo‐
stasis [26]. G4R and R68X do not have any inhibitory activity, while G50E and Q71P are much
less active than the wild type protein [32]. All three missense mutants, except for G4R form
rather large but diffuse aggregates in cells when over-expressed, while G4R forms small
aggregates similar to those of the wild type protein [32].

Cystatin C, a secreted and extracellular protein, is another cysteine protease inhibitor and
mutations in its gene are the cause of hereditary cerebral amyloid angiopathy [34]. Human
cystatin C is a risk factor for late onset Alzheimer’s disease. The protein co-deposits with
amyloid β peptide (Aβ peptide) amyloid plaques in patients with Alzheimer’s disease [35].
Moreover, cystatin C binds to both the whole amyloid precursor protein (APP) and to Aβ
peptide and it inhibits Aβ peptide amyloid fibril formation in vitro [36].
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Stefin B functions

inhibition of cathepsins B, L, H and S [7, 10, 11];

interaction with five non protease proteins: neurofilament light chain (NFL), brain β-spectrin, RACK-1, human

myotubularin related protein 8 (Mtrp) and human T-cell activation protein (Tcrp) (NFL and β-spectrin are specific

to the nervous system) – essential anti apoptotic role in the cerebellum [12];

involved in immune-response to bacterial challenge of the leech Theromyzon tessulatum [24];

increased level in the senile plaques of Alzheimer’s and Parkinson’s and of patients suffering from senile

dementia [27];

essential role in some of the neurons in the central nervous system, protecting the cells against apoptosis [25];

protects thymocytes against cell death [37];

cell specific expression [21];

inhibits Aβ peptide amyloid fibril formation in oligomer specific manner [38];

positive/negative progression of cancer [13-18];

upregulation of nitric oxide release from interferon-γ-activated macrophages [23];

found mainly in the nucleus of proliferating cells and both in the nucleus and cytoplasm of differentiated cells;

regulates cell cycle [19];

increased expression in the nucleus delays caspase activation [22];

protecting cells from oxidative stress [26].

Table 3. Stefin B has many different functions.

3. Stefin B oligomers in vitro and in cells

Stefin B can adopt different oligomeric states in vitro and in cells. On the size-exclusion
chromatography (SEC) the wild type protein elutes as a set of well-defined oligomers apart
from monomers, dimers, tetramers and even higher oligomers (Figure 1) [39]. Y31 isoform is
predominantly dimeric [31], while Y31 P79S mutant is tetrameric [40]. All oligomers can be
isolated as separate peaks by SEC and stay stable for weeks at pH 7.0 and 4 °C [38].

SEC results have been confirmed up to decamers by electrospray-ionization mass spectrometry
(ESI-MS) [41]. In cells stefin B is present both in monomeric and oligomeric forms. Oligomers
size ranges between 10 and 250 kDa. The higher oligomeric species are resistant to 1% SDS and
8 M urea and partially resistant to reducing agents (DTT treatment). The low molecular species
comprise monomers, dimers, trimers and pentamers. Stefin B polymers in vivo seem to grow
by monomer addition and not by domain-swapped dimer addition. The protein binds to many
different proteins of various sizes [29]. Already the endogenous stefin B forms small punctate
aggregates in cells and after overexpression the aggregates amount increases [30].

Oligomers have been observed for many other proteins, especially the amyloidogenic ones.
Oligomeric species appear in the lag phase of the reaction and are usually more stable under
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(ESI-MS) [41]. In cells stefin B is present both in monomeric and oligomeric forms. Oligomers
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Oligomeric species appear in the lag phase of the reaction and are usually more stable under
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non-amyloidogenic conditions. Size and morphology of those oligomers can be determined
by SEC, mass spectrometry, dynamic light scattering and analytical ultracentrifugation. Some
examples are given below.

Serpins are serine protease inhibitors also used as a model for studies of amyloid fibril
formation. They have key regulatory functions in the inflammatory, complement, coagulation
and fibrinolytic cascades [2]. The mechanism of their fibril formation is known in crystallo‐
graphic details [42, 43]. They form amyloid fibrils through domain-swapping [44]. Serpins
preferably oligomerize than interact with other proteins [45]. They form both smaller oligom‐
ers and condensed longer polymers [46]. Monomers of some serpins are meta-stable with the
rate limiting step representing the transition to the dimer. Once dimers are formed, they can
connect to each other to form tetramers or recruit monomers to form trimers and also much
longer oligomers [47].

Aβ peptide forms a set of oligomers from monomer to hexadecamer; all even and odd
numbered oligomers have been detected by ESI MS [48]. Also for many other amylod forming
proteins the whole set of oligomeric species has been observed (insulin [49], β2-microglobulin
[50, 51], SH3 domain [52]…).

Figure 1. Elution profile of stefin B wild type protein (S3E31 form) at pH 7.0 from SEC. The whole sample (top trace)
and separated oligomers as indicated, are shown.
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4. Inhibitory activity of stefin B oligomers

For a long time it has been thought that monomer is the only active form of stefin B. All other
oligomeric forms would serve as a reservoir of monomers or possess additional functions.
Now we have shown that all types of oligomers are active against cysteine protease papain
(Figure 2). Dimers which are presumably domain-swapped (discussed in the structural
characterization part) show the lowest activity in the enzyme to inhibitor 1:2 ratio. They, as
well as other oligomers – tetramers and higher, are fully active in the enzyme to inhibitor 1:4
ratio (Fig. 2). SEC-isolated oligomers are all >95% pure and the amount of monomer present
in other oligomers samples has been tested to show that the inhibitory effect is not due to
monomer contamination. Higher oligomers are a mixture of various oligomers, starting from
hexamers. The highest peak represents octamers, which are the prevalent species and therefore
we propose that the average size of the higher oligomer is an octamer (this was used for
determining the molar ratio). The sample of the higher oligomers contains a small amount of
all other oligomers and we suspect that some inhibitory effect could be due to this contami‐
nation, but possibly not the whole effect. The results are in agreement with the detection of
different oligomers in cells [29] and explain that all detected species could retain inhibitory
function.

Figure 2. Different stefin B oligomers all exert inhibitory activity against the cysteine protease papain. To evaluate the
inhibitory activity of stefin B, BANA test was performed [53]. Stefin B monomers, dimers, tetramers and oligomers
were prepared in eight different molar ratios [E]:[I]– 1:45, 1:22, 1:11, 1:4, 1:2, 1:0.2. Higher absorbance means lower
inhibitory activity. The average oligomeric state (the highest peak from SEC) in the sample of higher oligomers are the
octamers.
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5. Structural characterization of different oligomeric states of stefin B

Crystal or solution structure of stefin B monomer and oligomers have been so far characterized
from monomer in complex with the target enzyme [54], dimer under amyloid forming
conditions [55], tetramer [40] to model of amyloid fibrils [56]. Domain-swapped dimer of stefin
A has also been determined by heteronuclear NMR [57].

Stefin B was first crystallized in complex with the cysteine protease papain (Figure 3A) [54].
The structure of the monomeric stefin B consists of a five stranded β-sheet wrapped around a
five turn α-helix and with an additional carboxy terminal strand running along the convex
side of the β-sheet. This type of the tertiary structure is conserved throughout the cystatin
family (Fig. 3A)

High resolution structure of stefin B dimer was determined by heteronuclear NMR [55].
Furthermore, changes within the dimer under amyloid forming conditions were observed and
flexible residues were defined. Even under amyloid forming conditions the structure remains
largely folded, the main differences are in the flexible loops regions. Prolines on positions 74
and 79 play an important role in the orientations of the loop between strands 4 and 5 (the same
loop is involved in “hand-shaking” in the tetramer formation). Four different dimer states have
been observed in solution.

When the proline at position 79 was mutated into serine, the tetrameric form of the protein
became favourable [40]. This tetramer has been crystallized and its structure determined
(Figure 3B) [40]. The tetramer consists of two domain-swapped dimers connected with the so-
called “hand-shaking” mechanism to each other. Hand-shaking occurs along with trans to cis
isomerization of the proline at position 74. This proline is conserved throughout the cystatin
family. Both domains preserve the fold of the monomer (the same as observed in the complex
with papain); each domain is composed of the N-terminal part from one chain (strand 1, the
α-helix and strand 2) and C-terminal part from the other chain (strands 3, 4 and 5), between
both domains there is a linker region (two peptides, belonging each to one chain).

The structured core of human stefin B amyloid fibrils has been determined (Figure 3C) [56].
Based on the H/D exchange rates the structure could be divided onto protected region (inside
the fibril core) and unprotected region (striking out of the fibril). Strands 2, 3, 4 and 5 are
protected, while strand 1, α-helix and loops between strands 3 and 4 and 4 and 5 are unpro‐
tected. The loop between strands 2 and 3 is the same as the one involved in the domain-
swapping mechanism. The fibril core would therefore be made of domain-swapped dimers
but with the loop between strands 4 and 5 in position of a tetramer.

6. Initial oligomers on the way to fibril formation

That stefin B forms amyloid fibrils in vitro under relatively mild conditions was first shown in
2002 [58] and various solution conditions were probed, fibrils and protofibrils were imaged
by AFM and TEM [59]. The fibril formation of stefin B was compared to that of stefin A, a much
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more stable homologue [60], to proline mutants [61], EPM1 mutants [62] and to chimeras
between stefins A and B [63].

A model for the mechanism of stefin B amyloid fibril formation has been proposed based on
temperature and concentration dependence of the kinetics [64]. Following changes during the
lag phase of the reaction by SEC and ESI MS we were able to improve the model of amyloid
fibril formation (Figure 4), further explaining the role of various off-pathway oligomers [41].
Dimers seem to be the building block from which fibril formation starts and the fibrils grow
[56]. When the process was started from any kind of oligomers, these transformed into dimers
[41]. NMR studies have shown that there are actually four types of dimers observed in the lag
phase under amyloid forming conditions [55].

Figure 3. Stefin B structure. (A) stefin B monomer (PDB 1stf) [54], (B) stefin B tetramer (PDB 2oct) [40], (C) secondary
structure representation of stefin B fibril [56]
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Figure 4. The proposed mechanism for amyloid fibril formation by stefin B [41]. Non-toxic species are coloured green,
toxic are coloured red and potentially toxic are coloured orange.

7. Oligomeric state related toxicity

Stefin B higher oligomers are equally toxic to cells as the molten globule state (mutant P74S
Y31) [39]. Higher oligomers still have native like CD spectra and increased ANS binding, which
would mean that they are properly folded. The toxicity seems to correlate with the ANS
binding (ANS binding is indicator of exposed hydrophobic patches in the protein structure)
[39]. MTS test has shown that isolated dimers and tetramers are not toxic (Figure 5A), while
higher oligomers show some toxicity to neuroblastoma cells (SH-SY5Y). In accordance, low
ordered oligomers, monomers, dimers and tetramers do not increase caspase-3-like activity
(Figure 5B) [39]. All those results correlate with insertion into lipid membranes, where toxic
species insert more effectively than not toxic. Monomers do not get internalized into the
cytoplasm when added to the cell medium, while higher oligomers do [39].

Confirming the above results, in another study [65] it was demonstrated that a mutated P74S
Y31 form of stefin B, which is molten globule at neutral pH and prefibrillar aggregates at pH
3, which are also in the molten globule conformation, are most toxic.

A growing body of evidence shows that the soluble oligomers formed during amyloid fibril
formation exert toxicity and likely cause neurodegeneration [66]. Small soluble oligomers are
the cause of synaptic disfunction, whereas large and insoluble aggregates are likely the
reservoir of those toxic species [66]. In the case of Aβ peptide a significant correlation has been
found between the levels of soluble oligomers and the degree of synaptic alteration, neurode‐
generation and cognitive decline, while the correlation between insoluble deposits and those
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symptoms has not been demonstrated [67]. Non fibrilar dimers or oligomers of α-synuclein
could play a major role in Parkinson’s disease progression [68]. In accordance with a generic
process of amyloid type of protein aggregation, not only oligomers of amyloidogenic proteins
related to amyloid diseases exert toxicity, also HypF-N from E. coli, SH3 domain of PI3 kinase
and some other proteins form oligomers that are toxic to fibroblasts and neurons, whereas
amyloid fibrils of the same proteins show only low toxicity [69, 70].

Conformation dependent antibodies distinguish between soluble oligomers [71-73] and
amyloid fibrils [74, 75]. Many of those antibodies recognize the generic epitopes regardless of
the amino acid sequence and this suggests that different proteins form structurally similar
oligomers and fibrils. It was shown that the antibody recognizing Aβ peptide fibrils, recognize
also fibrils of transthyretin, islet amyloid polypeptide, β2-microglobulin and polyglutamine
and that the same antibody does not recognize soluble oligomers of those proteins nor the
native forms [75]. Antibodies recognizing soluble oligomers also inhibit their toxicity which
suggests that soluble oligomers do not share only structural properties but also the mechanism
of toxicity [72].

Figure 5. Viability of cells exposed to prefibrillar aggregates and oligomers of stefin B. (A) MTS test-viability of the
SHSY5Y cells was measured after exposure for 16 hours to serum free medium, which contained prefibrillar oligomers
of stefin B – StBpH3, StBpH5, StBpH3F (filtered), and separated dimers, tetramers and higher-order oligomers of stefin
B at pH 7 – StBpH7; each at a final concentration of 44 µM. As a control for the effect of a non-toxic protein, cells were
exposed for the corresponding length of time to 44 µM of soluble stefin A prepared at pH 5 (StApH5). All the results
are relative to the cells alone, with no added substance or protein in the medium. (B) DEVD-ase activity after exposing
SHSY5Y cells to prefibrillar aggregates. 200 µl of concentrated StBpH3 aggregates were added to 800 µL of cell medi‐
um to a final concentration of 44 µM (final pH was checked to be neutral). The cells were treated for four hours with
0.5 µM staurosporine (STS). Statistics-as described [39].

Both oligomers and amyloid fibrils are harmful for the cells; oligomers present mostly the toxic
effect, while amyloid fibrils present steric obstacles.
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• the disruption of the tissue architecture and functions promoted by the invasion of the extracellular space of organ

by amyloid [76, 77]

• the destabilization of intracellular and extracellular membranes by oligomers [78, 79]

• the apoptotic cell death and receptor-mediated toxicity triggered by the oligomer interaction with various neuronal

receptors [80]

• the oligomer-mediated impairment of the P/Q-type calcium currents [81]

• the impaired maturation of autophagosomes to lysosome mediated by the oligomer accumulation [82]

• the dysfunction of autophagy, a lysosomal pathway for degrading organelles and proteins [83]

• the oxidative damage-induced disruption of the cell viability promoted by the incorporation of redox metals into

amyloid fibrils and subsequent generation of reactive oxygen species [84-88]

• the general disorganization of cellular protein homeostasis associated with the exhaustion of the cell defence

mechanisms, such as chaperone system [89, 90]

• proteasome inhibition [91]

• the loss of crucial protein functions and/or gain of toxic functions

Table 4. Cellular degeneration after protein oligomerization/deposition (summarized in [92])

8. Oligomeric state related membrane interactions

Amyloid forming proteins interact with biological membranes and even form pores, which
are similar to those formed by the pore-forming proteins [1, 93]. Interactions between stefin B
and membranes have been extensively studied [65, 94, 95]. Three different proteins have been
studied: wt protein, Y31 isoform and G4R mutant (mutant involved in EPM1 disease). Also
some comparisons have been made between native and prefibrillar states of the protein
(prepared with incubation at pH 3.3 or 4.8) (Figure 6) [94]. Prefibrillar oligomers may be
organized in such a way that they are more amphipatic than the native protein and therefore
acquire a higher surface-seeking potential. All forms of the protein insert into acidic lipid
membranes, cause permeabilization of unilamelar vesicles and destabilize the membranes [94,
95]. Nevertheless there are some significant differences between them concerning pore
formation. The mutant G4R does not form pores, but breaks the membrane very fast (in a few
minutes), while both the wt protein and Y31 isoform form pores; wt pores are cation selective
(and may not be deleterious for the cell) and Y31 pores are anion selective [95]. Wt sample was
separated into different oligomers apart from monomers, into dimers, tetramers and higher
oligomers. Monomers, dimers and tetramers insert into lipid membranes with approximately
the same critical pressure, while the higher oligomers (average size is around octamers) insert
more effectively [65].
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The exact mechanism of amyloid induced toxicity is yet controversial; nevertheless the pore
formation into plasma or mitochondrial membrane is now the leading theory of pathogenesis.
Aβ peptide needs anionic phospholipids for binding and insertion into membranes [96-101].
Monomeric form does not interact with membranes. Amylin (islet amyloid polypeptide)
readily forms pores into planar lipid bilayer, preferring negatively charged lipids and
furthermore the channel activity is inversely proportional to the amount of negative surface
charge in the membrane [102]. Native form of prion protein does not form pores, while the
mutant prion protein forms irreversible pores in the lipid bilayer. They claim that the pore
formation is the main cause of the prion disease [103]. α-synuclein, a natively unfolded protein,
also forms pores into lipid membranes but in contrast to others described it is not known how
does the oligomeric form increase membrane permeability without forming discrete channels
[104]. In the literature we can find contradictory results what effects amyloid proteins exert on
membranes. For the same proteins we can find reports that they affect membranes by a non-
channel mechanism and other reports that they affect membranes by the formation of ion
channels. Two mechanisms of pore formation into membranes by the amyloid forming
proteins are summarized in Table 5.

Figure 6. Binding of stefin B variants to liposomes as measured by SPR. (A) Binding to PC LUV. A comparison of bind‐
ing of 70 µM stefin variants to PC LUV immobilized on the surface of a L1 sensor chip. (B–D) A comparison of the bind‐
ing of prefibrillar form of stefin variants to PG LUV. The concentration of the protein was 10, 20, 40, 50, 60 and 70 µM
(curves from the bottom to the top) in each case. The thick gray line represents binding of native stefin variants at
70µM. (B) StB-wt; (C) StBY31; (D) G4R [95].
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mechanisms, such as chaperone system [89, 90]

• proteasome inhibition [91]

• the loss of crucial protein functions and/or gain of toxic functions

Table 4. Cellular degeneration after protein oligomerization/deposition (summarized in [92])

8. Oligomeric state related membrane interactions

Amyloid forming proteins interact with biological membranes and even form pores, which
are similar to those formed by the pore-forming proteins [1, 93]. Interactions between stefin B
and membranes have been extensively studied [65, 94, 95]. Three different proteins have been
studied: wt protein, Y31 isoform and G4R mutant (mutant involved in EPM1 disease). Also
some comparisons have been made between native and prefibrillar states of the protein
(prepared with incubation at pH 3.3 or 4.8) (Figure 6) [94]. Prefibrillar oligomers may be
organized in such a way that they are more amphipatic than the native protein and therefore
acquire a higher surface-seeking potential. All forms of the protein insert into acidic lipid
membranes, cause permeabilization of unilamelar vesicles and destabilize the membranes [94,
95]. Nevertheless there are some significant differences between them concerning pore
formation. The mutant G4R does not form pores, but breaks the membrane very fast (in a few
minutes), while both the wt protein and Y31 isoform form pores; wt pores are cation selective
(and may not be deleterious for the cell) and Y31 pores are anion selective [95]. Wt sample was
separated into different oligomers apart from monomers, into dimers, tetramers and higher
oligomers. Monomers, dimers and tetramers insert into lipid membranes with approximately
the same critical pressure, while the higher oligomers (average size is around octamers) insert
more effectively [65].
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The exact mechanism of amyloid induced toxicity is yet controversial; nevertheless the pore
formation into plasma or mitochondrial membrane is now the leading theory of pathogenesis.
Aβ peptide needs anionic phospholipids for binding and insertion into membranes [96-101].
Monomeric form does not interact with membranes. Amylin (islet amyloid polypeptide)
readily forms pores into planar lipid bilayer, preferring negatively charged lipids and
furthermore the channel activity is inversely proportional to the amount of negative surface
charge in the membrane [102]. Native form of prion protein does not form pores, while the
mutant prion protein forms irreversible pores in the lipid bilayer. They claim that the pore
formation is the main cause of the prion disease [103]. α-synuclein, a natively unfolded protein,
also forms pores into lipid membranes but in contrast to others described it is not known how
does the oligomeric form increase membrane permeability without forming discrete channels
[104]. In the literature we can find contradictory results what effects amyloid proteins exert on
membranes. For the same proteins we can find reports that they affect membranes by a non-
channel mechanism and other reports that they affect membranes by the formation of ion
channels. Two mechanisms of pore formation into membranes by the amyloid forming
proteins are summarized in Table 5.

Figure 6. Binding of stefin B variants to liposomes as measured by SPR. (A) Binding to PC LUV. A comparison of bind‐
ing of 70 µM stefin variants to PC LUV immobilized on the surface of a L1 sensor chip. (B–D) A comparison of the bind‐
ing of prefibrillar form of stefin variants to PG LUV. The concentration of the protein was 10, 20, 40, 50, 60 and 70 µM
(curves from the bottom to the top) in each case. The thick gray line represents binding of native stefin variants at
70µM. (B) StB-wt; (C) StBY31; (D) G4R [95].
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Membrane poration followed by nonspecific membrane

leakage – increased conductivity of the membranes by a

non-channel mechanism

Specific ion transport through ion channel followed by

destabilized ionic homeostasis

Aβ40 peptide [105] Aβ40 peptide [106, 107]

Aβ42 peptide [105] Aβ42 peptide [108]

α-synuclein [105] Aβ22-35 peptide [109]

IAPP or amylin [105, 110] α-synuclein [111]

Polyglutamine [105] IAPP or amylin [112]

Prion (106-126) H1 [105] stefin B [95]

SOD1 [113]

Table 5. The mechanisms underlying globular peptides induced cell dysfunction

9. Copper binding to stefin B and its inhibition of amyloid fibril formation

Divalent metal ions (Cu (II), Zn (II), Fe (II)) are often observed to colocalize with amyloid
plaques in vivo in much higher concentrations than usually present in the normal environment.
This has led to the hypothesis that this metal ions bind to mature fibrils and influence the fibril
formation reaction [114].

Indeed it was proven that human stefin B is a copper binding protein [114]. It shows a
picomolar affinity to copper at pH 7 and a nanomolar affinity at pH 5. Both the wild type
protein and the Y31 isoform bind copper, while the Y31 P79S, which is tetrameric, does not.
Monomers and dimers are able to bind copper, while other oligomers are not. Copper binding
does not change the conformation of the protein; however it inhibits amyloid fibril formation
(Figure 8). Of note it does not prevent aggregation to prefibrillar oligomers, which can be even
more toxic to cells. The protein binds two Cu2+ ions. Copper binding promotes protein
dimerization at neutral pH, while at acidic pH protein undergoes dimerization, already
without added copper [114].

Later-on, NMR was used to detect the three possible copper binding sites of stefin B. The first
is in the α-helix facing away from the β-sheets together with the loop between strands 4 and
5. The second potential binding site is the C-terminal together with the loop between strands
3 and 4 (this binding site is more likely in the dimeric form of the protein). The third binding
site is in the dimer only and is the loop between strands 2 and 3, which is the stretched loop
in the domain-swapped dimer together with the few residues at the N-terminal [55].

It was confirmed that copper affects the stefin B fibril formation. In more details, it slows down
the elongation phase. It was also shown that the presence of copper destabilizes the protein
structure and therefore it was concluded that it preferably binds to the slightly unfolded state
of the protein. The final fibril morphology does not differ if copper ions are present or not [55].

Metal ions have different effect on amyloid forming proteins. They can speed up the fibril
formation, reduce the lag phase, retard the fibrillization or even stop the process completely
[115-117].

Oligomerization of Chemical and Biological Compounds308

Binding of metal ions to prion protein increases proteolysis resistance and structural changes
which might play an important role in the conversion process [118].

SOD1 aggregation is enhanced and modulated by Ca2+ ions; at physiological pH Ca2+induces
conformational changes that increase β-sheet content, they can also divert the aggregation from
amyloid fibrils to amorphous aggregates [119]. Cu2+ and Zn2+ accelerate deposition of Aβ40
peptide and Aβ42 peptide, which results in the amorphous aggregates [120, 121]. Fe3+ induces
the deposition of fibrillar amyloid plaques of Aβ40 peptide and Aβ42 peptide [120]. Prion
protein can directly influence neuronal zinc concentrations [122]. In prion plaques there was
found a significant disregulation of copper and manganese, copper was depleted and man‐
ganese was enriched [123]. Fe3+ and Al3+ enhance both formation of mixed oligomers and
recruitment of α-synuclein in pre-formed tau oligomers [124]. Copper and selenium inhibit
amylin fibril formation, while aluminium and manganese promote it [125]. Copper amylin
complex has an anti-aggregating and anti-apoptotic properties, quenching the metal catalysed
ROS [126]. Zinc also inhibits amylin fibril formation, furthermore, it favours the formation of
amylin hexamers and inhibits the formation of dimers [127].

10. Interaction between oligomers of stefin B and Aβ peptide in vitro and
in cells-“amateur chaperones”

“Professional chaperones” (heat shock protein family) prevent protein misfolding and
subsequent protein aggregation. “Amateur chaperones” bind amyloidogenic proteins and
may affect their aggregation process. Both types of chaperones colocalize with pathological
lesions of Alzheimer’s disease, may be involved in Aβ peptide conformational changes,
clearance of Aβ peptide from the brain. Both types of chaperones may be involved in the

Figure 7. Inhibition of fibrillation of stefin B by Cu2+ as probed by ThT fluorescence. Final protein concentration was in
all cases 45 µM and final concentration of Cu2+ 46 µM, leading to 1 : 1 of protein to Cu2+ ratio. (A) Stefin B wildtype
(E31 isoform) at pH 5, 40 °C, 0 and 50 µM Cu2+ in the buffer. (B) Stefin B wildtype (E31 isoform) at pH 5, 10% TFE, 25
°C, 0 and 50 µM Cu2+ in the buffer [114].
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structure and therefore it was concluded that it preferably binds to the slightly unfolded state
of the protein. The final fibril morphology does not differ if copper ions are present or not [55].
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formation, reduce the lag phase, retard the fibrillization or even stop the process completely
[115-117].
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conformational changes that increase β-sheet content, they can also divert the aggregation from
amyloid fibrils to amorphous aggregates [119]. Cu2+ and Zn2+ accelerate deposition of Aβ40
peptide and Aβ42 peptide, which results in the amorphous aggregates [120, 121]. Fe3+ induces
the deposition of fibrillar amyloid plaques of Aβ40 peptide and Aβ42 peptide [120]. Prion
protein can directly influence neuronal zinc concentrations [122]. In prion plaques there was
found a significant disregulation of copper and manganese, copper was depleted and man‐
ganese was enriched [123]. Fe3+ and Al3+ enhance both formation of mixed oligomers and
recruitment of α-synuclein in pre-formed tau oligomers [124]. Copper and selenium inhibit
amylin fibril formation, while aluminium and manganese promote it [125]. Copper amylin
complex has an anti-aggregating and anti-apoptotic properties, quenching the metal catalysed
ROS [126]. Zinc also inhibits amylin fibril formation, furthermore, it favours the formation of
amylin hexamers and inhibits the formation of dimers [127].

10. Interaction between oligomers of stefin B and Aβ peptide in vitro and
in cells-“amateur chaperones”

“Professional chaperones” (heat shock protein family) prevent protein misfolding and
subsequent protein aggregation. “Amateur chaperones” bind amyloidogenic proteins and
may affect their aggregation process. Both types of chaperones colocalize with pathological
lesions of Alzheimer’s disease, may be involved in Aβ peptide conformational changes,
clearance of Aβ peptide from the brain. Both types of chaperones may be involved in the

Figure 7. Inhibition of fibrillation of stefin B by Cu2+ as probed by ThT fluorescence. Final protein concentration was in
all cases 45 µM and final concentration of Cu2+ 46 µM, leading to 1 : 1 of protein to Cu2+ ratio. (A) Stefin B wildtype
(E31 isoform) at pH 5, 40 °C, 0 and 50 µM Cu2+ in the buffer. (B) Stefin B wildtype (E31 isoform) at pH 5, 10% TFE, 25
°C, 0 and 50 µM Cu2+ in the buffer [114].
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aggregation, accumulation, persistence and clearance of Aβ peptide and may therefore serve
as a potential targets for medical treatment of those patients [128].

Aβ peptides are produced by proteolytic cleavage of the amyloid precursor protein (APP) by
α-secretase, β-secretase and γ-secretase. Cathepsin B, which can be inhibited by stefin B, is
likely contributor to β-secretase activity [129]. Cysteine protease inhibitors reduce both Aβ
peptide level in the brain and β-secretase activity in vivo [129]. Stefin B has an effect on
production of Aβ peptides and furthermore it also inhibits Aβ peptide fibril formation [38].

Two isoforms of stefin B (Y31 and wt E31) have been studied. Y31 isoform is predominantly a
dimer [31] while the wild type protein exist as mixture of monomers, dimer, tetramers and
even higher oligomers [39]. ThT fluorescence and transmission electron microscopy (TEM)
have shown that Y31 isoform completely inhibits Aβ peptide fibril formation (Figure 9I). The
direct interaction between those two proteins has also been shown by SPR measurements,
where concentration dependent interaction has been reported and by ESI MS where the
complex between dimer stB and monomer Aβ peptide has been detected (Figure 9II) [38].
Furthermore, isolated oligomers of the wild type protein have been studied and it was shown
that only the tetramer inhibits Aβ peptide fibril formation and that the higher oligomers show
only a weak inhibition. Stefin B also colocalizes with the Aβ peptide aggregates in cells (shown
by confocal microscopy) and with the C-terminal fragment of APP (comprising Aβ peptide
sequence) (shown by immunoprecipitation).

Molecule/protein Type of interaction

stefin B Inhibits Aβ peptide fibril formation, interaction in vitro and in cells [38].

laminin Inhibits Aβ peptide fibril formation, induce depolymerisation of preformed fibrils [130].

polyphenols Inhibits Aβ peptide fibril formation [131].

heme Prevents Aβ peptide aggregation [132].

GroEL Prevents Aβ peptide aggregation [133].

apolipoprotein E Slows down the oligomerization of Aβ peptide [134].

myelin basic protein Inhibitor of Aβ peptide fibrilar assembly [135].

cystatin C Concentration dependent inhibition of Aβ peptide fibril formation [36].

ferulic acid
Inhibits Aβ peptide oligomer formation from monomers and at the same time accelerates fibril

formation from already formed oligomers [136].

S14G humanin
Inhibits aggregation into fibrils and disaggregates preformed fibrils, reduces cytotoxicity effect

of Aβ peptide [137].

albumin Increases the lag phase and decreases the total amount of fibrils [138]

crocetin
Inhibits Aβ peptide fibril formation, destabilizes preformed fibrils, stabilize Aβ peptide

oligomers and prevents their conversion into fibril [139].

Table 6. Molecules interacting with Aβ peptide
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Figure 8. (I) Inhibition of Aβ peptide fibril formation by stefin B measured by ThT fluorescence and (II) the detection of
the complex by ESI MS. (I) The Aβ peptide concentration was 17 µM throughout, pH 7.3, 40 °C. (I, A), Aβ peptide
alone, 1:1 molar ratio of Aβ to Y31 stefin B (complete inhibition) and 1:1 molar ratio of Aβ to E31 stefin B. (I, B), Aβ
peptide alone, and 1:1 molar ratios to E31 stefin B monomers, dimers, tetramers, and higher oligomers. The protein
concentrations of stefin B were 17 µM. (II) Complex detected by ESI-MS. (II, A) ESI-MS spectra of Aβ(1– 40) peptide, (II,
C) stefin B dimer (Y31 variant) and (II, B) their mixtures were recorded: (II, A), 2 µM Aβ(1– 40) peptide; (II, B), a mixture
of 2 µM Aβ peptide and 2 µM stefin B; and (II, C), 2 µM stefin B. Peaks corresponding to the Aβ peptide-stefin B com‐
plex are denoted with an asterisk and numbers above the peaks denote charge state of the ions [38].

In order to show if binding between domain-swapped dimers and Aβ peptide is a generic
property, other cystatins have been used. It was shown that only cystatin C dimers inhibit Aβ
peptide fibril formation (30% inhibition) while stefin A dimers exhibited no such effect [140].

Several molecules interacting with Aβ peptide have been reported by now (Table 6).

11. Conclusions and perspectives

Stefin B has been so far found as a good model system for studying amyloid fibril formation.
It exhibits nearly all features shared with other amyloid forming proteins: it forms mature
fibrils under mildly acidic conditions or even at neutral pH at somewhat higher temperature,
forms membrane pores and therefore promotes membrane leaking, binds copper ions and its’
oligomers are toxic. It is not a model protein only, but also could be termed an “amateur
chaperone” affecting Aβ peptide fibril formation both in vitro and in vivo [38].

We are trying to extend our in vitro knowledge to cell cultures to contribute even more to the
understanding of conformational disease. It is hoped that new knowledge of protein oligo‐
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plex are denoted with an asterisk and numbers above the peaks denote charge state of the ions [38].
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property, other cystatins have been used. It was shown that only cystatin C dimers inhibit Aβ
peptide fibril formation (30% inhibition) while stefin A dimers exhibited no such effect [140].

Several molecules interacting with Aβ peptide have been reported by now (Table 6).
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merization and aggregation on the molecular and cellular levels will contribute to the devel‐
opment of new therapeutic strategies for patients with various conformational diseases,
including the neurodegenerative ones.
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merization and aggregation on the molecular and cellular levels will contribute to the devel‐
opment of new therapeutic strategies for patients with various conformational diseases,
including the neurodegenerative ones.
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The Assembly of Protein Oligomers — Old Stories and
New Perspectives with Graph Theory
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Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/58576

1. Introduction

Proteins are biological entities made of a chain of amino acids bound to one another in a specific
order, called the primary structure or the amino acid sequence of the protein. Based on the
sequence and the environment, the protein acquires a tridimensional shape called tertiary
structure (3D-structure), conformation or fold, suitable for its biological function. The func‐
tional shape is the native structure of the protein. The set of reactions leading to the native
structure is the folding of the protein. The vast majority of proteins are oligomers which
function only after the association of several copies of their chains. Homo-oligomers have
chains with identical sequences and hetero-oligomers have chains with different sequences.
The number of associated chains defines the quaternary structure of the oligomer, or its
stoichiometry [1]. According to the Protein Database (PDB) where all known 3D structures of
proteins are stored, the most observed quaternary structure in all taxa is the dimer (Fig. 1A).
A taxon is a set of living organisms grouped because of some shared characteristics. Besides
dimers, there exists a large variety of assemblies in terms of quaternary structures and point
group symmetries (Fig. 1). In forming a protein oligomer, subunit association has to be
considered in addition to folding.

Folding involves the formation of interactions/bonds between atoms of the amino acids of a
single chain. These are intramolecular (within a single molecule) amino acid interactions (Fig.
2A). Chain association involves the formation of interactions/bonds between atoms of the
amino acids provided by at least two individual chains. These are intermolecular (between
two molecules) amino acid interactions (Fig. 2B). Here the protein chain is considered as the
molecule.

The twenty natural amino acids share four atoms called the backbone atoms and are distin‐
guished by a set of atoms called the side chain atoms. These atoms can make different types

© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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structure is the folding of the protein. The vast majority of proteins are oligomers which
function only after the association of several copies of their chains. Homo-oligomers have
chains with identical sequences and hetero-oligomers have chains with different sequences.
The number of associated chains defines the quaternary structure of the oligomer, or its
stoichiometry [1]. According to the Protein Database (PDB) where all known 3D structures of
proteins are stored, the most observed quaternary structure in all taxa is the dimer (Fig. 1A).
A taxon is a set of living organisms grouped because of some shared characteristics. Besides
dimers, there exists a large variety of assemblies in terms of quaternary structures and point
group symmetries (Fig. 1). In forming a protein oligomer, subunit association has to be
considered in addition to folding.

