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ABBREVIATIONS

The abbreviations according to biochemical nomenclature by IUPAC-IUB Joint
Commission, Eur. J. Biochem., 138, 9-37 (1984), are used throughout. Unless otherwise
specified, the amino acids are L-stereoisomers. Additional abbreviations are follows, but
generally accepted abbreviations and symbols were used without definition.
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CHAPTER 1

Elastin and elastin-like peptides, an introduction of
the study on self-assembling property of ELPs

Abstract

Elastin imparts the resiliency and robustness of the connective tissue in the body. Its
distribution determines the characteristics of the tissue. It plays essential roles in enlarging
and sophisticating the architectures of connective tissues in vertebrates, such as arteries,
tendons, and lungs. In other words, vertebrates have evolved with the distribution and
differentiation of elastin. Elastin is known to exhibit temperature-dependent reversible self-
assembling property during its maturation process. Its unique properties that self-assembly
occurs at high temperatures and re-dissociation does at low temperature are expected to be
applied as biomaterials. Therefore, in addition to the studies on the biological function of
elastin itself, the development of functional elastin-like peptides (ELPs), and the studies
elucidating the molecular mechanism of the reversible self-assembly nature have been
actively conducted in recent years. The application studies gave variety of functional and
biocompatible materials such as vehicles of drug delivery system or scaffolds of tissue
engineering. However, the peptides available for these applications were often required
polypeptides chains longer than 200 amino acid residues, although such long polypeptides
could be expensive for bulk application. In the studies on ELP, there have been various
arguments to solve particularly the relationship between the structure and function in the
self-assembly mechanism. In view of this, this thesis aimed at not only developing short
ELPs that are easier to be synthesized and handled, but also exploring into self-assembling
mechanism by using the ELPs. As a background of these researches, this chapter reviews
the origin, the molecular evolution, and the function of elastin and ELPs. In addition, this
section also describes the fundamental understandings of presumed molecular mechanism
and stimuli-responsiveness of the self-assembly that was often investigated by using ELPs,

and the application of ELPs as biomaterials in recent years.

1. Understandings of elastin and studies on ELPs
Appearance of elastin and its composition

Elastin is not found in invertebrates but exists in all vertebrates except for cyclostomata
which is most primitive one [1-3]. Instead of the elastin, there is a protein called lamprin in
cartilage tissues of lamprey eel which belongs to cyclostomata. The lamprin has high
homology with elastin. It was suggested that molecular evolution from lamprin into elastin

was happened along with the evolution between cyclostomata and gnathostomata [4].
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According to a phylogeny, it was also suggested that elastin appeared around the times when
the closed circulatory system in animals was formed. It was also analyzed that emergence of
elastin was adaptive response to blood pressure [5]. As higher vertebrate, the amino acid
composition of elastin become more hydrophobic than that of rumpling and elastic fibers
become denser [2, 6]. These changes in composition and morphology might be related to the
temperature conditions where the vertebrate grows, because elasticity and self-assembling
properties have temperature dependence [7, 8].

Elastin has many repetitions of a unique sequence composed of several amino acids.
Due to the large number of the repetitions and low diversity of the amino acid composition,
it was considered difficult to analyze the relationship between evolution of the amino acid
sequences and function of elastins observed among species. He et al. reported the paper
comparing the elastin sequences of mammals, chicken, xenopus, zebrafish, describing the
dipeptide sequence of PG is commonly found in all species, although repetitive motifs in
hydrophobic domains have some differences among species. They also found that GXV
tripeptide sequence was frequently adjacent to PGX. It was mentioned that this order of the
sequences would serve as a backbone of elastic function of elastin [9]. They also analyzed
that the exons of the elastin gene shared several sites among species and unique sites to the
species acquired by gene replication during phylogenesis. The authors emphasized that gene
duplication played an important role in molecular evolution of elastin. On the other hand, it
was reported that the hydrophobic domain of mammalian elastin was moderately preserved,
that is, a mutation rate of amino acid composition of the domains was 1% in 5.8 million
years [10]. This was because that most of mutations which did not impair hydrophobicity
(single nucleotide polymorphism, recombination between repetitive elements, insertion /
deletion) could be tolerated. In addition, Piontkivska et al. reported that sequence of the
hydrophobic domains was poor conserved [11]. Such a low selective pressure in the
hydrophobic domain is thought to drive interspecific diversity of the elastin gene. However,
the hydrophilic domain and the junction of hydrophilic / hydrophobic domain in primary
structure is highly conserved [10, 11]. The hydrophilic domains were involved in the site of
cross-linking on the precursors, called tropoelastin, linking together themselves by formation
of desmosine and isodesmosine. Such a sequence specificity of elastin is important to keep
the morphogenic function. As a summary of characteristic feature of elastin, compared to
hydrophilic regions involved in cross-linking sites, the sequence requirements are low in
hydrophobic regions involved in elasticity and self-assembly properties, except for

conserved PG sequence.



Functions of elastin, tropoelastin, and ELPs

Elastin imparts elasticity to tissue. This property is derived from hydrophobic
repetitive sequences in elastin. Compared with other elastic proteins (e.g. collagen and spider
dragline silk), elastin possesses high resilience, large strains, and low stiffness [12]. To
explain the mechanism of the elastic property, some structural models have been proposed.
Many of them suggested that stretching reduced the entropy of the system and contraction
was driven by recovery to maximum entropy [13-15]. It was reported that the relaxed
structure of elastin is in dynamic equilibrium of folded structures (B-turns) and elongated
ones (PPII or B-strand), and this structural ensemble was considered to provide high entropy
in relaxed state of elastin [16]. Other study also reported that the secondary structure of
elastin becomes ordered with elongation, and this structural change causes fluctuation of
entropy that can drive the resilience of elastin. [17]. On the other hand, in ELP that was
artificially synthesized by mimicking repeat sequences in elastin, it was reported that specific
secondary structure was not required for the expression of its mechanical properties [18]. It
was also claimed by another researchers that the expression of elastic properties requires
hydrophobic hydration rather than construction of a specific secondary structure [19].
Although it is plausible that the elastic properties of elastin require fluctuation of entropy
[20], its molecular mechanism remains controversial.

A precursor of elastin, tropoelastin that is a main component of elastin fiber, exhibits
temperature dependent reversible self-assembly. Although tropoelastin dissolves in water at
a temperature of 20°C or lower, the solution shows turbidity at a temperature near body
temperature (ca. 36°C) that causes two phase separation with progress of the time [21]. This
self-assembly is reversible structural alteration depending on the temperature. In some
papers the property was considered as lower critical separation temperature (LCST) behavior
in physicochemical terms [22, 23]. This assembly of homologous molecules is thought to be
an essential process for maturation of elastin in vivo [24]. It was thought that the property
was provided by the hydrophobic domain of tropoelastin and was driven by hydrophobic
effect. Thus, the hydrophobic domain of elastin was prevented from aggregating by
hydrophobic hydration of neighboring water clusters at low temperatures [7], however, an
increase in temperature destabilizes the water clusters, thereby exposing hydrophobic
domains, and inducing hydrophobic effects to construct aggregates [25]. Although this
process was disadvantageous for the exothermic van der Waals interactions caused by the
association of tropoelastin, collapse of the water clusters greatly increased the entropy of the
system at the same time [26, 27]. A differential scanning calorimetry and a van't Hoff plot
showed the positive entropy changes associated with the phase transition of ELPs and
tropoelastin, respectively [27, 28]. It is certainly that the self-assembly reaction is entropy
driven behavior [19, 20].



Similar to the elasticity, it was also reported that structural changes obtained with
increasing temperature significantly contributed to the self-assembling properties. It was
shown that hydrophobic domains 3, 7, 18, 20, 24, and 30 of tropoelastin acquired (-strands
and domain 26 acquired p-structures with increasing temperature [29, 30]. Tropoelastin and
ELPs were often reported to change their structures from the disordered conformations to
the ordered p-structures including B-strands, [B-turn, and [-spiral with increasing
temperature. It was suggested that these B-structures in hydrophobic regions played an
important role in intermolecular interaction between tropoelastins or ELPs [31, 32]. On the
other hand, in a structural comparison among some ELP analogs, the existence of specific
[B-structures and self-assembling property did not correlate in the coacervate behavior. [18].
Other computational study gave a knowledge about the structural change of the short-length
elastin sequence : Self-assembling property was provided by the change in distributions of
neighboring waters around elastin rather than the specific structural change of elastin itself
[22, 23]. Additionally, it was also said that the folding property of elastin would depend on
the chain length [23]. There are many reports on the relationship between self-assembly and

structures of elastin and ELP, but the details still remain unclear [33].