Folding involves the formation of interactions/bonds between atoms of the amino acids of a
single chain. These are intramolecular (within a single molecule) amino acid interactions (Fig.
2A). Chain association involves the formation of interactions/bonds between atoms of the
amino acids provided by at least two individual chains. These are intermolecular (between
two molecules) amino acid interactions (Fig. 2B). Here the protein chain is considered as the
molecule.

The twenty natural amino acids share four atoms called the backbone atoms and are distin‐
guished by a set of atoms called the side chain atoms. These atoms can make different types
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of chemical bonds. First, the amino acids are linked to one another by a covalent bond involving
two backbone atoms and called the peptide bond. The covalent bonds are thus used to make
a chain of amino acids arranged in a specific order, the primary sequence of the protein.
Cysteine and methionine amino acids are the only amino acids that can make a supplementary
covalent bond, called a disulfide bond, using the sulfur atom of their side chains. There can be
intramolecular disulfide bonds (between two cysteines of one chain) or intermolecular
disulfide bonds (between two cysteines, each one produced by a distinct chain), the latter
making a covalent oligomer. Some collagen trimers are stabilized by inter‐chain disulfide
bonds [4]. The collagen oligomers have been reviewed recently [5, 6]. Some other examples of
covalent oligomers can be found in the chapter on protein oligomerization by Giovanni Gotte

Figure 1. Protein oligomer features. The data in A and B are obtained by screening the PDB. A. Distribution of taxa
according to quaternary structures. B. Distribution of taxa according to point group symmetries. C. Protein oligomers
belong to three different point group symmetries. Cn, cyclic with n rotational axes. One ferritin is given as an example
for a C3 symmetry (PDB 2F7N). Dn, dihedral with n rotational axes plus 2-fold perpendicular axes. One ferritin is given
as an example for a D2 symmetry (PDB 2RBD). Cubic. T, tetrahedral with four 3-fold axes and six 2-fold axes. Ferritin is
given as an example (PDB 1DPS) [2]. O, octoahedral, octahedron or hexahedron with six 4-fold axes, eight 3-fold axes
and twelve 2-fold axes. One ferritin is given as an example (PDB 1LB3). I, icosahedral with twelve 5-fold axes, twenty 3-
fold axes and thirty 2-fold axes. Ferritin is given as an example (PDB 1K4R). Icosahedral is not a cubic point group sym‐
metry but has been conflated to the cubic point group symmetry in chemistry [3].
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and Massimo Libonati. Disulfide bonds can significantly increase the stability of a chain or of
an oligomer, but it is not necessarily true and that needs to be measured case by case [7].
Covalent bonds are strong interactions as it takes a large amount of energy to break them
(110-50 kcal/mol). In living organisms, an enzyme (protease) is necessary to cut a covalent
bond.

Second, the tertiary and quaternary structures of protein as well as the folding and the chain
association involve mostly non-covalent bonds between the atoms of the amino acids, called
weak bonds because it takes a small amount of energy to break them (1-7 kcal/mol). These are

Figure 2. Interactions in proteins.A.Protein monomer. Monomeric proteins perform their biological function with a
single chain. The formation and the stability of their native 3D structure involve only intramolecular atomic interac‐
tions (interaction within a chain). B. Protein oligomer. Oligomeric proteins need to assemble several copies of their
chain to perform their biological function. The formation and the stability of their native structure involve intramolec‐
ular atomic interactions (interaction within one chain) to acquire their fold and intermolecular atomic interactions (in‐
teraction between chains) to acquire their quaternary structure. The pictures are generated with Rasmol. The protein
chains are shown in ribbons of different colors. For a few amino acids, all atoms are indicated in balls and sticks to
highlight intra and inter atomic interactions. C. Recognition modes. A protein interface is made of two set of atoms,
one per chain, spatially organized to yield a chemical and geometrical complementarity. Two simple cases are present‐
ed. On the left are two interacting α-helices and on the right are two interacting β-strands. Because of the geometry,
the interacting amino acids produced particular sequence motifs/pattern abcdefg with a and d residues interacting in
the α-helical interface and abcdabdcd, with a and c residues interacting in the β-strands.
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hydrogen bonds, hydrophobic bonds, electrostatic bonds (between charges), polar bonds
(between dipoles) and van der Waals interactions. Under physiological conditions, the weak
bonds continuously form and break. The secondary structures of proteins, α-helices and β-
sheets (intramolecular β-strand interactions) are stabilized by hydrogen bonds between atoms
of the backbone of the amino acids. Likewise for intermolecular β-sheets but the hydrogen
bonds are between atoms of the backbone of amino acids located on different chains. At last,
but not least, worth noted amino acids in terms of folding and association is the proline. Its
side chain geometry is particular and can adopt two positions named cis and trans, affecting
the relative position of its neighboring amino acids accordingly. The consequence is the
existence of two different local tridimensional states. The transition between the cis and trans
conformation is called a cis-trans isomerization and is known to slow down the folding of a
protein, and to also affect the association of chains indirectly [8-11].

The zone of contact between two associated chains is called the protein interface. The protein
interface is made of intermolecular amino acid interactions. Every chain provides a domain
that recognizes another domain, or the same domain, on another chain and associates with it.
The association is based on the chemical and geometrical complementarities of the two
domains. These complementarities are constructed on the spatial layout of the intermolecular
amino acid interactions (Fig. 2C). These layouts are referred to as recognition modes and have
been extensively studied [12-20]. Yet the rules that would enable us to predict recognition
modes from sequences still remain elusive.

Understanding and predicting the modes of recognition of protein interfaces is essential for
several reasons. First, because oligomers are involved in many cellular activities and when
default interactions occur there are numerous consequences among which certain diseases.
Second, because it is important to distinguish biologically significant interfaces from non‐
specific interfaces observed in protein crystals in order to properly assess biological assemblies
in x-ray structures [21-24]. Along the same line, it is still not trivial to determine experimentally
whether a protein is an oligomer and if so its quaternary structure, so any predictive quaternary
structure tool is helpful. Third, because the knowledge on protein interfaces is used in synthetic
biology to engineer artificial oligomers for several purposes from drug delivery devices to the
development of new material [25-29]. As an example, one can read the chapter by Keqin Zhang
on silkworm and spider protein fibers and their potential use in the fabric industry.

2. Overview of protein assembly

2.1. Intermolecular amino acid interactions

Protein interfaces have been extensively investigated [14, 30-35]. But because protein interfaces
are large and rather flat in nature, they lack the spatial constraints achieved by a limited
number of sequences. Thus the sequences of protein interfaces rarely share trivial profiles or
patterns, in contrast to protein-small molecule interfaces or residues involved in enzymatic
active sites [36, 37].
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Thus, it has been clear very early on that looking at the 3D structures of protein interfaces was
a necessary alternative to sequence analysis [34, 38-43]. The increasing number of 3D-structures
available for oligomeric proteins has also favored such investigations and the development of
computational methods to identify and study the amino acids at protein interfaces on large
scale datasets. In the chapter, we essentially review these computational advances but discuss
little experimental progress. One can read the chapter on protein oligomerization by Giovanni
Gotte and Massimo Libonati for information on experimental approaches or read information
provided in the following publication [44].

The first benefit of computational approaches is the facility in discriminating intermolecular
amino acid interactions from intramolecular amino acid interactions systematically and
efficiently by relatively simple algorithms.

2.1.1. Identification of the intermolecular contacts at protein interfaces

Many algorithms are available to identify the amino acids involved in intermolecular interac‐
tions from the x-ray coordinates of the 3D-structure of a protein oligomer (reviewed in [13, 21,
45]). The coordinates are accessible at the protein database (PDB, http://www.rcsb.org/pdb/
home/home.do)[46]. There are databases were interfaces have been classified according to their
3D organization, residue conservation and residue types [47]. Some databases are used to
complement cellular networks (interactomes) with structural information on the binding
modes between cellular partners [12, 18-20, 48].

The classical algorithms are based on three different measures: (i) accessibility surface area,
(ii) voronoi cells and (iii) arithmetic distances. More novel algorithms use graph theory
measures such as centrality and coefficient clustering.

Accessible surface area (ASA). The first method calculates the solvent accessible surface area
by rolling a probe of a given radius around the Van der Waal's surface of the protein atoms
whose centre is the accessible surface [49]. Typically, the probe has the same radius as water
(1.4 Å) and hence the surface described is referred to as the solvent accessible surface. The ASA
are calculated for the monomer and for the oligomer and the interface residues are obtained
by the difference in their ASA. ASA is currently used to discriminate biological contacts (large
ASA, 1600 ± 400 Å2)) from crystal ones (small ASA <400 Å2) [50, 51]. The PDB entries are now
processed accordingly and provide both biological assembly and asymmetric unit coordinates.
The biological assembly entry includes a remark to explain whether the oligomeric state is
"author provided" (experimentally shown to be an oligomer) or "software determined" or both.
Alternatively, the biological assembly can be downloaded directly from the Structure Server
PQS (Protein Quaternary structure) at EBI (http://pqs.ebi.ac.uk) [50]. ASA can be calculated
from different servers and programs such as PISA (Protein, Interfaces, Structures and Assem‐
blies, http://www.ebi.ac.uk/msd-srv/prot_int/) or Naccess (http://www.bioinf.manches‐
ter.ac.uk/naccess/), both essentially implemented from the Lee & Richards method [52].

Voronoi cells. The second method selects interfacial residues based on the Voronoi diagram
or its closely related power diagram [53-55]. The Voronoi diagram associates to each atom its
Voronoi cell, namely the convex polyhedron that contains all points of space closer to that atom
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amino acid interactions (Fig. 2C). These layouts are referred to as recognition modes and have
been extensively studied [12-20]. Yet the rules that would enable us to predict recognition
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Understanding and predicting the modes of recognition of protein interfaces is essential for
several reasons. First, because oligomers are involved in many cellular activities and when
default interactions occur there are numerous consequences among which certain diseases.
Second, because it is important to distinguish biologically significant interfaces from non‐
specific interfaces observed in protein crystals in order to properly assess biological assemblies
in x-ray structures [21-24]. Along the same line, it is still not trivial to determine experimentally
whether a protein is an oligomer and if so its quaternary structure, so any predictive quaternary
structure tool is helpful. Third, because the knowledge on protein interfaces is used in synthetic
biology to engineer artificial oligomers for several purposes from drug delivery devices to the
development of new material [25-29]. As an example, one can read the chapter by Keqin Zhang
on silkworm and spider protein fibers and their potential use in the fabric industry.
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2.1. Intermolecular amino acid interactions

Protein interfaces have been extensively investigated [14, 30-35]. But because protein interfaces
are large and rather flat in nature, they lack the spatial constraints achieved by a limited
number of sequences. Thus the sequences of protein interfaces rarely share trivial profiles or
patterns, in contrast to protein-small molecule interfaces or residues involved in enzymatic
active sites [36, 37].
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(ii) voronoi cells and (iii) arithmetic distances. More novel algorithms use graph theory
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Voronoi cell, namely the convex polyhedron that contains all points of space closer to that atom
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than to any other atom. Instead of the Euclidean distance |ax| between a point x and an atom
centered in a, this diagram use the power distance p(x) of x with respect to the ball of radius r
that represents the atom,p(x)=|ax|2-r2. The Voronoi cell of an atom then comprises all points
of space that have a power distance to that atom less than to any other atom. Its facets belong
to the radical plane, which contains the intersection of the spheres if they do intersect. The
Voronoi (or power) diagram offers a natural definition of contacts: two atoms are in contact if
and only if their Voronoi cells share a facet. The use of Voronoi diagrams has been extended
for assessing the reconstruction of protein assembly with the impressive example of the
Nuclear Pore Complex [56].

Arithmetic distances. The third method also requires the 3D-structure (available in the PDB)
and calculates Euclidian distances between atoms of the amino acids of different chains to
detect only intermolecular atomic interactions [23–25]. The selection is the pairs of atoms which
are within a cut-off distance from each other classically around 5.0 Å such that any type of
chemical bonds between the atoms are considered (H-bonds, electrostatic interactions, van der
Waals forces, salt bridges and hydrophobic attractions). The pairs of atoms selected as part of
the interface, depend on the choice of the cut off distance. This is a serious issue because a
distance cannot fully describe a spatial arrangement and there is a chance that the geometry
of the interface is not faithfully represented by the set of selected pairs [57]. The need to use a
cut off distance for the selection prevents from having a natural read of the geometry of the
interface. Better alternatives select pairs of atoms in interactions as the nearest neighbor atoms
instead of using a cut-off [40, 58-60]. This measure is more capable of reading the whole
geometry of the interface and therefore supplies a more accurate set of pairs of the intermo‐
lecular contacts. Differences in the set of atoms selected according to distances are illustrated
in figure 3.

In addition, residue conservation or spatial chemical conservation can be implemented to yield
a set of intermolecular amino acid interactions based on structural and sequence information
[47]. The method requires the PDBs and a multiple sequence alignment as input data. Indi‐
vidual residues are represented in terms of regional alignments that reflect both their structural
environment and their evolutionary variation, as defined by the alignment of homologous
sequences. Multiple alignments use either the Shannon or the Von Neumann entropy [61].
Conservation scores are also efficient in discriminating genuine biological assemblies from
crystal contacts [22, 24]. There exist several algorithms, the most efficient are mapping
conservation score to the 3D-structures such as Evolutionary Trace [62-65].

Hotspots-In the mid-nineties, the specific energetic contribution of the side chain atoms to
protein interfaces was investigated using Alanine Scanning Mutagenesis because the mutation
by alanine reduced the interactions to backbone atoms [66]. It was found that only a small sub-
set of interfacial residues were sensitive to an alanine mutation indicating that the energetic
contribution of the interfacial residues was not distributed uniformly. Some key ‘hot spot’
residues contributed dominantly to the binding free energy. Thorn and Bogan deposited hot
spots from alanine scanning mutagenesis experiments in the ASEdb database (http://
nic.ucsf.edu/asedb/) [67]. BID (The Binding Interface Database) is another database of experi‐
mental hot spots, which collects all available experimental data related to hot spots in protein
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interfaces(http://tsailab.chem.pacific.edu/wikiBID/index.php/Main_Page)[68]. In parallel,
there have been several experimental evidences not based on ala-scanning mutagenesis but
on kinetics of assembly that showed the role of only some amino acids of the interfaces in
regulating the chain association [69, 70]. Now hotspot (or hot spot) is a colloquial term that
distinguishes a residue relevant for interface formation from others.

There exist several predictors of hotspots combined or not with evolution conservation based
on ASA, voronoi and distances, some reviewed in [21, 47].

Algorithms based on graph theory-More recently, methods based on graph theory have also
been proposed to identify hotspots. A graph or a network is a mathematical representation of
pairwise relation between objects. A graph is made of vertices (or nodes) and lines, called edges
(or links) that connect them. Proteins have been described as networks, with the amino acids
of a protein chain considered as the nodes and the interactions between amino acids as the
links. These networks, referred to as protein structure networks or amino acid networks,
describe the entire protein and are used to infer global characteristics of the protein. Likewise,
protein interfaces have been described as networks of hot spots in interactions with the hot

Figure 3. Selection of the amino acids in interactions at interfaces. A. Schematic of an interface between chain
1 and chain 2. Each chain is symbolized by a line and the chain respective atoms are indicated by black dot and letters
with indices corresponding to the chain. Distances and so potential interactions between atoms are indicated by dot‐
ted lines. Only few interactions are indicated for the sake of clarity. B. Selection of atoms in interactions at the in‐
terface. The same schematic is reproduced after selection of the atoms in interaction at the interface. The top
schematic is a selection based on mutually closest atoms, the middle one is a selection of all closest atoms and the
bottom one is a selection of atoms at distances shorter than a cut-off of 5 Å. C. Coarse-grained graphs of the inter‐
face. Based on the selected atoms, a graph of the interactions between amino acid is drawn. The top, middle and
bottom graphs correspond to the top, middle and bottom selections illustrated in B, respectively.
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terface. The same schematic is reproduced after selection of the atoms in interaction at the interface. The top
schematic is a selection based on mutually closest atoms, the middle one is a selection of all closest atoms and the
bottom one is a selection of atoms at distances shorter than a cut-off of 5 Å. C. Coarse-grained graphs of the inter‐
face. Based on the selected atoms, a graph of the interactions between amino acid is drawn. The top, middle and
bottom graphs correspond to the top, middle and bottom selections illustrated in B, respectively.
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spots as nodes and the interactions between hot spots as links. Now, it is important to realize
that protein interfaces are not networks but sub-networks (sub graph) as they describe local
properties of the protein, namely the interfaces. A good overview of network measures can be
found in [71].

The sub-graphs are built of pairs of amino acids in intermolecular interactions (Fig. 3C). As for
the previous methods, the 3D-structures of the protein oligomer are used to build the graph
and different measures are used to infer the amino acid in interactions. Basically, the atoms
are considered as points in space, each chain of a protein oligomer constituting a distinct set
of points. All distances between atoms of the different set are calculated and any two atoms
within a given cut off distance or closest atoms are considered linked. A coarse-grain graph is
built by replacing the interacting atoms by their respective interacting amino acids.

The measure of path length and centrality is used (Central nodes). In graphs, the notion of links
between amino acids goes beyond chemical/physical bonds which are based on arithmetic
distances. In a graph, any two amino acids are connected by a geodesic distance which is the
shortest distance between them, measured as the minimum number of links that need to be
crossed to connect them by the shortest path. This distance is called the path length and is
symbolized by the letter l. The mean path length, <l>, represents the average over the shortest
paths between all pairs of nodes and offers a measure of the network’s overall navigability.
This introduces the notion of contacts through communication routes in addition to the more
classical notion of geometrical/chemical contacts. This novel notion will have vast applications
in the field of protein structure and protein dynamics. It has been already used for investigating
protein allosteric mechanisms as discussed later [72-77].

Several measures of the centrality of a graph (closeness, betweenness) are associated with
geodesic distances. Basically the numbers of shortcut paths going through every node are
calculated and the most central nodes are those with the highest numbers of shortcut paths
going through them. In other words, the centrality is finding nodes at the crossroad of
communication routes. Centrality measures have been used to identify residues important for
the function and for the fold of proteins [78-80]. It has also been used to identify hot spot
residues in protein interfaces [81, 82]. One has to be careful to keep in mind that a central node
needs not to be at the center of the protein or at the center of the interface, but it is necessarily
at a crossroad of many paths.

The measure of degree and clustering coefficient is used. The number of links a node has, in the
context, the number of interactions an amino acid has with other amino acids (number of
contact amino acids), is called the degree and is symbolized by the letter k. The mean degree
<k> represents the average degree over all the nodes of the network. The degree distribution
of networks is informative on the characteristics of the network [71]. Networks with a power
law degree distribution are called scale-free, a name that is rooted in statistical physics
literature. It indicates the absence of a typical degree for the nodes in the network (one that
could be used to characterize the rest of the nodes). This is in strong contrast to random
networks, which have Poisson degree distributions, and for which the degree of all nodes is
in the vicinity of the average degree <k>, which can be considered typical. There are also
exponential degree distributions which are single-scale networks. Scale free networks are
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made of many nodes with few links and few nodes with many links, called hubs. Hubs are
absent in random and single scale networks. Hubs are communication devices that allow most
nodes of the networks to be connected with others. This has noticeable consequences in terms
of the vulnerability of the networks to changes on the hubs or elsewhere [83]. This is discussed
later in the chapter. Proteins are essentially random networks or single-scale networks [84].

The clustering coefficient, called C, is based on the degree of the nodes and it measures the
probability that a node A which is connected to B, itself connected to C, has to be connected
to C as well. Calculated over all nodes of the networks, it identifies clusters of nodes highly
connected to one another and hence it discriminates different clusters as distinct communities.
The calculation of clustering coefficient is detailed in [71]. In protein oligomers, the protein
interface is made of many bonds between two adjacent chains and few bonds between non-
adjacent chains. Hence the interface makes a cluster in terms of graph and hotspots have been
successfully identified by clustering coefficient [85].

Protein interfaces are either analyzed based on all interfacial residues or on hotspots only.

2.2. Features of the intermolecular contacts at protein interfaces

To infer the features of protein interfaces, the method is simple: a dataset of protein oligomers/
protein interfaces is built, an algorithm is applied to each one of the interfaces to identify
intermolecular contacts and the features of the intermolecular contacts are analyzed using
statistics. Classically the parameters to describe a protein interface are: (i) interface size,
expressed either in number of amino acids or in ASA, (ii) the number of regions of interfaces
over the full-length chain, (iii) the chemical properties of the amino acids (amino acid fre‐
quency, the interface propensity, namely the frequency of a residue ai in the protein interface
divided by its frequency in a reference set, generally the full-length chain). The size of protein
interfaces is an important parameter because it may vary depending on the strength of the
association [86].

Evolutionary conservation, protein folds, secondary structures, quaternary structures or
crystallographic B-factors can also be considered depending on the question and the criteria
used to build the dataset. The idea is to find enough specific features to distinguish the residues
of protein interfaces from the rest of the residues.

2.2.1. Dataset based on features of the full-length protein

Many dataset are built on proteins sharing properties at the level of their full-length chains
(function, organism, superfamily, folds, and quaternary structures) but without necessarily
sharing features at the level of their interfaces [39, 87-89]. In particular, the geometries of the
interfaces are not necessarily looked at and therefore interfaces with different geometries are
often compared. But it is generally assumed that proteins related in terms of folds or functions
associate in similar ways. However, a screen over a large dataset of dimers, performed by
Keskin et al. has shown that a non-negligible amount of protein oligomers have interfaces
sharing features although they have different folds and functions [90]. This set is referred in
the paper as “type II”, following the term “type I” used for protein interfaces sharing features
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spots as nodes and the interactions between hot spots as links. Now, it is important to realize
that protein interfaces are not networks but sub-networks (sub graph) as they describe local
properties of the protein, namely the interfaces. A good overview of network measures can be
found in [71].

The sub-graphs are built of pairs of amino acids in intermolecular interactions (Fig. 3C). As for
the previous methods, the 3D-structures of the protein oligomer are used to build the graph
and different measures are used to infer the amino acid in interactions. Basically, the atoms
are considered as points in space, each chain of a protein oligomer constituting a distinct set
of points. All distances between atoms of the different set are calculated and any two atoms
within a given cut off distance or closest atoms are considered linked. A coarse-grain graph is
built by replacing the interacting atoms by their respective interacting amino acids.

The measure of path length and centrality is used (Central nodes). In graphs, the notion of links
between amino acids goes beyond chemical/physical bonds which are based on arithmetic
distances. In a graph, any two amino acids are connected by a geodesic distance which is the
shortest distance between them, measured as the minimum number of links that need to be
crossed to connect them by the shortest path. This distance is called the path length and is
symbolized by the letter l. The mean path length, <l>, represents the average over the shortest
paths between all pairs of nodes and offers a measure of the network’s overall navigability.
This introduces the notion of contacts through communication routes in addition to the more
classical notion of geometrical/chemical contacts. This novel notion will have vast applications
in the field of protein structure and protein dynamics. It has been already used for investigating
protein allosteric mechanisms as discussed later [72-77].

Several measures of the centrality of a graph (closeness, betweenness) are associated with
geodesic distances. Basically the numbers of shortcut paths going through every node are
calculated and the most central nodes are those with the highest numbers of shortcut paths
going through them. In other words, the centrality is finding nodes at the crossroad of
communication routes. Centrality measures have been used to identify residues important for
the function and for the fold of proteins [78-80]. It has also been used to identify hot spot
residues in protein interfaces [81, 82]. One has to be careful to keep in mind that a central node
needs not to be at the center of the protein or at the center of the interface, but it is necessarily
at a crossroad of many paths.

The measure of degree and clustering coefficient is used. The number of links a node has, in the
context, the number of interactions an amino acid has with other amino acids (number of
contact amino acids), is called the degree and is symbolized by the letter k. The mean degree
<k> represents the average degree over all the nodes of the network. The degree distribution
of networks is informative on the characteristics of the network [71]. Networks with a power
law degree distribution are called scale-free, a name that is rooted in statistical physics
literature. It indicates the absence of a typical degree for the nodes in the network (one that
could be used to characterize the rest of the nodes). This is in strong contrast to random
networks, which have Poisson degree distributions, and for which the degree of all nodes is
in the vicinity of the average degree <k>, which can be considered typical. There are also
exponential degree distributions which are single-scale networks. Scale free networks are
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made of many nodes with few links and few nodes with many links, called hubs. Hubs are
absent in random and single scale networks. Hubs are communication devices that allow most
nodes of the networks to be connected with others. This has noticeable consequences in terms
of the vulnerability of the networks to changes on the hubs or elsewhere [83]. This is discussed
later in the chapter. Proteins are essentially random networks or single-scale networks [84].

The clustering coefficient, called C, is based on the degree of the nodes and it measures the
probability that a node A which is connected to B, itself connected to C, has to be connected
to C as well. Calculated over all nodes of the networks, it identifies clusters of nodes highly
connected to one another and hence it discriminates different clusters as distinct communities.
The calculation of clustering coefficient is detailed in [71]. In protein oligomers, the protein
interface is made of many bonds between two adjacent chains and few bonds between non-
adjacent chains. Hence the interface makes a cluster in terms of graph and hotspots have been
successfully identified by clustering coefficient [85].

Protein interfaces are either analyzed based on all interfacial residues or on hotspots only.

2.2. Features of the intermolecular contacts at protein interfaces

To infer the features of protein interfaces, the method is simple: a dataset of protein oligomers/
protein interfaces is built, an algorithm is applied to each one of the interfaces to identify
intermolecular contacts and the features of the intermolecular contacts are analyzed using
statistics. Classically the parameters to describe a protein interface are: (i) interface size,
expressed either in number of amino acids or in ASA, (ii) the number of regions of interfaces
over the full-length chain, (iii) the chemical properties of the amino acids (amino acid fre‐
quency, the interface propensity, namely the frequency of a residue ai in the protein interface
divided by its frequency in a reference set, generally the full-length chain). The size of protein
interfaces is an important parameter because it may vary depending on the strength of the
association [86].

Evolutionary conservation, protein folds, secondary structures, quaternary structures or
crystallographic B-factors can also be considered depending on the question and the criteria
used to build the dataset. The idea is to find enough specific features to distinguish the residues
of protein interfaces from the rest of the residues.

2.2.1. Dataset based on features of the full-length protein

Many dataset are built on proteins sharing properties at the level of their full-length chains
(function, organism, superfamily, folds, and quaternary structures) but without necessarily
sharing features at the level of their interfaces [39, 87-89]. In particular, the geometries of the
interfaces are not necessarily looked at and therefore interfaces with different geometries are
often compared. But it is generally assumed that proteins related in terms of folds or functions
associate in similar ways. However, a screen over a large dataset of dimers, performed by
Keskin et al. has shown that a non-negligible amount of protein oligomers have interfaces
sharing features although they have different folds and functions [90]. This set is referred in
the paper as “type II”, following the term “type I” used for protein interfaces sharing features
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and derived from protein oligomers having similar fold and/or functions. To establish the
determinants of the construction of an interface it is simpler to look at type II interfaces because
the pressure of evolution over the fold and the function of the protein chain is alleviated
compared to type I interfaces.

Globally, the results of studies on protein interface dataset (mainly type I) revealed the
importance of hydrophobic interactions in the formation of protein interfaces, greater residue
conservation and chemical property similar to surface residues but packing like core residues
[34, 38]. The two latter properties are coherent with the fate of a protein interface. The topology
of a soluble protein is defined by surface residues which are accessible to the solvent and core
residues which are, on the contrary, buried and inaccessible to the solvent. The amino acids of
a protein interface have the solubility requirement of surface residues because the domains of
the interface are initially accessible to the solvent to allow binding. To have stable binding, the
domains need to minimize void and maximize packing as for the core residues.

If the role of hydrophobic residues is consistent over any dataset, the importance of polar and
charged residues in interfaces varies very much between datasets. Altogether this indicates
that hydrophobic residues are involved in promiscuous interactions while polar and charged
residues yield alternative recognition modes and hence provide each type of interfaces its
specificity.

Up to date, there is no single property sufficiently unambiguous to identify the protein
interface from the rest of the protein, and considerable disagreement exists on which properties
are actually useful. Conservation is an excellent example of a property both widely used and
widely debated. De Vries and Bonvin as well as Neuvirth raise the matter of having so many
algorithms and the absence of consensus on the parameters truly relevant to the formation of
a protein interface [45, 91]. This may well explain the contradictory results on protein interface
properties.

Most studies are performed on the features of individual hot spots. Yet protein interfaces result
from intermolecular pairwise interactions and are likely encoded at the pair’s level. Supporting
this view, the few studies investigating the features of pairs of hotspots show sufficient
specificity of the residue pair preferences for accurate prediction [40, 58, 92, 93].

2.2.2. Dataset based on features of the interfaces

To investigate properties responsible for interface formation, an alternative is to build a dataset
based on the features of the interfaces and not on the features of the full-length chain. For
instance, one can build a dataset of proteins sharing the same geometry of interface.

2.2.2.1. β-strand geometry

Interfaces made of two interacting β-strands (intermolecular β-strands) have been largely
studied because it is present in many conformational diseases such as Alzheimer’s disease,
Parkinson’s disease or serpinopathies [94-98]. Supporting the view of comparing interfaces
with identical geometries, the proteins involve in conformational diseases share no functions,
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fold, and quaternary structures yet they have a common local fold involved in the intermo‐
lecular contacts that lead to fiber formation. Their pathological form, whether a fiber or an
oligomer, involves interactions between two β-strands, each provided by a different chain
(intermolecular β-strands). These intermolecular β-strands share several structural properties.
They are recognized by the same antibody A11 [99]. Their formation depends on interactions
between atoms of the backbone, result which has led to the proposal that aggregation is a
generic property of the polypeptide chain [100, 101]. They adopt a cross β structure which can
be predicted from sequences by the PIRA (Parallel ‘In Register’ Arrangement) model, a
network made of single pairs of residues [102-107]. Different predictors of the aggregation-
prone sequences involved in the fiber formation are now available [96, 98, 108-111].

We have studied a dataset of 1056 interfaces present in 755 protein oligomers not known to be
involved in conformational diseases [59]. As others, we found no specificity at the level of
individual hot spots. The chemical properties of the individual hot spots and their distribution
on the sequence characterize only the secondary structure and the solubility of the β-strands.
In contrast the interaction pairs provide the interface some specificity. Interestingly, the
interfaces are best described by two sets of interaction pairs, pairs involving backbone atoms
made essentially of hydrophobic and/or small residues and pairs involving at least one atom
of the side chain, preferentially made of charged, polar, long and medium residues. The
backbone pairs have properties common to intramolecular β-strand interactions and intermo‐
lecular β-strands involved in fiber formation in terms of amino acid preferences. Thus
hydrophobic amino acids whether in pairs or as individual are not giving any specificity to
interfaces. That explains that they always appear in any dataset. On the other hand the side
chain pairs have particular geometrical characteristic in terms of number of atoms, branching
and length. They also show preferred chemical pairing different from those measured for β-
fibers [98]. However this result is only based on comparison with the literature and it could
be due to differences in the datasets and/or the algorithms.

The geometry of the side chains has been so far neglected when it appears in our study as a
key parameter. Using Steiner Minimal Tree approach (SMT), MacGregor Smith et al proposed
an elegant geometrical representation of the amino acids that was successfully applied to the
problem of protein folding [112]. It will be interesting to extend this approach onto protein
interfaces to see if the specificity of protein interfaces may be provided by the geometry of the
amino acids rather than their sole chemistry. Similar double layer of interactions, has been
observed at the interfaces between colicins and their cognate immunity proteins [113]. One set
of the intermolecular residues was common to all colicin-immunity members and produced a
low binding affinity between the colicin and its cognate immunity protein while the other set
was made of variable residues providing high affinity and specificity to the colicin for a
particular cognate. Double layer of interactions has also been reported in monomeric proteins
(intramolecular networks) [84].

As mentioned earlier, proteins and protein interfaces are now described as networks of amino
acids in interaction or as sub-networks of hot spots in interactions, respectively. This relatively
new concept offers the possibility of looking at the layout of interactions in addition to the
amino acid properties. It is clear now that the network of interactions is as much important as
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and derived from protein oligomers having similar fold and/or functions. To establish the
determinants of the construction of an interface it is simpler to look at type II interfaces because
the pressure of evolution over the fold and the function of the protein chain is alleviated
compared to type I interfaces.

Globally, the results of studies on protein interface dataset (mainly type I) revealed the
importance of hydrophobic interactions in the formation of protein interfaces, greater residue
conservation and chemical property similar to surface residues but packing like core residues
[34, 38]. The two latter properties are coherent with the fate of a protein interface. The topology
of a soluble protein is defined by surface residues which are accessible to the solvent and core
residues which are, on the contrary, buried and inaccessible to the solvent. The amino acids of
a protein interface have the solubility requirement of surface residues because the domains of
the interface are initially accessible to the solvent to allow binding. To have stable binding, the
domains need to minimize void and maximize packing as for the core residues.

If the role of hydrophobic residues is consistent over any dataset, the importance of polar and
charged residues in interfaces varies very much between datasets. Altogether this indicates
that hydrophobic residues are involved in promiscuous interactions while polar and charged
residues yield alternative recognition modes and hence provide each type of interfaces its
specificity.

Up to date, there is no single property sufficiently unambiguous to identify the protein
interface from the rest of the protein, and considerable disagreement exists on which properties
are actually useful. Conservation is an excellent example of a property both widely used and
widely debated. De Vries and Bonvin as well as Neuvirth raise the matter of having so many
algorithms and the absence of consensus on the parameters truly relevant to the formation of
a protein interface [45, 91]. This may well explain the contradictory results on protein interface
properties.

Most studies are performed on the features of individual hot spots. Yet protein interfaces result
from intermolecular pairwise interactions and are likely encoded at the pair’s level. Supporting
this view, the few studies investigating the features of pairs of hotspots show sufficient
specificity of the residue pair preferences for accurate prediction [40, 58, 92, 93].

2.2.2. Dataset based on features of the interfaces

To investigate properties responsible for interface formation, an alternative is to build a dataset
based on the features of the interfaces and not on the features of the full-length chain. For
instance, one can build a dataset of proteins sharing the same geometry of interface.

2.2.2.1. β-strand geometry

Interfaces made of two interacting β-strands (intermolecular β-strands) have been largely
studied because it is present in many conformational diseases such as Alzheimer’s disease,
Parkinson’s disease or serpinopathies [94-98]. Supporting the view of comparing interfaces
with identical geometries, the proteins involve in conformational diseases share no functions,
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fold, and quaternary structures yet they have a common local fold involved in the intermo‐
lecular contacts that lead to fiber formation. Their pathological form, whether a fiber or an
oligomer, involves interactions between two β-strands, each provided by a different chain
(intermolecular β-strands). These intermolecular β-strands share several structural properties.
They are recognized by the same antibody A11 [99]. Their formation depends on interactions
between atoms of the backbone, result which has led to the proposal that aggregation is a
generic property of the polypeptide chain [100, 101]. They adopt a cross β structure which can
be predicted from sequences by the PIRA (Parallel ‘In Register’ Arrangement) model, a
network made of single pairs of residues [102-107]. Different predictors of the aggregation-
prone sequences involved in the fiber formation are now available [96, 98, 108-111].

We have studied a dataset of 1056 interfaces present in 755 protein oligomers not known to be
involved in conformational diseases [59]. As others, we found no specificity at the level of
individual hot spots. The chemical properties of the individual hot spots and their distribution
on the sequence characterize only the secondary structure and the solubility of the β-strands.
In contrast the interaction pairs provide the interface some specificity. Interestingly, the
interfaces are best described by two sets of interaction pairs, pairs involving backbone atoms
made essentially of hydrophobic and/or small residues and pairs involving at least one atom
of the side chain, preferentially made of charged, polar, long and medium residues. The
backbone pairs have properties common to intramolecular β-strand interactions and intermo‐
lecular β-strands involved in fiber formation in terms of amino acid preferences. Thus
hydrophobic amino acids whether in pairs or as individual are not giving any specificity to
interfaces. That explains that they always appear in any dataset. On the other hand the side
chain pairs have particular geometrical characteristic in terms of number of atoms, branching
and length. They also show preferred chemical pairing different from those measured for β-
fibers [98]. However this result is only based on comparison with the literature and it could
be due to differences in the datasets and/or the algorithms.

The geometry of the side chains has been so far neglected when it appears in our study as a
key parameter. Using Steiner Minimal Tree approach (SMT), MacGregor Smith et al proposed
an elegant geometrical representation of the amino acids that was successfully applied to the
problem of protein folding [112]. It will be interesting to extend this approach onto protein
interfaces to see if the specificity of protein interfaces may be provided by the geometry of the
amino acids rather than their sole chemistry. Similar double layer of interactions, has been
observed at the interfaces between colicins and their cognate immunity proteins [113]. One set
of the intermolecular residues was common to all colicin-immunity members and produced a
low binding affinity between the colicin and its cognate immunity protein while the other set
was made of variable residues providing high affinity and specificity to the colicin for a
particular cognate. Double layer of interactions has also been reported in monomeric proteins
(intramolecular networks) [84].

As mentioned earlier, proteins and protein interfaces are now described as networks of amino
acids in interaction or as sub-networks of hot spots in interactions, respectively. This relatively
new concept offers the possibility of looking at the layout of interactions in addition to the
amino acid properties. It is clear now that the network of interactions is as much important as
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the components of the network in providing the protein its properties in terms of folding,
function, evolution and interface formation [59, 78, 84, 114-117].

We have observed in our 1056 β-strand interface dataset that the side chain pairs also have
specific network features. The side chain hot spot sub-networks have nodes with more contacts
than the backbone or the PIRA (Parallel In Register Alignment) networks, used to predict fiber
sequences [98]. Yet the β-strand interfaces have no hubs and maintain a low interconnectedness
(little communication between residues of the interface), probably a mechanism to resist the
effect of mutation by secluding the nodes of the networks (Fig. 7). Simultaneously, the side
chain residues make less than three contacts avoiding stringency on the choice of amino acids
capable of making an interface and providing the β-strand interface high sequence plasticity.
Robustness and plasticity of networks are well explored by graph theory and there are several
very inspiring papers on that topic [83, 118-120]. This point is discussed in more details later
in the chapter.

2.2.2.2. α-coiled interfaces

To date the only interfaces accurately predicted from sequences are α-coiled interfaces
[121-124]. Intermolecular residues follow a so-called knobs-into-holes regular packing
producing the α-coiled coil helix-helix assembly [125]. In the simplest case (dimer), the α-coiled
coil sequence displays a repeat pattern of seven amino acids so-called heptad repeat, labeled
abcdefg, with hydrophobic residues at the a and d positions (Fig. 2C). These hydrophobic
intermolecular contacts constitute the seam of the core of the knobs-into-holes interface. The
repeats can be shorter than 20 residues or span many hundreds of amino acids.

There are obvious reasons to why it has been possible to understand α-coiled coil interfaces
when other geometries still elude us. First, α-helices are geometrically more constraint than
β-strands and second backbone interactions do not participate in α-helix interfaces because
the hydrogen bond networks are made intra-molecularly. Hence, there is no “backbone noise”
information that interferes with the side chain information.

2.2.3. Interfaces and quaternary structures

The quaternary structures of the protein oligomers and the features of their interfaces are
related and different methods are currently developed aimed at understanding such relations
[126, 127].

In some cases such relation is more or less understood. For example, in higher-order α-coiled
coil oligomers (above dimer) additional (peripheral) knobs-into-holes take place and broaden
the helical contacts [128]. Such multiple repeats lead to multi-faceted helices, which combine
repeats of different amino acid compositions to accommodate quaternary structures accord‐
ingly [129, 130]. Thus, it is possible by analyzing amino acid sequences to predict the quater‐
nary structures of α-coiled coil oligomers [129-132].

The relation between the interfaces features and the quaternary structure is less understood
in β-strand interfaces with few exception as the legume lectin family (81-82). Combining

Oligomerization of Chemical and Biological Compounds338

clustering algorithms with sequence alignments, motifs of sequentially and structurally
conserved residues are detected at the β-strand interfaces of lectins. The different motifs are
built on a subset of residues at the interface that provide a specific 3D-orientation of the β-
strands. Consensus patterns at the interfaces have been found for the different quaternary
structures of the lectins. Briefly, there are nine different kinds of quaternary structures in
legume lectins including Canonical, ECorL-type, GS4-type, DBL-type, ConAtype, PNA-type,
GS1-type, DB58-type, and Arcelin-5-type (monomeric). Seven different consensus is observed
including types II (canonical), X1 (DB58-type), X2 (noncanonical interface of ConA), X3
(ECorL-type, handshake), X4 GS4-type, back to back), and the unusual interfaces of PNA and
GS1.

For a long time, there are experimental evidences of sequences that are responsible for the
quaternary structure of protein. These sequences, called registration sequence, are located
upstream the interface region and promote oligomerization of monomeric protein when
genetically added [133]. Proline and histidine residues located upstream of interfaces have also
been shown to regulate the association between chains [8, 11, 134-136]. Collagen α-fibers and
silkworm/spider β-fibers contain several repeats composed of proline residues which also
participate in the quaternary structures. Whether these residues belong to the interfaces or are
systematically located outside the interface regions has not yet been established.

In summary, residues located within the interfaces and outside are participating in the
quaternary structures and the chain assembly. This implies that protein assembly is regulated
at two levels, at the level of intramolecular interactions (residues outside interfaces) and at the
level of intermolecular interactions (residues in interfaces). Thus it is necessary to also
investigate the residues involved in intramolecular interactions to discriminate those partici‐
pating in folding reactions from those participating in both folding and interface formation.
The latter residues are probably coordinating the whole assembly process by regulating
communication between folding and association steps.

3. Intermolecular and intramolecular amino acid interactions: The
mechanism of protein assembly

As mentioned at the beginning, protein assembly or protein oligomerization entails folding
and association reactions. Thus, to have a full picture of the mechanism of assembly, besides
studying intermolecular amino acid interactions, it is necessary to investigate intramolecular
amino acid interactions and to apprehend how both types of interactions are coordinated.
Different models of assembly have been recently reviewed [137, 138].

First, let’s consider the simple case of the formation of a dimer. There are two routes to a dimer.
One is through the three states model where unfolded monomers U (state 1) fold into mono‐
mers M (state 2) which subsequently associate into dimers D (state 3). The alternative route is
through the two states model in which unfolded monomers U (state 1) associate into folded
dimers D (state 2). Intramolecular and intermolecular interactions occur sequentially in the
three states model but concomitantly in the two states model. One can anticipate that folding
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the components of the network in providing the protein its properties in terms of folding,
function, evolution and interface formation [59, 78, 84, 114-117].

We have observed in our 1056 β-strand interface dataset that the side chain pairs also have
specific network features. The side chain hot spot sub-networks have nodes with more contacts
than the backbone or the PIRA (Parallel In Register Alignment) networks, used to predict fiber
sequences [98]. Yet the β-strand interfaces have no hubs and maintain a low interconnectedness
(little communication between residues of the interface), probably a mechanism to resist the
effect of mutation by secluding the nodes of the networks (Fig. 7). Simultaneously, the side
chain residues make less than three contacts avoiding stringency on the choice of amino acids
capable of making an interface and providing the β-strand interface high sequence plasticity.
Robustness and plasticity of networks are well explored by graph theory and there are several
very inspiring papers on that topic [83, 118-120]. This point is discussed in more details later
in the chapter.

2.2.2.2. α-coiled interfaces

To date the only interfaces accurately predicted from sequences are α-coiled interfaces
[121-124]. Intermolecular residues follow a so-called knobs-into-holes regular packing
producing the α-coiled coil helix-helix assembly [125]. In the simplest case (dimer), the α-coiled
coil sequence displays a repeat pattern of seven amino acids so-called heptad repeat, labeled
abcdefg, with hydrophobic residues at the a and d positions (Fig. 2C). These hydrophobic
intermolecular contacts constitute the seam of the core of the knobs-into-holes interface. The
repeats can be shorter than 20 residues or span many hundreds of amino acids.

There are obvious reasons to why it has been possible to understand α-coiled coil interfaces
when other geometries still elude us. First, α-helices are geometrically more constraint than
β-strands and second backbone interactions do not participate in α-helix interfaces because
the hydrogen bond networks are made intra-molecularly. Hence, there is no “backbone noise”
information that interferes with the side chain information.

2.2.3. Interfaces and quaternary structures

The quaternary structures of the protein oligomers and the features of their interfaces are
related and different methods are currently developed aimed at understanding such relations
[126, 127].

In some cases such relation is more or less understood. For example, in higher-order α-coiled
coil oligomers (above dimer) additional (peripheral) knobs-into-holes take place and broaden
the helical contacts [128]. Such multiple repeats lead to multi-faceted helices, which combine
repeats of different amino acid compositions to accommodate quaternary structures accord‐
ingly [129, 130]. Thus, it is possible by analyzing amino acid sequences to predict the quater‐
nary structures of α-coiled coil oligomers [129-132].

The relation between the interfaces features and the quaternary structure is less understood
in β-strand interfaces with few exception as the legume lectin family (81-82). Combining
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clustering algorithms with sequence alignments, motifs of sequentially and structurally
conserved residues are detected at the β-strand interfaces of lectins. The different motifs are
built on a subset of residues at the interface that provide a specific 3D-orientation of the β-
strands. Consensus patterns at the interfaces have been found for the different quaternary
structures of the lectins. Briefly, there are nine different kinds of quaternary structures in
legume lectins including Canonical, ECorL-type, GS4-type, DBL-type, ConAtype, PNA-type,
GS1-type, DB58-type, and Arcelin-5-type (monomeric). Seven different consensus is observed
including types II (canonical), X1 (DB58-type), X2 (noncanonical interface of ConA), X3
(ECorL-type, handshake), X4 GS4-type, back to back), and the unusual interfaces of PNA and
GS1.

For a long time, there are experimental evidences of sequences that are responsible for the
quaternary structure of protein. These sequences, called registration sequence, are located
upstream the interface region and promote oligomerization of monomeric protein when
genetically added [133]. Proline and histidine residues located upstream of interfaces have also
been shown to regulate the association between chains [8, 11, 134-136]. Collagen α-fibers and
silkworm/spider β-fibers contain several repeats composed of proline residues which also
participate in the quaternary structures. Whether these residues belong to the interfaces or are
systematically located outside the interface regions has not yet been established.

In summary, residues located within the interfaces and outside are participating in the
quaternary structures and the chain assembly. This implies that protein assembly is regulated
at two levels, at the level of intramolecular interactions (residues outside interfaces) and at the
level of intermolecular interactions (residues in interfaces). Thus it is necessary to also
investigate the residues involved in intramolecular interactions to discriminate those partici‐
pating in folding reactions from those participating in both folding and interface formation.
The latter residues are probably coordinating the whole assembly process by regulating
communication between folding and association steps.

3. Intermolecular and intramolecular amino acid interactions: The
mechanism of protein assembly

As mentioned at the beginning, protein assembly or protein oligomerization entails folding
and association reactions. Thus, to have a full picture of the mechanism of assembly, besides
studying intermolecular amino acid interactions, it is necessary to investigate intramolecular
amino acid interactions and to apprehend how both types of interactions are coordinated.
Different models of assembly have been recently reviewed [137, 138].

First, let’s consider the simple case of the formation of a dimer. There are two routes to a dimer.
One is through the three states model where unfolded monomers U (state 1) fold into mono‐
mers M (state 2) which subsequently associate into dimers D (state 3). The alternative route is
through the two states model in which unfolded monomers U (state 1) associate into folded
dimers D (state 2). Intramolecular and intermolecular interactions occur sequentially in the
three states model but concomitantly in the two states model. One can anticipate that folding
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and association are going to be related but independent in the three states model but concerted
in the two states model. In terms of networks, one can speculate that the three states model
suggests a protein organized in two sub-graphs remotely connected, one governing the
intramolecular interactions and the other the intermolecular reactions. On the contrary the two
states model suggests two connected sub-graphs.

Discriminating the route of assembly is crucial in term of drug design strategy. In the three
states model, it is likely that the interface in the folded monomer and in the folded dimer is
similarly organized. Thus, it is consistent to use the x-ray structure of the native protein
oligomer as a template to design assembly inhibitors. In contrast, in the two states model the
interface in the unfolded monomer is different from the interface in the folded dimer so
assembly inhibitors designed on the native structure of the protein oligomer are unlikely to
recognize the unfolded monomer and block the assembly at the monomeric stage (or at early
stage). This is one illustration on why it is important to anticipate the mechanism of assembly.

3.1. Can the mechanism of assembly be predicted by investigating evolutionary
relationship?

D’Alesio offers good historical reviews on this question [139, 140]. The interfaces of dimers
assembling by a two states model are found to share patterns with intramolecular interactions
observed in monomers. It is proposed that such dimers have evolved from mutations in an
existing monomer that led to its unfolding, followed by further mutations that yielded a viable
dimer with intermolecular interactions similar to the intramolecular interactions present in the
initial monomer. This mechanism is reminiscent of the domain swapping mechanism which
is well presented in the chapter by Giovanni Gotte and Massimo Libonati or reviewed in [141].
In such a situation the evolution to the dimer depends initially on the evolution of a viable
monomer towards unfolding induced by random mutation. There wouldn’t be any folded
monomer in the assembly route because it wouldn’t bear the mutations in a folded state. The
evolutionary route between the dimer and the monomer suggests the presence of epistatic
mutations (mutations that have different effects in combination and individually). Here the
fold and association steps are related and dependent on one another, in term of evolution and
mechanism of assembly. In contrast, dimers assembling through a three states model were not
found to share motifs with monomers. The folding of the monomer might then be a natural
route towards association, and folding and association would appear evolutionary and
mechanistically related but independent.

Next, let’s look beyond the simple case of dimers. Possible relations between evolution and
assembly mechanism have been further exploited by looking at protein oligomers sharing the
same functions (superfamily) but adopting different quaternary structures. In one study the
authors exploit the symmetry of oligomers to establish a relationship between evolution and
assembly mechanisms [142]. From an initial screen of 5375 PDB structures, they found
tetramers with D2 symmetry having homologous dimers with C2 point group symmetry and
hexamers with D3 point group symmetry homologous dimers with C2 symmetry or homologue
trimers with C3 point group symmetry. In total 49 protein oligomers with a symmetry relation
from Cn to Dn are reported. They found evolutionary links between the Cn and Dn counterparts
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and isolated experimentally the in vitro disassembly Cn intermediates for ten of the Dn

oligomers. In addition, for five cases, the Cn intermediates were also shown to be formed during
in vitro reassemblies. They concluded that the evolutionary and assembly pathways were
related and that assembly intermediates could be predicted solely from the atomic structure.

But this conclusion might be over optimistic because based on very little cases (49/5375) and
because protein structure evolution and protein assembly are plastic in terms of mechanisms
such that to date it remains difficult to establish either route.

For example a single mutation has been found responsible for a transition from Cn to Dn point
group symmetry, it is not obvious how such global change could have been anticipated by
simply considering the full-length 3D-structure of the wild-type protein [143]. On the other
hand it tells that the protein assembly is regulated by local properties since a single mutation
is enough to alter the global assembly. This strongly suggests that the solution lies in under‐
standing the local properties and how they propagate information to regulate the global shape.

Hemoglobin is another complex example of a protein sharing a function but distinct quater‐
nary structures and for which evolutionary and assembly routes are not easily drawn even if
the structures are available (Fig. 4).

The Synechocystis cyanoglobin produces a monomeric hemoglobin (PDB 1S69) with a C1 point
group symmetry, the human hemoglobin is tetrameric (PDB 2HHB) with a C2 point group
symmetry, the Oligobrachia mashikoi produces a 12-mer hemoglobin (PDB 2ZS1) with a D3 point
group symmetry while the giant earthworm hemoglobin contains 144 chains (PDB 2GTL) with
a D6 point group symmetry. In such case, the different hemoglobin point group symmetries
and quaternary structures may result from coding constraints of their respective organisms
rather than from a relation in terms of evolution or assembly intermediates. As described by
Crick in the early 60s, symmetric assemblies require fewer distinct kinds of specific interaction
interfaces compared to asymmetric assemblies [144]. Likewise, higher symmetries require
fewer distinct interfaces compared to lower symmetries and thus, the smaller a genome the
more often its protein structural complexity may rely on high symmetry. This is consistent
with the large occurrences of proteins with icosahedral symmetry in viruses while most
eukaryotic molecular machines have C1 symmetry (Fig. 1B). Now, some high point group
symmetry oligomers have been also discovered in eukaryotes, bacteria and archea with the
vault proteins assembling 78 copies (2zuo, 2zv4, 2zv5), the encapsulin (3dkt) and the vault
from Pyrococcus furiosus (2E0Z). Clearly one has to be cautious in interpreting data and statistics
derived from the PDB.

In addition, hemoglobin is also an interesting example of how a unique function is provided
by a combinatory of assemblies using the same protein fold. There are many other examples
(e.g. ferritin, rubisco) but probably α-coiled coil oligomers offer the largest combinatory of
assemblies. It was recently shown that they formed before LUCA (last universal common
ancestor), by independent routes and most likely as the result of all possible geometric
solutions to packing helices in a stable way [145]. Again, that illustrates how diverse evolution
routes are.
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and association are going to be related but independent in the three states model but concerted
in the two states model. In terms of networks, one can speculate that the three states model
suggests a protein organized in two sub-graphs remotely connected, one governing the
intramolecular interactions and the other the intermolecular reactions. On the contrary the two
states model suggests two connected sub-graphs.

Discriminating the route of assembly is crucial in term of drug design strategy. In the three
states model, it is likely that the interface in the folded monomer and in the folded dimer is
similarly organized. Thus, it is consistent to use the x-ray structure of the native protein
oligomer as a template to design assembly inhibitors. In contrast, in the two states model the
interface in the unfolded monomer is different from the interface in the folded dimer so
assembly inhibitors designed on the native structure of the protein oligomer are unlikely to
recognize the unfolded monomer and block the assembly at the monomeric stage (or at early
stage). This is one illustration on why it is important to anticipate the mechanism of assembly.

3.1. Can the mechanism of assembly be predicted by investigating evolutionary
relationship?

D’Alesio offers good historical reviews on this question [139, 140]. The interfaces of dimers
assembling by a two states model are found to share patterns with intramolecular interactions
observed in monomers. It is proposed that such dimers have evolved from mutations in an
existing monomer that led to its unfolding, followed by further mutations that yielded a viable
dimer with intermolecular interactions similar to the intramolecular interactions present in the
initial monomer. This mechanism is reminiscent of the domain swapping mechanism which
is well presented in the chapter by Giovanni Gotte and Massimo Libonati or reviewed in [141].
In such a situation the evolution to the dimer depends initially on the evolution of a viable
monomer towards unfolding induced by random mutation. There wouldn’t be any folded
monomer in the assembly route because it wouldn’t bear the mutations in a folded state. The
evolutionary route between the dimer and the monomer suggests the presence of epistatic
mutations (mutations that have different effects in combination and individually). Here the
fold and association steps are related and dependent on one another, in term of evolution and
mechanism of assembly. In contrast, dimers assembling through a three states model were not
found to share motifs with monomers. The folding of the monomer might then be a natural
route towards association, and folding and association would appear evolutionary and
mechanistically related but independent.

Next, let’s look beyond the simple case of dimers. Possible relations between evolution and
assembly mechanism have been further exploited by looking at protein oligomers sharing the
same functions (superfamily) but adopting different quaternary structures. In one study the
authors exploit the symmetry of oligomers to establish a relationship between evolution and
assembly mechanisms [142]. From an initial screen of 5375 PDB structures, they found
tetramers with D2 symmetry having homologous dimers with C2 point group symmetry and
hexamers with D3 point group symmetry homologous dimers with C2 symmetry or homologue
trimers with C3 point group symmetry. In total 49 protein oligomers with a symmetry relation
from Cn to Dn are reported. They found evolutionary links between the Cn and Dn counterparts
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and isolated experimentally the in vitro disassembly Cn intermediates for ten of the Dn

oligomers. In addition, for five cases, the Cn intermediates were also shown to be formed during
in vitro reassemblies. They concluded that the evolutionary and assembly pathways were
related and that assembly intermediates could be predicted solely from the atomic structure.

But this conclusion might be over optimistic because based on very little cases (49/5375) and
because protein structure evolution and protein assembly are plastic in terms of mechanisms
such that to date it remains difficult to establish either route.

For example a single mutation has been found responsible for a transition from Cn to Dn point
group symmetry, it is not obvious how such global change could have been anticipated by
simply considering the full-length 3D-structure of the wild-type protein [143]. On the other
hand it tells that the protein assembly is regulated by local properties since a single mutation
is enough to alter the global assembly. This strongly suggests that the solution lies in under‐
standing the local properties and how they propagate information to regulate the global shape.

Hemoglobin is another complex example of a protein sharing a function but distinct quater‐
nary structures and for which evolutionary and assembly routes are not easily drawn even if
the structures are available (Fig. 4).

The Synechocystis cyanoglobin produces a monomeric hemoglobin (PDB 1S69) with a C1 point
group symmetry, the human hemoglobin is tetrameric (PDB 2HHB) with a C2 point group
symmetry, the Oligobrachia mashikoi produces a 12-mer hemoglobin (PDB 2ZS1) with a D3 point
group symmetry while the giant earthworm hemoglobin contains 144 chains (PDB 2GTL) with
a D6 point group symmetry. In such case, the different hemoglobin point group symmetries
and quaternary structures may result from coding constraints of their respective organisms
rather than from a relation in terms of evolution or assembly intermediates. As described by
Crick in the early 60s, symmetric assemblies require fewer distinct kinds of specific interaction
interfaces compared to asymmetric assemblies [144]. Likewise, higher symmetries require
fewer distinct interfaces compared to lower symmetries and thus, the smaller a genome the
more often its protein structural complexity may rely on high symmetry. This is consistent
with the large occurrences of proteins with icosahedral symmetry in viruses while most
eukaryotic molecular machines have C1 symmetry (Fig. 1B). Now, some high point group
symmetry oligomers have been also discovered in eukaryotes, bacteria and archea with the
vault proteins assembling 78 copies (2zuo, 2zv4, 2zv5), the encapsulin (3dkt) and the vault
from Pyrococcus furiosus (2E0Z). Clearly one has to be cautious in interpreting data and statistics
derived from the PDB.

In addition, hemoglobin is also an interesting example of how a unique function is provided
by a combinatory of assemblies using the same protein fold. There are many other examples
(e.g. ferritin, rubisco) but probably α-coiled coil oligomers offer the largest combinatory of
assemblies. It was recently shown that they formed before LUCA (last universal common
ancestor), by independent routes and most likely as the result of all possible geometric
solutions to packing helices in a stable way [145]. Again, that illustrates how diverse evolution
routes are.
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The relation between evolution and assembly routes assumes that an oligomer evolves/
assembles from a monomeric entity. But reverse situation exists as for the native tachylectin-2
monomer which has been proposed to have evolved from a pentameric ancestor through short,
functional gene segments that, at later stages, duplicated, fused, and rearranged [146]. The
authors propose that new folds evolved through the structural plasticity of assembly inter‐
mediates.

This last example illustrates quite ironically that protein folds and quaternary structures still
hold surprises and a direct relation between the evolution of protein oligomers and the
mechanism of their assembly is not readily systematic. Both evolution and assembly certainly
involve multiple parameters making their prediction rather challenging.

3.2. Can the mechanism of assembly be predicted by experimental approaches?

The two and the three state models are depicted in the figure 5A.

Figure 4. Plasticity of quaternary structures fulfilling a single biological function: the hemoglobin example. The
hemoglobin chain exists as a single fold which is copied and assembled with different stoichiometries (number of
chains) and different symmetries across species to maintain the same biological function. Few cases are represented
from a hemoglobin monomer to a 144-mer assembly. The structures are shown in ribbons except when spacefill is
better to illustrate the symmetry of the assembly. The pictures are generated with Rasmol. The PDB codes and the
symmetries of the hemoglobins are indicated above their respective structures.
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Figure 5. Mechanisms of assembly. Two mechanisms of assembly have been described and experimentally ob‐
served. The protein chain folds before association in the lock and key mechanism, also called the three states model
because the protein can be observed in three states, unfolded monomer, folded monomer and native oligomer (top
route). The protein chains associate in a more or less partially folded state, and only subsequently acquire native fold‐
ed conformation, in the fly-casting mechanism also referred to as the two states model because because the protein
exist only in two states in a dimer, unfolded monomer or native dimer. These two models are illustrated with the as‐
semblies of the two related AB5 toxins, the heat labile enterotoxin B pentamer (LTB5) and the cholera toxin B pentam‐
er (CtxB5). The two toxins share 94 % sequence identity and almost superimposable atomic structures but nevertheless
assemble through two different mechanisms.

The three states model is the oldest and most classical mechanism observed, it is generally
referred to as the lock and key mechanism. There are plenty of experimental evidences of both
the two and three states mechanisms. Non-native oligomers, namely oligomers with native
quaternary structures but not native folds have been isolated experimentally for a long time
and are common intermediates of assemblies [69, 70, 133, 134, 147-153]. Such intermediates are
typical border line cases as they might be produced by a lock and key mechanism or by a fly-
casting mechanism. There are clear examples of protein associating by a fly-casting assembly
with unfolded monomers able to associate [8, 134, 151, 154, 155]. The RING domain protein
family of scaffolding oligomers presents an interesting case of the formation of a stable partially
folded assembly tetramer along the oligomerization route to a native 24-mer [156-158]. The
C4 symmetry tetramer populates because of its fast formation from monomers and its slow
disappearance into a D4 24-mer (6 x 4). The transition to the D4 symmetry 24-mer is rate-
limiting, because of the slow folding Proline cis/trans isomerization that regulates the associ‐
ation of two monomers via the ligation of Zn sites. Likewise dimer, trimer and tetramer
assembly intermediates are isolated along the route to the native cholera toxin B pentamer
(CtxB5) because the formation of one of the toxin interface is regulated by a cis-trans Proline
isomerization [8]. The CtxB assembly intermediates acquire some of their native secondary
structure along with association because their main interface involves the formation of an
intermolecular β-sheet, this folding/association step is regulated by histidine residues [134].

Proline and histidine residues are rare at interfaces but are often found upstream the region
of interfaces and are indirectly acting on their formation, as mentioned at the beginning of the
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The relation between evolution and assembly routes assumes that an oligomer evolves/
assembles from a monomeric entity. But reverse situation exists as for the native tachylectin-2
monomer which has been proposed to have evolved from a pentameric ancestor through short,
functional gene segments that, at later stages, duplicated, fused, and rearranged [146]. The
authors propose that new folds evolved through the structural plasticity of assembly inter‐
mediates.

This last example illustrates quite ironically that protein folds and quaternary structures still
hold surprises and a direct relation between the evolution of protein oligomers and the
mechanism of their assembly is not readily systematic. Both evolution and assembly certainly
involve multiple parameters making their prediction rather challenging.

3.2. Can the mechanism of assembly be predicted by experimental approaches?

The two and the three state models are depicted in the figure 5A.

Figure 4. Plasticity of quaternary structures fulfilling a single biological function: the hemoglobin example. The
hemoglobin chain exists as a single fold which is copied and assembled with different stoichiometries (number of
chains) and different symmetries across species to maintain the same biological function. Few cases are represented
from a hemoglobin monomer to a 144-mer assembly. The structures are shown in ribbons except when spacefill is
better to illustrate the symmetry of the assembly. The pictures are generated with Rasmol. The PDB codes and the
symmetries of the hemoglobins are indicated above their respective structures.
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Figure 5. Mechanisms of assembly. Two mechanisms of assembly have been described and experimentally ob‐
served. The protein chain folds before association in the lock and key mechanism, also called the three states model
because the protein can be observed in three states, unfolded monomer, folded monomer and native oligomer (top
route). The protein chains associate in a more or less partially folded state, and only subsequently acquire native fold‐
ed conformation, in the fly-casting mechanism also referred to as the two states model because because the protein
exist only in two states in a dimer, unfolded monomer or native dimer. These two models are illustrated with the as‐
semblies of the two related AB5 toxins, the heat labile enterotoxin B pentamer (LTB5) and the cholera toxin B pentam‐
er (CtxB5). The two toxins share 94 % sequence identity and almost superimposable atomic structures but nevertheless
assemble through two different mechanisms.

The three states model is the oldest and most classical mechanism observed, it is generally
referred to as the lock and key mechanism. There are plenty of experimental evidences of both
the two and three states mechanisms. Non-native oligomers, namely oligomers with native
quaternary structures but not native folds have been isolated experimentally for a long time
and are common intermediates of assemblies [69, 70, 133, 134, 147-153]. Such intermediates are
typical border line cases as they might be produced by a lock and key mechanism or by a fly-
casting mechanism. There are clear examples of protein associating by a fly-casting assembly
with unfolded monomers able to associate [8, 134, 151, 154, 155]. The RING domain protein
family of scaffolding oligomers presents an interesting case of the formation of a stable partially
folded assembly tetramer along the oligomerization route to a native 24-mer [156-158]. The
C4 symmetry tetramer populates because of its fast formation from monomers and its slow
disappearance into a D4 24-mer (6 x 4). The transition to the D4 symmetry 24-mer is rate-
limiting, because of the slow folding Proline cis/trans isomerization that regulates the associ‐
ation of two monomers via the ligation of Zn sites. Likewise dimer, trimer and tetramer
assembly intermediates are isolated along the route to the native cholera toxin B pentamer
(CtxB5) because the formation of one of the toxin interface is regulated by a cis-trans Proline
isomerization [8]. The CtxB assembly intermediates acquire some of their native secondary
structure along with association because their main interface involves the formation of an
intermolecular β-sheet, this folding/association step is regulated by histidine residues [134].

Proline and histidine residues are rare at interfaces but are often found upstream the region
of interfaces and are indirectly acting on their formation, as mentioned at the beginning of the
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chapter (see introduction). Registration sequences that control the quaternary structure of
protein oligomers are also located outside interfaces. In fact, several cases of residues located
outside interfaces have been shown to be involved indirectly in the chain association and a
variety of small amino acid modules have been proposed to act upon assembly by different
processes. Basically they introduce the flexibility required to modulate the 3D position of
interface domains so to increase the chance of successful encounters [138, 159].

3.3. Can the mechanism of assembly be predicted by computational approaches?

The two states model was revisited by Wolynes’ laboratory showing that an unfolded protein
has a greater capture radius for a specific binding site than the folded state with its restricted
conformational freedom [160]. In this scenario of binding, the unfolded state binds weakly at
a relatively large distance followed by folding as the protein approaches the binding site: the
‘‘fly-casting mechanism’’ (Fig. 5A). In 2004, Wolynes introduces the notion that certain
characteristics of the atomic structure like the interface size and hydrophobicity, the ratio of
the number of interfacial contacts to the number of intramonomeric contacts enabled to
determine whether a homodimer assembled into a fly casting or lock and key mechanism [161].
A large ratio of interfacial to monomeric contacts is typical of a two-state model and of the fly-
casting mechanism.

Computational approaches also provide evidences supporting the lock and key mechanism,
the fly-casting mechanism and a series of in-between mechanisms attesting of back and forth
between folding and association reactions and whose idea lies on an “induced-fit” principle
during which intermolecular contacts “catalyze” folding (allostery, conformational gating,
induced fit) [162-165].

Recently, molecular dynamic (MD) simulations have been combined to network analysis to
provide detail understanding of the route of assembly. For example, coarse-grained transition
networks (CGTNs) can be derived from MD simulation to show the transition between
oligomers of different sizes [166, 167]. In a recent report, the role of the sequences in the
aggregation kinetics and assembly mechanisms was described in great details [168]. Briefly,
MD is performed and the state of each conformation/state observed in the MD is defined by a
set of digit. Based on the MD, a transition matrix N x N is built with N states and with the
matrix elements defined by the occurrences of any transition between two states. The matrix
transition is converted into a graph called KTN (Kinetic Transition Network) with the nodes
corresponding to the states and the edges to the transitions. Such graphs provide measures of
the population of different states and the probability of transition between them. Energy
barriers are associated to the transitions and disconnectivity graphs are constructed to evaluate
the energy barrier to go from one conformation to another with min-cut algorithms. The
dynamics of aggregation was also evaluated using FPTD (First Passage Time Distribution)
which informs on the most populated states and kinetics. Although such approach has not yet
been applied to a protein assembly on a full-length protein, there is no doubt that such
combination of molecular dynamics with graph theory would provide new directions in
predicting protein assembly mechanisms.
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In fact, graph theory is the ideal tool to investigate the residues involved in intramolecular
interactions, the residues involved in intermolecular interactions and their cross-talk commu‐
nications. Basically sub-graphs or clusters are produced and allosteric communication between
the different clusters is investigated. This has been used in enzyme/ligand intermolecular
interactions and in interfaces [74]. It appears that the intramolecular networks maintained the
robustness of the structure while the interface residues are more plastic to accommodate the
flexible motion required for association.

Obviously folding and association reactions intertwine to orchestrate the protein assembly.
This means that the key factors for protein assembly is the balance between intra and inter
molecular interactions.

4. Local key contacts regulate global conformations

There are cases of proteins sharing functions, high sequence identities, folds and quaternary
structures but following distinct assembly mechanisms. For example the two related AB5

toxins, heat labile enterotoxin (LTB5) and cholera toxin (CtxB5) have 94 % sequence identity,
almost superimposable 3D structures, and identical quaternary structures but nevertheless
assemble through different mechanisms under identical experimental conditions (Fig. 5A).
LTB5 follows a lock and key mechanism whereas CtxB5 assembles through a fly-casting
mechanism [8, 134, 135]. Out of 103 amino acids, 11 are different among which only two in the
interface. The cpn10 heptamers are another of such example [70].

The role of only few residues in controlling an assembly or a disassembly mechanism is also
evidenced in diseases called conformational diseases where a single amino acid mutation is
enough to redirect the protein native conformation to an aberrant conformation such as a fiber,
through unfolding/refolding steps [169-175]. Consequently the protein loses its function
leading to the disease.

This tends to show that the assembly of a protein is in fact regulated by only few amino acids,
indicating that little differences are enough to go from a fly-casting to an induced-fit mecha‐
nism. This is in good agreement with allosteric mechanisms and the MWC (Monod, Wyman,
Changeux) theory that unifies fly-casting and an induced-fit routes into a single mechanism
[176]. Accordingly, protein assembly can be expressed as a single scheme with transitions
between the fly-casting and the induced-fit mechanisms depending on thermodynamic
equilibrium and kinetic rates (Fig. 6).

There exist several evidences of such transitions in biology, some of which are illustrated on
figure 7. For example, in the course of evolution proteins may change their folding and/or
assembly routes upon random mutations. Or proteins very similar in sequences and structures
may favor different routes because of small amino acid differences in their sequence and/ or
environmental factors. This illustrates the plasticity of proteins in terms of mechanism of
formation and in terms of quaternary structures but also supports the fact that it is the local
characteristics (few amino acids) that impact on the global structure of a protein.
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chapter (see introduction). Registration sequences that control the quaternary structure of
protein oligomers are also located outside interfaces. In fact, several cases of residues located
outside interfaces have been shown to be involved indirectly in the chain association and a
variety of small amino acid modules have been proposed to act upon assembly by different
processes. Basically they introduce the flexibility required to modulate the 3D position of
interface domains so to increase the chance of successful encounters [138, 159].

3.3. Can the mechanism of assembly be predicted by computational approaches?

The two states model was revisited by Wolynes’ laboratory showing that an unfolded protein
has a greater capture radius for a specific binding site than the folded state with its restricted
conformational freedom [160]. In this scenario of binding, the unfolded state binds weakly at
a relatively large distance followed by folding as the protein approaches the binding site: the
‘‘fly-casting mechanism’’ (Fig. 5A). In 2004, Wolynes introduces the notion that certain
characteristics of the atomic structure like the interface size and hydrophobicity, the ratio of
the number of interfacial contacts to the number of intramonomeric contacts enabled to
determine whether a homodimer assembled into a fly casting or lock and key mechanism [161].
A large ratio of interfacial to monomeric contacts is typical of a two-state model and of the fly-
casting mechanism.