Features of elastin-like peptides

As a characteristic feature, ELPs possess repetitive sequences derived from
tropoelastin. ELPs containing the repetitive sequences could also maintain elastic properties
or self-assembly properties similar to tropoelastin. Therefore, elucidation of the molecular
mechanism of their agglutinative properties was often performed by using ELPs as model
compounds. In addition to the investigation of entropy driven processes [7, 15, 18, 19, 22,
23, 25-27], studies of ELPs revealed that the reversible self-assembling property was
affected by molecular weight [22, 23, 34], amino acid sequence [34-38], and concentration
of ELP [39] of ELP. Pressure [40, 41], salt [40, 42], and pH [43] conditions were also
important for the self-assembly. These characteristics of ELP and assay conditions have been
effective approaches to study the self-assembling property. ELPs are also expected to be
applied as biomaterials due to their reversible self-assembling property, biodegradability,
and biocompatibility. For example, ELPs were used as a backbone or temperature sensitive
domains of novel biopolymers [44, 45]. Some researches demonstrated that ELPs could
construct higher order structures such as gels [46, 47], membranes [48, 49], liquid crystals
[50], and fibers [51] by molecular designs of ELPs and precise controls of assembling
conditions. Temperature-dependent self-assembly have also been applied as depots to the
localization or the retention of drugs [52-54]. Furthermore, ELPs were applied as base-
materials of drug delivery system targeting cancer tissues by conjugating with a cancer cell
specific ligand [55, 56] or by pH change [57-59] as stimulus that induced self-assembly
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instead of temperature. Such promising properties of ELPs would prompt to explore into
novel physical properties of ELPs and its industrial and pharmaceutical applications.
Moreover, insights into their self-assembling mechanism would be helpful for rational
design of novel ELPs with the reversible-temperature dependent coacervation character.
Focusing on these points of contention, this study developed novel ELPs with unique

characteristics, and gave some insights into self-assembling mechanism.

2. Stimulus responsiveness of ELPs and molecular design controlling the self-assembly
Some macromolecules such as nucleic acids, proteins, and saccharides that are present
in vivo, have specific responsiveness to external stimulation. Such responsiveness is
corresponded to structural changes of the macromolecules because of the alteration of
intra/inter molecular noncovalent bonds resulting from temperature changes or the formation
of typical conformation that required for signal transduction system. In recent years, studies
to apply such stimulus responsiveness to artificial macromolecules which are called smart
polymers has been on the rise in medical and bioengineering fields [60]. Among them,
researches on ELPs seems to be attractive due to the points that (1) they can show reversible
self-assembly in a thermostimulatory manner and (2) the self-assembly can be induced and
controlled rigorously with other stimulants such as salt, pH, pressure, and light [61]. This
thesis intends for developing novel ELPs to elucidate their self-assembling mechanism.
Therefore, this section focused on how the stimulus responsiveness of self-assembling
property was obtained. In addition, various methodologies to control the self-assembly of

ELPs were introduced.

Control of the self-assembling property by sequence design

As mentioned above, ELPs have typical repetitive sequences such as (VPGXG)n or
(XPGVG)n (X is a guest residue excluding proline) derived from hydrophobic domain of
tropoelastin and exhibit self-assembling property due to entropy-driven hydrophobic effect
accompanying temperature rise. The self-assembling ability was often discussed by its
inverse phase transition temperature, 7t. The self-assembling property and 7t depends on the
sequence length, molecular weight, molecular hydrophobicity, and concentration of ELP. In
many cases, the self-assembling property was controlled by varying these factors. A previous
study investigated the dependence of 7 on the sequence length and the alanine content at
guest residues by using (VPGXG)n (X =A or V). As aresult, linear decreases in 7t was shown
by the substitution of Ala residues with relatively hydrophobic Val residues, and nonlinear
decreases was observed by the elongation of sequence [34]. Using synthetic short ELPs
containing X =L, I, and F, it was revealed that self-assembling properties could be obtained

even with short chain length by using hydrophobic amino acids [35]. The dependence of the
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self-assembling property against amino acid sequence or amino acid content of ELP was
also analyzed by measuring 7t of C(VPGXG)i0 (X = A, V, L, and I). In the study, Tt of
C((VPGIG)3(VPGLG)2)2 was lower than that of C(VPGIG)i0. Thus, the stereochemical
structure of side chain on Ile was thought to affect self-assembling property [62]. In regards
to this result, it was shown that the local hydration state of the residues, which has an
influence on the self-assembling property, was different depending on the bulkiness and
hydrophobicity of the side chain. It was suggested that this difference was involved in the
change of macroscopic phase transition behavior of the ELP [63]. Recently, a method to
control Tt artificially by changing the hydrophobicity via oxidation or alkylation of
methionine residues at guest position was devised. It was indicated that chemical
modification of the residues could also be a control technique of self-assembling property of
ELP [64, 65]. From these investigations, designing of the sequence have been popular
approach to obtain favorable self-assembling property of ELPs. It can be said that differences

in sequence of ELPs have a strong influence on their self-assembly behavior.

Control of the self-assembling property by multimerization

Methods for controlling self-assembling property of ELPs by molecular structure
design have been studied, e.g. dimers conjugated via disulfide bond between cysteine
residues [62], dimers that chemically induced dimerization of receptor protein and its ligand
[66], trimers conjugated via the fibrin trimer domain (foldon) of T4 phage [67-69],
dendrimers in which peptide bonds were branched via lysine residues [70-72], and so far.
Although these multimer and branched dendrimers showed relatively lower 7t than monomer
due to increase of molecular weight, they tended to show higher 7t than linear one that
elongated its sequence to the corresponding molecular weight [67, 71]. This tendency might
be derived from an increase of the degree of freedom in the structure due to the relatively
flexible binding site for the multimerization. In the study on dendrimers, the influence was
well analyzed. By the comparison between dendrimers and corresponding linear peptides, it
was revealed that the contribution against 7t change by the branching to form dendrimers
was larger than that by simply induced free lysine residues, which were originally used as
branching points, on the linear ELP analog [71]. As mentioned above, these multimerization
techniques can easily increase the molecular weight of ELPs. Therefore, they would be one

of the effective methods to control temperature responsiveness of ELPs.

Dependence of the self-assembling property on peptide concentration and pressure
Among various physical factors affecting the Tt, Tt value of ELPs are influenced by its
concentration and pressure. The sequence length and the hydrophobicity of the residues

determined the degree of the dependence of Tt on concentration and pressure [39]. In the
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coexistence curve of LCST phase transition, the relationship between 7t and peptide
concentration appeared as follows: 7t was determined with respect to concentration: critical
concentration was determined with respect to temperature. Although dependence on peptide
concentration was discussed together with 7t as an indicator of the ability of self-assembling
properties, it has been scarcely discussed as a subject to date. The pressure dependence of
the phase transition was also analyzed by using (VPGVG)40 [40]. It was observed that Tt
increased at the pressure between 0.1 and 100 MPa, but 7: decreased at the pressure
exceeding 100 MPa. The effect of the pressure was further analyzed, that is, Tamura et al.
reported that the temperature-pressure phase diagram of ELPs indicating the similarity to
that of thermo-responsive polymers such as poly(N-isopropylacrylamide), pNIPAM, which
also showed LCST behavior [41]. It was suggested that ELP and pNIPAM commonly
underwent the self-assembling process accompanying hydrophobic collapse. In summary,
self-assembly of ELPs showed pressure dependence. However, the pressure dependence is
generally rarely discussed as a main subject similar to the peptide concentration dependence,

since it seems difficult to change the pressure in the experiment of self-assembly.

Dependence of the self-assembling property on salt

The temperature responsiveness of elastin and ELPs is known to depend on the
concentration of coexisting salt [40, 42]. Using this dependency, the Tt values of several
ELPs that did not exhibit self-assembly in pure water were estimated by the extrapolation
from the 7t values determined in high salt concentrations [35]. Self-assembly of ELPs are
also affected by the type of salt. Increase and decrease of 7t were often reported by
associating with salting in and out effects depending on the salt type, respectively [40]. Cho
et al. reported that the anions exhibited the salting in and out effects on an ELP, (VPGVG)i20
according to the Hofmeister series [73]. It was further analyzed how the interaction between
the anions and peptides differed among anions [74]. It was indicated that kosmotropic anions,
CI" and SO4*, approached only the vicinity of the nitrogen atom of the peptide. However,
the more chaotropic anion, SCN™~ widely adsorbed electron withdrawing atoms including
weakly positively charged hydrocarbon groups. Such absorption was thought to cause salting
in effect in a way that prevents hydrophobic collapse. On the other hand, the effect of cations
is not clear as compared to anions. In the previous studies, it was reported that their salting
in and out effects did not follow the Hofmeister series. It was also reported that these effects
of cations varied dependent on salt concentrations [62, 75]. In recent years, it has been shown
that cations interact with carbonyl oxygens in the peptide backbone [76]. The difference in
interaction between cations and ELP was thought to derive the difference in the self-

assembling property depending cation types.



Responsiveness of ELPs to salt in the self-assembly can becontrolled by selection of
guest residues on ELPs. Addition of salt binding motif or molecule on ELPs is an exemplary
method that can regulate the responsiveness. The effect of carboxyl group on hydrophobic
collapse and salt responsiveness was analyzed by using ELPs with aspartic acids as the guest
residues [77]. Kherb et al. reported that the interaction between monovalent cations and the
peptide (NH4" > Li">Na">NMes" > K" >Rb" > Cs", Kp = 78 ~ 345 mM) was weaker than
that between divalent cations and the peptide (Zn** > Ca?" > Ba*" > Sr** > Mg?>", Kp = 1 ~
10 mM) in the basic conditions (pH = 9.76). It was also indicated that very strong chaotropic
cations tended to decrease 7t via interaction with the carboxy groups [77]. However, Aladini
et al. reported different results as mentions above, that is, the substitution of leucine with
glutamic acid at the guest residue position of ELP did not change the responsiveness to salt
(in neutral conditions at pH = 7.8). In addition, the influence of cation on 7 decreasing
followed an order, Ca?>" > K™ > Na* ~ Mg?*, at 3 M of salt [62]. Even there is difference in
the reports regarding the influence of cation on 7t decreasing [62, 77], it seems that the effect
of cations on Tt decrease tends to significantly depend on their concentration rather than the
cation types. The effect of salts on decreasing 7t in the ELP with glutamic acid was further
measured and found the effectiveness as Na2SO4 >> NaCl and (NH4)2SO4 >> NH4Cl [62].
It was also shown that the difference in types of anion significantly influenced to the
negatively charged ELPs.