Computational approaches also provide evidences supporting the lock and key mechanism,
the fly-casting mechanism and a series of in-between mechanisms attesting of back and forth
between folding and association reactions and whose idea lies on an “induced-fit” principle
during which intermolecular contacts “catalyze” folding (allostery, conformational gating,
induced fit) [162-165].

Recently, molecular dynamic (MD) simulations have been combined to network analysis to
provide detail understanding of the route of assembly. For example, coarse-grained transition
networks (CGTNs) can be derived from MD simulation to show the transition between
oligomers of different sizes [166, 167]. In a recent report, the role of the sequences in the
aggregation kinetics and assembly mechanisms was described in great details [168]. Briefly,
MD is performed and the state of each conformation/state observed in the MD is defined by a
set of digit. Based on the MD, a transition matrix N x N is built with N states and with the
matrix elements defined by the occurrences of any transition between two states. The matrix
transition is converted into a graph called KTN (Kinetic Transition Network) with the nodes
corresponding to the states and the edges to the transitions. Such graphs provide measures of
the population of different states and the probability of transition between them. Energy
barriers are associated to the transitions and disconnectivity graphs are constructed to evaluate
the energy barrier to go from one conformation to another with min-cut algorithms. The
dynamics of aggregation was also evaluated using FPTD (First Passage Time Distribution)
which informs on the most populated states and kinetics. Although such approach has not yet
been applied to a protein assembly on a full-length protein, there is no doubt that such
combination of molecular dynamics with graph theory would provide new directions in
predicting protein assembly mechanisms.
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In fact, graph theory is the ideal tool to investigate the residues involved in intramolecular
interactions, the residues involved in intermolecular interactions and their cross-talk commu‐
nications. Basically sub-graphs or clusters are produced and allosteric communication between
the different clusters is investigated. This has been used in enzyme/ligand intermolecular
interactions and in interfaces [74]. It appears that the intramolecular networks maintained the
robustness of the structure while the interface residues are more plastic to accommodate the
flexible motion required for association.

Obviously folding and association reactions intertwine to orchestrate the protein assembly.
This means that the key factors for protein assembly is the balance between intra and inter
molecular interactions.

4. Local key contacts regulate global conformations

There are cases of proteins sharing functions, high sequence identities, folds and quaternary
structures but following distinct assembly mechanisms. For example the two related AB5

toxins, heat labile enterotoxin (LTB5) and cholera toxin (CtxB5) have 94 % sequence identity,
almost superimposable 3D structures, and identical quaternary structures but nevertheless
assemble through different mechanisms under identical experimental conditions (Fig. 5A).
LTB5 follows a lock and key mechanism whereas CtxB5 assembles through a fly-casting
mechanism [8, 134, 135]. Out of 103 amino acids, 11 are different among which only two in the
interface. The cpn10 heptamers are another of such example [70].

The role of only few residues in controlling an assembly or a disassembly mechanism is also
evidenced in diseases called conformational diseases where a single amino acid mutation is
enough to redirect the protein native conformation to an aberrant conformation such as a fiber,
through unfolding/refolding steps [169-175]. Consequently the protein loses its function
leading to the disease.

This tends to show that the assembly of a protein is in fact regulated by only few amino acids,
indicating that little differences are enough to go from a fly-casting to an induced-fit mecha‐
nism. This is in good agreement with allosteric mechanisms and the MWC (Monod, Wyman,
Changeux) theory that unifies fly-casting and an induced-fit routes into a single mechanism
[176]. Accordingly, protein assembly can be expressed as a single scheme with transitions
between the fly-casting and the induced-fit mechanisms depending on thermodynamic
equilibrium and kinetic rates (Fig. 6).

There exist several evidences of such transitions in biology, some of which are illustrated on
figure 7. For example, in the course of evolution proteins may change their folding and/or
assembly routes upon random mutations. Or proteins very similar in sequences and structures
may favor different routes because of small amino acid differences in their sequence and/ or
environmental factors. This illustrates the plasticity of proteins in terms of mechanism of
formation and in terms of quaternary structures but also supports the fact that it is the local
characteristics (few amino acids) that impact on the global structure of a protein.
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How to identify few amino acids as key determinant for a protein fold or an assembly and
what properties they must have to affect the mechanism of assembly and/or its final output?
Graph theory is at present probably one of the most suitable approach to investigate such
questions. For example, the effects of the mutations involved in conformational diseases have
been considered in terms of network. Recently, a novel approach using graph-based signatures
has shown that the impact of a mutation correlated with the atomic-distance patterns sur‐
rounding an amino acid residue [177]. They showed that the signatures can be used to predict
stability changes of a wide range of mutations occurring in the tumor suppressor protein p53.

We have also investigated the effects of mutation on graph features and the possible conse‐
quences in terms of the disease mechanism [59]. As briefly mentioned earlier, we have seen
that the networks of the 1056 intermolecular β-strands present in “healthy” protein oligomers,
avoid hubs (highly connected residues) to be robust to mutation. The intermolecular β-strands
are essentially disconnected graphs so any mutation would not spread damages far in the
network. We compared these “healthy” networks with the β-strand interface of the p53
tetramer, which has known familial mutations related to dissociation of the tetramer, fiber
formation, and associated with cancer [169]. The p53 network has a higher interconnectedness
because its nodes have higher degrees (ie more contacts) than those in the “healthy” networks,
with the consequences that a single node modification (ie a mutation) is enough to reorganize
the interactions in the entire network. Thus the higher connectivity of the p53 network leads
to a greater sensitivity to rewiring (rearrangement of links upon node modification) than the

Figure 6. Kinetic scheme of protein assembly. A protein monomer may exist in an unfolded state U and folds into a
folded state M. A protein oligomer may assemble from (top reactions) unfolded monomers U which associate in “par‐
tially”folded states Ui with i going from 2 to n, n being the number chains; until they assemble into a non-native oligo‐
meric state Un which finally folds into a native folded oligomer On. Alternatively, a protein oligomer may assemble
from (bottom reactions) unfolded monomers U which fold and associate into dimers D, trimers T, etc until they reach
the native oligomeric state On. Each of the conformational state exists in equilibrium and may go from one state to
another according to kon and koff rates of the reaction. Only the formation of the native state are considered irreversi‐
ble. The population of every species and the transition species depend on kinetic parameters.
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disconnected graph observed in healthy proteins. In some cases, such ample rewiring probably
promotes chain dissociation, first step to fiber formation. We have now started to investigate
why the p53 network has a higher interconnectedness than the “healthy” networks. The p53
tetramer has a D2 point group symmetry and its interfaces adopt a local central symmetry
because the two interacting domains have identical sequences and the residues are paired in
an anti-parallel manner. In contrast 60 % of the protein interfaces of “healthy” proteins have
domains made of different sequences and their β-interfaces have no local symmetry.

Figure 7. Evidences of transitions between different states and different reaction paths. The kinetic scheme de‐
scribed in figure 6 is reported here at the center of the figure. The transitions between different protein conforma‐
tions or different reaction paths are indicated by green arrows. The x-ray structures of protein cases undergoing such
transition are shown as illustration of these transitions. The transition can take place during evolution and because of
mutation (e.g. tachylectin-2, two states model). It can take place because of mutation and lead to conformational dis‐
eases as for the p53 tumor suppressor p53. The main route may depend on a difference of few amino acids as for the
two related toxins CtxB5 and LTB5. Or else, the protein as the pore-forming toxin aerolysin may adopt different quater‐
nary structures and go from one to another because of environmental factors (e.g. pH, proteolyic cleavage, cell recep‐
tor etc…).
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disconnected graph observed in healthy proteins. In some cases, such ample rewiring probably
promotes chain dissociation, first step to fiber formation. We have now started to investigate
why the p53 network has a higher interconnectedness than the “healthy” networks. The p53
tetramer has a D2 point group symmetry and its interfaces adopt a local central symmetry
because the two interacting domains have identical sequences and the residues are paired in
an anti-parallel manner. In contrast 60 % of the protein interfaces of “healthy” proteins have
domains made of different sequences and their β-interfaces have no local symmetry.

Figure 7. Evidences of transitions between different states and different reaction paths. The kinetic scheme de‐
scribed in figure 6 is reported here at the center of the figure. The transitions between different protein conforma‐
tions or different reaction paths are indicated by green arrows. The x-ray structures of protein cases undergoing such
transition are shown as illustration of these transitions. The transition can take place during evolution and because of
mutation (e.g. tachylectin-2, two states model). It can take place because of mutation and lead to conformational dis‐
eases as for the p53 tumor suppressor p53. The main route may depend on a difference of few amino acids as for the
two related toxins CtxB5 and LTB5. Or else, the protein as the pore-forming toxin aerolysin may adopt different quater‐
nary structures and go from one to another because of environmental factors (e.g. pH, proteolyic cleavage, cell recep‐
tor etc…).
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Let’s consider three intermolecular networks, one with different amino acid sequences and no
local symmetry, a second with identical sequence arranged in a parallel manner (horizontal
axe symmetry) and a third with identical sequence arranged in an anti-parallel manner
(rotational axe symmetry) (Fig. 8).

Figure 8. Effect of local symmetry on network features.A. Protein interfaces may be formed by association of do‐
mains with identical sequences (left and right pannels) or different sequences (middle pannel). In the former cases,
the two domains maybe aligned in a parallel or antiparallel manner (in register or out register arrangement). The iden‐
tical sequences will have an intrinsic symmetry in their amino acid pairing, namely if the residue 1 is in interaction with
the residue 2 then the residue 2 is in interaction with the residue 1. Such symmetrical constraint will produce some
motifs in the network which are not necessarily present in “asymmetrical” interfaces made of domains with two differ‐
ent sequences. This is illustrated on a simple network. B. Connected components. Considering a slightly more com‐
plex network one can see that the motifs results from the elements of symmetry, a horizontal axial or a rotational axe-
symmetry for a parallel or antiparallel arrangement, respectively. The dotted boxes indicated the connected
components, namely the residues which are connected to each other. One can see the effect of the symmetry on the
total number of connected component. C. Propagation of changes. The effect of a single node modification on the
network, indicated by a M for mutation, is considered. Assuming there is an effect as long as there is a link between
two nodes, the symmetry enables the changes (red link) to propagate within the network. D. The average degree <k>
of the nodes is given for each of the networks.
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Let’s now look at the consequences on the network features. The first consequence is a
multiplicity of the number of interactions in interfaces with local symmetry and when the
sequences are identical and therefore an intrinsic increase of the network interconnectedness
(Fig. 8B). As observed for the p53 case, such increase would lead to network sensitivity to
rewiring which in terms of protein may introduce a vulnerability to chain dissociation or chain
reorganization. The second consequence is the decrease of the number of distinct connected
components (Fig. 8B). This again would increase the propagation of changes within the
network upon mutation because the amino acids are not secluded from one another. It is
interesting that local symmetry is enough to improve the communication within the network
without altering significantly the average degree <k>. This means that even without hubs the
protein interfaces become highly connected by long paths. This preliminary analysis suggests
that interfaces made of domains with different sequences might be more resistant to fold
plasticity because of an absence of sequence symmetry. Protein oligomers which undergo a
transition to pathological assemblies (fiber or oligomers) probably have global and local
properties that make them amenable to fold plasticity. How the local properties alter the global
properties remain to be explored.

5. Conclusion

The novel results obtained by graph theory are that the layout of the interactions, called the
network topology, is extremely important for understanding the formation of an interface and
the plasticity of fold and quaternary changes. It is also important to understand that the keys
are not in any hot spot features but are in the residues whose local properties spread enough
global effects to regulate/affect the full-length chain structure. In other words, the formation
of interfaces and the quaternary plasticity lay on the residues that control allosteric transitions,
mechanisms now revisited using propagation measures in networks. This local to global
transition is also investigated by mathematical concepts in the chapter by Laurent Vuillon and
Claire Lesieur.

The take home message of the chapter is to exhibit the usefulness of computational approaches
to efficiently complement experimental approaches and gain insight in protein assembly.
Obviously, future challenges are on understanding how intramolecular and intermolecular
interactions are coordinated and the determinants of allosteric transitions. Graph theory and
networks approaches open new venues to explore such problems and are certainly going to
provide important breakthrough. Briefly, graph theory can help in identifying intramolecular
and intermolecular key interactions as well as in investigating their communication means by
analyzing the topology of the networks, isolating appropriate clusters and determining
propagation route (allostery).

Now, it may be yet too early to grasp what are the network measures most relevant to the
problem of protein assembly and how they can be interpreted in terms of protein’s needs. For
example, proteins and protein interfaces have been described as random networks with
Poisson degree distributions centered to a characteristic average <k> degree [178]. This means
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two nodes, the symmetry enables the changes (red link) to propagate within the network. D. The average degree <k>
of the nodes is given for each of the networks.
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Let’s now look at the consequences on the network features. The first consequence is a
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sequences are identical and therefore an intrinsic increase of the network interconnectedness
(Fig. 8B). As observed for the p53 case, such increase would lead to network sensitivity to
rewiring which in terms of protein may introduce a vulnerability to chain dissociation or chain
reorganization. The second consequence is the decrease of the number of distinct connected
components (Fig. 8B). This again would increase the propagation of changes within the
network upon mutation because the amino acids are not secluded from one another. It is
interesting that local symmetry is enough to improve the communication within the network
without altering significantly the average degree <k>. This means that even without hubs the
protein interfaces become highly connected by long paths. This preliminary analysis suggests
that interfaces made of domains with different sequences might be more resistant to fold
plasticity because of an absence of sequence symmetry. Protein oligomers which undergo a
transition to pathological assemblies (fiber or oligomers) probably have global and local
properties that make them amenable to fold plasticity. How the local properties alter the global
properties remain to be explored.

5. Conclusion

The novel results obtained by graph theory are that the layout of the interactions, called the
network topology, is extremely important for understanding the formation of an interface and
the plasticity of fold and quaternary changes. It is also important to understand that the keys
are not in any hot spot features but are in the residues whose local properties spread enough
global effects to regulate/affect the full-length chain structure. In other words, the formation
of interfaces and the quaternary plasticity lay on the residues that control allosteric transitions,
mechanisms now revisited using propagation measures in networks. This local to global
transition is also investigated by mathematical concepts in the chapter by Laurent Vuillon and
Claire Lesieur.

The take home message of the chapter is to exhibit the usefulness of computational approaches
to efficiently complement experimental approaches and gain insight in protein assembly.
Obviously, future challenges are on understanding how intramolecular and intermolecular
interactions are coordinated and the determinants of allosteric transitions. Graph theory and
networks approaches open new venues to explore such problems and are certainly going to
provide important breakthrough. Briefly, graph theory can help in identifying intramolecular
and intermolecular key interactions as well as in investigating their communication means by
analyzing the topology of the networks, isolating appropriate clusters and determining
propagation route (allostery).

Now, it may be yet too early to grasp what are the network measures most relevant to the
problem of protein assembly and how they can be interpreted in terms of protein’s needs. For
example, proteins and protein interfaces have been described as random networks with
Poisson degree distributions centered to a characteristic average <k> degree [178]. This means
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all nodes have on average the same number of links (or contacts) and there are no hubs. Proteins
have also been described as single-scale network with exponential degree distribution and no
hubs again [59, 84]. In some case, the random network is attributed to the backbone interactions
while the single-scale network is attributed to the side chain interactions. A network made of
a minimum number of contacts seems rather coherent as proteins probably minimize the
number of links (bonds) per amino acid to reduce the “building” cost in terms of bonds and
the sequence stringency.

Simultaneously, proteins are described as small world because they have small average path
length <l>. Small <l> generally indicates that most nodes, namely amino acids, of the network
are within the reach of each other. Such node accessibility would suggest that a single
modification anywhere in the network (ie any mutation in a protein) would easily spread
changes in the whole network, a hazardous situation for a protein and in contradiction with
the fact that protein folds and functions resist most mutations. Small world networks generally
have hubs, highly connected nodes that govern the network communication routes. But
proteins are random or single-scale networks and as such are not expected to have hubs, at
least not hubs with many more links than other nodes. The absence of hubs is good as it reduces
the protein vulnerability to mutation. We have measured <l> from 10 to 19 in protein interfaces
for networks made of about 300 nodes (unpublished). For comparison the world wide web
has similar <l>=19, but 800 million nodes. Maybe it just happens that some worlds are smaller
than other.

It is therefore not so simple to deconvoluate the topology of a network with a small average
<l> depending if it is a random, single scale or scale-free (power law degree distribution)
network. Theoretical developments aiming at this understanding are proposed and allow
considering distribution of connected components, distribution of clustering coefficient and
approximation of <l>. Such work will help analyzing the network measures obtained for amino
acid networks [179].

One problem of network is the number of interactions and nodes generated to describe a
protein network and how to discriminate a hierarchy within these set of interactions to
understand the determinant ones. To this goal, one elegant strategy is to experimentally
measure kinetics and affinity to prioritize interactions in networks [180]. Such approaches
would complement MD simulations and help discriminating the good from the bad.
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1. Introduction

The present work is motivated by the biological problem of understanding and possibly
predicting the assembly of biological molecules, in particular proteins. This is one of the
most common processes in living cells thus it is essential to understand its key aspects,
especially in relation to the implication in several pathologies, from bacterial infections
(cholera, anthrax, ...) to protein misfolding diseases (Alzheimer, Parkinson, ...) [1–4]. The
stable association of different subunits requires the formation of specific intermolecular
bonds, thus constituting what is called an interface. Unfortunately, in spite of extensive
analyses, the identification of the patterns, in the polypeptidic chain, responsible for the
establishment of an interface remains difficult.

Geometry has developed the ability to measure and characterize complex shapes but it is not
a priori obvious that it may also reveal important aspects of the interactions. To understand
this point, let consider the following examples.

The main geometrical elements of the modern Golden Gate Bridge in S. Francisco and the
ancient Roman aqueduct bridge Pont du Gard, in the Gard department in France, are arcs.
But with a main difference: the three arcs that form the suspension system of the Golden
Gate Bridge are concave upward while the many arcs that form the Pont du Gard are concave
downward. Indeed, in the first case the arcs resist to longitudinal tension while in the second
case resist to longitudinal compression. Stones are unsuited to resist to strong tension,
while they perfectly resist to huge compression. Thus, architectural elements that have to
undergo strong tensions are made of wood or steel, but not of stone. Notice that the simple
observation of the geometrical form, the concave upward or downward aspect of the bridges,
has lead us to understand the basic interactions and formulate constraints on the possible
choices of materials. This argument can be pushed much forward: the structural analysis
in architecture and engineering largely rely on euclidean geometry (diagrams of forces are
diagrams of vectors). Even if the elastic properties of construction materials and the action of
gravity are important, the main ingredient in studying the equilibrium of forces is geometry.
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A second example is taken from Einstein’s general relativity, where the notion of gravitational
interaction and the space-time geometry are fully identified by the equivalence principle and
the Einstein’s field equations. The equivalence principle was first formulated by A. Einstein
in 1907, when he recognized that the local behaviour of falling bodies is equivalent to the
effect of being in an accelerated reference system (this holds for local effects only). The
Einstein’s field equations (1915) provide with a mathematical formulation of the principle.
In summary, spatial and temporal distances fully inform on the gravitational interaction.

This connection between geometry and interactions also works at the atomic scale. The
perfectly planar and hexagonal symmetric form of benzene molecules, compared to the non
planar and less symmetric cyclohexane molecule, is clear indication of the different nature of
the corresponding Carbon-Carbon bonds and of the sp2 or sp3 hybridization respectively.

In the early 50’s, F. Crick [5] observed that the formation of the coiled-coil protein interface is
due to the appropriate geometrical and chemical complementarity of the two interacting
domains, as in a lock and key mechanism. The key has a particular geometrical form
combined to some contact points which together provide it the capacity to associate to one
lock.

Moving on from all these examples, in our group we have developed tools to investigate
the geometry of the interfaces in multi-chain proteins. In essence, we measure shapes and
compare measures between different proteins. Our input data are protein atomic positions,
as those from the Protein Data Bank (PDB) repository of protein structural data.

In particular, we compare protein interfaces of similar geometrical form. From the previous
examples, there is no surprise in claiming that the geometry will provide information on the
interactions at the interfaces. In our previous publications [6–8], careful statistical analyses
have been performed and have led to formulate constraints on the amino acid sequences and
atom pairs that are compatible with a given geometrical form. The long term perspective
of our work is to rationalize the interface, namely to establish a clear understanding of its
sequence-structure relationship, in order to develop interface prediction tools and help to
advance in interface design.

1.1. Basic information on interfaces

The shape and the function of proteins are normally encoded within their sequences,
i.e. in their amino acid compositions but it is not yet possible, by simply reading the
primary sequence of a protein, to predict its three-dimensional structure or the quaternary
organization, in the case of an oligomeric protein. One of the difficulties is the non linear
encoding of the information in the sequence, namely the fact that the three-dimensional
structure is often generated and stabilized by bonds between residues that are not contiguous
or even are very far apart, along the chain. Another difficulty is due to the degeneracy
between sequences and structures, consisting in the observation that several sequences can
code for the same shape, that indicates a versatile role of the amino acids. The secondary
structures of proteins which are mainly composed of α helices, β structures and loops are
partially understood, and several prediction programs are now available. Prediction of 3D
structures is mainly based on homology, namely comparison of sequences that have similar
three-dimensional elements. A rich collection of prediction tools is available on [9]. In some
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cases, the prediction also takes into account the known geometrical constraints present in
amino acids.

Oligomeric proteins associate by forming an interface. Various descriptions of the interface
have been proposed.

The simplest definition of interface between two adjacent polypeptidic chains A and B is
provided by selecting the set of pairs of atoms, one from each chain, whose distance is lower
than a given cut-off, typically fixed near 0.5 nm (cut-off interface). This definition does
not provide any measure to distinguish pairs. As such, it provides little information since
firstly physical interactions decrease when distance grows, secondly two interactions of equal
strength may not play the same role if they are in different parts of the molecules, inserted
in different local atomic environments. In another definition, the interface is identified to the
surface buried between the two components A and B, namely to those atoms that belong to
the surface of A and B and that loose solvent accessibility once the complex AB is formed [10]
This makes use of the Van der Waals atomic radii, and leads to distinguish a rim (exposed
to the solvent) from a core (inaccessible to the solvent). The interface can be defined also
by constructing the Voronoi α-complex [10], namely the set of Voronoi restricted balls. The
construction follows a precise mathematical procedure, and determines the volume in which
an atom interacts more than its neighbours.

Both the buried surface and Voronoi restricted balls methods focus on the volume of the
atoms and the importance of the specific chemical properties of each atom. They make use
of a cut off and describe the interactions by using the Van der Waals radius. Differently
from these descriptions of the interface, we felt the need to develop a stronger analysis of
the structural organization of a protein interface, in order to evaluate the specific role of each
residue and the rules of pairings.

In [11], we shown that many aspects of the structural organization of a protein interface can
be effectively described by a graph, namely the ensemble of nodes and edges, constructed
following the precise geometrical analysis of the three-dimensional structure of the interface
known as symmetrization or symmetric minimization of distances. The algorithm and the
graph theory terms are described in Methods. The graph describes how the different atoms
are connected. In fact, among its edges one recognizes the known hydrogen bonds present
at the interface, that are obtained as a bonus, because the symmetric minimization does not
make use of them (see Methods). An example of interaction graph is given in Figure 1.

Statistical analyses have been performed on the case of the β interfaces, that are formed by
two adjacent β strands, one from each subunit [6–8]. In [8] the analysis has been extended to
a dataset of 755 proteins. It is known that there are three possible orientations of the adjacent
β strands: they can be anti-parallel (by far, this is the most common case), parallel or oblique.
The latter actually includes all the cases that do not enter into the previous ones, for example
perpendicular or oblique β strands. The most significant results of these statistical analyses
are summarized here (please refer to the Methods for the precise definition of the motifs).

• Two typical interaction graphs have been observed, one for the parallel and one for the
anti-parallel orientation. The anti-parallel case shows a BB graph of type ladder, were
rungs are typically spaced of 2 amino acids. The parallel case shows a BB graph of type
zigzag, in which one recognizes a separation of 2 amino acids in each oscillation of the
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In particular, we compare protein interfaces of similar geometrical form. From the previous
examples, there is no surprise in claiming that the geometry will provide information on the
interactions at the interfaces. In our previous publications [6–8], careful statistical analyses
have been performed and have led to formulate constraints on the amino acid sequences and
atom pairs that are compatible with a given geometrical form. The long term perspective
of our work is to rationalize the interface, namely to establish a clear understanding of its
sequence-structure relationship, in order to develop interface prediction tools and help to
advance in interface design.

1.1. Basic information on interfaces

The shape and the function of proteins are normally encoded within their sequences,
i.e. in their amino acid compositions but it is not yet possible, by simply reading the
primary sequence of a protein, to predict its three-dimensional structure or the quaternary
organization, in the case of an oligomeric protein. One of the difficulties is the non linear
encoding of the information in the sequence, namely the fact that the three-dimensional
structure is often generated and stabilized by bonds between residues that are not contiguous
or even are very far apart, along the chain. Another difficulty is due to the degeneracy
between sequences and structures, consisting in the observation that several sequences can
code for the same shape, that indicates a versatile role of the amino acids. The secondary
structures of proteins which are mainly composed of α helices, β structures and loops are
partially understood, and several prediction programs are now available. Prediction of 3D
structures is mainly based on homology, namely comparison of sequences that have similar
three-dimensional elements. A rich collection of prediction tools is available on [9]. In some
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cases, the prediction also takes into account the known geometrical constraints present in
amino acids.

Oligomeric proteins associate by forming an interface. Various descriptions of the interface
have been proposed.

The simplest definition of interface between two adjacent polypeptidic chains A and B is
provided by selecting the set of pairs of atoms, one from each chain, whose distance is lower
than a given cut-off, typically fixed near 0.5 nm (cut-off interface). This definition does
not provide any measure to distinguish pairs. As such, it provides little information since
firstly physical interactions decrease when distance grows, secondly two interactions of equal
strength may not play the same role if they are in different parts of the molecules, inserted
in different local atomic environments. In another definition, the interface is identified to the
surface buried between the two components A and B, namely to those atoms that belong to
the surface of A and B and that loose solvent accessibility once the complex AB is formed [10]
This makes use of the Van der Waals atomic radii, and leads to distinguish a rim (exposed
to the solvent) from a core (inaccessible to the solvent). The interface can be defined also
by constructing the Voronoi α-complex [10], namely the set of Voronoi restricted balls. The
construction follows a precise mathematical procedure, and determines the volume in which
an atom interacts more than its neighbours.

Both the buried surface and Voronoi restricted balls methods focus on the volume of the
atoms and the importance of the specific chemical properties of each atom. They make use
of a cut off and describe the interactions by using the Van der Waals radius. Differently
from these descriptions of the interface, we felt the need to develop a stronger analysis of
the structural organization of a protein interface, in order to evaluate the specific role of each
residue and the rules of pairings.

In [11], we shown that many aspects of the structural organization of a protein interface can
be effectively described by a graph, namely the ensemble of nodes and edges, constructed
following the precise geometrical analysis of the three-dimensional structure of the interface
known as symmetrization or symmetric minimization of distances. The algorithm and the
graph theory terms are described in Methods. The graph describes how the different atoms
are connected. In fact, among its edges one recognizes the known hydrogen bonds present
at the interface, that are obtained as a bonus, because the symmetric minimization does not
make use of them (see Methods). An example of interaction graph is given in Figure 1.

Statistical analyses have been performed on the case of the β interfaces, that are formed by
two adjacent β strands, one from each subunit [6–8]. In [8] the analysis has been extended to
a dataset of 755 proteins. It is known that there are three possible orientations of the adjacent
β strands: they can be anti-parallel (by far, this is the most common case), parallel or oblique.
The latter actually includes all the cases that do not enter into the previous ones, for example
perpendicular or oblique β strands. The most significant results of these statistical analyses
are summarized here (please refer to the Methods for the precise definition of the motifs).

• Two typical interaction graphs have been observed, one for the parallel and one for the
anti-parallel orientation. The anti-parallel case shows a BB graph of type ladder, were
rungs are typically spaced of 2 amino acids. The parallel case shows a BB graph of type
zigzag, in which one recognizes a separation of 2 amino acids in each oscillation of the
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Figure 1. Full interaction graph of the level 0 of the protein 1EEI interface (see Methods). The upper horizontal line represents

the sub-unit D, the lower one the sub-unit E. With the crosses we indicate the residues that participate to the interaction graph;

their name and membership to specific secondary structures is indicated, when available. The dots represent the residues that

do not participate to the interface. The dotted-dashed lines represent pairs of atoms both from the backbone of the residues

(BB graph). The solid lines indicate that at least one atom of the pair is from the side chain (SC graph).

zigzag. In some cases, the zigzag topology reduces to a simple vertex V (defined in
Methods).

Both these specific topologies identified in the BB graph correspond to the known
hydrogen bond graph between backbone atoms. While it is not surprising to find
them in the BB graph, the surprise comes from the fact that the position of hydrogen
atoms has not been used as input by our algorithms (in most cases it is not even given
in the PDB files). Thus, the symmetric minimization algorithm is able to reconstruct
the backbone hydrogen bonds network by the unique input of the backbone atoms
N, Cα, C, O coordinates, with an accuracy of 90%. In other words, the backbone hydrogen
bonds satisfy the mathematical property of symmetrically minimized distances and the
backbone non-hydrogen atoms that engage in BB hydrogen bonds are reciprocal nearest
neighbours, with the indicated accuracy. This identification has been obtained using the
web server RING (see Methods) to calculate the hydrogen bonds and compare with the
graphs (see also [6]). Among the 120 pairs of residues in the graphs (anti-parallel and
parallel cases only), 108 are recognized by RING as hydrogen bonds and 12 are not.
Thus, the symmetric minimization recognizes hydrogen bonds with accuracy of 90%.

• Interfaces of the oblique family have very small or absent BB graph, thus the two BB
graphs are rather specific to the respective anti-parallel and parallel cases. It is also rare
to find BB graphs in non β interfaces.

In fact, in these cases the BB graph is intra-chain, namely it develops between atoms of
the same sub-unit and is almost absent in the interface.

• The amino acids are not randomly paired. Rather, the frequency with which residues are
connected in the interaction graph clearly deviates from the expected frequency calculated
from the average frequency of residues in the interface. This indicates that the edges in
the interaction graph form in order to provide to the interface very specific features.
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2. Methods

2.1. Symmetric minimization of distances

The description of the interface, that has been developed starting with [11] and that will be
used in this paper, was introduced to help extract the structural organization of the interface.
It focuses on the way atoms pair, keeping into account the local connectivity, namely the
possibility that atoms interact with other atoms, according to their local arrangement. It is
based on the notion of symmetric minimization of distance pairs, defined by the symmetric
minimization algorithm, presented here in pseudocode. The flow chart is given in Figure 3.
The needed mathematical explanations and demonstrations have been provided in [12].

Input: A ←
{

atoms of the first subunit
}

B ←
{

atoms of the second subunit
}

d(a, b) ← A metric ; typically, the inter-atomic distance is used

Start: R0 ←
{

(a, b) : a ∈ A, b ∈ B
}

i ← 0

while Ri �= { } do:

minA(a) ← min
{

d(a, b′) : (a, b′) ∈ Ri and b′ ∈ B

}

minB(b) ← min
{

d(a′, b) : (a′, b) ∈ Ri and a′ ∈ A

}

LA ←
{

(a, b) ∈ Ri : d(a, b) = minA(a)
}

LB ←
{

(a, b) ∈ Ri : d(a, b) = minB(b)
}

Si ← LA ∩ LB

Ri+1 ← Ri − Si

i ← i + 1
end while

Output: S0, S1, S2, . . .

The sets R0, Ri are sets of edges. The empty set is indicated with { }. The symbols − and

∩ indicate set difference and set intersection respectively. The symbols minA(a), minB(b)
indicate the functions that give the shortest distances in the neighbourhood of the indicated
point. The symbols LA, LB indicate the shortest edges relative to the given iteration Ri. The
reciprocal shortest edge sets are indicated with Si, and called symmetrized levels i.

In summary, the symmetric minimization is a recursive method that, at the first iteration,
defines the lowest level of the interface as the pairs of atoms that are reciprocal nearest
neighbours. The nearest neighbour condition must be verified for both the two subunit
atoms, as the name itself suggests. These pairs form the lowest level S0, called symmetrized
interface. Please see the caption of Figure 2.
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Figure 1. Full interaction graph of the level 0 of the protein 1EEI interface (see Methods). The upper horizontal line represents

the sub-unit D, the lower one the sub-unit E. With the crosses we indicate the residues that participate to the interaction graph;

their name and membership to specific secondary structures is indicated, when available. The dots represent the residues that

do not participate to the interface. The dotted-dashed lines represent pairs of atoms both from the backbone of the residues

(BB graph). The solid lines indicate that at least one atom of the pair is from the side chain (SC graph).

zigzag. In some cases, the zigzag topology reduces to a simple vertex V (defined in
Methods).

Both these specific topologies identified in the BB graph correspond to the known
hydrogen bond graph between backbone atoms. While it is not surprising to find
them in the BB graph, the surprise comes from the fact that the position of hydrogen
atoms has not been used as input by our algorithms (in most cases it is not even given
in the PDB files). Thus, the symmetric minimization algorithm is able to reconstruct
the backbone hydrogen bonds network by the unique input of the backbone atoms
N, Cα, C, O coordinates, with an accuracy of 90%. In other words, the backbone hydrogen
bonds satisfy the mathematical property of symmetrically minimized distances and the
backbone non-hydrogen atoms that engage in BB hydrogen bonds are reciprocal nearest
neighbours, with the indicated accuracy. This identification has been obtained using the
web server RING (see Methods) to calculate the hydrogen bonds and compare with the
graphs (see also [6]). Among the 120 pairs of residues in the graphs (anti-parallel and
parallel cases only), 108 are recognized by RING as hydrogen bonds and 12 are not.
Thus, the symmetric minimization recognizes hydrogen bonds with accuracy of 90%.

• Interfaces of the oblique family have very small or absent BB graph, thus the two BB
graphs are rather specific to the respective anti-parallel and parallel cases. It is also rare
to find BB graphs in non β interfaces.

In fact, in these cases the BB graph is intra-chain, namely it develops between atoms of
the same sub-unit and is almost absent in the interface.

• The amino acids are not randomly paired. Rather, the frequency with which residues are
connected in the interaction graph clearly deviates from the expected frequency calculated
from the average frequency of residues in the interface. This indicates that the edges in
the interaction graph form in order to provide to the interface very specific features.
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2. Methods

2.1. Symmetric minimization of distances

The description of the interface, that has been developed starting with [11] and that will be
used in this paper, was introduced to help extract the structural organization of the interface.
It focuses on the way atoms pair, keeping into account the local connectivity, namely the
possibility that atoms interact with other atoms, according to their local arrangement. It is
based on the notion of symmetric minimization of distance pairs, defined by the symmetric
minimization algorithm, presented here in pseudocode. The flow chart is given in Figure 3.
The needed mathematical explanations and demonstrations have been provided in [12].

Input: A ←
{

atoms of the first subunit
}

B ←
{

atoms of the second subunit
}

d(a, b) ← A metric ; typically, the inter-atomic distance is used

Start: R0 ←
{

(a, b) : a ∈ A, b ∈ B
}

i ← 0

while Ri �= { } do:

minA(a) ← min
{

d(a, b′) : (a, b′) ∈ Ri and b′ ∈ B

}

minB(b) ← min
{

d(a′, b) : (a′, b) ∈ Ri and a′ ∈ A

}

LA ←
{

(a, b) ∈ Ri : d(a, b) = minA(a)
}

LB ←
{

(a, b) ∈ Ri : d(a, b) = minB(b)
}

Si ← LA ∩ LB

Ri+1 ← Ri − Si

i ← i + 1
end while

Output: S0, S1, S2, . . .

The sets R0, Ri are sets of edges. The empty set is indicated with { }. The symbols − and

∩ indicate set difference and set intersection respectively. The symbols minA(a), minB(b)
indicate the functions that give the shortest distances in the neighbourhood of the indicated
point. The symbols LA, LB indicate the shortest edges relative to the given iteration Ri. The
reciprocal shortest edge sets are indicated with Si, and called symmetrized levels i.

In summary, the symmetric minimization is a recursive method that, at the first iteration,
defines the lowest level of the interface as the pairs of atoms that are reciprocal nearest
neighbours. The nearest neighbour condition must be verified for both the two subunit
atoms, as the name itself suggests. These pairs form the lowest level S0, called symmetrized
interface. Please see the caption of Figure 2.
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The algorithm can be repeated on all the edges that have not been retained at the lowest
level. This produces a new set of reciprocally shortest edges, not contained in S0, that forms
the symmetrized set S1, named level 1. The repetition of the algorithm up to exhaustion of
all the atom pairs, provides a hierarchy of levels

S0, S1, S2, . . . , SM (1)

that define the symmetrized interface (SI). Thus, inter-atomic distances between the two
sub-units are ranked according to levels. Notice that, as proteins are of finite and not of
infinite size, there must be a maximum level. Also, the algorithm is free of ambiguities, even
in case of regular structures. In Figure 1 and in previous papers the lowest level only was
analysed, while it is a purpose of this paper to start the investigation of the higher levels.

The symmetric minimization of distances is a variant of the case k = 1 of the known
k-reciprocal nearest neighbour method (kRNN), discussed in [13] and used now in the
domain of hierarchical classification and object retrieval in images. A modern presentation
is in [14]. Actually, the lowest level S0 could be equivalently obtained with both methods
but at higher levels the equivalence breaks down. The purpose of kRNN is to assert the
relative proximity of several images containing the same object appearing in different scenes.
Each image is a point in some very high-dimensional space. Using an appropriate metric, the
closest images are found and agglomerated in a cluster. At the new iteration, new images will
join the cluster. The method kRNN compares high-dimensional vectors. It can be applied to
atomic coordinates. Once two atoms are found to be reciprocal nearest neighbours at some
iteration, they are removed from the pool (and put in a cluster) before the next iteration
could start. On the other hand, in the symmetric minimization, two atoms that are reciprocal
nearest neighbours are not removed from the pool: the edge they form is removed but the
atoms remain. This is the role of the sets Ri in the algorithm: at the next, the same atoms may
be nearest neighbours with others. In kRNN, the sets of edges Ri would simply be replaced
by some Ai, Bi where Ai or Bi would be obtained by removing from the initial A and B the
atoms found at each iteration. The choice of working with edges comes from the goal of
describing the interactions from a geometrical point of view. Moreover, the binding energy
in a protein interface accumulates between all pairs of atoms, at least in a suitable range
of distances, no matter if they are nearest neighbours or not. Using edges, the information
about all the neighbours of an atom is recorded and used at one or other of the levels. Using
atoms, part of the edges are not evaluated and some information seems lost, at least for
purposes related to protein structure.

The classification of pairs into levels reminds one of perturbative calculations, very common
in physics, where the lowest order contains the strongest interaction and the higher orders
introduce weaker and weaker terms. The ranking, and the set of levels in equation (1), have
been computed on the basis of inter-atomic distances: the higher the level, the larger the
distance between atoms. Physically speaking, moving to higher distances implies a tendency
to move to weaker interactions. Here, force fields and types of atoms have not been used in
the symmetric minimization, thus rising to higher rank only indicates a tendency to weaker
interactions and does not hold in a strict sense.

Imagining a mechanical model of balls and sticks, and a quantity of glue, can one mount a
human size model of the protein interface? Yes, if the sequence in equation (1) is followed.
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Figure 2. Example of symmetric minimization. The distance (ab) is the smallest for the atom a and, at the same time, is the

smallest for b. Thus, the edge (ab) is retained in the symmetrized interface. The distance (bc) is the smallest for (c) but not for
(b) thus it is not retained.

Otherwise said, the geometrical action of ranking the pairs of an interface corresponds to the
sequence of actions that one has to follow to construct the interface with minimum amount
of steric effects. The sequence read in the opposite sense, from the maximum level SM to S0,
indicates the steps to access the closest atoms of the interface by removing one layer after the
other.

It is important to stress that each edge of S0 behaves as a nucleation centre, or a bud, because
every edge that appears at level 1 is attached to a level 0 edge; thus, level 0 edges act as the
starting points of a growth process where, at each higher level, new edges attach to the bud.
The growth occurs simultaneously from the various level 0 edges. Each bud is technically
a cluster. At some level, an edge appears that joins two different buds; the edge length
is the resolution threshold for the two buds. Certain edges do not start a growth process;
this occurs when the atoms joined by these edges are not further connected to the rest of the
interface. Also, a bud must be present at level 0 and cannot appear at higher level: S0 already
contains all the buds. In other words, the various parts of the interface are already contained
in S0 and a set smaller than S0 is possibly insufficient to reconstruct the full interface. This
provides the mathematical justification for calling S0 a framework of the interface. Indeed,
as we have empirically observed in our previous publications, S0 is the smallest set that can
describe the interface. This is the most important point of the whole construction and is
based on the theorems proved in [12] but is published here for the first time.

In summary, the symmetric minimization has been introduced to responds to the following
needs and possesses the following features [12].

Scalable. The symmetric minimization may be applied to proteins or objects of any size,
without size limits. Moreover, it can be applied also to objects at the human or interstellar
scale.
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The algorithm can be repeated on all the edges that have not been retained at the lowest
level. This produces a new set of reciprocally shortest edges, not contained in S0, that forms
the symmetrized set S1, named level 1. The repetition of the algorithm up to exhaustion of
all the atom pairs, provides a hierarchy of levels

S0, S1, S2, . . . , SM (1)

that define the symmetrized interface (SI). Thus, inter-atomic distances between the two
sub-units are ranked according to levels. Notice that, as proteins are of finite and not of
infinite size, there must be a maximum level. Also, the algorithm is free of ambiguities, even
in case of regular structures. In Figure 1 and in previous papers the lowest level only was
analysed, while it is a purpose of this paper to start the investigation of the higher levels.

The symmetric minimization of distances is a variant of the case k = 1 of the known
k-reciprocal nearest neighbour method (kRNN), discussed in [13] and used now in the
domain of hierarchical classification and object retrieval in images. A modern presentation
is in [14]. Actually, the lowest level S0 could be equivalently obtained with both methods
but at higher levels the equivalence breaks down. The purpose of kRNN is to assert the
relative proximity of several images containing the same object appearing in different scenes.
Each image is a point in some very high-dimensional space. Using an appropriate metric, the
closest images are found and agglomerated in a cluster. At the new iteration, new images will
join the cluster. The method kRNN compares high-dimensional vectors. It can be applied to
atomic coordinates. Once two atoms are found to be reciprocal nearest neighbours at some
iteration, they are removed from the pool (and put in a cluster) before the next iteration
could start. On the other hand, in the symmetric minimization, two atoms that are reciprocal
nearest neighbours are not removed from the pool: the edge they form is removed but the
atoms remain. This is the role of the sets Ri in the algorithm: at the next, the same atoms may
be nearest neighbours with others. In kRNN, the sets of edges Ri would simply be replaced
by some Ai, Bi where Ai or Bi would be obtained by removing from the initial A and B the
atoms found at each iteration. The choice of working with edges comes from the goal of
describing the interactions from a geometrical point of view. Moreover, the binding energy
in a protein interface accumulates between all pairs of atoms, at least in a suitable range
of distances, no matter if they are nearest neighbours or not. Using edges, the information
about all the neighbours of an atom is recorded and used at one or other of the levels. Using
atoms, part of the edges are not evaluated and some information seems lost, at least for
purposes related to protein structure.

The classification of pairs into levels reminds one of perturbative calculations, very common
in physics, where the lowest order contains the strongest interaction and the higher orders
introduce weaker and weaker terms. The ranking, and the set of levels in equation (1), have
been computed on the basis of inter-atomic distances: the higher the level, the larger the
distance between atoms. Physically speaking, moving to higher distances implies a tendency
to move to weaker interactions. Here, force fields and types of atoms have not been used in
the symmetric minimization, thus rising to higher rank only indicates a tendency to weaker
interactions and does not hold in a strict sense.

Imagining a mechanical model of balls and sticks, and a quantity of glue, can one mount a
human size model of the protein interface? Yes, if the sequence in equation (1) is followed.
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Figure 2. Example of symmetric minimization. The distance (ab) is the smallest for the atom a and, at the same time, is the

smallest for b. Thus, the edge (ab) is retained in the symmetrized interface. The distance (bc) is the smallest for (c) but not for
(b) thus it is not retained.

Otherwise said, the geometrical action of ranking the pairs of an interface corresponds to the
sequence of actions that one has to follow to construct the interface with minimum amount
of steric effects. The sequence read in the opposite sense, from the maximum level SM to S0,
indicates the steps to access the closest atoms of the interface by removing one layer after the
other.

It is important to stress that each edge of S0 behaves as a nucleation centre, or a bud, because
every edge that appears at level 1 is attached to a level 0 edge; thus, level 0 edges act as the
starting points of a growth process where, at each higher level, new edges attach to the bud.
The growth occurs simultaneously from the various level 0 edges. Each bud is technically
a cluster. At some level, an edge appears that joins two different buds; the edge length
is the resolution threshold for the two buds. Certain edges do not start a growth process;
this occurs when the atoms joined by these edges are not further connected to the rest of the
interface. Also, a bud must be present at level 0 and cannot appear at higher level: S0 already
contains all the buds. In other words, the various parts of the interface are already contained
in S0 and a set smaller than S0 is possibly insufficient to reconstruct the full interface. This
provides the mathematical justification for calling S0 a framework of the interface. Indeed,
as we have empirically observed in our previous publications, S0 is the smallest set that can
describe the interface. This is the most important point of the whole construction and is
based on the theorems proved in [12] but is published here for the first time.

In summary, the symmetric minimization has been introduced to responds to the following
needs and possesses the following features [12].

Scalable. The symmetric minimization may be applied to proteins or objects of any size,
without size limits. Moreover, it can be applied also to objects at the human or interstellar
scale.
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Construction of R0

(set of atom pairs, one from sub-unit A, one from sub-unit B)

Iteration counter: i = 0

From Ri , construction of the sets LA and LB

LA : for each atom of A, the closest partner in B, within Ri

LB : for each atom of B, the closest partner in A, within Ri

Symmetrized level: Si = LA ∩ LB

The rest: Ri+1 = Ri − Si Is Ri+1 empty?

Yes

No

End

i → i + 1

Figure 3. Flow chart of the symmetric minimization algorithm.

Local. It is based on the local arrangement of atoms (or points) and not on global features.
So, it captures the differences occurring in situations like a dense atomic packing or a
dilute packing.

Scale-free. No length scale has been imposed from outside.

Intrinsic scales. It defines a set of characteristic scales, intrinsic to the interface itself. Indeed,
the symmetric minimization allows to divide the interface in clusters (the buds previously
presented). The first edge that joins two different clusters (two buds) is a characteristic
scale for the interface.

Metrics independent. It is independent on the explicit distance function adopted. Namely,
the actual distance used can be different from Euclidean distance, non euclidean
geometries being allowed if they use positive definite metrics (a distance).
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2.2. Interaction graphs

The previous subsection demonstrates how the data are analysed. By construction, each set
in equation (1) is a collection of edges, the extrema of which are points in some metric space.
Mathematically, this corresponds to the notion of graph, namely a set of nodes (here the
points in the metric space) and a set of edges joining some of the nodes. Thus, from now
on each set representing a level will be naturally identified with a graph. In the present case
it is important to stress that the graph has been obtained by evaluating distances, thus each
edge is associated to the physical distance of the endpoints. Mathematically speaking, this is
a weighted graph.

As the graph nodes were initially atoms of one or the other of two adjacent subunits, the
graph is automatically bipartite: each edge has an endpoint on one subunit and the other on
the second subunit. Edges between atoms of the same subunit are not considered here, as
the analysis focuses on the interface.

By construction, a pair of atoms can be connected by a single edge only, as there is just
one distance value between them. Thus parallel edges are absent (edges with the same end
nodes) in this description that can be called full atoms.

Since the first paper on the subject [11], the levels Si have been coarse-grained in order to
facilitate the human interpretation of the data and to transfer the information to the residue
scale. This is actually the scale used by biological entities to store and transfer information:
DNA and RNA code for amino acids, not for atoms, and proteins form from residue chains
and not from individual atoms.

In the coarse-grained representation the information appears at the amino acid resolution:
all the atoms of a residue are identified and represented with the residue name itself. All
edges ending on the atoms of the residue are now referred to the residue itself. In graph
theory this procedure is called fusion. If (a, b), (a′, b′) ∈ Si are edges of one of the graphs,
let’s call F (fusion) the equivalence relation such that

(a, b)F(a
′, b

′) ⇐⇒ a and a
′ belong to the same residue and b, b′ belong to the same residue

(2)
Then, the following quotient set defines equivalent classes

S
aa
i

=
Si

F
(3)

whole elements are all the edges that start and end on the same residues (aa means amino
acid resolution). By consequence, the graphs Saa

i
could have parallel edges; this happens

when two residues are connected by more than one pair of atoms.

The subsequent analyses will always refer to this coarse-grained graphs, while the initial
symmetric minimization has always been done with atoms. The graphs Saa

i
can be

represented in a very effective way: the first subunit residues are represented as an horizontal
line of equispaced dots; similarly, the second subunit residues appear as dots in an horizontal
line below the previous one. Clearly, the two horizontal lines represent the chains of residues
connected by the peptide bonds. Being the graph bipartite, edges can only join a node from
one horizontal line to a node of the other horizontal line. In Figure 1 there is an example.
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Figure 3. Flow chart of the symmetric minimization algorithm.

Local. It is based on the local arrangement of atoms (or points) and not on global features.
So, it captures the differences occurring in situations like a dense atomic packing or a
dilute packing.

Scale-free. No length scale has been imposed from outside.

Intrinsic scales. It defines a set of characteristic scales, intrinsic to the interface itself. Indeed,
the symmetric minimization allows to divide the interface in clusters (the buds previously
presented). The first edge that joins two different clusters (two buds) is a characteristic
scale for the interface.

Metrics independent. It is independent on the explicit distance function adopted. Namely,
the actual distance used can be different from Euclidean distance, non euclidean
geometries being allowed if they use positive definite metrics (a distance).
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2.2. Interaction graphs

The previous subsection demonstrates how the data are analysed. By construction, each set
in equation (1) is a collection of edges, the extrema of which are points in some metric space.
Mathematically, this corresponds to the notion of graph, namely a set of nodes (here the
points in the metric space) and a set of edges joining some of the nodes. Thus, from now
on each set representing a level will be naturally identified with a graph. In the present case
it is important to stress that the graph has been obtained by evaluating distances, thus each
edge is associated to the physical distance of the endpoints. Mathematically speaking, this is
a weighted graph.

As the graph nodes were initially atoms of one or the other of two adjacent subunits, the
graph is automatically bipartite: each edge has an endpoint on one subunit and the other on
the second subunit. Edges between atoms of the same subunit are not considered here, as
the analysis focuses on the interface.

By construction, a pair of atoms can be connected by a single edge only, as there is just
one distance value between them. Thus parallel edges are absent (edges with the same end
nodes) in this description that can be called full atoms.

Since the first paper on the subject [11], the levels Si have been coarse-grained in order to
facilitate the human interpretation of the data and to transfer the information to the residue
scale. This is actually the scale used by biological entities to store and transfer information:
DNA and RNA code for amino acids, not for atoms, and proteins form from residue chains
and not from individual atoms.

In the coarse-grained representation the information appears at the amino acid resolution:
all the atoms of a residue are identified and represented with the residue name itself. All
edges ending on the atoms of the residue are now referred to the residue itself. In graph
theory this procedure is called fusion. If (a, b), (a′, b′) ∈ Si are edges of one of the graphs,
let’s call F (fusion) the equivalence relation such that

(a, b)F(a
′, b

′) ⇐⇒ a and a
′ belong to the same residue and b, b′ belong to the same residue

(2)
Then, the following quotient set defines equivalent classes

S
aa
i

=
Si

F
(3)

whole elements are all the edges that start and end on the same residues (aa means amino
acid resolution). By consequence, the graphs Saa

i
could have parallel edges; this happens

when two residues are connected by more than one pair of atoms.

The subsequent analyses will always refer to this coarse-grained graphs, while the initial
symmetric minimization has always been done with atoms. The graphs Saa

i
can be

represented in a very effective way: the first subunit residues are represented as an horizontal
line of equispaced dots; similarly, the second subunit residues appear as dots in an horizontal
line below the previous one. Clearly, the two horizontal lines represent the chains of residues
connected by the peptide bonds. Being the graph bipartite, edges can only join a node from
one horizontal line to a node of the other horizontal line. In Figure 1 there is an example.

Geometry and Topology in Protein Interfaces -- Some Tools for Investigations
http://dx.doi.org/10.5772/58420

373



10 ime knjige

In fact we found it very convenient to distinguish two sub-graphs. The dotted-dashed lines
represent pairs of atoms both from the backbone of the residues (BB graph). The solid lines
indicate that at least one atom of the pair is from the side chain (SC graph). Mathematically
speaking, this is called an edge-labelled graph, the two possible labels being BB and SC.
In principle, there is a third edge label; indeed, the nodes of the same sub-unit form a
sequence connected by the peptide bond. Albeit this type of edge is not explicitly shown in
the graphs, it is implicitly present and motivates the choice of organizing the residues along
straight lines.

Notice that while the full atom graphs are a fortiori different, Si ∩ Sj = {}, this is no longer
true for the fused graphs: it is not a priori granted that they are different.

In summary, the sets in equation (3) characterize the interaction between subunits; each set
is a bipartite and edge-labelled graph where parallel edges may occur.

The amino acid resolution graph of the interaction between subunits has shown to be
extremely effective in interpreting data and designing statistical analyses. Notice that the
choice of marking non interacting residues with a dot and interacting residues with a cross
is purely conventional and does not add information.

2.3. Topological analysis of the graphs

The analysis will proceed with the inspection and comparison of the interaction graphs of
the level 1 of the interface, with some additional information from the level 2. The focus will
be on the topology, namely on the organisation of edges in the graphs, whose importance
has already been shown in the previous publications [6, 11]. As already stated, the amino
acid resolution will be systematically adopted.

The interface graphs will be analysed using the following motifs.

Zigzag: it is a path that alternates from one to the other of the two sub-units, namely from
one to the other of the two nodes subsets of the bipartite graph, like in a zigzag seam.
In principle, the smallest recognizable zigzag visits three residues; the experience with
data has clearly shown that it is not useful to consider such a path in the zigzag family
but it is better to classify it in the vertex family (see later). Thus, the smallest zigzag
seam considered is the one with 4 residues visited, zigzag4. It is visible in Figure 5,
involving the residues A, I, E, A (BB graph). Zigzag paths with 5 or more residues are
comprehensively indicated as zigzag5. See Figure 27, residues T, E, L, V, A.

Vertex: it is a residue connected with two or more different amino acids. In the smallest case,
the residue is connected to two other residues and indicated V, as in Figure 4, residues
F, L, K. The case of more than two residues connected with the same vertex will be
comprehensively indicated with V3. Three exemplars are present in Figure 28. Especially,
the residue I on chain B has four connections, three of type BB and one of type SC.

Ladder: This motif occurs when 2 (or more) amino acids at separation δ on the first subunit,
namely at positions M, M + δ, are connected with 2 (or more) amino acids N, N − δ on
the second sub-unit, respectively. Notice that the second sub-unit runs oppositely to the
first. The two groups of amino acids are the ladder rails and the edges are the rungs, from
which the name was adopted. In Figure 3, residues E, Y and E, W form a ladder with 2
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rungs and separation δ = 2. In Figure 22 the residues C, S, F (47, 49, 51) of chain A and
the residues Y, E, E (110, 108, 106) of chain B form a BB ladder of separation δ = 2. The
two most common separations are δ = 1 or 2, ladder1 and ladder2 respectively. Cases
with more than 3 rungs are known. In Figure 14, the residues from 98 to 102 (of the chain
D) with the residues from 29 to 25 (chain E) form a ladder1 with 5 rungs.

Multiple edges: presence of parallel edges in the graph (edges with the same endpoints).
The term multiple edges seems more adequate to the present case, given the use of the
word parallel to indicate the orientation of the β-strands in the interface. In Figure 8, the
residues E and F are connected by 4 edges, three of type SC and one of type BB. In Figure
22, the residues S and E are connected by three BB edges.

It is important to look for these motifs starting from the largest elements, to avoid useless
multiple countings. Especially, it is obvious that a zigzag of 8 nodes contains all the shortest
sizes, from 4 to 7. There is no need to record all of them, the largest one being the most
informative. Also, a V3 or zigzag motif automatically contains the simplest vertex V, and
often more than once. Thus, the vertex V is not counted when it appears inserted in a V3 or
a zigzag. In Figure 33, the zigzag5 (residues V, M, I, V, A) contains three times a V. In Figure
30, the vertex V3 (residue H) contains three V motifs.

These topological elements may appear alone or in combination and have been chosen, as
in other publications, because they represent the most common motifs in interface graphs.
It may happen that a graph contains more than one motif, in which case all of them will
be recorded. For example, in a common situation one of the nodes of a zigzag5 is also a
vertex V3. In that case, both motifs are registered. The main reason is that a systematic
classification of graphs needs to be accurate and free of ambiguous search criteria, thus it is
definitely preferable to accept a redundancy in the identification of motifs than introducing
untested criteria. For example, often a ladder has separation of 2 in one part of the graph
and separation of 1 in another part, with a edge (a rung) in common between the two parts.
Thus, it is recorded as part of both a ladder of 2 and ladder of 1. Indeed, so far, no acceptable
criterion has been found to discriminate if a edge must be considered part of a ladder with
separation of 1 or of 2. In Figure 28, there is a BB ladder formed by M, I, K, I (chain A) and
V, L, I, E (chain B). Residues M and I are separated of 2 while residues I and K, K and I are
separated of 1.

2.4. The dataset

In [6] a dataset of 39 oligomeric proteins was chosen on the basis of the presence, in the
three-dimensional structure, of a well recognizable β interface. Here the same set will be
used. It is listed in Table 1 with the indication of the chains and the intervals participating
to the β interfaces. All proteins are homomeric of stoichiometry from 3 to 8. This set
is characterized by the absence of sequence homology, structural homology or functional
homology. Viral and membrane proteins are absent, given their specificities. Thus, the set
can be considered representative of the general behaviour of β interfaces, without reference
to specific classes of proteins. In the dataset there are anti-parallel, parallel and oblique
orientations of the adjacent β strands. Actually, the oblique family will be considered for
comparison only and not deeply investigated. In fact its graphs are less structured and it is
difficult to find similarities between proteins.
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speaking, this is called an edge-labelled graph, the two possible labels being BB and SC.
In principle, there is a third edge label; indeed, the nodes of the same sub-unit form a
sequence connected by the peptide bond. Albeit this type of edge is not explicitly shown in
the graphs, it is implicitly present and motivates the choice of organizing the residues along
straight lines.

Notice that while the full atom graphs are a fortiori different, Si ∩ Sj = {}, this is no longer
true for the fused graphs: it is not a priori granted that they are different.

In summary, the sets in equation (3) characterize the interaction between subunits; each set
is a bipartite and edge-labelled graph where parallel edges may occur.

The amino acid resolution graph of the interaction between subunits has shown to be
extremely effective in interpreting data and designing statistical analyses. Notice that the
choice of marking non interacting residues with a dot and interacting residues with a cross
is purely conventional and does not add information.

2.3. Topological analysis of the graphs

The analysis will proceed with the inspection and comparison of the interaction graphs of
the level 1 of the interface, with some additional information from the level 2. The focus will
be on the topology, namely on the organisation of edges in the graphs, whose importance
has already been shown in the previous publications [6, 11]. As already stated, the amino
acid resolution will be systematically adopted.

The interface graphs will be analysed using the following motifs.

Zigzag: it is a path that alternates from one to the other of the two sub-units, namely from
one to the other of the two nodes subsets of the bipartite graph, like in a zigzag seam.
In principle, the smallest recognizable zigzag visits three residues; the experience with
data has clearly shown that it is not useful to consider such a path in the zigzag family
but it is better to classify it in the vertex family (see later). Thus, the smallest zigzag
seam considered is the one with 4 residues visited, zigzag4. It is visible in Figure 5,
involving the residues A, I, E, A (BB graph). Zigzag paths with 5 or more residues are
comprehensively indicated as zigzag5. See Figure 27, residues T, E, L, V, A.

Vertex: it is a residue connected with two or more different amino acids. In the smallest case,
the residue is connected to two other residues and indicated V, as in Figure 4, residues
F, L, K. The case of more than two residues connected with the same vertex will be
comprehensively indicated with V3. Three exemplars are present in Figure 28. Especially,
the residue I on chain B has four connections, three of type BB and one of type SC.

Ladder: This motif occurs when 2 (or more) amino acids at separation δ on the first subunit,
namely at positions M, M + δ, are connected with 2 (or more) amino acids N, N − δ on
the second sub-unit, respectively. Notice that the second sub-unit runs oppositely to the
first. The two groups of amino acids are the ladder rails and the edges are the rungs, from
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rungs and separation δ = 2. In Figure 22 the residues C, S, F (47, 49, 51) of chain A and
the residues Y, E, E (110, 108, 106) of chain B form a BB ladder of separation δ = 2. The
two most common separations are δ = 1 or 2, ladder1 and ladder2 respectively. Cases
with more than 3 rungs are known. In Figure 14, the residues from 98 to 102 (of the chain
D) with the residues from 29 to 25 (chain E) form a ladder1 with 5 rungs.

Multiple edges: presence of parallel edges in the graph (edges with the same endpoints).
The term multiple edges seems more adequate to the present case, given the use of the
word parallel to indicate the orientation of the β-strands in the interface. In Figure 8, the
residues E and F are connected by 4 edges, three of type SC and one of type BB. In Figure
22, the residues S and E are connected by three BB edges.

It is important to look for these motifs starting from the largest elements, to avoid useless
multiple countings. Especially, it is obvious that a zigzag of 8 nodes contains all the shortest
sizes, from 4 to 7. There is no need to record all of them, the largest one being the most
informative. Also, a V3 or zigzag motif automatically contains the simplest vertex V, and
often more than once. Thus, the vertex V is not counted when it appears inserted in a V3 or
a zigzag. In Figure 33, the zigzag5 (residues V, M, I, V, A) contains three times a V. In Figure
30, the vertex V3 (residue H) contains three V motifs.

These topological elements may appear alone or in combination and have been chosen, as
in other publications, because they represent the most common motifs in interface graphs.
It may happen that a graph contains more than one motif, in which case all of them will
be recorded. For example, in a common situation one of the nodes of a zigzag5 is also a
vertex V3. In that case, both motifs are registered. The main reason is that a systematic
classification of graphs needs to be accurate and free of ambiguous search criteria, thus it is
definitely preferable to accept a redundancy in the identification of motifs than introducing
untested criteria. For example, often a ladder has separation of 2 in one part of the graph
and separation of 1 in another part, with a edge (a rung) in common between the two parts.
Thus, it is recorded as part of both a ladder of 2 and ladder of 1. Indeed, so far, no acceptable
criterion has been found to discriminate if a edge must be considered part of a ladder with
separation of 1 or of 2. In Figure 28, there is a BB ladder formed by M, I, K, I (chain A) and
V, L, I, E (chain B). Residues M and I are separated of 2 while residues I and K, K and I are
separated of 1.

2.4. The dataset

In [6] a dataset of 39 oligomeric proteins was chosen on the basis of the presence, in the
three-dimensional structure, of a well recognizable β interface. Here the same set will be
used. It is listed in Table 1 with the indication of the chains and the intervals participating
to the β interfaces. All proteins are homomeric of stoichiometry from 3 to 8. This set
is characterized by the absence of sequence homology, structural homology or functional
homology. Viral and membrane proteins are absent, given their specificities. Thus, the set
can be considered representative of the general behaviour of β interfaces, without reference
to specific classes of proteins. In the dataset there are anti-parallel, parallel and oblique
orientations of the adjacent β strands. Actually, the oblique family will be considered for
comparison only and not deeply investigated. In fact its graphs are less structured and it is
difficult to find similarities between proteins.
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2.5. Residue interaction network generator (RING)

It is a web server [15] with software for rendering a protein structure into a network of
interactions. Nodes represent single amino acids and edges represent the non-covalent
bonding interactions that exist between them. In particular, this web server has been used to
calculate the hydrogen bonds for the proteins of the dataset. The hydrogen bonds have not
been supplied to the symmetric minimization method but just used to compare some results.

3. Results

The dataset has been described in Methods and its proteins are listed in Table 1.

The graphs of the level 0 were provided as Supporting Information to the publication [6] and
are downloadable in open access, as well as the publication itself.

In this section the description focuses on the level 1 and, to a minor extent, on the level 2.
The graphs of the level 1 are provided in Figures 3 to 26, and 27 to 34. Given their minor
role, the graphs of the level 2 will be provided on demand.

In the following description, the results are grouped and numbered from Result 1 (R1) to
Result 5 (R5).

R1. BB graph at level 1. The level 1 graphs are not identical to the level 0 ones.

In all the anti-parallel cases (Figures 3 to 26), the presence of a level 1 BB graph is
observed, of size comparable with the one observed at level 0, namely with a similar
number of edges. It is very small in just one case (2ojw level 1), where a single edge is
present.

Similarly, in all the parallel cases (Figures 27 to 34), there is a level 1 graph, with a number
of edges similar to the one found at level 0.

R2. BB graph structure at level 1. In the anti-parallel orientation, the graphs present a
ladder structure in 21 out of 24 cases. Its separation is of 2 amino acids in 20 cases out of
24 and of 1 amino acid in 15 out of 24 cases1. The zigzag connection is absent. The vertex
V is present in 13 graphs on 24. The V3 motif is present in 9 out of 24 cases. The zigzag4
is counted 12 out of 24 times. Just 4 multiple edges are observed. In all cases at least one
ladder motif shows up at level 0 or at level 1.

In the parallel orientation, the graphs shows a common presence of the zigzag5
topological element, in 4 out of 8 graphs, often accompanied by one or more V3, in 5
out of 8 graphs. The zigzag5 motifs are probably not completely independent from those
that appear at level 0, as they always show up together. This aspect needs a larger statistics
to be confirmed or disproved. The zigzag opening is of 1 or 2 amino acids. There are also
4 ladders of separation 1. Multiple bonds appear once out of 8 cases2.

R3. BB graph structure at level 2. A level 2 BB graph is observed in all cases, often less
populated than the lower levels graphs.

In the anti-parallel orientation, there are 13 ladders out of 24. The other cases show a V
or zigzag4 motif, and in one case a zigzag5 is found.

1 At level 0 the ladder separation is of 2 residues (23 cases out of 24). There are multiple edges in 21 cases out of 24.
2 At level 0 there are 5 zigzag5 out of 8. After, one finds 2 V and 1 zigzag4. Multiple bonds are absent.
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In the parallel orientation, the zigzag topology and the vertices V3 are absent at this level.
On the contrary, these are the most common topological elements at the lower levels. At
this level we just find the ladder motif with separation of 1 or 2 amino acids. In some
cases the BB graph reduces to one edge.

R4. Other orientation. In interfaces other that the anti-parallel or parallel β, it was
systematically observed in previous publications and is confirmed here that the BB graphs
are rare and poorly structured, as composed of one or two edges. This obviously holds
true also at levels 1 and 2.

R5. SC graph. These graphs are more elaborated and very rich of a variety of elements.
One may recognize that the motif of the ladder is present in nearly half the graphs, at all
the various levels examined (0, 1, 2). The V, V3 and zigzag elements are very common in
all the three orientations. A more complete analysis of the SC graphs will be realized in
future publications.

4. Discussion

In Methods, four definitions of interface have been introduced.

The participating amino acids are actually very similar: in [11], paper fully dedicated to
compare the level 0, Saa

0 , with published interface data more than 85% of similarity has been
detected. At the level 0, the difference is more in terms of the description that emerges. In
the buried surface or Voronoi cells based interface approach, is very natural to distinguish
between rim and core: a solvent molecule that tries to penetrate the interface first has to visit
the rim, and after may force into the core. The symmetrized levels instead present the growth
of the interface, as in a budding process, from the set S0. The hierarchy in (1) indicates the
dynamical sequence of events that may construct the interface with minimal steric effects.
Somehow, this introduces the notion of time in an otherwise static view. The distinction
between rim and core is possibly given by the number of the connections of a residue: a
highly connected residue must be in the core and cannot be in the rim. Vice versa, a poorly
connected residue is in the rim. Indeed, the part of a residue surface that is exposed to the
solvent will not be connected to other atoms while an atom that is completely buried will
have connections with all its neighbours. This indicates that a minimal distinction between
rim and core may appear if one compares few close levels, like S0, S1 and S2. The point is
that the more an atom is present at different levels, the more is connected thus the rim must
correspond to those atoms that appear few times across the levels, the others being in the
core.

The importance of how the information circulates in an interface has been first shown in [8].
The graphs Saa

i
show the presence of long range correlations that are not easily detected with

approaches based on the contact surface (buried surface or Voronoi cells based interface). The
motifs that allow this transfer are the zigzags, especially the long ones, and the vertices V, V3.
On the contrary, a pure ladder topology, in BB or SC or both, does not have ways to correlate
far apart atoms. The frequent presence of zigzag, V and V3 motifs implies the existence of
constraints on the positions or the physico-chemical properties of non neighbouring atoms,
and sometimes of very far apart atoms. Indeed, in Figure 27, the mere establishment of the
path formed by the residues S2, E123, L5, L124, I7, V127 (where BB and SC are both present)
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2.5. Residue interaction network generator (RING)

It is a web server [15] with software for rendering a protein structure into a network of
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In the parallel orientation, the zigzag topology and the vertices V3 are absent at this level.
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4. Discussion

In Methods, four definitions of interface have been introduced.

The participating amino acids are actually very similar: in [11], paper fully dedicated to
compare the level 0, Saa
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motifs that allow this transfer are the zigzags, especially the long ones, and the vertices V, V3.
On the contrary, a pure ladder topology, in BB or SC or both, does not have ways to correlate
far apart atoms. The frequent presence of zigzag, V and V3 motifs implies the existence of
constraints on the positions or the physico-chemical properties of non neighbouring atoms,
and sometimes of very far apart atoms. Indeed, in Figure 27, the mere establishment of the
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requires to satisfy physical conditions due to the volume of the atoms and the distribution
of electric charge. Each residue has its internal constraints, among which the fixed length of
covalent bonds and the planarity of the surface Cα, C, 0, N that contains the peptide bond. The
sequence of edges transfers constraints and establishes a correlation between the outer amino
acids S2 and V127 even if they are not in physical contact. The exact microscopic description
of the constrains is not easy to find, although. Notice that this example of information
transfer along the interface has been detected thanks to a description guided by graph theory
and based on edges.

In summary, the main difference that appears comparing buried surface and Voronoi cells
based interface with SI is that the first two definitions focus on the spatial organization of the
interface while the latter may suggest a temporal organization and allows to evaluate how
the information circulate in the interface.

The result R1 clearly states that the level 1 graphs can have a BB graph of size comparable to
that of level 0, thus still informative. At level 2 a smaller BB graph is observed. Preliminary
results on levels higher than 2 indicate that the BB graphs are also present.

The result R2 indicates that the level 1 graphs have a structure similar to the one found at level
0, in other words that these two levels present several common elements. Instead, from R3
the level 2 graphs seem organized in a different way. The main structure of the level 2 graphs
is the ladder one, in both the anti-parallel and parallel orientations, that indicates that these
orientations are not distinguishable at this level, and possibly above. Preliminary results on
levels higher than 2 indicate that the main distinctive motif of the parallel orientation, namely
the zigzag5, is quite rare. Thus, it seems that level 0 and 1 are those that contain the most
useful geometrical and topological information.