The influences of salts on ELPs with basic guest residues were also reported. The
effects on Tt decreasing in ELP with lysine guest residue were in the order of K" ~ Na*
<NH4" for cations, and Na2SOs >> NaCl and (NH4)2SO4 >> NH4Cl for anions [62]. This
study showed that the effects by monovalent cations were in agreement with Hofmeister
series of cations and the divalent cations did not induce self-assembly. In addition, SO4> was
shown to decrease 7t more effectively compared to CI'. The influence of distribution and
ratio of basic residues on ELPs against the salt responsiveness was also analyzed.
Comparison between ELPs which possessed biased and alternate arrangements of lysine and
isoleucine residues at the guest residue positions in the repetitive sequences indicated that
the distribution of positive charges in the sequence did not influence salt responsiveness in
Ti. However, comparison between ELPs with single lysine as a guest residue and different
molecular weight indicated that a high ratio of positive charges against molecular weight
might improve the sensitivity of 7t to NaCl [78].

In addition to findings mentioned above, methods to control salt sensitivity by addition
of functional motifs or molecules that act as salt-specific binding sites have also been
developed. In an attempt to addition of the Ca®" binding domain of calmodulin on ELPs, it
was found that a phase transition was induced by charge neutralization via Ca** binding [79,

80]. Likewise, ELP with Zn*" binding motif was also examined [81]. They are good
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examples of the fusion ELPs showing specific binding to ions that induce evident self-
assembling properties of the ELPs. Besides the addition of Ca?" and Zn** binding sites, ELPs
were fused with transition metal binding motifs such as the polyhistidine-tag (His tag) with
a high affinity for Cd*" [82] and the metalloregulatory protein MerR with a high affinity for
Hg?" [83]. They showed specific binding to target ions, respectively, while maintaining self-
assembling properties of the based-ELPs. These findings indicated the possibility of utilizing
these ELP analogs as scavengers of heavy metals. In summary, many insights have been
obtained how ELPs respond to types and concentration of the salt. The responsiveness of
self-assembly to salt can be rationally controlled by appropriate introduction of guest

residues and additional metal-binding motifs on ELPs.

Dependence of the self-assembling property on pH

Tt values greatly depend on ionized state of ELPs and the pH, because the self-
assembly properties are dependent on molecular hydrophobicity [84]. In a-elastin, which is
solubilized form of elastin, the 7t value was the lowest at weakly acidic conditions (pH = 5.0
- 5.3), and the Tt value increased as the pH was departed from the acidic condition [85]. On
the other hand, tropoelastin tended to have lower 7t as pH became higher [28]. Although
these trends did not seem consistent, they commonly possessed the lowest 7t near the
isoelectric point of them. It was indicated that ionized state of molecule prevented the self-
assembling property. Incidentally, influence of ionized state on 7t was thought to be small
compared with the concentration of salt and protein [28]. Lower 7t was also observed in the
ELPs containing many basic guest residues at high pH or in the ELPs with many acidic guest
residues at low pH [43]. However, there is no influence of pH on 7t in the ELPs when the
ELPs do not have charged amino acids [74]. The pH condition is thought to be a factor that
can control the self-assembly by affecting only the ionized state of the chargeable amino
acid residues. Although consideration on the influence of the pH against the hydrophobic
sequence of ELPs is still insufficient, the pH, which is one of the experimental conditions,
is very easy to operate artificially. Therefore, some ELPs that contained charged amino acid
residues as the guest residues were applied as a sensor of pH using the self-assembling
property [86, 87].

3. Review of recent studies on ELPs

As shown in figure 1, the number of studies related to ELPs have been increasing in
recent years. In order to compare the overall position and importance of this study with other
researches, this section exhaustively outlined recent researches on ELPs including
application examples. In Elsevier's abstract and citation database “Scopus”, 175 papers were

found as of June 2018 by searching in "elastin like peptide" in region of “Article title,
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Abstract, Keywords” with limitation of publication period as “2015 ~ 2018 and document
type as “Article” [23, 44-49, 50-59, 62, 64, 65, 70-72, 88-239]. Then, the contents of the 4
papers seemed to be review of ELPs [236-239] and 18 papers were not related to ELPs [218-
235]. This section roughly categorized rest 153 articles into four groups, (1) theoretical study,
(2) process study, (3) application to functionalized material, and (4) application of ELPs as
drug carrier. The number of papers in these four categories is also shown in the figure 1.
Recent trends of researches on ELPs, new discoveries and noteworthy application would be
helpful to recognize importance of this theme.
(Figure 1)

(1) Theoretical study
Effect of sequence and multimerization

The mechanisms in the self-assembly of ELPs have been studied widely. As shown in
section 2 in this chapter, it was mentioned that the sequence length and the hydrophobicity
of the residues controlled the self-assembling property and 7t value [23, 62, 64, 65]. With
regard to branching ELPs, a multimeric ELP consisting of streptavidin and biotin-ELP have
been developed. The stoichiometry in the phase transition behavior were discussed [5]. Other
concepts of multimeric ELPs, such as dendrimer, was introduced in the section 2 in this
chapter and following chapter 2 [71, 72, 89, 91, 92].

Functions of elastin, ELPs and peptide fragments from elastin degradation, in vivo

As for in vivo behavior and physiological activities of elastin, ELPs and other peptides
derived from the decomposition of elastin have been reported. Recently, new physiological
activities were reported for ELPs. It was shown that ELPs that possessed either hydrophobic
residues or positively charged residues as a guest residue induced proliferation of fibroblasts
via interaction of ELPs with heparan sulfate proteoglycans on the cell surface [92]. Studies
on sequence dependence of elastin behavior in vivo have been also reported with keyword
of “Elastin like peptide”. The B-sheet motif formed by the proline-poor domain 30 of
tropoelastin has been shown to contribute to the stiffness and viscoelasticity of crosslinked
tropoelastin [93]. In relation to this, it has been shown that some ELPs modeled single
nucleotide polymorphisms and splice variants in tropoelastin present different properties in
Tt, hydrodynamic radius, and elasticity, after crosslinking [94]. Through these studies, it
gradually becomes clear that physical properties of elastin and its degradates are controlled
by the primary structure and the domain structure, although elastin is poor in compositional
complexity. Physiological activities of decomposition products of elastin have been reported
in recent years. Sequence of VGVTAG was identified in the insulin-like growth factor-1-
binding protein-1 and VGVAPG, IGVAPG was found in the rice bran, and both induced
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elastogenesis. It was shown that these peptides up-regulated elastin mRNA and expression
of tropoelastin in human dermal fibroblasts via activation of insulin-like growth factor-1
receptors [95]. On the other hand, degradation of elastin in temporomandibular joint
dysfunction was reported to enhance the production of inflammation-inducing peptides [96].
It was also reported that AGVPGLGVG in the domain 26 of elastin had a property as a
matrikine and promoted tumor progression factor [97]. These studies suggested that peptide
fragments provided by elastin degradation may adversely affect on the human body. Thus,

it is necessary to examine the physiological activities of fragments of elastin and ELPs.

The influence of domain sequences and conjugation of additional molecule on ELPs

With regard to block copolymers having an artificial domain structure, the dependence
of self-assembly on the domain sequence has been confirmed. A study using 11 different
domain sequence variants composed of a hydrophobic pentapeptide (VPGVG) and a
hydrophilic pentapeptide (VPGSG), showed that the size and morphology of polypeptide
micelles was controlled by the block structure [98]. In addition, there is another report aimed
at constructing a general theory on the self-assembly of diblock copolymers composed of
hydrophilic and hydrophobic motifs. It was demonstrated that diblock copolymers self-
assembled into weak micelles with dense core and nearly unstretched corona [99]. It has also
been reported that sequences generated by fusion of other molecules to ELPs influence the
self-assembly of ELPs. When ELPs were fused to red fluorescent protein mCherry, it was
clarified that the presence or absence of phase transition behavior varied depending on
whether the ELP existed at the N-terminus or the C-terminus [100]. In summary, the domain
structure occurring in ELP composed of two or more components seemed to have some
influences on the self-assembling property.

As a model of phase transition behavior when ELPs were conjugated with different
molecules, ELPs conjugated with collagen-like peptide (CLP) have been analyzed by
computational method. The behavior of the fusion of CLP and multiple ELPs was
reproduced by two molecular dynamics (MD) methods: all atoms (AA) MD and coarse
grained (CG) MD [101]. In this report, the thermodynamic indexes showed that local
crowding and self-assembly state of ELPs were more advantageous than free and dispersed
state of ELPs in the simulation condition. Interestingly, it was experimentally revealed that
the fusion of ELP-CLP exhibited a marked decrease in 7t due to formation of CLP triple
helix [102]. It was thought that crowding of the ELPs associated with the triple helix
formation promoted the self-assembling of the ELPs. In addition, self-assembly of
asymmetric telechelic polymers that separated by a random coil polypeptide block
connecting the two end groups, silk-like polypeptide and ELP blocks or silk-like polypeptide
and CLP, was reported. It was demonstrated that the morphology of the self-assembly was

11



controlled by the chain length of the random coil connector and the strength of the interaction
between the asymmetric peptide parts (silk-like polypeptides and one of the CLP or ELP)
[103]. Not only the influence of polypeptide itself on self-assembly, but also the influence
of the linker was also considered by computational method. It was also reported that CG
constructed to reproduce the melting behavior (dissociation of triple helix) of the CLP
conjugate, could satisfactorily reproduce the self-assembly of CLP-ELP [104]. Optimization
of the MD platform to reproduce and to predict the behavior of ELP conjugates has been in

progress.

Structure of ELPs

There is still room for discussion about the structure of ELPs. The present structural
analysis of ELPs has been greatly aided by computational methods, because of the difficulty
in experimental observation of the disordered structure obtained by Gly and Pro rich ELP
sequence. By using computational methods, it was calculated that no apparent temperature-
dependent structural transition was shown in short ELPs, (VPGVG)a at n < 10 [23]. It was
indicated that the structure transition of ELPs was controlled by the chain length. On the
contrary, a calculation result indicated that a short ELP (GVGVP)s showed the structural
transformation under the condition of 1 M NaCl [105]. The calculation of each study showed
different results in structural transition of ELPs. To provide a certain insight in the discussion,
a large-scale simulation of 200 ps using 27 molecules of (GVPGV)7 was performed [106].
This calculation showed that ELPs formed a triplet of association by contact of nonpolar
residues, while maintaining a constant hydration state. It was also indicated that individual
ELP chains formed transient hydrogen bonded turns, but took on a maximally disordered
structure which also called solution state. Contrary to these analyses using AA-MD, analyses
using CG handling more macro systems have also been carried out. In a CG system
developed by adding oppositely charged dummy particles inside protein backbone beads, it
was suggested that dipole interaction plays a more important role in the structure transition
of (GV)4 from disordered aggregation to fibril-like ordered aggregation [107]. Several
studies providing a bridge between computational analysis and experimental results have
been advanced recently. A structural analysis method was developed by combining MD
simulation and isotope-labeled Amide I vibration spectroscopy which was able to identify
individual peptide bond [108]. In this method, both of computational and experimental
results showed that V and A residue following GPG in GVGVPVVG peptide were likely to
take extended structure. Although structure analysis on ELPs have been significantly
supported by development in computational study, it is thought that combination of
experimental and computational studies are still needed and are believed to provide more

reliable results and discussion on the disordered structure of ELPs.
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The influence of surrounding environment on self-assembly

In addition to structure analysis of ELPs, analysis on water surrounding ELPs in
solution have also been conducted. In a measurement using differential scanning calorimetry
(DSC), there was a correlation between the formation temperature of water clathrate
surrounding ELPs and the 7t of the ELPs [109]. In addition to this DSC measurement, ELPs;
(XGGZG)3 were analyzed by thermally stimulated currents [110]. As a result, (VGGVG)3
and (LGGVG)s exhibited the rapid exchange between clathrate water and bulk water in the
phase transition. At the same time, (VGGVG)3 and (LGGVG)3 possessed abundant B-sheet
and B-turn structures that made molecular motion more rigidly. It was suggested that a
simple substitution of one amino acid (V to L) strongly influenced peptide hydration and
movement.

It has been discussed that the influence of salt on the self-assembly of ELPs in section
2 of this chapter. In addition to the influence of salt, the effect of osmolytes has been
investigated in recent years. It was shown that 7; of ELPs linearly changed with respect to
properties of solvent, the dipole / polarizability, and the acidity as the hydrogen bond donor,
which depended on the solute [111]. At the same time, salt and osmolytes were shown to
have different quantitative relationships with respect to the 7t change. It was mentioned that
these results reflected the direct interactions with the main chain which mainly caused by
salt, and indirect interaction via a change in the water property which mainly caused by
osmolytes. On the other hand, the property of ELP-water interfaces seemed to vary
depending on the type of osmolytes [112]. This report also proposed that the influence of
osmolytes on the structure of water and ELP varied depending on the presence or absence
of surface activity in the osmolyte molecule. Osmolytes have been recently studied as an
external factor affecting self-assembling property of ELPs. Since there are few papers that
discussed the influence on the self-assembly, it was thought that knowledge in this region

seemed to be still insufficient.

Theory based development of biomaterial including ELPs

Regarding the development of functionalized materials, theoretical based researches
for structure design were introduced in this section. As an example of such research, there
was a study that designed a fusion of ELP and spherical domain of laminin as a bioadhesive
molecule, in order to provide a physiologically active ECM scaffold [45]. A lot of cost is
expected to carry out experimental analyses on the physical properties of the ECM mimetic
protein, but this research intended to avoid the cost by starting the molecular design with
MD-based structure construction. As a result, fused proteins showed structural phase
transition by physiological temperature. The phase transition behavior was controlled by

selection of ELP domains, but it was revealed that no interaction was observed between ELP
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and laminin domains. Such a research would give insight into the rational design of ECM
mimetic proteins. Such bottom-up structure design via computational supports was also used
in a study on network formation of a complex of ELP and a coiled-coil motif [44]. This
research succeeded in constructing a stimuli responsive two-dimensional plane network by
optimally designing a helix that mediates noncovalent crosslinking, using computationally
evaluation of intermolecular coiled-coil interactions. As a highly advanced theoretical
molecular design, a dynamic system controlling the non-equilibrium morphological change
of superstructure was constructed using the conformational change of ELP that caused by
peptide amphiphiles, such as PAK3 (Palmitoyl-V3A3K3-NH,) [113]. Although almost all of
the construction of superstructure using ELPs has been done in an equilibrium system, a
spatially free structure construction with a time scale was performed in this report. As seen
in these studies, the construction of superstructure using ELPs has dramatically advanced by

using the theory based method.

(2) Process study
Application as purification tags and improvement of expression methods

When proteins and peptides are used experimentally or industrially, their efficient and
economical preparations still remain one of challenging tasks. Here, the self-assembling
ELPs have been prepared by the method using purification tags [114-125], which are usually
removed after purification. In some papers, ELP tags were used in purification and cleaved
after purification [119-123]. In addition, purification tags combining ELP and intein that
causes protein splicing have recently been devised. This combining tag can be cleaved
without using enzymatic or chemical treatment and easily removed from purified ELPs. The
optimization and practical use of the ELP tags have been reported [122, 123, 126]. On the
other hand, several studies were performed to evaluate the physiological activity of proteins
without removing purification tag of ELP. Interestingly, in these reports, the ELP might
behave as a depot, and physiological activity of protein was improved [124, 125]. Methods
for efficient expression of proteins including ELP tags have also been developed [126-132].
Hydrophobic ELPs and ELP tags, including leucine and isoleucine and having relatively low
T, were enabled to expression [129-131]. A methodology for expressing high molecular
weight ELPs that has a premise of functionalization by enzyme-mediated posttranslational
modification, has also been developed [132]. These studies would imply that expectations
are increasing for the applications of ELPs as the purification tags and the support proteins

with functionalized modification.

14



Synthesis of long ELPs in flask

In addition to genetically engineering techniques of ELPs, methods for synthesizing
long-length ELPs have been developed. In the study using microwave irradiation, it was
shown that high molecular weight (exceeding 7,000 Da) poly(GVGVP) was synthesized via
condensation of H-GVGVP-0OH on a gram scale in high yield [133]. Moreover, long-length
ELPs were also synthesized enzymatically by using papain known as a cysteine protease,
which possesses an activity of catalyzing the polymerization reaction of amino acid esters
[134]. In this report, poly (VPG-co-VG) was synthesized by condensation of H-VPG-OEt
tripeptide and H-VG-OEt dipeptide, and the reaction was proceeded under the mild condition,
although the method required the preparation of a large amount of starting materials such as
dipeptide, tripeptide, and tetrapeptide by conventional synthetic methods. As shown in these
studies, development of an efficient and economical ELP synthesis method has been

attempted in recent years..

(3) Application to functionalized material
Outline of functional polymers including ELPs

ELPs have been used in functional polymers having new physical properties. The
development in novel ELP polymers is summarized in Table 1. Briefly, since ELPs consist
of repetitive peptide sequences, successfully expressed in genetically engineering method
and is tolerant to substitution of residues, they were often used as a backbone of polymer
[135] and temperature-sensitive functional motif(s) [136-143]. ELPs are also used in various
forms, such as relative short peptides [136, 137], polypeptides [138-141], dimer polypeptides
[135], branched polypeptides [142], and cyclic peptides [143]. As described above, ELPs
have been applied as various functional polymers.

(Table 1)

Superstructure and device built by ELPs

ELPs have often been used as a scaffold of polymers forming superstructure, due to
its stiffness, elasticity, and stimuli-responsiveness. Higher order structures such as hydrogels,
films, liquid crystals, fibers, and mats were produced by using ELPs. These higher order
structures were often highly functionalized by various chemical modifications. It was
reported that highly elastic hydrogel was provided by crosslinking ELPs with 4-arm PEG
[46]. Additionally, ELPs telechelically crosslinked via cysteine residues at both termini, and
they showed excellent elasticity and stiffness in addition to erosion resistance, diffusion, and
release of encapsulated particles [47]. On the other hand, a concentrated solution of
(XPAVG)n (n = 50 - 120), a subclass of ELPs, was shown to form an irreversible phase
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transition upon heating, and finally became an elastic gel [144]. Interestingly it
spontaneously forms hydrogels without using crosslinking agents.