In [8] we have already used the properties in R2, R3, by implementing algorithms that, from
the PDB structure, are able to characterize an interface and tell if it has a β structure, and
which is its orientation. These algorithms are based on the level 0 only3. The analysis of level
1 graphs confirms and expands this possibility, because the information from both the levels
can now be combined for a more accurate recognition.

The BB graphs at level 0 have been previously associated to structural hydrogen bonds that
are present in the anti-parallel and in the parallel orientations of β strands.

It is possible that level 1 (for both the BB and SC graphs) doesn’t describe proper chemical
bonds but weaker dipole-dipole or Van der Waals interactions . This comparison for the level
1 has not yet been explored.

4.1. Counting the degrees of freedhom

The question that we address now is to evaluate if the description provided by the graphs is
enough to reconstruct the shape of the interface or not.

To reconstruct a shape in three dimensions one needs 3 coordinates for each point: 3N, where
N is the number of points. Actually, the absolute position of the centre of mass and the spatial
orientation of the object in the space are totally irrelevant thus three overall translations and

3 Other interface arrangements are not yet recognized.
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three rotations can be removed from the counting, that reduces the number of needed relative
positions or distances to

degrees of freedhom = 3N − 6 (4)

As an example, consider the graph of 2ojw in Figure 19; there are N = 7 amino acids (even
the amino acids that do not participate to the graph but are included within the considered
regions must be counted) thus one needs 3N − 6 = 15 relative positions. The distances
between two consecutive Cα is fixed in all polypeptides (as the distance TG in the graph).
In the present case there are 5 of them. The distance between the first and the third of
three consecutive Cα (distances TT and GI in the graph) is fixed by the general properties
of polypeptides, that makes 3 distances. The graph has 3 edges, namely 3 other distances,
thus one remains with 15 − 5 − 3 − 3 = 4 more distances to be fixed. This indicates that this
graph is insufficient to reconstruct the shape. A more general counting is possible. In [8] the
average number of amino acids (18) and of edges (12) in a β interface have been evaluated.
Their ratio is very close to 3/2 = 1.5, thus it is reasonable to assume that if there are N

residues in the interface, there will be nearly 2N/3 edges (actually, multiple edges should
not be counted, here; this may further reduce the number of known edges). Also, we expects
N − 2 consecutive Cα and N − 4 groups of three consecutive Cα namely we have

known distances = (N − 2) + (N − 4) +
2

3
N =

8

3
N − 6 (5)

We subtract the number of known distances to the number of degrees of freedhom and we
are left with the number of distances that are needed to fix the shape

unknown distances = (3N − 6)−
(8

3
N − 6

)

=
1

3
N (6)

Thus a single level does not provide enough data but two levels provide sufficient
information to fix the shape of the interface.

Of course, a full evaluation of the interface degrees of freedom needs a much more complex
calculation with atoms but the present counting suggests that few lowest levels should be
enough to provide an accurate description of the interface shape and the position of most of
the atoms.

A more complete account of the problem of reconstructing the shape of a set of points given
an incomplete set of distances is treated in [16].

4.2. Perspectives

The result R5 is clearly indicative of the major complexity of the side chain by respect to the
backbone. In the paper [8] the role of the residues with multiple interactions, namely V and
V3, has been studied in detail in Saa

0 and has been correlated to the length of the side chains.
Following this observation, one could introduce a parametrization based on the length of
the side chain. The discussion on the information flow in the interface points in the same
direction, of dedicating a new publication to the study of the SC graphs.
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Thus a single level does not provide enough data but two levels provide sufficient
information to fix the shape of the interface.

Of course, a full evaluation of the interface degrees of freedom needs a much more complex
calculation with atoms but the present counting suggests that few lowest levels should be
enough to provide an accurate description of the interface shape and the position of most of
the atoms.

A more complete account of the problem of reconstructing the shape of a set of points given
an incomplete set of distances is treated in [16].

4.2. Perspectives

The result R5 is clearly indicative of the major complexity of the side chain by respect to the
backbone. In the paper [8] the role of the residues with multiple interactions, namely V and
V3, has been studied in detail in Saa

0 and has been correlated to the length of the side chains.
Following this observation, one could introduce a parametrization based on the length of
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stoichiometry PDB name chains range on the chains orientation of the
β interface

3 1JN1 AB 120-140,1-20 oblique
3 1PM4 AB 82-95,64-80 anti-parallel
3 1SJN AB 1-12,118-130 parallel
3 1SNR AB 109-129,326-342 anti-parallel
3 1T0A AB 1-15,125-141 oblique
3 1Y13 AB 9-21,161-174 anti-parallel
3 2BAZ AB 1-8,116-130 parallel
3 2BCM BA 43-53,17-26 anti-parallel
3 2BT9 AB 44-57,1-16 oblique
3 2GVH AB 189-202,59-73 anti-parallel
3 2I9D AB 148-166,17-33 anti-parallel
3 2JCA AB 1-17,103-124 oblique
3 2P90 AB 71-88,168-180 anti-parallel
4 1J8D AB 19-29,30-40 anti-parallel
4 1L3A AD 118-129,88-98 parallel
4 1PVN AD 489-496,432-438 anti-parallel
4 2A7R AD 1-16,327-339 parallel
4 2H5X AD 1-8,18-29 anti-parallel
4 3BF0 AB 445-468,178-197 anti-parallel
5 1B09 AB 197-206,99-112 oblique
5 2XSC AB 62-69,8-16 oblique
5 1EEI DE 94-103,21-33 anti-parallel
5 1EFI DH 23-33,94-103 anti-parallel
5 1FB1 AE 125-138,218-237 anti-parallel
5 1HI9 AB 66-84,175-191 anti-parallel
5 1NQU AE 1-6,43-54 parallel
5 1WUR AB 186-197,93-105 anti-parallel
5 2OJW AB 42-48,188-195 anti-parallel
5 2RCF AB 72-83,8-21 anti-parallel
6 1U1S AB 48-60,54-69 anti-parallel
6 2BVC AF 211-219,33-40 oblique
6 2GJV AB 43-56,102-112 anti-parallel
6 2Z9H AB 5-18,77-89 anti-parallel
7 1HX5 AG 3-13,92-99 anti-parallel
7 1OEL AG 34-43,511-524 parallel
7 1WNR AG 1-10,87-96 anti-parallel
7 2RAQ AB 33-46,76-91 anti-parallel
8 1Q3S AB 46-57,515-527 parallel
8 2V9U AB 140-148,170-177 parallel

Table 1. Table of the proteins considered in this paper, from [6]. In summary, we have 24 antiparallel, 8 parallel and 7 oblique

orientations.
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Figure 21. Anti-parallel orientation of the β-strands.
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Figure 23. Anti-parallel orientation of the β-strands.
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Figure 26. Anti-parallel orientation of the β-strands.
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Figure 27. Anti-parallel orientation of the β-strands.
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Figure 28. Parallel orientation of the β-strands.

A:
M

-
1

Q

β

I

β

K

β

I

β

K

β
6

B:

V
-

120

D
β

L
β

I
β

E
β

V
-

D
-

L
-

128

3_2BAZ_AB_1_8_116_130_level_1

Figure 29. Parallel orientation of the β-strands.
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Figure 30. Parallel orientation of the β-strands.
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Figure 31. Parallel orientation of the β-strands.
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Figure 34. Parallel orientation of the β-strands.

A:
V

β
142

A

β

V

β

S

β

N

β
146

B:

G
-

171

D
-

S
β

V
β

T
β

175

8_2V9U_AB_140_148_170_177_level_1

Figure 35. Parallel orientation of the β-strands.

5. Conclusion

The whole analysis presented so far has been triggered by the problem of investigating
biological interfaces, namely interfaces that form during the biochemical activity in a cell,
between or inside proteins, protein-DNA or protein-RNA complexes and so on.

In the introduction, motivations are given for the possibility of using geometry to understand
the interactions. In the Results and Discussion sections, the topological, but intrinsically
geometrical, properties of the interaction graphs have been presented with the first goal of
learning how to distinguish the two main orientations and the second goal of estimating
aspects that have been systematically negletted in all the previous publications.

Both these aspects have been clearly addressed in this paper. The tools to distinguish the two
orientations are now more precise.

The results are the consistency of the information from level 1 and level 0 and the limited
amount of information from level 2. Both the results suggest to enrich previous statistics and
models for prediction with some input from level 1.
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5. Conclusion

The whole analysis presented so far has been triggered by the problem of investigating
biological interfaces, namely interfaces that form during the biochemical activity in a cell,
between or inside proteins, protein-DNA or protein-RNA complexes and so on.

In the introduction, motivations are given for the possibility of using geometry to understand
the interactions. In the Results and Discussion sections, the topological, but intrinsically
geometrical, properties of the interaction graphs have been presented with the first goal of
learning how to distinguish the two main orientations and the second goal of estimating
aspects that have been systematically negletted in all the previous publications.

Both these aspects have been clearly addressed in this paper. The tools to distinguish the two
orientations are now more precise.

The results are the consistency of the information from level 1 and level 0 and the limited
amount of information from level 2. Both the results suggest to enrich previous statistics and
models for prediction with some input from level 1.
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These results are confirmed by the naive counting of the degrees of freedhom: at least in a
coarse-grained view, the two levels Saa

0 and Saa
1 provide enough information to reconstruct

the shape of the interface (completeness).

In Methods, the notion of Saa
0 as the minimal description of the interface, or framework,

already used in all our previous publications, has been presented here with solid
mathematical arguments: as all buds are present in Saa

0 and no bud can appear later, it is
legitimate to call Saa

0 a framework because a smallest set would miss some buds, namely
some parts of the interface. We find that this and the completeness of the interface add
important values to the validity of the methods.

Also, it is important to stress the ability of the symmetric minimization to detect the BB
hydrogen bonds from the knowledge of the positions of non-hydrogen atoms only: in this
case, geometry intrinsically reveals the chemical interactions, without making use of a cut off
or other external scales.
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These results are confirmed by the naive counting of the degrees of freedhom: at least in a
coarse-grained view, the two levels Saa

0 and Saa
1 provide enough information to reconstruct

the shape of the interface (completeness).

In Methods, the notion of Saa
0 as the minimal description of the interface, or framework,

already used in all our previous publications, has been presented here with solid
mathematical arguments: as all buds are present in Saa

0 and no bud can appear later, it is
legitimate to call Saa

0 a framework because a smallest set would miss some buds, namely
some parts of the interface. We find that this and the completeness of the interface add
important values to the validity of the methods.

Also, it is important to stress the ability of the symmetric minimization to detect the BB
hydrogen bonds from the knowledge of the positions of non-hydrogen atoms only: in this
case, geometry intrinsically reveals the chemical interactions, without making use of a cut off
or other external scales.
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1. Introduction

Protein oligomers are made by the association of protein chains via intermolecular amino
acid interactions (interaction between subunits) forming so called protein interfaces. This
chapter proposes mathematical concepts to investigate the shape constraints on the protein
interfaces in order to promote oligomerization. First, we focus on tiling the plane (2
dimensions) by translation with abstract shapes. Using the fundamental Theorem of
Beauquier-Nivat, we show that the shapes of the tiles must be either like a square or like
a hexagon to tile the whole plane. Second, we look in more details at the tiling of a cylinder
and discuss its relevancy in constructing protein fibers. The universality of such "building"
properties are investigated through biological examples. This chapter is written four-hand
by a mathematician and a biologist in order to present bio-mathematical aspects of fiber
constructions.
Proteins are made by polymerization of 20 different amino acids via a covalent bond called
the peptide bond. The ordered amino acids read along the peptide bonds constitute the
protein backbone and are referred to as the primary structure or the primary sequence. The
secondary structure involves hydrogen bonding to form α-helix or pleated-sheet structures.
The intricate folding of the polypeptide chain in a globular protein via long range atomic
interactions is referred to as the tertiary structure. Some proteins (hemoglobin, for example)
have quaternary structure— several polypeptide chains are nested together. These proteins
are called protein oligomers. The different chains associate by the formation of contact zones
called protein interfaces, made of contacts between atoms of the amino acids (Fig. 1A). The
majority of proteins are organized as oligomers and not as single monomers (for a review see
chapter in this book by Gotte). Protein oligomers adopt different symmetries and different
stoichiometries (number of repeated monomers). According to the PDB (Protein Data
Bank [30] ) where all available atomic structures of proteins are stored, protein oligomers
exist in cyclic, dihedral and cubic point group symmetries. Most proteins have Cn or Dn

symmetry (see [17, 22, 24]) and almost only viral proteins adopt cubic symmetry [35]. High
stoichiometry complexes in eukaryotes have most often a C1 symmetry (identity). Some
proteins adopt helical symmetry and construct fibers (see [24]).

©2012 Lesieur and Vuillon et al., licensee InTech. This is an open access chapter distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.© 2014 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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In this chapter, we investigate the construction of biological fibers by using a mathematical
model for fibers. Essentially the formation of the fiber is considered as the tiling of an
infinite height cylinder derived from an initial two dimensional tiling of the plane followed
by the translation of a single tile. This single tile could be replaced by a n-mer in order to
construct more complex fibers. Of course proteins have tridimensional shapes (3D-structure)
and the biological fiber could have cross section and more complex internal organization not
considered here because the idea is to construct a complete mathematical model for fibers
applicable for any 3D-structure of the protein. This "simplification" is supported biologically
because there exists many severe human diseases associated with the formation of fibers
by proteins structurally and functionally unrelated. Notorious examples, are Alzheimer
(Aβ-amyloid), Parkinson (synuclein), cerebral amyloid angiopathy (cystatin C-amyloidosis)
and type II diabetes (IAPP, amylin). It is important to realize that fiber formation is also
observed in cancer (p53), cardiovascular (transthyretin, serpin) and inflammatory diseases
(serpin) (reviewed in [2, 6, 9, 26, 27]). These proteins (indicated in bracket next to the disease)
have the fold plasticity to undergo a transition from an oligomeric state to a fiber state, change
that leads to the loss of the protein function and the pathologies, called conformational
diseases (Fig. 1B). Because this transition is shared by unrelated proteins, it is reasonable to
assume that the change is based on a generic binding properties of the interface. The idea of
the work is to define the shape constraints of the interfaces of a fiber (infinite height cylinder)
compared to the interfaces of an oligomer (finite height cylinder) to ultimately address the
problem of conformational diseases. The 2D tiling is relevant as the answer lies in the
properties of surfaces. As mentioned, we are particularly interested in determining invariant
properties, i.e. property of the surface that are true for any 3D-structure of the protein. In
other words, the goal is to trace the local properties (the interface) necessary to carry out a
global change. The relation between local properties and quaternary structures is discussed
in details in the work by Claverie, Hofunung and Monod and the Monod, Changeux, Wyman
(MCW) model ([8, 28]).

Clearly the transition to a fiber involves other determinants besides those of the protein
interface, as for example the spatial positioning of the interface relative to the main body
of the protein, a typical folding problem for which 3D-tiling would be more appropriate.
Nevertheless this problem is not addressed in the present chapter which focus essentially on
the transition from an oligomer to a fiber seen from the protein interface view point. For
more information on the mechanisms of assembly and 3D determinant, one can read the
chapter by Claire Lesieur titled "The Assembly of Protein Oligomers: Old Stories and New
Perspectives with Graph Theory". For fiber formation, readers can referred to the work by
Gebauer [11, 12].

This chapter proposes a mathematical approach of the problem using the principles of tiling
and considering the protein interfaces as boundaries of a tile. The chapter is divided
into 9 parts: (1) After this introduction. (2) We focus on usual Cn and Dn symmetries
that build finite height cylinders and we explain the construction of interfaces between
chains. In paragraph (3) we give a formal description of the boundary of a tile by using
abstract geometrical objects called polyominoes, we state the fundamental Theorem of
Beauquier-Nivat which explains the properties of the boundary of a tile associated with
its capacity to tile a plan. (4) We present the regular tilings of the plane which are tilings
constructed by translation of all integral combinations of 2 vectors. (5.1) These two directions
of periodicity on the tilings allow us to construct fibers (that are infinite cylinders) and to
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Figure 1. Protein oligomers and fibers. A. Protein oligomer. As an example, the x-ray structure of the cholera toxin B
pentamer (CtxB5) is shown (PDB code 3CHB). Each chain is indicated in a different ribbon color. The top and bottom images

represent a top view and a side view of the pentamer, respectively.The atomic interactions involved in a protein interface are

highlighted in space fill representation showing all atoms. Each chain participates for one domain of the interface, also called

segment or side. (CtxB5) has a C5 symmetry that is well described by a cylinder (bottom image). B. Oligomer to fiber
transition. Each monomer is indicated by a different color.

impose the use of either 2 interfaces or 3 interfaces. (5.2) We extend our construction to tile
the fiber by n-mers instead of a single chain. (5.3) We explain how the fold plasticity is able
to make a transition from finite cylinder to fiber in the p53 case. (6.1) We investigate the case
of non regular tilings in order to design fibers with only 1 direction of periodicity and this
implies strong constraints on the shape of the tile. (6.2) We also investigate transition from
fiber to tiling of the whole three dimensional space. (7) We give a conclusion by comparing
the fiber case to the whole tiling of the 3D space. All along this chapter biological illustrations
are presented in parallel to the mathematical descriptions.

2. Cn and Dn symmetries on oligomerization

Oligomers with Cn symmetry can be constructed using a single chain replicated with a
rotational axe of order n that is by a rotation of angle 360/n degrees (in other terms n

equals to the number of monomers in the oligomers). Such oligomer adopts a cylindrical
surface with each chain associating with 2 adjacent chains via a single interface (Fig. 1A). The
interface is made of 2 interacting domains also called segments or sides, each one provided
by one chain (Fig. 1A). It is important to clearly distinguish the notion of having one interface
from the notion of having multiple regions or multiple patches of interfaces. Interfaces can be
made of amino acids that are not contiguous along the backbone making up several “regions”
(Fig. 2A). Yet the different regions still constitute a single interface because they are only able
to bind to a single side. As an analogy, let’s consider a poster to be stuck on a wall. You may
choose to put several patches of glue on the reverse side of the poster or only one : it will
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still bind to only one surface. The Cn oligomers have only 1 interface and they polymerize
following a single direction that is why they can describe a cylindrical surface (fig. 1A).
An important notion is the number of adjacent chains in the oligomerization. In the Cn

symmetry, each chain has exactly 2 adjacent chains (namely the Mth chain has for adjacent
chains the (M − 1)th chain and the (M + 1)th chain (this calculation is done modulo n))
(see fig. 3). To summarize Cn is an oligomerization with 1 interface (possibly with distinct
regions) and with 2 adjacent chains at each chain (see Fig. 3 and Fig. 4).

Figure 2. Protein interfaces. A. Left, rectangular schematic of the backbone of a protein oligomer. Two interacting
chains are indicated, chain M and M + 1. Chain M participates in one side of the interface indicated by the red boxes and

chain M + 1 participates in the complementary sides indicated in green. In the example the protein has 3 distinct regions
of interface. Right, Illustration of the 3 regions of interface on the x-ray structure of CtxB5 (see fig. 1A). B. Dn symmetry
oligomer. Example with the protein 3GVF (PDB code), a D3 symmetry oligomer made of 6 chains organized as 3 dimers.

A slightly more complicated symmetry is the Dn symmetry oligomer which is reconstructed
by a rotational axe plus 2 axes of symmetry perpendicular to the rotational axe. Such
symmetry might look like to polymerize in 2 directions because it has one region of interface
orthogonal to another one so the former can bind in a perpendicular direction. However,
the “orthogonal” interface cannot grow besides forming a dimer so a Dn symmetry is in fact
similar to a Cn symmetry considering the polymerization of a dimer instead of a monomer
(Fig. 2B).
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Figure 3. Abstract view of C4 symmetry. A tetramer formed by a single interface between the part I and Ī. Each chain is
adjacent via the interface to exactly 2 other chains

Figure 4. Heptamer with 4H56 PDB code with each chain adjacent to 2 other chains. Remark that in the beta barrel the
adjacency between pairs of chains is the same as in the other part of the heptamer. This implies an oligomerization with exactly

1 interface.

3. Definitions and notation

A polyomino is a fundamental object in theory of tilings introduced by Golomb [16].
Polyominoes are building blocks for tiling and will be for us an abstract version of a single
chain in an oligomerization process.

A polyomino is composed of juxtaposition of unit squares with corners on the Z
2 grid (the

corners of each unit square are integer points) such that every 2 adjacent squares in the
polyomino share a unit segment; and also such that we can reach every pair of squares of the
polyomino by a path inside the polyomino moving by unitary steps on adjacent unit squares
(see Fig. 5).

The most simple polyomino has only one unit square and is called "mino"(Fig. 6).

There are 2 distinct polyominoes constructed by 2 adjacent unit squares and are called
"domino". Remark that a domino can be horizontal or vertical this is why we find 2 dominoes
(Fig. 7).
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regions) and with 2 adjacent chains at each chain (see Fig. 3 and Fig. 4).

Figure 2. Protein interfaces. A. Left, rectangular schematic of the backbone of a protein oligomer. Two interacting
chains are indicated, chain M and M + 1. Chain M participates in one side of the interface indicated by the red boxes and

chain M + 1 participates in the complementary sides indicated in green. In the example the protein has 3 distinct regions
of interface. Right, Illustration of the 3 regions of interface on the x-ray structure of CtxB5 (see fig. 1A). B. Dn symmetry
oligomer. Example with the protein 3GVF (PDB code), a D3 symmetry oligomer made of 6 chains organized as 3 dimers.

A slightly more complicated symmetry is the Dn symmetry oligomer which is reconstructed
by a rotational axe plus 2 axes of symmetry perpendicular to the rotational axe. Such
symmetry might look like to polymerize in 2 directions because it has one region of interface
orthogonal to another one so the former can bind in a perpendicular direction. However,
the “orthogonal” interface cannot grow besides forming a dimer so a Dn symmetry is in fact
similar to a Cn symmetry considering the polymerization of a dimer instead of a monomer
(Fig. 2B).
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Figure 3. Abstract view of C4 symmetry. A tetramer formed by a single interface between the part I and Ī. Each chain is
adjacent via the interface to exactly 2 other chains

Figure 4. Heptamer with 4H56 PDB code with each chain adjacent to 2 other chains. Remark that in the beta barrel the
adjacency between pairs of chains is the same as in the other part of the heptamer. This implies an oligomerization with exactly

1 interface.

3. Definitions and notation

A polyomino is a fundamental object in theory of tilings introduced by Golomb [16].
Polyominoes are building blocks for tiling and will be for us an abstract version of a single
chain in an oligomerization process.

A polyomino is composed of juxtaposition of unit squares with corners on the Z
2 grid (the

corners of each unit square are integer points) such that every 2 adjacent squares in the
polyomino share a unit segment; and also such that we can reach every pair of squares of the
polyomino by a path inside the polyomino moving by unitary steps on adjacent unit squares
(see Fig. 5).

The most simple polyomino has only one unit square and is called "mino"(Fig. 6).

There are 2 distinct polyominoes constructed by 2 adjacent unit squares and are called
"domino". Remark that a domino can be horizontal or vertical this is why we find 2 dominoes
(Fig. 7).
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Figure 5. Path inside a polyomino

Figure 6. The most simple polyomino: the mino

Figure 7. The 2 dominoes

There are 6 polyominoes constructed by 3 2-by-2 adjacent unit squares: an horizontal bar of
3 unit squares, a vertical bar of 3 unit squares and four "triominoes L" with 3 adjacent unit
squares that form an "L" shape and the 3 rotations by 90, 180 and 270 degrees (Fig. 8).

Figure 8. The 6 triominoes

In fact, the number of polyominoes with four unit squares (namely the tetraminoes) is 19.

In addition, the usual definition adds that there is no hole in the interior of a polyomino
(Fig. 9).

Figure 9. Union of unit squares with a hole in the interior

The number of polyominoes with n unit squares is given by the sequence number A001168
according to the Sloane Integer Sequences Encyclopedia (http://oeis.org/A001168): 1,
2, 6, 19, 63, 216, 760, 2725, 9910, 36446, 135268, 505861, 1903890, 7204874, 27394666,
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104592937, 400795844, 1540820542, 5940738676, 22964779660, 88983512783, 345532572678,
1344372335524, 5239988770268, 20457802016011, 79992676367108, 313224032098244,
1228088671826973, ... We recognize the beginning of the sequence namely 1 mino, 2
dominoes, 6 triominoes, 19 tetraminoes and so on.

We don’t know if it possible to find a closed formula (i.e. a mathematical formula depending
on n that counts the number of distinct polyominoes with n unit squares) and this is a
research problem for combinatorists.

We have defined polyominoes and now we would like to tile the whole plane by translation
of a single polyomino.

Let P be a polyomino. A tiling by translation of P is a covering of the whole plane R
2

by translated images of P such that there is no hole in the tiling and no overlapping. A
polyomino that tiles the plane by translation is called a tile (Fig. 10).

Figure 10. Tilings of the plane

Remark, that we use only translated images of P and neither rotation nor reflection nor glide
reflection.

In order to find a characterization of polyominoes that tile the plane by translation we focus
on the boundary of a polyomino P. We code the paths of the boundary by 4 letters: a
represents a left step, b an up step, ā a right step and b̄ a down step.

Now, we take a starting point o on the boundary and we turn clockwise considering the
sequence of steps in order to make a path constituted by unit segments from o to the first
return on o. Let b(P) be a boundary word of P that is the path from o to o in clockwise that
codes the boundary of the polyomino P in the following way : starting from an origin on
the boundary o, the boundary word b(P) is the concatenation of labels of boundary unit
segments read clockwise. Remark that as we turn clockwise we can’t have in the step aā, āa,
bb̄ or b̄b otherwise the considered geometric figure is not a union of unit squares and thus
the coded object could not be a polyomino.
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In order to find a characterization of polyominoes that tile the plane by translation we focus
on the boundary of a polyomino P. We code the paths of the boundary by 4 letters: a
represents a left step, b an up step, ā a right step and b̄ a down step.

Now, we take a starting point o on the boundary and we turn clockwise considering the
sequence of steps in order to make a path constituted by unit segments from o to the first
return on o. Let b(P) be a boundary word of P that is the path from o to o in clockwise that
codes the boundary of the polyomino P in the following way : starting from an origin on
the boundary o, the boundary word b(P) is the concatenation of labels of boundary unit
segments read clockwise. Remark that as we turn clockwise we can’t have in the step aā, āa,
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For example, the boundary word of the mino is abāb̄ and all cyclic permutations of letters
bāb̄a, āb̄ab and b̄abā leads to different boundary words depending where the starting point is
taken. Nevertheless each cyclic permutation of letters define the same polyomino (Fig. 11).

bb

 a

 a

Figure 11. Coding of the boundary of the mino

Thus for a boundary word w = w1w2 · · ·wn where all the wi are letters that is wi ∈ Σ =
{a, b, ā, b̄} we define the conjugate of a boundary word w if w = uv then a conjugate is
defined by vu. We read on Fig. 11 the following boundary word of a mino āb̄ab and we
construct the 3 other possible boundary words (by changing the origin of the reading) by the
notion of conjugate : we construct bāb̄a by taking u = āb̄a and v = b, we construct abāb̄ by
taking u = āb̄ and v = ab and we construct b̄abā by taking u = ā and v = b̄ab.

This notion of boundary word is efficient because each polyomino can be characterized by
it’s boundary word.

For example the L-triomino could be defined directly by it’s boundary word bāb̄āb̄aab

(Fig. 12). Remark that each conjugate of the word bāb̄āb̄aab leads to the same L-triomino
shape.

b

a a

a

a
b b

b

Figure 12. Coding of the boundary of the L-triomino

We know define a formal operation on words over the alphabet Σ = {a, b, ā, b̄}. This operation
will be crucial to define interfaces between tiles and for us abstract interfaces between chains.

We define the u operator on the word over the alphabet Σ by

if a word w of length n is written w = w1w2 · · ·wn where all the wi are letters that is wi ∈
Σ = {a, b, ā, b̄}

(i)w = wn wn−1 · · ·w1

(ii)a = a and b = b.

The point (i) means that to use the bar operator on a word w, we bar each letter of the word
w read in reverse order. The point (ii) means that 2 times the operator bar on a letter is equal
to this letter.
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In fact, if w is a part of a boundary word read clockwise then w is the same path read anti
clockwise ! In Fig. 13 we see an example of a path clockwise associated with w = bāb̄āb̄

and the same path anti clockwise that is associated with w = bāb̄āb̄ by using the point (i) we

reverse the word and take the bar of each letter and thus find w = ¯̄b ¯̄a ¯̄b ¯̄ab̄ and by simplification
according to the point (ii) we finally have w = babab̄.

w

a

a

b

b
a

b b b

a

b

w

Figure 13. Coding of a finite path clockwise and anti clockwise

In a tiling of the plane each tile are surrounded by a certain number of adjacent copies of P.
The spirit of the Beauquier-Nivat’s Theorem [1] is that by investigating carefully a boundary
word of P we could recover the possible surrounding of P.

Theorem 3.1 (Beauquier, Nivat). A polyomino P tiles the plane by translation if and only if the
boundary word b(P) is equal up to a cyclic permutation of the symbols to the factorization X · Y · Z ·

X · Y · Z where one of the variables in the factorization may be empty.

If the boundary word is equal to X ·Y · Z · X ·Y · Z such a polyomino is called pseudo hexagon,
if it is equal to X · Y · X · Y such a polyomino is called pseudo square.

Examples of factorizations and associated tilings of the plane.

A mino has a unique factorization on pseudo square, indeed the boundary word is b(P) =
abāb̄ thus X = a and Y = b and X = ā and Y = b̄. In fact a mino tiles in a unique way and
has the property that each tile is surrounded by 4 adjacent tiles (Fig. 14).

X=a

X=a

Y=b

X=a

Y=b

X=a

Y=b Y=b

Figure 14. Tiling by a mino and the 4 adjacent tiles of the grey mino

A horizontal domino has exactly 2 factorizations b(P) = aabāāb̄ one in pseudo square by
taking X = aa and Y = b and X = āā and Y = b̄ and given a tiling like a "non robust
brickwall". In this case each tile is surrounded by 4 adjacent tiles (Fig. 15).

From Tilings to Fibers – Bio-mathematical Aspects of Fold Plasticity
http://dx.doi.org/10.5772/58577

403



8

For example, the boundary word of the mino is abāb̄ and all cyclic permutations of letters
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clockwise ! In Fig. 13 we see an example of a path clockwise associated with w = bāb̄āb̄

and the same path anti clockwise that is associated with w = bāb̄āb̄ by using the point (i) we

reverse the word and take the bar of each letter and thus find w = ¯̄b ¯̄a ¯̄b ¯̄ab̄ and by simplification
according to the point (ii) we finally have w = babab̄.
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In a tiling of the plane each tile are surrounded by a certain number of adjacent copies of P.
The spirit of the Beauquier-Nivat’s Theorem [1] is that by investigating carefully a boundary
word of P we could recover the possible surrounding of P.

Theorem 3.1 (Beauquier, Nivat). A polyomino P tiles the plane by translation if and only if the
boundary word b(P) is equal up to a cyclic permutation of the symbols to the factorization X · Y · Z ·

X · Y · Z where one of the variables in the factorization may be empty.

If the boundary word is equal to X ·Y · Z · X ·Y · Z such a polyomino is called pseudo hexagon,
if it is equal to X · Y · X · Y such a polyomino is called pseudo square.

Examples of factorizations and associated tilings of the plane.

A mino has a unique factorization on pseudo square, indeed the boundary word is b(P) =
abāb̄ thus X = a and Y = b and X = ā and Y = b̄. In fact a mino tiles in a unique way and
has the property that each tile is surrounded by 4 adjacent tiles (Fig. 14).
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Figure 14. Tiling by a mino and the 4 adjacent tiles of the grey mino

A horizontal domino has exactly 2 factorizations b(P) = aabāāb̄ one in pseudo square by
taking X = aa and Y = b and X = āā and Y = b̄ and given a tiling like a "non robust
brickwall". In this case each tile is surrounded by 4 adjacent tiles (Fig. 15).
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Y=b

X=a a

X=a a

Y=b

Y=bY=b

aa

a a

X=aa

X=aa

Figure 15. Tiling of the plane by a domino like a pseudo square and the 4 adjacent tiles of the grey domino

One factorization in pseudo hexagon by taking X = a, Y = a, Z = b and X = ā, Y = ā, Z = b̄

which give a tiling like a "robust brickwall". In this case each tile is surrounded by 6 adjacent
tiles (Fig. 16).
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Z=b Z=b

X=a

X=a

Y=a

aa
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X=aY=a

Z=b Z=b

X=a

Figure 16. Tiling of the plane by a domino like a pseudo hexagon and the 6 adjacent tiles of the grey domino

Remark that the difference between the 2 tilings by a horizontal domino is the number of
adjacent copies of polyominoes that surround the domino at the origin. Thus a domino tiles
either like a pseudo square if the number of adjacent tiles of each tile is 4 or like a pseudo
hexagon if the number of adjacent tiles of each tile is 6.
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For the thin cross with 9 unit squares with boundary word equals to aabāābbāb̄b̄āāb̄aab̄b̄abb it
is impossible to find a factorization and this proves that the thin cross doesn’t tile the plane
anymore (the square with the symbol "?" cannot be covered) (Fig. 17).

?

Figure 17. A thin cross that doesn’t tile the plane

The triomino L with boundary word equals to bāb̄āb̄aab has only one factorization in pseudo
hexagon, thus it tiles the plane in a unique way (Fig. 18).

Figure 18. The L-triomino tiles the plane like a pseudo hexagon

While the little thin cross with 5 unit squares with boundary words abābāb̄āb̄ab̄ab has
2 factorizations in pseudo squares and thus 2 distinct tiling ways according to the 2
factorizations with X = aba, Y = bāb and with X = bab, Y = ābā (Fig. 19).

To summarize, for each polymino we are able to decide if it tiles the plane by translation by
considering the factorization of it’s boundary word. Now, we investigate regular tilings of
the plane.
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2 factorizations in pseudo squares and thus 2 distinct tiling ways according to the 2
factorizations with X = aba, Y = bāb and with X = bab, Y = ābā (Fig. 19).

To summarize, for each polymino we are able to decide if it tiles the plane by translation by
considering the factorization of it’s boundary word. Now, we investigate regular tilings of
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Figure 19. The 2 tilings like a pseudo square by a thin cross with 5 unit squares

4. Regular tilings by translation

The theorem of Beauquier-Nivat gives a correspondence between the way of tiling and the
factorization that is the number of copies of the polyomino that surrounds a given polyomino.
For the mino, we have 4 copies to cover the whole boundary (because a unit square is a
pseudo square that tiles like a square). For the triomino L we have 6 copies to cover the
whole boundary (because a triomino L is a pseudo hexagon that tiles like a hexagon). In fact
we extend the local correspondences between the coding of part of the boundary word to a
geometrical translations namely �v1 translates X to X and �v2 translates Y to Y (and possibly
�v3 translates Z to Z). Remark that we have 2 or 3 translations according to the pseudo square
or pseudo hexagon, respectively, and by translation to the whole tiling each polyomino has
the same local surrounding.

It is interesting to introduce the notion of regular tiling. In a regular tiling the surrounding
by adjacent tiles is the same for each polyomino. The mino and the triomino L tile only in a
regular way by extending the local vectors to the whole tiling.

A regular tiling is a tiling by translation of a polyomino P such that each tile in the tiling has
the same surrounding by translated copies of the tile P according to a given factorization of
its boundary word. Each factorization leads to a regular tiling of the plane by translation by
extending the local translation to the whole plane in the following way.

If P is a pseudo square, the factorization b(P) = X · Y · X · Y defines 4 sides of the tile where
the sides in correspondence are identified by the pairings (X, X) and (Y, Y). The translations
�v1, �v2 corresponding to these pairings allow us to tile the whole plane in a regular way by
using integral combinations of the translations �v1 and �v2 to P in order to generate the whole
tiling (Fig. 14 or Fig. 15).