Application of ELPs is not limited to hydrogel only. The GFP-fused supercharged
polypeptide, GFP-(VPGEG)n (n = 9 - 144) formed liquid crystal which was stable in
nonaqueous systems, by mixing the ELP and two cationic surfactants in water at an arbitrary
ratio [50]. It was known that ELP solution formed a film at a liquid-liquid interface with
peptide amphiphiles (PAs) solution. The dynamics in the formation of the self-assembled
monolayer film was observed in real time by a newly developed fluid device [48]. The
stability of such self-assembled monolayer consisted of ELP-PA was also known to be
improved by crosslinking between ELP and amine in PA molecule with crosslinking
reagents. Differences in stability of the membrane and in its biocompatibility that were
responsible for selection of crosslinking agents have been compared by assessing the
metabolic activity and morphology of adipose-derived stem cells cultured on the different
membranes [49]. As a result, membranes cross-linked with genipin exhibited better
resistance in physiological environments, stability against enzymatic degradation, in vitro
cytocompatibility compared to the other synthetic cross-linking agents, such as succinimidyl
carboxymethyl ester. As a similar example of film-like structure, it was reported that layered
superstructure of a protein obtained by conjugation of ELP and spidroin, a constituent
protein of spider silk, exhibited cell compatibility in addition to high elasticity [145]. The
production method of the ELP and spidroin conjugate using tobacco leaves expression
system was also optimized by combination of purification techniques including inverse
transition cycling [146]. Furthermore, cast film consisted of conjugate of (VPAVG)200 and
antimicrobial peptide CM4 exhibited antibacterial activity and cell affinity [147].

Because elastin works as elastic fiber in vivo, several studies applied ELPs as
functionalized fibers. Some ELPs constructed moniliform nanofibers in a single composition
by being controlled its block sequence [51]. In this study, it was also reported that fibers
having cell proliferation activity could be prepared by adding an RGD sequence to the ELP
which formed moniliform fibers. In addition, RGD-ELP fibers with cell compatibility were
obtained by electrospinning and in situ crosslinking using click reaction [148]. Likewise,
electrospun CM4-(VPAVG)200 fiber showed stability in water and higher thermal
degradation activation. It was also reported that the highly antimicrobial fiber mats were
fabricated using the electrospun CM4-(VPAVG)200 fiber [149]. In this way, a lot of
superstructures highly functionalized have been constructed by using ELPs. These
knowledges would help further advance of ELP applications.

16



ELP application as matrix and culture medium

ELPs have often been used in application for extra cellular matrix (ECM) mimetics
and culture medium of cells and tissues. In recent years, it has been investigated how the
cooperation of novel ELP conjugates and physiologically active substances, that is, heparan
sulfates, cell-binding epitope (Arg-Gly-Asp-Ser sequence), and cell-stimulating “RGD”
peptide motifs [150-152]. In addition, cultivation of induced pluripotent stem cells and
induction of tissue differentiation were tested in a system including ELPs [153-157]. Many
of these systems were composed of ELPs conjugating RGD motif which showed cell
adhesion activity [151-156] and/or collagen domain which is similar to elastin as an ECM
protein [156, 157]. In these reports, desired properties would be obtained by addition of
various molecule species cooperatively. Additionally, ELPs were also applied as a three-
dimensional medium [158] and bioinks in 3D-bioprinting [159]. A lot of applications of
ELPs has been developed by devising its molecular design and morphology. Outline of these
applications was summarized in Table 2.

(Table 2)

Application of ELP related to inorganic materials

Recently, a series of studies on conjugations of ELPs and a peptide derived from
statherin, which is a saliva protein promoting precipitation of calcium phosphate, has been
reported [160-163]. These studies showed that biomineralization was promoted by the
statherin-ELP conjugates [160] and hydrogel of statherin-ELP crosslinked by Huisgen
cyclization [161]. In addition, these studies also developed molecular bilayer of statherin-
ELP-chitosan exhibiting biomineralization and antimicrobial activities [162]. As an
application of ELPs in firmer material, hydroxyapatite functionalized its surface by ELP-
RGD and statherin-ELP-RGD was shown to promote differentiation of osteoblasts and bone
regeneration [163]. Additionally, it was also reported that the addition of ELP to calcium
phosphate cement that worked as a substitute for bone, influenced the physical properties
and biocompatibility of the cement [164]. As shown in these studies, ELPs have been
drawing attention even in the field of dentistry.

As other inorganic-organic hybrid materials, conjugate polymers consisting of ELPs
and silica-binding peptide, which derived from silaffin and exhibits bonding to silicic acid,
have been developed. The conjugate was shown to absorb on the silica surface in the form
of micelles, and its kinetics have been studied [165]. Additionally, the conjugate was
possible to fabricate a monodisperse hybrid ELP-silica particles due to localized
condensation of silica by the silaffin peptide presented on the outside of micelle [166]. This
system was also applied as a DDS confirming that the drug could be encapsulated in the

silica matrix [167]. This study pointed out that the form of the matrix can be controlled by
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copolymerization of silica localized on the surface. The system showed sustained release of
drugs depending on pH. Although hybrid applications with inorganic materials are still under
development, these studies have shown that conjugation of ELP and inorganic materials

could bring preferable properties as applications for functional biomaterials.

Other advanced applications and applications in analytical materials

In this paragraph, the outline of the application method in advanced concepts different
from the above mentioned is briefly described. As an interesting report, there is a technique
incorporating ELPs into cells and constructing nanostructures inside the cells by enzyme-
catalyzed polymerization [168]. Moreover, it was thought that this in situ superstructure can
be used as a high performance bioimaging agent or a drug depot because of its high
accumulation and retention time in living cells. On the other hand, ELPs were often applied
as a material related to various analyses. Development of a methodology using ELPs as a
linker instead of PEG in a single molecule atomic force microscope [169], development of
ionomer-ELP conjugate as a new material in the field of electrode materials [170], and
development of ELP-based immunoassay [171, 172] have been reported. Additionally, on-
chip degradation assay of drug depot constructed with silk-ELP [173], application of ELP
conjugated with cell penetrating peptides, named penetratin and LAEL, as a non-viral vector
[174], and creation of 3D model for analysis on pathogenic elastin hydrolyzate [175] have
been also developed. As a most complicated example, conjugate of ELPs, organophosphate
hydrolase, bovine serum albumin, titanium dioxide nanofibers, and carboxylic acid
functionalized multi-walled carbon nanotubes were reported [176]. The conjugate was
designed as a biosensor for sensitive and selective monitoring of p-nitrophenyl substituted
organophosphate pesticides in aqueous system. As shown in here, various ideas on

application of ELPs have been provided by many researchers.

(4) Application of ELPs as a drug carrier
Potential for pharmaceutical application

As described above, the advantage of applying ELPs as a drug carrier is that ELPs can
localize or maintain the agent using the temperature-dependent self-assembling property of
ELPs. In addition, it is a remarkable advantage that amino acid sequence of ELPs are tolerant
to immunity [177]. By taking these advantages as a basic principle, a lot of ELPs with
different shapes and efficacies have been developed in the field of pharmaceutical
application. Control of morphology, size, and polydispersity are significant factors in order
to effectively use ELPs as a carrier of drug transport. In a previous review [236], the shape
of ELPs are classified into 4 groups, ELP-hybrid (covalent fusion with other physiologically

active molecule), ELP-ELP (Agent-encapsulated aggregation, micelles and nanoparticles,
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built by noncovalent interaction of ELPs) and crosslinked ELP-ELP (crosslinked ELP
containing drug in its structure). Recent studies of ELPs in pharmaceutical application were

outlined below.

Shapes and morphologies of the ELPs in the pharmaceutical application

Among the above three classes, ELP-hybrid, ELP-ELP, and crosslinked ELP-ELP,
ELP-ELP did not find in literatures between 2015 and 2018. On the other hand, few example
of Crosslinked ELP-ELP has been reported in recent years. They seem to be designed for
carriers with characteristics of long-term drug release. There is a method of administering a
crosslinked ELP gel as a drug depot by injection [178]. Moreover, it was also reported that
the methods for gradual drug release from in situ ELP hydrogel formation were developed
by using a relatively mild crosslinking agent such as enzyme or hydrogen peroxide [179,
180]. Compared to ELP-ELP and crosslinked ELP-ELP, studies on ELP-hybrid have grown
in number of reports. Various kind of physiologically active molecules were conjugated with
ELPs. In most of them, it has been expected that the function of ELPs as a drug depot, which
prevents diffusion and excretion of physiologically active molecules, and enhances the
therapeutic effects [52-54, 181-190]. Besides this, an ELP conjugate was developed to
possess inclusion sites for capturing hydrophobic drugs. It carried a physiologically active

molecule in a noncovalent manner [191].

Methods for adding cell or tissue specificity to ELPs

There are some methods to impart specificity to adsorption and uptake of ELPs in
specific cells and tissues. It was often achieved by conjugating a ligand that can bind to a
specific receptor on ELPs [192-195]. This additional specificity was emphasized in
applications to deliver drugs to target cancer cells [55, 56, 196-201] by applying the
following strategies; adding of cancer cell-specific ligand to ELPs [55, 56], fusing a ligand
and a cytotoxic peptide to ELPs [55, 56], fusing ligand and a cytotoxic peptide together to
ELPs [56, 197-199], and forming nanoparticles obtained by mixing ELP-ligand with ELP-
cytotoxic peptide or ELP-anticancer drug at an arbitrary ratio [200, 201]. In case that the
conjugates possessed a linker, it was reported that its specificity was impaired by improper
length, hydrophobicity, and charge of the linker [202]. Thus, careful design of the linker is
necessary for optimization of the cell specificity. Regarding the design of linker, there are
some ELPs targeting a specific acidic environment around cancer cells by adding pH
responsiveness functions to the linker. These ELPs were designed to release anticancer drugs
by dissociation of the pH responsive linker from the conjugates [57], or to show adhesion to
cancer cells due to the pH-triggered conformational change of the ELP linker [58]. More

complicated ELP having a combination of cancer-specific ligands and pH-responsive linkers
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was also reported [59]. In these applications, some targeting ELPs possessed cell penetrating
or fusogenic peptides in the molecule [199, 203]. These peptides promoted the uptake of
ELPs into cell, and improved accumulation of ELPs in the stroma [204-206]. As shown in
the studies mentioned above, there seems to be almost no restriction on the combination of
ELPs and bioactive molecules. Numerous molecular designs have been studied to elicit more

effective antitumor activity and will continue in the future.

Pharmaceutical application of ELP in combination with external stimuli

ELPs show pharmacological activity in response to external stimuli. Such
characteristic activities of ELPs have also been developed to strengthen the advantages for
drug development. The apparent temperature responsiveness of the ELPs was applied for
anti-cancer therapies and tissue regeneration therapy via hyperthermia [203, 207, 208].
These self-assembling ELPs show localization to target tissue, where they penetrate into cell
and release drug by collapse of their self-assembling motifs. On the other hand, because such
hyperthermia directly caused thermal damage to tissues, non-thermal acoustic treatment was
also devised. It was reported that liposomes composed of synthetic conjugate of the fatty
acid-ELP and surfactant was successfully localized to cancer cells, by nonthermic acoustic
treatment that does not generate heat [209]. In addition to the heat responsive ELPs, ELPs
which responds light as an external stimulus have also been developed. Thermally reactive
ELP dendrimers carrying photothermogenic gold nanoparticles exhibited photocytotoxicity
[70, 210]. The gold nano particle-loaded ELP dendrimers that exhibited both photothermal
and thermosensitive properties readily associated with cells and induced -efficient
photocytotoxicity. It was suggested that ELP dendrimers behaved as potent carriers of
AuNPs for photothermal therapy. Furthermore, triple-functional ELP nanoparticle
consisting of diblock ELP-recombinant llama heavy-chain antibody fragments and diblock
ELP- photosensitizer was reported [211]. This system reversibly self-assembled into
nanoparticles, specifically bound to cancer cell, and brought cancer cell-specific light-
induced killing. As shown in this study, further selectivity was given to the expression of
efficacy by efficiently using external stimuli. In these studies, ELP has been often used as

an important part for temperature-dependent construction of nanostructure.

Other advanced pharmaceutical applications of elastin

As other interesting applications of ELPs, studies using radiolabeled ELP for
brachytherapy have been reported. '*'I-labeled ELP was used to liver tumor model rabbits
in the form of concentrated solution [212] and to prostate tumor model mice in the form of
in situ gel [213], respectively. They showed effectiveness as a relatively stable source depot.

ELPs were also applied as a carrier for vaccines. A series of study aiming to deliver antigens
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to dendritic cells using ELPs have been reported [214-217]. These studies showed that
uptake of conjugates of ELP and a peptide vaccine into dendritic cells activated cytotoxic T
lymphocytes [214, 215]. It was suggested that the conjugate could be used as a vaccine. In
order to further increase the efficiency of this ELP vaccine, a method of conjugating an
antigen and an adjuvant was developed to make an immune-tolerant elastin-like polypeptide-
based nanoparticle as an effective and unique cytotoxic T lymphocyte vaccine carrier [216].
Moreover, a method loading antigens directory to antigen presentation site was also devised
by placing a protease sensitive peptide that produced by dendritic cells, on the antigenic
sequence. Subsequently, cleaving the antigen occurred near the dendritic cell [217].
Optimization of peptide vaccine function is being achieved by improvement of molecular

design.

4. Conclusion

This chapter outlined and reviewed the origin of elastin, the properties of elastin and
ELPs, molecular designs to control the function of ELPs, stimulus responsiveness, and latest
studies on ELPs. ELPs possess biocompatibility, biodegradability, immune tolerance,
stiffness, elasticity, and stimulus responsive self-assembling properties. These properties are
very promising as application seeds. In addition, these properties can be controlled by
molecular designs and are not impaired even in fusion with other molecules. Therefore, the
ranges of application of ELPs have been expanding. As representative application examples,
ELPs have been used as a stimuli responsive site and as a backbone of a polymer or a
molecular scaffold of superstructures. On the other hand, these applications were often
constructed by using long ELPs provided genetically engineering techniques. They would
be more expensive than the application of chemically synthesized peptides and polymers.
Thus, this theme was interested in exploring the design of chemically synthesizable short
ELPs and investigating their physical properties for future applications.

Theoretical researches on ELPs have also been actively carried out in recent years. The
reversible and stimuli responsive self-assembling property are very unique as a characteristic
of peptide. Analysis on the influence of the environment surrounding ELPs on the self-
assembling property and analysis on flexible and inordered structure of ELPs have been
progressed. However, the relationship between its structure and functions, such as self-
assembling properties, is still obscure, and there is room for discussion. Therefore, this theme
was also interested in elucidating the mechanism of the self-assembling property of short
ELPs. Furthermore, this study set a question as to why the ELPs constructed with
hydrophobic residues could dissolve in water. This theme investigated these questions using

short ELPs that are easier to analyze than long ELPs. The findings from this study would
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help the efficient design of ELPs in applications and understanding in physical properties of

hydrophobic and structure disordered peptides.
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Table 1. An outline of ELPs used in various forms.

Reference
number

content

Commentary

[135]

[136]

[137]

[138]

[139]

[140]

[141]

[142]

[143]

Production of bioconjugates mimicking
glycoproteins that are difficult to produce.

Grafting of short chain ELPs to polylysine
dendrimer added thermal response to the
dendrimer.

Evaluation on physical properties of
diblock and triblock conjugates of
polyacrylic acid and an ELP.

Synthesis of amphipathic polypeptides
containing ELP blocks by ring-opening
polymerization of y-benzyl-L-glutamate.

Preparation of dual functional cellulose
nanocrystals modified with polyacrylic
acid and an ELP.

Development of stimuli-responsive hybrid
material consisting of C,,-B-sheet motif-
ELP.

The effect of trifluoroethanol on ELPs
mimicking the hydrophobic domain
localization of elastin.

Evaluation of physical properties of
comb-like polymers which obtained by
addition of branched ELPs to poly(methyl
methacrylate).

Synthesis of brush-like polymer with
cyclic ELPs by norbornene ring opening
polymerization.

The conjugate was expressed with ELPs as a
backbone. In order to mimic glycoproteins, sugars
or other functional moieties were added to the
tyrosine residues introduced as guest residue.

The conformation of the grafted polypeptide
depended on the type of dendrimer. It was
suggested that this change influenced 7, of the
dendrimer.

Polydisperse aggregates were formed by dropping
PBS into the DMSO solution of this conjugate.
Interaction of poly(acrylic acid) with the peptide
and itself seemed to be a driving force of the
aggregation.

Resulting conjugates showed formation of spherical
micelles. The self-assembling property was
depending on the molecular weight and the
hydrophobicity of the ELPs.

The cellulose nanocrystals acquired temperature
responsiveness of ELP and pH sensitivity of
polyacrylic acid.

Due to coexpression of N-myristoyl transferase,
post-translational modification of B-sheet motif-
ELP became possible in one pot.

The nanostructures of triblock polypeptides
consisting of (VGGVG) and (VPGXG) were
controlled by concentration of trifluoroethanol.

By covalently adding oligoethylene glycol, the T;
could be further controlled.

The self-assembling properties of the polymer could
be controlled by opening of ELP by enzyme.
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Table 2. An outline of ELP applications as matrix and culture medium.

Reference
number

Content

Commentary

[150]

[151]

[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

Analysis on the effect of cooperation of
synthetic ELPs (VGGVG), and heparin
sulfate on fibroblasts.

Structure analysis, morphological analysis
and cell adhesion test of RGD-diethylene
glycol-ELP using diethylene glycol as a
spacer.

In situ formation of hydrogel via
crosslinking of ELP-Bioglass complex
triggered by pH change due to bioglass.

Coating of ELPs conjugated with RGD
motif and cadherin binding sequence, on
tissue culture medium.

Neurite outgrowth and culture of
Schwann cells supporting it in artificial
ECM using ELPs.

In vivo guided vascular regeneration with
a non-porous elastin-like polypeptide
(VPGIG), hydrogel tubular scaffold.

Fusion of ELPs, A2 chain domain of type
IV collagen and two RGD domains, as
adhesion matrix of myoblasts.

Evaluation on the effectiveness of ELP-
collagen complex that cultured human
adipose-derived stem cells and enabled
them to undergo osteogenic
differentiation.

Development of three dimensional in
vitro model of adipose tissue showing
lipid accumulation.

Development of bioprinting method using
ELPs as components of bioink.

Heparin sulfate possessed physiological activity on
ECM. Heparin sulfate promoted the amyloid-like
fibril formation of ELPs, but there was no
difference in cell survival level, resulting in a
change in cell adhesion properties.