In the case of a pseudo hexagon the construction with 6 sides is similar. If P is a pseudo
hexagon, the factorization b(P) = X ·Y · Z · X ·Y · Z defines 6 sides of the tile where the sides
in correspondence are identified by the pairings (X, X), (Y, Y) and (Z, Z). The translations
�v1, �v2 and �v3 corresponding to these pairings allow us to tile the whole plane in a regular
way by using integral combination of the translations �v1 and �v2 to P in order to generate the
whole tiling (Fig. 16 or Fig. 18) . Remark that the third vector of translation �v3 is an integral
combination of �v1 and �v2 (�v3 = �v1 −�v2 in Fig. 16).

Observe that 2 distinct factorizations of the boundary word of P give 2 distinct regular tilings
of the plane (Fig. 19 in the case of 4 adjacent tiles for each tile or Fig. 20 in the case of 6
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adjacent tiles for each tile; be careful that while a regular tiling is always given by integral
combinations of 2 vectors �v1 and �v2, the boundary of each tile in the pseudo hexagon case
use 6 sides in correspondence 2-by-2 with the translations �v1, �v2 and �v3). Are you able to
recover the 6 adjacent polyominoes of the grey polyomino of Fig. 20 ? Hint: in Fig. 20 one
adjacency is only by a single vertical step (for the left regular tiling) or horizontal (for the
right regular tiling) ...

Figure 20. Two regular tilings of the plane by the same polyomino

5. From tilings of the plane to tilings of a fiber

5.1. Regular tiling case

From now on, we are dealing with the form of the oligomerization of proteins either like a
cylinder or like a fiber. For us a cylinder has finite height (Fig. 1A) and a fiber is a possibly
non finite height object (Fig. 25).

In our model we would like to make the construction of a fiber (that is a non finite height
cylinder) by transformation on regular tilings. As the tiling is regular, the whole tiling is
invariant by translation of the 2 non null and non collinear vectors �v1 and �v2 defined at the
previous paragraph. �v1 and �v2 are the vectors of translations that respectively send X to
X and send Y to Y. In mathematics the parallelogram constructed by �v1 and �v2 at a given
integer point is called the fundamental domain that is the minimal part of the tiling used to
construct the whole tiling by integral combinations of �v1 and �v2.

Let �e1 be a horizontal unit vector. We choose a direction parallel to �e1 namely m.�v1 + n�v2 =
k.�e1 with m and n given integers. Then we construct the little circle (that is by usual definition
the horizontal circle of the cylinder) whose perimeter is equal to k by superposing the tiles
of the original tiling and the tiles translated by k.�e1. Indeed as the tiling is invariant by
translation of integral combination of �v1 and �v2 we are able recover the same shape by using
the translation m.�v1 + n�v2 (which is by construction equal to k.�e1). Fig. 21 shows an example
of a cylinder constructed with a regular tiling by a mino using the identification of the two
bold vertical borders for the translation 8�v1 (here for a mino�v1=�e1). In the associated cylinder
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Figure 19. The 2 tilings like a pseudo square by a thin cross with 5 unit squares

4. Regular tilings by translation

The theorem of Beauquier-Nivat gives a correspondence between the way of tiling and the
factorization that is the number of copies of the polyomino that surrounds a given polyomino.
For the mino, we have 4 copies to cover the whole boundary (because a unit square is a
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adjacent tiles for each tile; be careful that while a regular tiling is always given by integral
combinations of 2 vectors �v1 and �v2, the boundary of each tile in the pseudo hexagon case
use 6 sides in correspondence 2-by-2 with the translations �v1, �v2 and �v3). Are you able to
recover the 6 adjacent polyominoes of the grey polyomino of Fig. 20 ? Hint: in Fig. 20 one
adjacency is only by a single vertical step (for the left regular tiling) or horizontal (for the
right regular tiling) ...

Figure 20. Two regular tilings of the plane by the same polyomino

5. From tilings of the plane to tilings of a fiber

5.1. Regular tiling case
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In our model we would like to make the construction of a fiber (that is a non finite height
cylinder) by transformation on regular tilings. As the tiling is regular, the whole tiling is
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k.�e1 with m and n given integers. Then we construct the little circle (that is by usual definition
the horizontal circle of the cylinder) whose perimeter is equal to k by superposing the tiles
of the original tiling and the tiles translated by k.�e1. Indeed as the tiling is invariant by
translation of integral combination of �v1 and �v2 we are able recover the same shape by using
the translation m.�v1 + n�v2 (which is by construction equal to k.�e1). Fig. 21 shows an example
of a cylinder constructed with a regular tiling by a mino using the identification of the two
bold vertical borders for the translation 8�v1 (here for a mino�v1=�e1). In the associated cylinder
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the two vertical borders are collapsed in a single border and this transformation is general
as soon as we identify in the tiling two infinite borders in correspondence by a translation of
vector m.�v1 + n�v2.

8 e1

Figure 21. From tiling to cylinder by using the translation of 8 times the vector �e1.

In the next example (Fig. 22), the vectors �v1 and �v2 send respectively X = bāb to X = b̄ab̄

and Y = aba to Y = āb̄ā. In order to find a horizontal direction we take 2 times the vector
�v1 and 1 time the vector �v2. Remark that the distance between the point O and the point O

translated by 2�v1 +�v2 is exactly 5. If we want a little circle with perimeter 10 we consider the
translation 2 ∗ (2�v1 +�v2) that is 4 times �v1 and 2 times �v1. Now we make a fiber by rolling up
the plane by identification the 2 sides in bold (this is exactly the border of the tiling given by
a staircase in correspondence by the translation with vector 4�v1 + 2�v2) (Fig. 22). In order to
have a more general construction and in particular to construct a twist in the fiber, we could
use a rational coordinate vector �r1 instead of �e1 and find a direction parallel to �r1 given by
the equation m�v1 + n�v2 = k�r1.

Conversely, if a polyomino tiles a fiber by translation we recover the whole tiling by finding
the little circle and the invariance of the fiber by translation by k.�e1 and considering in R

2 the
strip at the origin and adding all the strips on R

2 by translation ℓ.k.�e1 with ℓ ∈ Z.

To summarize, in order to construct a model of fiber using a regular tiling by a single
polyomino, the polyomino must tile the plane in a regular way and thus must have at least a
factorization as a pseudo square or as a pseudo hexagon. In the fiber, if the tiling is regular
then the number of adjacent copies that surround the border is either 4 or 6. This implies
that the number of distinct interfaces is 2 or 3.

Of course the model is very flat and in real fibers the molecules are in a 3 dimensional space
nevertheless this model allows us to make hypothesis about the number of interface sites
and we try to find either 2 or 3 interface sites in the fiber.

We have explained that to build a fiber with a non finite height cylinder shape, it is necessary
to have 2 vectors, namely 2 directions of polymerization growth. We have also seen that each
tile of fiber will have 4 or 6 adjacent chains formed via 2 or 3 interfaces, respectively. There
are examples of such fibers tiled with a single protein: the famous tobacco mosaic virus
which was the first virus to be discovered has 4 adjacent chains to each chain (see Fig. 23 for
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Figure 22. Two boundaries in correspondence by the translation 4�v1 + 2�v2)

the abstract view and Fig. 24 for a part of a real fiber) and the polymerization in fiber with
name 3J1R has 6 adjacent chains to each chain (see Fig. 25 for the abstract view and Fig.26
for a part of real fiber).

5.2. Tiling fibers by n-mers

This chapter is an investigation of the combinatorial possibilities on the construction of the
fiber. Either a fiber is composed by a regular tiling by a single chain (Fig. 23 for the abstract
view and Fig. 24 for a part of a real fiber with pseudo square tiling and Fig. 25 for the abstract
view and Fig.26 for a part of real fiber with pseudo hexagon tiling) or the regular tiling of the
fiber is composed by a n-mer (in mathematics we called this object a meta tile). Thus globally
the fiber is a tiling by a meta-tile and this meta-tile could be a single chain or a n-mer.

In real life we find fibers tile either by a single chain or by a n-mer. In Fig. 27 we see a real
fiber with name 3J2U constructed with a tetramer of three chains namely A, B and 2 times
the chain C. The tetramer is used to tile the fiber of pseudo hexagon type like in Fig. 25 by

substituting each pseudo hexagon by the tetramer
A B

C C
. You will notice in the next section

about p53, the final construction of the fiber uses tiling of dimers (see Fig. 33D).

Another example is the construction using oligonucleotides of DNA inspired by the seminal
work of Winfree [37]. These technics lead to nano tubes composed by dimers surrounded by
either 4 adjacent dimers [23] or 6 adjacent dimers [39].

Conway has a criterium for tiling the plane in the case of a tile and a rotation of the tile by
180 degrees. In his article, he forms a meta-tile using the tile T and it’s rotation Rot180(T)
and this meta-tile is able to tile the plane by translation. Guy Cousineau wrote an article to
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the two vertical borders are collapsed in a single border and this transformation is general
as soon as we identify in the tiling two infinite borders in correspondence by a translation of
vector m.�v1 + n�v2.

8 e1

Figure 21. From tiling to cylinder by using the translation of 8 times the vector �e1.

In the next example (Fig. 22), the vectors �v1 and �v2 send respectively X = bāb to X = b̄ab̄

and Y = aba to Y = āb̄ā. In order to find a horizontal direction we take 2 times the vector
�v1 and 1 time the vector �v2. Remark that the distance between the point O and the point O

translated by 2�v1 +�v2 is exactly 5. If we want a little circle with perimeter 10 we consider the
translation 2 ∗ (2�v1 +�v2) that is 4 times �v1 and 2 times �v1. Now we make a fiber by rolling up
the plane by identification the 2 sides in bold (this is exactly the border of the tiling given by
a staircase in correspondence by the translation with vector 4�v1 + 2�v2) (Fig. 22). In order to
have a more general construction and in particular to construct a twist in the fiber, we could
use a rational coordinate vector �r1 instead of �e1 and find a direction parallel to �r1 given by
the equation m�v1 + n�v2 = k�r1.

Conversely, if a polyomino tiles a fiber by translation we recover the whole tiling by finding
the little circle and the invariance of the fiber by translation by k.�e1 and considering in R

2 the
strip at the origin and adding all the strips on R

2 by translation ℓ.k.�e1 with ℓ ∈ Z.

To summarize, in order to construct a model of fiber using a regular tiling by a single
polyomino, the polyomino must tile the plane in a regular way and thus must have at least a
factorization as a pseudo square or as a pseudo hexagon. In the fiber, if the tiling is regular
then the number of adjacent copies that surround the border is either 4 or 6. This implies
that the number of distinct interfaces is 2 or 3.

Of course the model is very flat and in real fibers the molecules are in a 3 dimensional space
nevertheless this model allows us to make hypothesis about the number of interface sites
and we try to find either 2 or 3 interface sites in the fiber.

We have explained that to build a fiber with a non finite height cylinder shape, it is necessary
to have 2 vectors, namely 2 directions of polymerization growth. We have also seen that each
tile of fiber will have 4 or 6 adjacent chains formed via 2 or 3 interfaces, respectively. There
are examples of such fibers tiled with a single protein: the famous tobacco mosaic virus
which was the first virus to be discovered has 4 adjacent chains to each chain (see Fig. 23 for
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Figure 22. Two boundaries in correspondence by the translation 4�v1 + 2�v2)

the abstract view and Fig. 24 for a part of a real fiber) and the polymerization in fiber with
name 3J1R has 6 adjacent chains to each chain (see Fig. 25 for the abstract view and Fig.26
for a part of real fiber).

5.2. Tiling fibers by n-mers

This chapter is an investigation of the combinatorial possibilities on the construction of the
fiber. Either a fiber is composed by a regular tiling by a single chain (Fig. 23 for the abstract
view and Fig. 24 for a part of a real fiber with pseudo square tiling and Fig. 25 for the abstract
view and Fig.26 for a part of real fiber with pseudo hexagon tiling) or the regular tiling of the
fiber is composed by a n-mer (in mathematics we called this object a meta tile). Thus globally
the fiber is a tiling by a meta-tile and this meta-tile could be a single chain or a n-mer.

In real life we find fibers tile either by a single chain or by a n-mer. In Fig. 27 we see a real
fiber with name 3J2U constructed with a tetramer of three chains namely A, B and 2 times
the chain C. The tetramer is used to tile the fiber of pseudo hexagon type like in Fig. 25 by

substituting each pseudo hexagon by the tetramer
A B

C C
. You will notice in the next section

about p53, the final construction of the fiber uses tiling of dimers (see Fig. 33D).

Another example is the construction using oligonucleotides of DNA inspired by the seminal
work of Winfree [37]. These technics lead to nano tubes composed by dimers surrounded by
either 4 adjacent dimers [23] or 6 adjacent dimers [39].

Conway has a criterium for tiling the plane in the case of a tile and a rotation of the tile by
180 degrees. In his article, he forms a meta-tile using the tile T and it’s rotation Rot180(T)
and this meta-tile is able to tile the plane by translation. Guy Cousineau wrote an article to
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Figure 23. Fiber with a pseudo square shape. Each tile is surrounded by 4 tiles.

Figure 24. Tobacco Mosaic Virus with 2TMV PDB code: an example of tiling of a fiber with 4 adjacent chains.

explain the combinatorics of tilings with axial symmetry and translation (see the chapter of
Cousineau in this book). In real life, fibers could be constructed for example with dimers.
In general the dimer in the fiber is either invariant by a rotation of 180 degrees or invariant
by an axial symmetry and then the dimer is used to tile by translation a fiber (see Fig. 28).
Thus our model allows us to first make an interface for forming the dimer. And eventually to
make a fiber by translation of the dimer according to the tiling constraints that is by having
exactly 2 or 3 interfaces for the tiling of the fiber by the dimer. To recap we have constructed
either 3 (one for the dimer and 2 for a tiling like a pseudo square) or 4 interfaces (one for the
dimer and 3 for a tiling like a pseudo hexagon).
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Figure 25. Fiber with a pseudo hexagon shape. Each tile is surrounded by 6 tiles. Remark that pseudo hexagon shapes
appear in particular when there is a tilt on the fiber.

Figure 26. Fiber with 3J1R PDB code: an example of tiling of a fiber with 6 adjacent chains.

For higher stoichiometry, we construct a n-mer invariant by rotation of 360/n degrees and
we copy this meta-tile in order to tile the whole fiber (see Fig. 29 for an abstract view of the
replacement by a tetramer).

According to the previous tiling constraints, as the number of sites is 2 or 3 it is more easy
to make a fiber with a monomer, dimer, trimer, tetramer and hexamer because we combine
the shape of the n-mers with the form of the interfaces in order to build the whole fiber.
We think that the better values are 1, 2, 3, 4, 6 because these values are also in accordance
with the crystallographic constraints (the laws of crystallography [31] allow only periodical
tilings with rotations of order 1,2,3,4 and 6, that is by rotations of 360, 180, 120, 90 or 60
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Figure 24. Tobacco Mosaic Virus with 2TMV PDB code: an example of tiling of a fiber with 4 adjacent chains.

explain the combinatorics of tilings with axial symmetry and translation (see the chapter of
Cousineau in this book). In real life, fibers could be constructed for example with dimers.
In general the dimer in the fiber is either invariant by a rotation of 180 degrees or invariant
by an axial symmetry and then the dimer is used to tile by translation a fiber (see Fig. 28).
Thus our model allows us to first make an interface for forming the dimer. And eventually to
make a fiber by translation of the dimer according to the tiling constraints that is by having
exactly 2 or 3 interfaces for the tiling of the fiber by the dimer. To recap we have constructed
either 3 (one for the dimer and 2 for a tiling like a pseudo square) or 4 interfaces (one for the
dimer and 3 for a tiling like a pseudo hexagon).
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appear in particular when there is a tilt on the fiber.

Figure 26. Fiber with 3J1R PDB code: an example of tiling of a fiber with 6 adjacent chains.

For higher stoichiometry, we construct a n-mer invariant by rotation of 360/n degrees and
we copy this meta-tile in order to tile the whole fiber (see Fig. 29 for an abstract view of the
replacement by a tetramer).

According to the previous tiling constraints, as the number of sites is 2 or 3 it is more easy
to make a fiber with a monomer, dimer, trimer, tetramer and hexamer because we combine
the shape of the n-mers with the form of the interfaces in order to build the whole fiber.
We think that the better values are 1, 2, 3, 4, 6 because these values are also in accordance
with the crystallographic constraints (the laws of crystallography [31] allow only periodical
tilings with rotations of order 1,2,3,4 and 6, that is by rotations of 360, 180, 120, 90 or 60
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Figure 27. Fiber with 3J2U PBD code containing a tetramer inside each pseudo hexagon

Figure 28. Fiber with a dimer inside each pseudo hexagon

degrees). Of course accordingly a transition from pentamer or heptamer (n = 5 or 7) to
fiber would be expected to be more difficult at least with the mechanism described in this
chapter. In this direction quasicrystals come from aperiodical tilings of the whole plane and
non periodical structures could appear in viruses [35], nevertheless non periodical ways to
form a fiber by translation of a single tile is described in the next section. Indeed, to form
Penrose like tilings we must have two tiles with aperiodic arrangements [5, 31] and it is still
an open problem to find an aperiodic tiling of the whole plane with a single tile [15] (we
expect by the theorem of Beauquier-Nivat that the boundary of such tile (if it exists) must
be fractal...). In our fiber model the rules seem to be restrictive because such symmetry fits
directly without deformation into a square or hexagonal tile. Of course in real life, the n-mers
could be symmetrical ([17, 22, 24]) but also non-symmetrical ([4, 32]). We think that for tiling
constraints on the border of each n-mers the less expansive solution in order to construct a
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Figure 29. Replacement of each pseudo square by a tetramer.

fiber is given by symmetrical n-mers. On the other hand, dimers of pentamer or heptamers
are able to fit with some deformations a hexagonal tile ie not all monomers are identical
(Fig. 31). Such a dimer of pentamer has been observed in nature e.g. synthetic tachylectin
(PDB 3KIF, Fig. 32) (see [38]).

Likewise the pore forming toxin aerolysin can form a dimer of heptamer after a single
amino acid mutation (see [33]). It remains to be established whether the dimeric versions
of the pentamer and heptamer are more prompt to form fibers than their single oligomeric
counterpart. Of course the combinatoric is more and more complicated for n > 7 and to
construct the fiber the position of the interfaces on the pseudo square or on the pseudo
hexagon is split in different parts for n > 7 and this construction is very constrained and
maybe this phenomenon is difficult to see in real life. Nevertheless such fibers could be
constructed in synthetic biology.

We give some examples of replacements of a pseudo square by a dimer, by a tetramer and by
an octamer and of a pseudo hexagon by a dimer, by a trimer and by a hexamer (see Fig. 30).

5.3. From fold plasticity to fibers: the P53 case

Notice that the main difference between tiling a finite height cylinder and tiling a fiber (an
infinite height cylinder) is the number of directions of the polymerization growth, one in the
former case and two in the latter case. Thus a transition from a cylinder to a fiber implies a
transition from a single interface to 2 (4 adjacent chains) or 3 interfaces (6 adjacent chains).
For this to occur one simple possibility is to start from an oligomer which has 2 regions of
interfaces and loosen the constraints on one so it opens to bind in another direction. Common
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fiber is given by symmetrical n-mers. On the other hand, dimers of pentamer or heptamers
are able to fit with some deformations a hexagonal tile ie not all monomers are identical
(Fig. 31). Such a dimer of pentamer has been observed in nature e.g. synthetic tachylectin
(PDB 3KIF, Fig. 32) (see [38]).

Likewise the pore forming toxin aerolysin can form a dimer of heptamer after a single
amino acid mutation (see [33]). It remains to be established whether the dimeric versions
of the pentamer and heptamer are more prompt to form fibers than their single oligomeric
counterpart. Of course the combinatoric is more and more complicated for n > 7 and to
construct the fiber the position of the interfaces on the pseudo square or on the pseudo
hexagon is split in different parts for n > 7 and this construction is very constrained and
maybe this phenomenon is difficult to see in real life. Nevertheless such fibers could be
constructed in synthetic biology.

We give some examples of replacements of a pseudo square by a dimer, by a tetramer and by
an octamer and of a pseudo hexagon by a dimer, by a trimer and by a hexamer (see Fig. 30).

5.3. From fold plasticity to fibers: the P53 case

Notice that the main difference between tiling a finite height cylinder and tiling a fiber (an
infinite height cylinder) is the number of directions of the polymerization growth, one in the
former case and two in the latter case. Thus a transition from a cylinder to a fiber implies a
transition from a single interface to 2 (4 adjacent chains) or 3 interfaces (6 adjacent chains).
For this to occur one simple possibility is to start from an oligomer which has 2 regions of
interfaces and loosen the constraints on one so it opens to bind in another direction. Common
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Figure 30. Replacement of a pseudo square and of a pseudo hexagon.

Figure 31. Replacement of pseudo square by 2 non regular pentamers.

Figure 32. Double asymmetrical pentamer.
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biological examples of such transition are domain swapping ([9, 25]) where the presence of
a flexible linker frees one interface for fiber formation.

Another possibility is to start from a dimer with 2 regions of interfaces and again loosen
one of the region but this time via a mutation. If the modified residue controlled the
interactions between the 2 regions, its modification may loosen one region opening it to
form a second interface. Since the initial molecule is a dimer, the mutation will free 2 new
interfaces enabling the growth in 2 directions. The formation of the fiber will depend on
the symmetry of the dimer. To illustrate this possibility, let’s consider the p53 tetramer
(see Fig. 33). There are several familial point mutations such as G334V or R337 that are
responsible for the transition of the p53 into fibers or into a non-native oligomeric state,
leading to impairment of the protein function and cancer development [27]. p53 tetramer
has a D2 symmetry and is a dimer of a dimer. Each monomer is made of a β-strand, a small
helix and a long α-helix (Fig. 33B). Contacts exist between the residue R337 of the small
helix and the residues E349 and D352 of the long helix of the adjacent chain within a dimer
of p53 (Fig. 33A). There are contacts between the residues L350 and K351 of one monomer
of a dimer and the same residues on another monomer of another dimer (Fig. 33A). The
mutation of R337 might inhibit the formation of the small helix and replace it by a more
flexible linker which would be too mobile to allow the contacts with the residues E349 and
D352 and might also subsequently loosen the contacts between L350 and K351 (Fig. 33B and
C). As a consequence the relative position of the β-strand and the long α-helix would be
altered allowing the formation of 2 new interfaces (Fig. 33D).

6. Non periodical fiber case and tiling of the whole space case

6.1. From 1-periodical tiling to fibers

In fact, all the preceding constructions are based on regular tilings of the plane. We are
able to relax this constraint and to investigate non regular tilings (Fig. 34). Non regular
tilings of the plane are constructed by perturbation of regular tilings. We push some strips
in the direction �v1 in order to break the periodicity in direction �v2. In the seminal article
of Beauquier-Nivat [1] an important proposition is proved that a tiling (regular or not) by
translation of a polyomino is always 1-periodic that is invariant by a translation by a non
null vector. This proposition is crucial for us because it allows to take a non regular tiling by
a polyomino P and to map it on a fiber.

We take a given tiling T by translation of a given polyomino P and as the tiling T is 1-periodic
it is invariant by vector �v1. Thus we have the property that the translation by �v1 of the tiling
T noted Trans�v1

(T) is equal to the tiling T (here to be more formal and to define the equality
between tilings we must introduce equivalent classes of tilings up to translation operator but
it is too formal for this chapter written for biologists). By composition of the translations, we
have that the translation of k times the vector �v1 of the tiling T is also equal to the tiling T.
That is Transk.�v1

(T) = T. Thus globally the tiling T is invariant by the translations k.�v1 for
k ∈ N.

This global property of invariance of the tiling T implies a strong property on the boundary
word of P. In fact in the original article of Beauquier-Nivat the following proposition: if
the tiling T is 1-periodic then the boundary word is of the form XWXV with W = Ur and

V = U
r
. Thus locally in the boundary word we are able to read the periodicity property.
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Figure 30. Replacement of a pseudo square and of a pseudo hexagon.

Figure 31. Replacement of pseudo square by 2 non regular pentamers.

Figure 32. Double asymmetrical pentamer.
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biological examples of such transition are domain swapping ([9, 25]) where the presence of
a flexible linker frees one interface for fiber formation.
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have that the translation of k times the vector �v1 of the tiling T is also equal to the tiling T.
That is Transk.�v1

(T) = T. Thus globally the tiling T is invariant by the translations k.�v1 for
k ∈ N.

This global property of invariance of the tiling T implies a strong property on the boundary
word of P. In fact in the original article of Beauquier-Nivat the following proposition: if
the tiling T is 1-periodic then the boundary word is of the form XWXV with W = Ur and

V = U
r
. Thus locally in the boundary word we are able to read the periodicity property.
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Figure 33. Transition from oligomer to fiber, the example of the p53 case. A. The p53 tetrameric domain is made
of 2 dimers. Each monomer is made of a β-strand followed by a small helix ended by a long α-helix parallel to the β-strand
(1SAK, PDB code). The backbone of each monomer is indicated by a different color. The spacefill amino acids are the residues in

contact with R337, which is a residue sensitive to mutation related to some cancer development. B. Backbone representation
of the p53 dimer. The model proposes that upon mutation of R337, connections between the 2 monomers within a dimer are
loosen, enabling a free movement of the long α-helix relative to the β-strand. C. Schematic of the open-p53 dimer. D. As the

structural change takes place in the four monomers, it offers enough new interfaces for growing in 2 directions �V1 and �V2.

For example for a bar of 5 unit squares with boundary word abbbbbāb̄b̄b̄b̄b̄, we have many
factorizations one in pseudo square by taking X = a and Y = bbbbb and X = ā and Y = b̄b̄b̄b̄b̄

and 4 four factorisations in pseudo hexagon by taking X = a and Y = b and Z = bbbb and
X = ā and Y = b̄ and Z = b̄b̄b̄b̄ or X = a and Y = bb and Z = bbb and X = ā and Y = b̄b̄ and
Z = b̄b̄b̄ or ... or X = a and Y = bbbb and Z = b and X = ā and Y = b̄b̄b̄b̄ and Z = b̄. In this
example the periodic part on the boundary word is U5 = bbbbb with U = b and U

5
= b̄b̄b̄b̄b̄.

Remark that in this case U5 = bbbbb appears in the factorization in pseudo square.

Another example without factorization in pseudo square is a polyomino constructed by
union of 3 triomino L and forming a polyomino with 9 unit squares with boundary word
b̄aabababābāb̄āb̄āb̄ here the factorizations are

X = b̄a Y = a Z = babab X = āb Y = ā Z = b̄āb̄āb̄ or X = b̄a Y = aba Z = bab X = āb Y = āb̄ā

Z = b̄āb̄ or X = b̄a Y = ababa Z = b X = āb Y = āb̄āb̄ā Z = b̄. In this case U3 = ababab

with r = 3 and U = ab and U
3
= b̄āb̄āb̄ā with r = 3 and U = b̄ā. Remark that in this case U3

does not appear in the boundary word factorization and is splited in 2 parts, one is Y and
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Figure 34. Non regular tiling with dominoes. The grey domino is surrounded by 5 dominoes thus this tiling is certainly not
regular. Remark that the horizontal strips are invariant by the horizontal vector �v1 and also by the vector 3�v1. Thus we are able
to map the left border to the right border in order to form a non finite height cylinder.

the second is Z because W = U3 = YZ. Remark in the picture the periodic part in a staircase
shape (Fig. 35).

Figure 35. Non regular tiling and stair case shape.

This condition on the border is a necessary condition to find a possible periodicity. In
particular, if we want to make the tiling 1-periodic we must push the strip along this direction
of periodicity.

In order to construct a fiber we take the tiling and map it on a fiber by superposing tiles
according to the direction of periodicity given by �v1. Now we choose a non null value for k,
we are able to construct a fiber because the whole tiling is invariant by the translation k�v1

and we superpose the tiles of the original tiling and the tiles translated by k�v1. Thus we make
a fiber that contains exactly k polyominoes along the direction �v1. An important implication
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Figure 33. Transition from oligomer to fiber, the example of the p53 case. A. The p53 tetrameric domain is made
of 2 dimers. Each monomer is made of a β-strand followed by a small helix ended by a long α-helix parallel to the β-strand
(1SAK, PDB code). The backbone of each monomer is indicated by a different color. The spacefill amino acids are the residues in

contact with R337, which is a residue sensitive to mutation related to some cancer development. B. Backbone representation
of the p53 dimer. The model proposes that upon mutation of R337, connections between the 2 monomers within a dimer are
loosen, enabling a free movement of the long α-helix relative to the β-strand. C. Schematic of the open-p53 dimer. D. As the

structural change takes place in the four monomers, it offers enough new interfaces for growing in 2 directions �V1 and �V2.

For example for a bar of 5 unit squares with boundary word abbbbbāb̄b̄b̄b̄b̄, we have many
factorizations one in pseudo square by taking X = a and Y = bbbbb and X = ā and Y = b̄b̄b̄b̄b̄

and 4 four factorisations in pseudo hexagon by taking X = a and Y = b and Z = bbbb and
X = ā and Y = b̄ and Z = b̄b̄b̄b̄ or X = a and Y = bb and Z = bbb and X = ā and Y = b̄b̄ and
Z = b̄b̄b̄ or ... or X = a and Y = bbbb and Z = b and X = ā and Y = b̄b̄b̄b̄ and Z = b̄. In this
example the periodic part on the boundary word is U5 = bbbbb with U = b and U

5
= b̄b̄b̄b̄b̄.

Remark that in this case U5 = bbbbb appears in the factorization in pseudo square.

Another example without factorization in pseudo square is a polyomino constructed by
union of 3 triomino L and forming a polyomino with 9 unit squares with boundary word
b̄aabababābāb̄āb̄āb̄ here the factorizations are

X = b̄a Y = a Z = babab X = āb Y = ā Z = b̄āb̄āb̄ or X = b̄a Y = aba Z = bab X = āb Y = āb̄ā

Z = b̄āb̄ or X = b̄a Y = ababa Z = b X = āb Y = āb̄āb̄ā Z = b̄. In this case U3 = ababab

with r = 3 and U = ab and U
3
= b̄āb̄āb̄ā with r = 3 and U = b̄ā. Remark that in this case U3

does not appear in the boundary word factorization and is splited in 2 parts, one is Y and
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Figure 34. Non regular tiling with dominoes. The grey domino is surrounded by 5 dominoes thus this tiling is certainly not
regular. Remark that the horizontal strips are invariant by the horizontal vector �v1 and also by the vector 3�v1. Thus we are able
to map the left border to the right border in order to form a non finite height cylinder.

the second is Z because W = U3 = YZ. Remark in the picture the periodic part in a staircase
shape (Fig. 35).

Figure 35. Non regular tiling and stair case shape.

This condition on the border is a necessary condition to find a possible periodicity. In
particular, if we want to make the tiling 1-periodic we must push the strip along this direction
of periodicity.

In order to construct a fiber we take the tiling and map it on a fiber by superposing tiles
according to the direction of periodicity given by �v1. Now we choose a non null value for k,
we are able to construct a fiber because the whole tiling is invariant by the translation k�v1

and we superpose the tiles of the original tiling and the tiles translated by k�v1. Thus we make
a fiber that contains exactly k polyominoes along the direction �v1. An important implication
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of this construction is the possibility of shifting the strips using the stair case shape. This
means that the fiber has one degree of liberty and can tilt along the periodic direction.

6.2. From fibers to tilings of the space

To end this section we give some hints about a possible transition from fiber to tiling of the
whole 3 dimensional space. In fact the protein chains are in a 3 dimensional space and we
could investigate regular tiling of a 3 dimensional space by a translation of a single polycube
(generalization in 3D of the polyomino) that is a union of unit cubes face to face. Such kind
of regular tilings leads to tile the whole space by using 3 vectors of translation and in [14]
Gambini and Vuillon show that the surrounding of a tile could have n adjacent tiles with a
fixed integer n ≥ 6. For tiling the plane or fibers the number of interfaces is finite and equals
to 2 or 3 and in contrast for tiling the space by a polycube the number of interfaces could
be greater than each integer n with n ≥ 3. This means that the number of interfaces could
not be finite a priori (see [14]). One interesting question is the following, could we observe
in real life a transition by fold plasticity from a fiber to a tiling of the whole 3 dimensional
space ?

7. Conclusion

In this chapter, we focus on mathematical aspects of fibers. The main goal consists on the
explanation of basic rules in order to construct cylinders or fibers based on regular tilings by
translation of a single chain or of a juxtaposition of chains forming a n-mer. We notice that
the interfaces must be 2 or 3 according to the tiling on pseudo squares or pseudo hexagons.
This is the basic construction and leads to a fiber with a pseudo square tile or with a pseudo
hexagon tile. Now, in order to add more combinatorial complexity, we are able to replace
each tile on the fiber by a n-mer constructed by adding at least another interface. This result
inherits the strong combinatorial properties of tilings by polyominoes explored by Beauquier
and Nivat [1, 13] and we add the power of combinatorial construction of the n-mers. We
could now use this construction to explore the structure of real fibers or to construct synthetic
fibers. The steps of investigation will be the following: first we look globally at the fiber by
searching the smallest object that tiles the fiber (Fig. 23 for the abstract view with pseudo
square tiling and Fig. 24 for a part of a real fiber and Fig. 25 for the abstract view with
pseudo hexagon tiling and Fig.26 for a part of real fiber). If this object (called meta-tile) is
a single chain then we stop the investigation because the structure is found. Otherwise the
meta-tile that tiles the fiber is composed by a n-mer and we investigate carefully the structure

of this n-mer (in Fig. 25 the tiling meta-tile is a 4-mer with form
A B

C C
and in the p53 fiber,

the object is a 2-mer (see Fig. 33D). Thus each fiber is composed if we zoom out by a tiling
by translation by a meta-tile which is a pseudo square or is a pseudo hexagon and if we
zoom in the meta-tile is a n-mer. Of course if n = 1 then the tiling is by a single chain and if
n ≥ 2 the tiling of the fiber is done by a meta-tile which is a n-mer. Remark that for n = 1
as we tile by a single shape the number of interfaces is 2 for the pseudo square case or 3 for
the pseudo hexagon case. If n ≥ 2 then we must add at least 1 interface to form the n-mer
and thus globally the number of interfaces is at least 3 for the pseudo square case or 4 for
the pseudo hexagon case. Our model covers all cases because by zooming in the meta-tile
inherits the intrinsic combinatorial complexity of the n-mer construction and by zooming
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out we recover the 2 ways of tilings either by a pseudo square or a pseudo hexagon. Now
we have a complete theory of fiber construction in biology and new robust bio-mathematical
tools in order to reinvestigate our favorite fibers.

A future exploration can select from the entire PDB, the structures with the global symmetry
most appropriate for fiber formation. This set can be screened further for isolating oligomers
with only 2 interfaces or only 3 interfaces. These oligomers contain the necessary elements
for fiber formation. We can then sort the dataset into two categories, cases known to form
pathological fibers and the others. Comparing the characteristics of the interfaces of the cases
whose fate is to become pathological fibers and of the "non pathological" cases would help
distinguishing the parameters providing the plasticity needed for the transition to fiber from
the parameters providing resistance to fiber formation.
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of this construction is the possibility of shifting the strips using the stair case shape. This
means that the fiber has one degree of liberty and can tilt along the periodic direction.

6.2. From fibers to tilings of the space

To end this section we give some hints about a possible transition from fiber to tiling of the
whole 3 dimensional space. In fact the protein chains are in a 3 dimensional space and we
could investigate regular tiling of a 3 dimensional space by a translation of a single polycube
(generalization in 3D of the polyomino) that is a union of unit cubes face to face. Such kind
of regular tilings leads to tile the whole space by using 3 vectors of translation and in [14]
Gambini and Vuillon show that the surrounding of a tile could have n adjacent tiles with a
fixed integer n ≥ 6. For tiling the plane or fibers the number of interfaces is finite and equals
to 2 or 3 and in contrast for tiling the space by a polycube the number of interfaces could
be greater than each integer n with n ≥ 3. This means that the number of interfaces could
not be finite a priori (see [14]). One interesting question is the following, could we observe
in real life a transition by fold plasticity from a fiber to a tiling of the whole 3 dimensional
space ?