Self-assembled membranes that RGD-diethylene
glycol-ELP formed on hydrophobic plates showed
effective cell adhesion.

ELP-Bioglass had composition-dependent and
concentration-dependent gelation behavior and
change in mechanical property. Moreover, cell
proliferation and adhesion activity was added by
conjugation with RGD sequence.

The resulting cell culture medium supported long-
term maintains of mouse induced pluripotent stem
cells.

Nerve fiber elongation was controlled by the
density of RGD ligand added to ELPs and the
concentration of nerve growth factor.

RGD sequence was added to ELPs which showed
excellent elasticity and antithrombogenicity, for the
regeneration of connective tissue .

Adherence of cells on the fusion ELPs induced cell
proliferation and differentiation, expression of
myosin heavy chain and fusion of myosin fibers to
multinucleated myotubes.

ELP-collagen complex applied as scaffolds for
guided bone regeneration, and evaluation of its
physical properties and cell culture test were
conducted.

By culturing mouse adipocytes on the ELP-
polyethyleneimine  coating,  spheroidal  cell
aggregates showing a good phenotype to reproduce
the obesity state were obtained.

A matrix with dispersed hepatocytes was
constructed by control in formation of higher order
molecular self-assembly.
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CHAPTER 2

Investigation of self-assembling mechanism in dimerized short elastin-like
peptide analog and the influence of dimerization on coacervation property

Abstract

Elastin-like peptides (ELPs) possess characteristic hydrophobic repetitive sequences
and exhibit a temperature-dependent reversible self-association and dissociation, so-called
coacervation. Typical repetitive sequence of ELPs can be found in elastin. Taking advantage
of the characteristic responding to temperature change, ELPs have been developed as base
materials for new functional biomaterials. For development of new biomaterials using ELPs
as base materials, it is necessary to know the detailed relationship between their amino acid
sequences and coacervation properties. Due to the structural flexibility of ELPs, precise
mechanisms underlying coacervation of ELPs remain obscure. In this study, we synthesized
a novel dimeric ELP analog (H-C(WPGVG)3-NH,)2, henceforth abbreviated (CW3)2, and its
analogs to analyze self-assembling properties and structural features as indicators of
coacervation. In the turbidity measurements, (CW3)2 exhibited strong coacervation at a
lower concentration than the monomeric form and other ELPs. In addition, it was observed
in the optical microscopy that the coacervate of (CW3)2 held water-soluble dye molecules
in its internal space. Furthermore, fluorescence microscopy, dynamic light scattering, and
the microscopy revealed that the self-assembly of (CW3)2 occurs in a stepwise process. To
analyze the structural factors of (CW3)2, molecular dynamics simulations and circular
dichroism spectroscopic analysis were performed. These measurements indicated that initial
helical structures consisting of proline and glycine residues became more disordered at high
temperatures, causing significant exposure of their hydrophobic surfaces. This change in the
hydrophobic surface was attributed to the potent self-assembling property of (CW3)2. These
findings provide important insights into more efficient applications of ELPs and their

analogs, as well as the coacervation mechanisms of ELPs and elastin.

1. Introduction

In addition to elucidating the molecular mechanisms of biomacromolecules,
controlling their various functions is one of the important issues in biochemistry. The
functions of intrinsically disordered proteins (IDPs) have recently gained attention. [1, 2]
These proteins serve significant roles in cellular and extracellular functions, particularly by
participating in molecular recognition and providing mechanical properties [3, 4]. Among
IDPs, tropoelastin, a precursor of elastic protein, elastin, in the extracellular matrix, provides

extensibility and condensability to connective tissues in arterial walls, lungs, and skin [5, 6].
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Tropoelastin and purified soluble elastin also exhibits temperature-dependent, reversible
association and dissociation that results in a phase transition characterized by lower-critical
solution temperature (LCST) behavior [7]. This characteristic self-assembly is known as
coacervation and it is considered to be important for elastin maturation in vivo [8]. Because
of this temperature-responsive property, elastin-like peptides (ELPs), which contain elastin-
derived hydrophobic repetitive sequence(s), have recently been considered to be useful in
the design of new scaffold materials for developing biomedical products related to drug
delivery systems and tissue engineering [9, 10]. Furthermore, as the biophysical properties
of ELPs are similar to those of many other IDPs, ELPs have also been studied as a model
peptide [11]. Thus, elucidating the mechanism of coacervation of elastin using artificial
ELPs is important for its efficient use in applications and for understanding the behaviors of
other complex IDPs.

The hydrophobic, repetitive sequences of elastin, such as (GGVP)n, (VPGVG)n, and
(GVGVAP)., are essential to regulate the coacervating property elastin [8, 12]. Previous
studies have examined the relationships between peptide sequences and the coacervation
properties of various ELPs based on the (VPGVG)n sequence by altering its length or
substituting the amino acid residues [9, 13]. The introduction of hydrophobic residues (Ile
and Leu > Val > Ala), larger numbers of hydrophobic amino acids, and longer chain lengths
resulted in more potent coacervation properties [14-18]. In this trend, few studies have
focused on ELPs that contain aromatic amino acids, though the hydrophobicity of the
aromatic amino acids would make a significant contribution coacervation behavior. On the
other hand, conformation of ELPs are disordered, because their repetitive sequences contain
many secondary structure breakers, such as glycine and proline residues [19]. Self-assembly
of ELPs was assumed to be related to their disordered conformations in solution [6, 20].
Because of the difficulties in analyzing flexible and disordered secondary structures in
solution, the relationship between the structure and coacervation properties of ELPs has not
been completely elucidated.

The self-assembly of ELPs is mainly attributed to the hydrophobic effect. ELPs are
thought to be hydrated in clathrate-like water molecules in solution [8, 17, 21]. It has been
hypothesized that ELPs assemble by hydrophobic interaction after the collapse of the
clathrate-like structures of water at high temperatures [8, 22-24]. On the other hand, the
hydrophobic domains of ELPs are presumed to be dominated by recurring B-turns [25-29].
It has been also suggested that the B-structures are important for intermolecular interactions
of the peptides [30, 31]. Unlike the reports discussing B-structures, previous studies have
revealed that the structures of ELPs fluctuate between folded and disordered structures
depending on the temperature [25, 26]. Due to such confusion of discussion, the essential

structural factors for regulating the coacervation of ELPs have not been clarified. Thus,
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further structural analyses of ELPs in conjunction with self-assembly measurements to detect
interpeptide interactions are required for elucidating the general mechanism of coacervation.

Short-length ELPs with self-assembling properties would be useful in the structural
and mechanistic analyses of the coacervation, because of the simplified structures and their
easy preparations. Previous studies indicated that one of the representative ELPs, (VPGVG)n
required a significantly large repetition number (n > 40) for coacervation [32, 33]. In general,
it is difficult to investigate the structure in solution of such a long-length peptide chain (>
200 amino acid residues) without having a fixed conformation. On the contrary, previous
studies have also demonstrated that synthetic hydrophobic ELP analogs, H-(IPGVG)n-NH,,
H-(FPGVG)n-NH, (abbreviated as Fn), and H-(WPGVG)a-NH, (abbreviated as Wn) [33-35]
exhibit coacervating property at significantly smaller repetition numbers (n = 7, 5, and 3,
respectively). It was indicated that the increased hydrophobicity enhanced their self-
assembling property. Furthermore, it was recently reported that dimeric analogs of F5, which
were synthesized by introduction of disulfide bonds at N-terminal of F5 via additional Cys
residues, showed strong coacervating properties. The coacervating temperatures and
concentrations of the F5-dimers were (much) lower than that of F5-monomer [36]. Short
ELPs synthesized by disulfide bond-mediated dimerization enabled structural analyses and
simultaneous measurements of coacervation. Thus, the dimeric elastin-derived peptides were
assumed to be useful models for elucidating the mechanism of coacervation because of their
short peptide length with strong coacervation activity. Additionally, the related
multimerization technique has recently become popular to control the self-assembling
property of ELPs [37-44]. Knowledge of how the multimerization affects the ELPs may be
useful for controlling characteristics of ELPs and for future application using ELPs.

In this study, we synthesized the novel, dimeric elastin-derived peptide analog (H-
C(WPGVG)3-NHz)2, abbreviated as (CW3)2, and investigated its self-assembly properties,
dye uptake ability, and elucidate the structural features that are important for coacervation.
The short elastin-derived peptide analog did not show specific, ordered secondary structures
with increasing temperature in solution. Moreover, the increase in the exposed hydrophobic
surface area associated with the structural change induced interpeptide interactions. This
study revealed the relationship between the structure and function of short ELPs, in particular,

suggested the stepwise mechanism of coacervation of ELPs.

2. Materials and methods
Chemicals

Fmoc-amino acids and Rink Amide MBHA resin LL (100-200 mesh) were purchased
from Merck KGaA (Darmstadt, Germany). 2-(1H-Benzotriazol-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate (HBTU) and 1-hydroxybenzotriazole (HOBt)
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were purchased from Kokusan Chemical Co., Ltd. (Tokyo, Japan). 8-Anilino-1-
naphthalenesulfonic acid (1,8-ANS) was purchased from Sigma-Aldrich Co. (St. Louis,
MO). Water for sample preparation was purified by Milli-Q Integral 3 (Merck Millipore,
Billerica, MA). Other reagents for peptide synthesis were purchased from Watanabe
Chemical Industries Ltd. (Hiroshima, Japan). Solvents for peptide synthesis and other
reagents for analyses were also obtained from commercial suppliers and used without further

purification.