7. Conclusion

In this chapter, we focus on mathematical aspects of fibers. The main goal consists on the
explanation of basic rules in order to construct cylinders or fibers based on regular tilings by
translation of a single chain or of a juxtaposition of chains forming a n-mer. We notice that
the interfaces must be 2 or 3 according to the tiling on pseudo squares or pseudo hexagons.
This is the basic construction and leads to a fiber with a pseudo square tile or with a pseudo
hexagon tile. Now, in order to add more combinatorial complexity, we are able to replace
each tile on the fiber by a n-mer constructed by adding at least another interface. This result
inherits the strong combinatorial properties of tilings by polyominoes explored by Beauquier
and Nivat [1, 13] and we add the power of combinatorial construction of the n-mers. We
could now use this construction to explore the structure of real fibers or to construct synthetic
fibers. The steps of investigation will be the following: first we look globally at the fiber by
searching the smallest object that tiles the fiber (Fig. 23 for the abstract view with pseudo
square tiling and Fig. 24 for a part of a real fiber and Fig. 25 for the abstract view with
pseudo hexagon tiling and Fig.26 for a part of real fiber). If this object (called meta-tile) is
a single chain then we stop the investigation because the structure is found. Otherwise the
meta-tile that tiles the fiber is composed by a n-mer and we investigate carefully the structure

of this n-mer (in Fig. 25 the tiling meta-tile is a 4-mer with form
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C C
and in the p53 fiber,

the object is a 2-mer (see Fig. 33D). Thus each fiber is composed if we zoom out by a tiling
by translation by a meta-tile which is a pseudo square or is a pseudo hexagon and if we
zoom in the meta-tile is a n-mer. Of course if n = 1 then the tiling is by a single chain and if
n ≥ 2 the tiling of the fiber is done by a meta-tile which is a n-mer. Remark that for n = 1
as we tile by a single shape the number of interfaces is 2 for the pseudo square case or 3 for
the pseudo hexagon case. If n ≥ 2 then we must add at least 1 interface to form the n-mer
and thus globally the number of interfaces is at least 3 for the pseudo square case or 4 for
the pseudo hexagon case. Our model covers all cases because by zooming in the meta-tile
inherits the intrinsic combinatorial complexity of the n-mer construction and by zooming
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out we recover the 2 ways of tilings either by a pseudo square or a pseudo hexagon. Now
we have a complete theory of fiber construction in biology and new robust bio-mathematical
tools in order to reinvestigate our favorite fibers.

A future exploration can select from the entire PDB, the structures with the global symmetry
most appropriate for fiber formation. This set can be screened further for isolating oligomers
with only 2 interfaces or only 3 interfaces. These oligomers contain the necessary elements
for fiber formation. We can then sort the dataset into two categories, cases known to form
pathological fibers and the others. Comparing the characteristics of the interfaces of the cases
whose fate is to become pathological fibers and of the "non pathological" cases would help
distinguishing the parameters providing the plasticity needed for the transition to fiber from
the parameters providing resistance to fiber formation.
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1. Introduction

Beauquier and Nivat [1] showed that aperiodicity cannot appear in a tiling by a polyomino
using translations only : any such tiling is at least half-periodic. This is not the case when
we associate a tile with one of its reflected (or rotated) images, which is a natural thing to do
since, in real world, the same molecule can appear in various rotational positions or have an
isomer.

Figure 1 shows a half-periodic tiling which is quite different from those with only one tile
and an aperiodic one in which the reflected image appears only once.

Figure 1. a half-periodic tiling and an aperiodic one

Moreover, the local structure of such tilings offers more possibilities : a tile can be surrounded
by an arbitrary numbers of other tiles as can be easily inferred from the example in figure 2.

Therefore, a general study of the tiles involved in such tilings appears to be difficult.
Moreover, it is worth noting that there is a lack of notations and methods to study the
decompositions of tiles and their possible surroundings.

In this paper, we provide simple word techniques to characterize some polygons that tile the
plane together with one of their reflective image. We have mainly concentrated on tilings
with symmetry pg [5]. Within periodic tilings involving glide reflections, this is the most
interesting group to consider since it is a subgroup of all symmetry groups involving glide
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Figure 2. an unusual surrounding

reflections. However, we hope that these techniques will also be useful in the future for
investigating more general problems in the spirit of [1].

2. Polygonal tiles

Studies similar to ours are usually placed within the framework of polyominoes. The
symmetry group pg can indeed be studied in this framework since it involves only one
direction of reflexion which can be made for instance horizontal by rotating the axes.
However, this is unnecessarily restrictive and we shall use polygons instead. The restriction
to polyominoes simplifies the description of tiles by contour words which can be expressed
with a simple four letters alphabet (up,down,left,right) whereas the contour word associated
with a polygon requires an infinite alphabet (the complex numbers). However, the use of
polygons does not make the proofs more complex and allows for more general results.

To be precise, we shall use a notion of “polygonal tile” which in a slight extension of the
notion of polygon. A polygonal tile is a sequence of points (vertices) that forms a simple
closed line. The edges of a polygonal tile are the segments that join two consecutive vertices.
Here, two consecutive edges can have the same direction and this distinguishes polygonal
lines from what are usually called polygons. A polygon corresponds to an uncountable
infinity of different polygonal lines.

When we consider possible tilings with a given polygonal line, we are only interested in
tilings in which vertices of the tilings, i.e. points shared by three tiles or more, correspond to
vertices of these tiles and when two tiles are adjacent, the vertices of one tile fit to vertices of
the other tile. This restriction is analogous to the restriction to transformations that preserve
the “grid” (points with integer coordinates) when one deals with polyominoes. It will enable
us to obtain factorizations of the contour words.

2.1. Definitions and notations

We shall represent polygonal tiles by words on the alphabet C of non null complex numbers.
Given a word u in C∗, we denote |u| its length, Σ(u) the complex sum of its letters, R(u) and
I(u) the real and imaginary parts of Σ(u).

Oligomerization of Chemical and Biological Compounds424
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The contour word of a polygonal tile is completely defined when a starting point is chosen
among its vertices. Otherwise, it is only defined modulo a circular shift of its letters The
symbol ≡ will denote equality modulo circular shift and the symbol = will denote identity
of words.

Given a word u, we shall denote (−u) the word u in which each letter is replaced by its
opposite, u the word u in which each letter is replaced by its conjugate, and ũ the word u

where the order of letters has been reversed.

These three operations commute and are involutive. Therefore, the images of a word u to be
considered are exactly

u −u u ũ −u −ũ ˜u −˜u

2.2. Polygonal tiles, isometries and orientation

The effect of isometries on contour words are the following:

• The translations leave the contour words invariants.

• The rotations by angles θ transform a contour word u into the word obtained by
multiplying each letter of u by the complex number with modulus 1 and argument θ
.

In particular, half-turns change u into (−u).

• The reflections according to a horizontal axis change u into u.

The other reflections are obtained by applying a rotation to u.
In particular, the reflexions according to a vertical axis change u into −u.

• The glide reflections have the same effect as the associated reflections.

Let us also mention that a change of orientation change u into −ũ. As a consequence, a
contour factor v is centro-symmetric if and only if v = ṽ (v is a palindrome).

2.3. Periodic tiles

All periodic tilings symmetry groups have as a subgroup p1, the group generated by two
independent translations. The tiles that can produce tilings with symmetry p1 are called in
[1] pseudo-hexagons and their contour in our notations have the form

uvw(−ũ)(−ṽ)(−w̃) (1)

We shall use this characterization as a basis to deduce characterizations for other symmetry
groups. We shall start with symmetry group p2 for which we shall give a proof that the
Conway criterion [4, 8] is a characterization. Then, we shall proceed to symmetry group pg.

Beauquier and Nivat have shown that the form (1) does not only characterize the tiles that
tile the plane with symmetry p1 but more generally the tiles that tile the plane by translations
only. Similarly, it might well be the case that the Conway criterion characterizes the tiles that
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2.2. Polygonal tiles, isometries and orientation

The effect of isometries on contour words are the following:

• The translations leave the contour words invariants.

• The rotations by angles θ transform a contour word u into the word obtained by
multiplying each letter of u by the complex number with modulus 1 and argument θ
.

In particular, half-turns change u into (−u).

• The reflections according to a horizontal axis change u into u.

The other reflections are obtained by applying a rotation to u.
In particular, the reflexions according to a vertical axis change u into −u.

• The glide reflections have the same effect as the associated reflections.

Let us also mention that a change of orientation change u into −ũ. As a consequence, a
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tile the plane by translations only together with their image by half-turn and that the criterion
we give in section 4.2 characterizes the tiles that tile the plane by translations only together
with their image by reflection. However we have not been able to obtain such a result. This
remains, to our knowledge, a conjecture.

2.4. Translation adjacency

A polygonal tile can be made adjacent to a translated image of itself only if its contour has
both a factor x and a factor (−x̃). These two factors are necessarily disjoint because otherwise
we have x = yz and (−x̃) = zu, which implies (−z̃)(−ỹ) = zu and finally (−z̃) = z. Such a
word cannot be a factor of a contour word since this implies Σ(z) = 0.

Therefore, a tile that can be made adjacent to a translated image of itself has the
shape xy(−x̃)z and the translation associated with the superposition of the factors x and
(−x̃), which we shall denote by Tx, is defined by the complex number Σ(y) = −Σ(z).
Such a decomposition xy(−x̃)z of a contour word will be called a T-decomposition. A
T-decomposition will be said exact when x is maximal for translation Tx i.e. when the two
following conditions are satisfied:

• y cannot be factorized into y = y1y′(−ỹ1) with |y1| �= 0

• z cannot be factorized into z = z1z′(−z̃1) with |z1| �= 0

A T-decomposition xy(−x̃)z is therefore exact if and only if the contact of the corresponding
tile with its image by translation Tx is exactly (−x̃).

2.5. Half-turn adjacency

A tile that can be made adjacent to its image by a half-turn must have both a factor x and
a factor x̃. These factors could be disjoint, overlapping or identical. We shall show that the
only case we have to consider is the case where x is a palindromic factor equal to x̃. Such a
palindromic factor will be said exact if it is not the center of a bigger palindrome.

To clarify the discussion, let us denote by ht the corresponding half-turn, by A the starting
point of factor x, by B its end point, and by A’ and B’ the images of A and B by halft-turn ht.

The case where x and x̃ are identical correspond to A′ = B and B′ = A. It is not possible to
have A′ = A and B′ = B because a half-turn has only one fixpoint.

The case where the factors x and x̃ are disjoint correspond to a situation where the order
between the four considered points are either A, B, A′, B′ or A, B, B′, A′. However the former
case is impossible because, since half-turns are involutive, we have ht(A′) = A and ht(B′) =
B. Therefore the image of AB′ is A′B a factor strictly contained in AB′ which is impossible
since half-turns are isometries and preserve the lengthes. We are left with the latter case
where the order is A, B, B′, A′. Let us denote by w the factor BB′. Since the image by ht of
BB′ is B′B, if ht is a tiling transformation, then w must be a palindrome and AA′ = xwx̃ is a
bigger palindrome that includes both x and x̃ and is its own image under ht.

Now, in the last case where factors x and x̃ are overlapping, we can eliminate the case where
AB is included in A′B′ or A′B′ included in AB using the length argument and we are left
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with the cases A, A′, B, B′ and A, B′, B, A′. Here again, the former can be eliminated by the
length argument. In the latter, the factor x is decomposed into x = uw where w corresponds
to BB′ and must therefore be a palindrome and again x and x̃ are part of a bigger palindromic
factor uwũ which is its own image under ht.

2.6. Reflection adjacency

We are mainly interested here in symmetry pg which has only one direction of (glide)
reflexion. Also, if we study tilings by a tile and one of its images by reflection, we are also
in a situation where one reflection direction is privileged. Therefore, it will be convenient
to consider that this unique reflection direction is horizontal. This will enable us to express
reflections or glide reflections by applying the complex conjugation operation to its contour
word.

A tile that can be made adjacent to its image by reflection or glide reflection must therefore
possess both a factor x and a factor x. These factors can be identical, overlapping or disjoint.
When they are identical, x contains only real numbers: it is made of a sequence of horizontal
segments. This cannot occur in symmetry pg because glide reflexions have no fixpoints.

When the two factors x and x overlap, let us denote by u their common factor. We have
x = wu and x = uw′ and thus uw′ = wu. If we are in symmetry pg, the transformation
that transforms x into x is a glide reflection gr which can be decomposed into an horizontal
reflection r and an horizontal translation t. The effect of the glide reflection gr on factor x
is completely described by the complex number Σ(w) which has an imaginary part which
correspond to the effect of the reflection r and a real part which corresponds to the effect
of the translation t. The complex number Σ(ww), which is a real number, corresponds to
applying twice the horizontal translation t.

Let us assume |w| < |u|. This implies u = wu′ and x = wwu′ . This implies that x overlaps
with its image obtained by applying twice the glide reflection gr or equivalently twice the
translation t. But this is impossible in symmetry pg because this translation belongs to the
symmetry group (as the composition of the glide reflection with itself) and in a periodic
tiling, an element of a a tile contour cannot overlap with its image by translation. The only
possibility is therefore |w| ≥ |u|. In that case, x factorizes into x = uvu and x is equal to uvu.
The tile contour has then a factor uvuvu.

Finally, the two factors x and x can be disjoint. The tile contour has shape xyxz where y may
be empty. We can note that the overlapping case is a special case of this last one, where u
and u play the parts of x and x.

3. Tiles for symmetry p2

3.1. Presentation of symmetry group p2

The symmetry group p2 can be generated by three half-turns or by one half-turn and two
translations. The latter is more convenient since it leads to a presentation which allows for a
characterization of normal forms by a canonical rewriting system.
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AB is included in A′B′ or A′B′ included in AB using the length argument and we are left
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with the cases A, A′, B, B′ and A, B′, B, A′. Here again, the former can be eliminated by the
length argument. In the latter, the factor x is decomposed into x = uw where w corresponds
to BB′ and must therefore be a palindrome and again x and x̃ are part of a bigger palindromic
factor uwũ which is its own image under ht.

2.6. Reflection adjacency

We are mainly interested here in symmetry pg which has only one direction of (glide)
reflexion. Also, if we study tilings by a tile and one of its images by reflection, we are also
in a situation where one reflection direction is privileged. Therefore, it will be convenient
to consider that this unique reflection direction is horizontal. This will enable us to express
reflections or glide reflections by applying the complex conjugation operation to its contour
word.

A tile that can be made adjacent to its image by reflection or glide reflection must therefore
possess both a factor x and a factor x. These factors can be identical, overlapping or disjoint.
When they are identical, x contains only real numbers: it is made of a sequence of horizontal
segments. This cannot occur in symmetry pg because glide reflexions have no fixpoints.

When the two factors x and x overlap, let us denote by u their common factor. We have
x = wu and x = uw′ and thus uw′ = wu. If we are in symmetry pg, the transformation
that transforms x into x is a glide reflection gr which can be decomposed into an horizontal
reflection r and an horizontal translation t. The effect of the glide reflection gr on factor x
is completely described by the complex number Σ(w) which has an imaginary part which
correspond to the effect of the reflection r and a real part which corresponds to the effect
of the translation t. The complex number Σ(ww), which is a real number, corresponds to
applying twice the horizontal translation t.

Let us assume |w| < |u|. This implies u = wu′ and x = wwu′ . This implies that x overlaps
with its image obtained by applying twice the glide reflection gr or equivalently twice the
translation t. But this is impossible in symmetry pg because this translation belongs to the
symmetry group (as the composition of the glide reflection with itself) and in a periodic
tiling, an element of a a tile contour cannot overlap with its image by translation. The only
possibility is therefore |w| ≥ |u|. In that case, x factorizes into x = uvu and x is equal to uvu.
The tile contour has then a factor uvuvu.

Finally, the two factors x and x can be disjoint. The tile contour has shape xyxz where y may
be empty. We can note that the overlapping case is a special case of this last one, where u
and u play the parts of x and x.

3. Tiles for symmetry p2

3.1. Presentation of symmetry group p2

The symmetry group p2 can be generated by three half-turns or by one half-turn and two
translations. The latter is more convenient since it leads to a presentation which allows for a
characterization of normal forms by a canonical rewriting system.
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If we denote the generators by T (the half-turn) and X, Y (the translations), the equations
are:

XY = YX , T
2 = I , TXT = X

−1 , TYT = Y
−1

We give below the associated canonical rewriting system [6] together with an example:

T−1 → T TY−1 → YT

TX−1 → XT X−1Y → YX−1

T2 → 1 XY → YX
X−1Y−1 → Y−1 X−1 XY−1 → Y−1 X

TX → X−1T TY → Y−1T

1 2

34

The normal forms are of two sorts: YpXq (translations) and YpXqT (half-turns)

It thus appears that a tile is adequate for a (isohedral) tiling with symmetry p2 if and only if
this tile joined to its image by the half-turn T forms an adequate tile for symmetry group p1.
This observation explains in a simple way why the Conway criterion is a necessary condition
in section 3.3.

3.2. The Conway criterion

A polygonal tile satisfies the Conway criterion if and only if it has the shape uvw(−ũ)xy

where v, w, x and y are palindromes. It is easy to see that if we choose any of its
palindromic factors and join it with its half-turn image according to this factor, we obtain
a pseudo-hexagon.

Take for instance factor y. We obtain

uvw(−ũ)x(−u)(−v)(−w)ũ(−x)

or, with a left shift

vw(−ũ)x(−u)(−v)(−w)ũ(−x)u

Taking z = (−ũ)x(−u), we have −z = ũ(−x)u and the polygon contour appears as:

vwz(−v)(−w)(−z)

where v, w et z are palindromes.

This is a specific form of pseudo-hexagon which is invariant by half-turn.

Oligomerization of Chemical and Biological Compounds428
Characterization of Some Periodic Tiles by Contour Words 7

3.3. Conway criterion characterizes p2

Reciprocally, let us state the condition for a tile to produce a pseudo-hexagon when joined
with its image by half-turn.

First, as mentioned in section 2.5, the tile’s contour must have a palindromic factor and
therefore have shape xy where y is a palindrome. When the tile is joined to its image
by the half-turn, the resulting tile has contour x(−x) and this contour must be that of a
pseudo-hexagon. Therefore, there must exist words u, v and w such that:

x(−x) ≡ uvw(−ũ)(−ṽ)(−w̃)

The word x(−x) must thus be identical to a shift of uvw(−ũ)(−ṽ)(−w̃).

If x(−x) = uvw(−ũ)(−ṽ)(−w̃), then x = uvw and −x = (−ũ)(−ṽ)(−w̃), which is
equivalent to x = (ũ)(ṽ)(w̃). We thus have uvw = (ũ)(ṽ)(w̃) which implies u = ũ, v = ṽ

and w = w̃. The words u, v et w are palindromes and the primitive tile xy is equal to uvwy

where u, v, w and y are palindromes. We are in a special case where the tile is made of four
centro-symmetric factors.

If x(−x) ≡ uvw(−ũ)(−ṽ)(−w̃) but x(−x) �= uvw(−ũ)(−ṽ)(−w̃), by shifting if necessary the
names u, v, w, ũ, ṽ, w̃, we can assume without lost of generality that u can be decomposed
into u = u1u′u2 in such a way that |u1| = |u2| and either

x(−x) = u
′
u2vw(−ũ2)(−ũ

′)(−ũ1)(−ṽ)(−w̃)u1

or

x(−x) = u2vw(−ũ2)(−ũ
′)(−ũ1)(−ṽ)(−w̃)u1u

′

The second case differs from the first by the orientation only. Therefore, it is sufficient to deal
with the first case.

We have x = u′u2vw(−ũ2) and −x = (−ũ′)(−ũ1)(−ṽ)(−w̃)u1, which is equivalent to x =
˜u′ũ1ṽw̃(−u1), and thus u′u2vw(−ũ2) = ũ′ũ1ṽw̃(−u1).

This implies u′ = ũ′, u2 = ũ1, v = ṽ et w = w̃.

The primitive tile’s contour can thus be written u′u2vw(−ũ2)y or by shifting it to the left
u2vw(−ũ2)yu′ where v, w, y and u′ are palindromes which corresponds exactly to the
Conway criterion.

4. Tiles for symmetry pg

4.1. Presentation of symmetry group pg

The symmetry group pg can be generated with two glide reflexions with parallel mirrors
and equal associated translations. The presentation has just one equation G1

2 = G2
2 where

G1 and G2 are the two glide reflections.
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If we denote the generators by T (the half-turn) and X, Y (the translations), the equations
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We have x = u′u2vw(−ũ2) and −x = (−ũ′)(−ũ1)(−ṽ)(−w̃)u1, which is equivalent to x =
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This implies u′ = ũ′, u2 = ũ1, v = ṽ et w = w̃.

The primitive tile’s contour can thus be written u′u2vw(−ũ2)y or by shifting it to the left
u2vw(−ũ2)yu′ where v, w, y and u′ are palindromes which corresponds exactly to the
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4. Tiles for symmetry pg

4.1. Presentation of symmetry group pg

The symmetry group pg can be generated with two glide reflexions with parallel mirrors
and equal associated translations. The presentation has just one equation G1

2 = G2
2 where

G1 and G2 are the two glide reflections.
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It can also be generated by a single glide reflection G and a translation X perpendicular to
the mirror of G. The presentation still has just one equation which is XGX = G. This second
presentation is more interesting. We give below the associated canonical rewriting system
[6] together with an example:

GX → X−1G
GX−1 → XG

G−1X → X−1G−1

G−1X−1 → XG−1

GGX’   GX

G’  G’ X’     G’ X    

XX’  

The normal forms are XpG2q (translations) and XpG2q+1 (glide reflections). Taking Y = G2

(Y is a translation parallel to the mirror of G), the normal forms can be described as XpYq

(translations) and XpYqG (glide reflections).

This permits to see that a tile is adequate for symmetry pg if and only if this tile joined to its
image by the glide reflexion G forms an adequate tile for symmetry group p1.

4.2. Criterion for pg tiles

We are going to show that a tile is adequate for symmetry pg if and only if it has one of the
shapes

u v w v u (−w̃) (2)

u u w v v (−w̃) (3)

In both cases, one of the factors may be empty.

Let us first show that we obtain a pseudo-hexagon when we make such a tile adjacent to its
reflective image using factor u or v. We shall give the proof for the first form: the second one
is similar.

Since the factors u and v play similar parts, we shall use the reflection according to factor u.
The reflected tile has contour u v w v u (−˜w) in the reverse orientation or if we give the right
orientation

(−˜u) w (−ũ) (−ṽ) (−˜w) (−˜v)
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Gluing together the primitive tile and its reflected image using factors u and (−˜u), we obtain
a polygon with contour

u v w v w (−ũ) (−ṽ) (−˜w) (−˜v) (−w̃)

Taking x = w v w which implies −x̃ = (−˜w) (−˜v) (−w̃), this contour can be written

u v x (−ũ) (−ṽ) (−x̃)

which is a pseudo-hexagon. The translation X corresponds to the complex number Σ(uv)
and the translation Y to the complex number Σ(vx) = Σ(vw v w)

4.3. The criterion characterizes pg tiles

Let us assume that some tile with contour m1 glued to its reflected image produce a
pseudo-hexagon. The conditions for a tile to fit its reflected image have been stated in section
2.6.

In all cases suitable for pg, we have

m1 = x y x z (4)

and the obtained polygon has contour

m2 = x y (−˜z) (−x̃) (−˜y) z (5)

We can also use one more information that comes from the structure of group pg. When we
compose any glide reflection belonging to the symmetry group pg with itself, we obtain a
translation that belongs to the symmetry group. Therefore, if in the contour m1, the factor
x is the image of the factor x in some glide reflection , in the contour m2, the factor (−x̃)
is image of the factor x in the corresponding translation. Note that it is written (−x̃) and
not x because it is read in the reverse order in the contour of m2. However, even if x is an
exact factor for the glide reflection, it is not necessarily the case that it is an exact factor for
the corresponding translation: we can only assume that x is part of the exact factor for the
translation. This distinction will lead to the two possible forms for pg tiles.

If we assume that x is an exact factor for the translation then x appears in the pseudo-hexagon
decomposition of m2. Therefore, m2 can be written as

m2 = x u v (−x̃) (−ũ) (−ṽ) (6)
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which is a pseudo-hexagon. The translation X corresponds to the complex number Σ(uv)
and the translation Y to the complex number Σ(vx) = Σ(vw v w)

4.3. The criterion characterizes pg tiles

Let us assume that some tile with contour m1 glued to its reflected image produce a
pseudo-hexagon. The conditions for a tile to fit its reflected image have been stated in section
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m1 = x y x z (4)

and the obtained polygon has contour

m2 = x y (−˜z) (−x̃) (−˜y) z (5)

We can also use one more information that comes from the structure of group pg. When we
compose any glide reflection belonging to the symmetry group pg with itself, we obtain a
translation that belongs to the symmetry group. Therefore, if in the contour m1, the factor
x is the image of the factor x in some glide reflection , in the contour m2, the factor (−x̃)
is image of the factor x in the corresponding translation. Note that it is written (−x̃) and
not x because it is read in the reverse order in the contour of m2. However, even if x is an
exact factor for the glide reflection, it is not necessarily the case that it is an exact factor for
the corresponding translation: we can only assume that x is part of the exact factor for the
translation. This distinction will lead to the two possible forms for pg tiles.

If we assume that x is an exact factor for the translation then x appears in the pseudo-hexagon
decomposition of m2. Therefore, m2 can be written as
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and therefore, we must have

u v = y (−˜z) (7)

and

(−ũ) (−ṽ) = (−˜y) z (8)

and in the special case where z is empty (the case where y is empty is similar), we get

u v = y (9)

and

(−ũ) (−ṽ) = (−˜y) (10)

We shall first deal with this special case. The equation (10) can be rephrased into

y = v u (11)

and we have

u v = v u (12)

This equation has two types of solutions (see lemma 5.1):

• The general solution:
u = (ww)pw et v = w(ww)q

At this point, we have to use the fact that one of the translations which associate (−ũ) to u

or (−ṽ) to v is a vertical translation. This fact implies R(u) = R(v) = R(x) and therefore
p = q and u = v.
The tile has shape m1 = xx(−ũ)(−˜u) or, stating y = (−ũ), m1 = x x y y (see figure 3).

x x

yy

Figure 3. Special case of the first form
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• The solution on reals:
u = ap et v = aq.
For the same reason, we must have p = q. This is only a subcase of the previous one.

Now we go back to equations (7) and (8). Here again, we shall use the fact that one of
the translations corresponding to u and v is a vertical one. Let us assume that the vertical
translation is associated with u. Let us also assume that R(x) ≥ 0 which implies R(x) =
R(x) ≥ 0. This is just to ensure that all the vertical projections as they are defined below do
exist. The case R(x) ≤ 0 is similar with x and z having inverted roles.

Let us denote by 1, 2, 3, 4, 5, 6 the vertices that bound the factors x, y, (−˜z), (−x̃), (−˜y) and
z. Let us also denote 2′, 3′ the images of 2, 3 in the vertical translation and 5′, 6′ the images
of 5 et 6 in its inverse (see figure 4).

- w 1 

- w 2 

w 1 

w 2 

x 
y 

x - x - y 

y 

z 

- y 

- z 

u v 

- u - v 

1 

2 
3 

4 

5 6 

2’  3’  

5’  
6’  

Figure 4. General case 1

The factor u has extremities 2 and 5′ and the factor v has extremities 5′ et 4. Let us denote
by w1 the factor with extremities 3 and 6′ and w2 the factor with extremities 5′ and 4. The
factor with extremities 3′ and 2′ is equal to (−ỹ) and therefore we have

(−˜z) = w1 y w2 (13)

We also have

z = (−w̃1) (−ỹ) (−w̃2) (14)
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factor with extremities 3′ and 2′ is equal to (−ỹ) and therefore we have

(−˜z) = w1 y w2 (13)

We also have

z = (−w̃1) (−ỹ) (−w̃2) (14)
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since the factors [3, 6′], [6′, 5]′ et [5′, 4] are images by translation of factors [3′, 6], [6, 5] et [1, 2′].

This last equality can also be written

(−˜z) = w2 y w1 (15)

and we have

w1 y w2 = w2 y w1 (16)

which is an instance of equation

x y z = z y x

Fortunately, we shall not have to solve this equation in full generality because we can use
the fact that R(w1) = R(w2) i.e. in the above equation R(x) = R(z). We shall show that in
this case x = z. If this is not the case then either x = zu for some u or z = xv for some v.
These two cases being symmetrical, we shall deal with the first one only. Since x and z have
equal real projections, R(u) = 0 (u is a pure imaginary number). On the other hand, we have
zuyz = zyzu which implies I(zuyz) = I(zyzu) which is equivalent to I(u) = I(u). But this
is possible only if I(u) = 0 which, since we already know that R(u) = 0, implies Σ(u) = 0
i.e. u would be a closed (looping) factor which cannot exist in a contour word except for the
entire contour word. So, we do have x = z.

So, this shows that in our tile, w1 = w2 and the contour word can finally be written, setting
w = (−w̃2),

w x y x w (−ỹ)

which is of the required shape (form (2).

Notice that if we do not use the fact that one of the translations is vertical, then the real
projections of w1 and w2 need not be equal. In that case, we have to consider also solutions
such as:

• w1 = (ww)pw , (−ỹ) = (ww)n , w2 = w(ww)q

• w1 = (ww)p , (−ỹ) = (ww)nw , w2 = (ww)q
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Figure 5. Two tilings with non-pg symmetry

These solutions with p �= q correspond to tiles that produce tilings with other symmetries
than pg or no symmetry at all as those on figure 5 which are only half-periodic or on figure
1 where aperiodicity appears.

Now, we go back to the case where the factor x of m2 in equation 5 is not an exact factor of
the horizontal translation. This means that x is included inside some translation factor axb
where ab is non-empty. We assume that the glide reflection maps x to x and x is an exact
factor for this glide reflection. If we apply again the glide reflection to x, we obtain the image
of x in the horizontal translation which has to belong to the part of m2 which is not in m1

because, otherwise, m1 would overlap with its image in the horizontal translation.

Let us show that if a and b are both non-empty, they cannot both belong to the contour of
m1. If a is non-empty, its image in the glide reflection does not belong to the contour of m1

because otherwise, x would not be an exact factor. But then, for the same reason, the image
of a under the horizontal translation cannot belong to the contour of m2 outside m1, so it has
to belong to m1. The situation is the same for b. Consequently, if we consider the images of
x, a, b are such that the fist one should be outside m1 and the two others inside m1. But then
we would have to assume that the image of x in the horizontal translation is all the part of
m2 that is outside m1 and m1 would have to be equal to xx and a and b would both be empty.

So, one of the factors a or b, if they are non-empty have to be outside the contour of m1 and
therefore belong to the part of m2 that is outside m1. Let us say, it is b. This implies that, in
the contour of m1, the two factors x and x are adjacent and b has to be the image of a in the
glide reflection as shown on figure 6.

m1 = a x x (−ã)z (17)

and

m2 = a x (−˜a) (−˜z) a (−x̃) (−ã) z (18)

We know that the factor a x (−˜a) is exact for the horizontal translation. So, we can make
explicit the fact that m2 is a pseudo-hexagon by factorizing (−˜z) into (−˜z) = uv with z =
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(−ũ)(−ṽ). The two definitions of z lead us to the equation

u v = v u (19)

and we use the fact that one of the translations associated to factors u and v is vertical to
deduce that R(u) = R(v). Therefore u = v and we can conclude that

m1 = a x x (−ã)(−ũ)(−˜u) (20)

which corresponds to the form 3.

This completes our proof. It is clear from the examples of figure 5 that the main result
presented here is only a small step toward the characterization of polygons that tile the plane
together with one of their reflected images because our proofs are highly dependent on the
specificities of symmetry pg.. A plausible conjecture is that a polygon has this property if
and only if, suitably oriented, its contour has a factorization of form 2 or 3. But the contour
word techniques that we have used here will certainly require further development in order
to tackle with such a conjecture.

5. Technical lemmas

Solutions of the equation x ≡ x

This section studies the solutions of the equation x ≡ x. This equation where the symbol
≡ denotes equality modulo circular shift corresponds to two equations using equality on
words.

1. x = x

In that case, each letter of x must be its own conjugate. The word x is made uniquely of
reals.
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2. x = u v for two non empty words u et v and u v = v u.
This case is treated by lemma 5.1.

To study such equations, the alphabet of complex numbers divides naturally between reals
that are their own conjugate and non reals which have a conjugate distinct from themselves.
The lemmas presented below are very similar to those presented in [7] for ordinary equations
on words but are slightly more complex due to the partition of the alphabet. The equations
will have two kinds of solutions: solutions on R∗ which are the solutions of the considered
equations where we drop out the conjugation operations and the general solutions.

Lemme 5.1. The solutions of equation u v = v u are

u = wm , v = wn

where w ∈ R∗ and

u = (ww)mw , v = w(ww)n

where w ∈ C∗ .

To prove this lemma, we shall have to prove also the following one:

Lemme 5.2. The solutions of equation u v = v u are

u = wm , v = wn

where w ∈ R∗ and

u = (ww)mw , v = (ww)n

The proofs of these two lemmas can be done simultaneously by induction on |uv|. We shall
assume |uv| ≥ 2. The base case will correspond to |uv| = 2 and |uv| = 3.

• If |uv| = 2, u and v are letters and u = v in the three cases. This leads to solutions
u = u = v = v on reals and u = v on non real complex numbers for lemma 5.1. For
lemma 5.2, there is no solution on non real complex numbers.

• If |uv| = 3, we have either u = ab et v = c or u = a, v = bc where a, b,c are letters. For
lemma 5.1 , the two hypotheses lead to a = a = b = b = c = c and we have only the
solutions u = a, v = aa et u = aa, v = a where a is a real letter.
For lemma 5.2 , the hypothesis u = ab et v = c lead also to a = a = b = b = c = c and we
have only the two real solutions. On the contrary, the hypothesis u = a, v = bc leads to
a = b = c and we have the solution u = a, v = aa.

• In the inductive case , let us assume that the two lemmas are true when |uv| ≤ n and
consider two words u et v

such that |uv| = n + 1.

• Lemme 5.1: u v = v u. We compare the lengthes of u et v.
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* If |u| = |v|, then u = v.

* If |u| > |v|, take u = vu1. We then also have u = u1v hence u = u1v and
thus u1v = vu1 or u1v = vu1. By induction hypothesis, the solutions of this
equation are u1 = wm , v = wn where w ∈ R which gives u = wm+n, v = wn

and u1 = (ww)m, v = w (ww)n. In that case u = vu1 = (ww)m+nw and
v = w (ww)n.

* If |u| < |v|, taking v = uv1, we also have v = v1u hence uv1 = v1u. By induction
hypothesis, the solutions of this equation are u = wm , v1 = wn where w ∈ R
which gives u = wm, v = wm+n and u = (ww)mw , v1 = (ww)n, which gives
v = (ww)m+nw.

• Lemme 5.2: u v = v u. We compare again the lengthes.

* If |u| = |v|, then u = v = v. (real solutions)

* If |u| > |v|, take u = vu1. We also have u = u1v hence u1v = vu1. By induction
hypothesis, the solutions of this equation are u1 = wm , v = wn where w ∈ R
which gives u = wm+n, v = wn and u1 = (ww)mw , v = (ww)n, which gives
u = (ww)m+nw and v = (ww)n.

* If |u| < |v|, take v = uv1. Here again we have v = v1u, which implies uv1 = v1u.
By induction hypothesis, the solutions of this equation are u = wm , v1 = wn

where w ∈ R which gives u = wm, v = wm+n and u = (ww)mw, v1 = w(ww)n,
which gives v = (ww)m+n+1.
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