Synthesis of the Monomer Peptide

A building block of the dimer H-C(WPGVG)3-NH, (abbreviated as CW3) was
synthesized by following the synthesis method described in our previous study [36]. Briefly,
CW3 was synthesized by ABI 433A peptide synthesizer with the FastMoc™ protocol
(Applied Biosystems, Foster city, CA) which consists of a solid-phase method with the
Fmoc-chemistry. 0.45 M HBTU and HOBt mixed solution in DMF was used for coupling
reaction in FastMoc 0.10 mmol program included in SynthAssist™ 2.0 software (Applied
Biosystems). After the elongation of peptides chain, the peptide was cleaved from the resin
with the reagents cocktails containing 94% trifluoroacetic acid (TFA), 2.5% 1,2-
ethanedithiol, 2.5% H20 and 1% triisopropylsilane. The peptide was pre-purified by Sep-
pak Vac 35cc C18 (Waters Co., Milford, MA) column. Subsequently, further purification
was performed by RP-HPLC (The Breeze™ 2 HPLC System, Waters Co.) equipped with a
ODS column (LiChrospher® RP-18 (20 x 250 mm), Merck KGaA, Darmstadt, Germany)
with a solvent system consisting of 0.1% TFA aqueous solution (v/v) and 80% acetonitrile
solution diluted with 0.1% TFA aqueous solution (v/v). The peptide was obtained as a
colorless powder (40.5 mg, 25.2 umol, 25.2%). Purity and molecular weights of the peptide
were analyzed by ACQUITY UPLC H-Class (Waters Co.) equipped with an ACQUITY
UPLC BEH C-18 column (100 mm, flow rate 0.6 mL/min) (Waters Co.) at 49 °C and the
eluting product was detected by UV at 225 nm and a quadrupole mass spectrometer,
ACQUITY QDa (Waters Co.). The solvent system for UPLC consisted of 0.1% formic acid
aqueous solution (v/v, solvent A) and 0.1% formic acid in acetonitrile (v/v, solvent B). The
peptide was monitored in a linear gradient of solvent A in solvent B, 24% to 56% over 4.23

min.
CW3 : H-C(WPGVG)3-NH;

Retention time = 1.907 min. MS (ESI) m/z: calculated for C7sH104N20016S 805.94
(IM + 2H]*"), found 805.96.
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Synthesis of the Dimeric Peptide

Dimeric peptide (CW3)2 was synthesized by aerobic oxidation of purified CW3. CW3
(6.49 mg, 4.03 umol) was dissolved in a 1 mg/mL ammonium bicarbonate/60% acetonitrile
aqueous solution (649 uL) [37]. This solution was stirred overnight at 5°C by a rotator (ACR-
100, AS ONE Co., Osaka, Japan), in shake mode. The resulting mixture was purified by the
RP-HPLC. The peptide was obtained as a colorless powder (5.88 mg, 1.82 pumol, 90.3%).
The purity and molecular weight were confirmed by UPLC-MS in the method described
above. The molecular weight of the dimeric peptide was also strictly determined by matrix-
assisted laser desorption ionization (MALDI) time-of-flight (TOF) MS using a mass
spectrometer (Voyager DE-PRO, PerSeptive Biosystems Inc., Framingham, MA).

(CW3)2 : (H-C(WPGVG)3-NH>)2
Retention time = 2.438 min. MS (ESI) m/z: calculated for Cis6H206N40032S2 1073.59
([M + 3H]*"), found 1073.46. MS (MALDI-TOF) m/z: calculated 3218.75 ([M + H]"), found
3218.58.

Synthesis of linear peptides corresponding to chain length of (CW3)2
H-C(H-Cys-NH,)(WPGVG)6-NH, (abbreviated as C(Cys)W6) was synthesized by
solid-phase method with the Fmoc-chemistry and the aerobic oxidation. H-C(WPGVG)s-NH,
(abbreviated as CW6) was synthesized and purified in the same manner as CW3. The peptide
was obtained as a colorless powder (10.9 mg, 3.37 umol, 3.39%). The purity and molecular
weight were confirmed by UPLC-MS in the condition described above. Disulfide bond
formation between CW6 (2.43 mg, 0.755 umol) and H-Cys-NH; (28.5 mg, 0.237 mmol) was
performed by aerobic oxidation in 10 mg/ml ammonium bicarbonate/60% acetonitrile
aqueous solution (2.43 ml). The solution was stirred for 2 hour at 5°C by the rotator, in shake
mode. The resulting mixture was purified by RP-HPLC. The peptide was obtained as a
colorless powder (1.03 mg, 0.320 umol, 42.4%). The purity and molecular weight were
confirmed by UPLC-MS in the described condition. The molecular weight of the peptide
was also strictly determined by matrix-assisted laser desorption ionization MALDI-TOF MS

using a mass spectrometer, Bruker Autoflex II (Bruker Daltonics Inc., Billerica, MA).
CW6 : H-C(WPGVG)s-NH-

Retention time = 3.002 min. MS (ESI) m/z, calculated for Cis3H197N37031S 1034.20
(M + 3H]*"), found 1034.38.
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C(Cys)W6 : H-C(H-Cys-NH,)(WPGVG)s-NH,

Retention time = 2.650 min. MS (ESI) m/z, calculated for Cis6H206N40032S2 : 1073.59
(IM + 3H]*), found 1073.67. MS (MALDI-TOF) m/z, calculated 3240.73 ([M + Na]"),
found 3241.09.

Turbidity Measurement

The temperature-dependent coacervation of (CW3)2 and C(Cys)W6 was evaluated
using a JASCO V-660 spectral photometer, (JASCO Co., Tokyo, Japan). Solutions of
(CW3)2 were prepared at concentrations of 0.050, 0.50, and 1.0 mg/mL in pure water.
C(Cys)6 was prepared at concentration of 0.05 mg/ml. In addition, supernatant of 0.5 mg/ml
C(Cys)6 was also prepared by centrifugation. Turbidity measurements were performed at
400 nm while the temperature was being increased or decreased at a rate of 0.2 °C/min (for
the 0.50 and 1.0 mg/mL (CW3)2 and supernatant of 0.5 mg/ml C(Cys)W6) or 0.5 °C/min
(for the 0.05 mg/mL samples) from 5°C. Each concentration was measured at least three
times. Coacervation was determined by the phase transition temperature (7t), which is the
temperature at which the turbidity of the solution reaches half the maximum value [36].
Reversibility was defined as the percent decrease in solution turbidity after cooling to 5°C

(which took at least 8 h) to the increase in absorbance after increasing the temperature [45].

Fluorescence Measurement

The fluorescence of (CW3)2 was measured using 1,8-ANS and was determined on a
model FP-8500 fluorescence spectrometer (JASCO Co.). The fluorescence intensity of the
peptide solution was measured between 400 and 700 nm with an excitation wavelength of
370 nm. The emission of the peptide solution was measured at various concentration of
0.003-0.5 mg/mL in pure water containing 50 uM 1,8-ANS [46], with increasing the
temperature in intervals 10°C from 5 to 25°C. The measurement of each concentration was

performed at least three times.

Dynamic Light Scattering (DLS) Analysis

The distribution of the particle size in the (CW3)2 solution was analyzed by DLS
measurement using Zetasizer nano ZS (Malvern Instruments Ltd., Worcestershire, U.K.) in
a measurement cell (ZENO0112, Malvern Instruments Ltd.). The peptide sample solution was
diluted to a concentration of 1.0 mg/mL in pure water and filtered using the Millex-LG (Cat.
NO. SLLGHO04NL, Merck Millipore) 0.20 um syringe driven filter unit before measurement.
DLS analysis was performed by increasing the temperature in 10°C intervals from 5 to 65°C.
The measurement duration was selected automatically. Protein (refractive index, 1.450;

absorption, 0.001) was used as the material, and water (refractive index, 1.330; viscosity,
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0.8872) was chosen as the dispersant. Attenuation was selected automatically. The

measurement of each concentration was performed at least three times.

Optical Microscopy

The morphologies of the coacervates of (CW3)2 in the presence and absence of a
water-soluble dye, Ponceau S (Sigma-Aldrich Co.), were observed. The morphology without
dye was by bright-field microscopy at 180x magnification using a BIOREVO BZ-9000
instrument (KEYENCE Co., Osaka, Japan) equipped with a PlanApo VC 60x oil objective
(3% digital zoom; Nikon Co., Tokyo, Japan). The peptide solution was diluted to 1 mg/mL
in pure water and applied to a glass slide. Sample imaging was performed at 25°C or after
heating to 60°C on a hot plate for 30 s.

Coacervates containing dye were prepared as follows. 1.0 mg/mL (CW3)2 solution
was prepared with 25 mM Ponceau S at 4°C. The mixture was heated to 60°C for 1 h and
then centrifuged (14,000 rpm for 2 min). The resulting precipitate was washed with hot water
(60°C). Bright-field microscopy was performed at 400x magnification using a Leica DM IL
LED instrument (Leica Microsystems CMS GmbH, Wetzlar, Germany) equipped with a HI
PLAN 40x oil objective (Leica Microsystems CMS GmbH) and an HC PLAN 10x eyepiece
(Leica Microsystems CMS GmbH).

Molecular Dynamics (MD) Simulation

MD simulations of (CW3)2 and H-(WPGVQG)3-NH, (W3) were performed by using a
DELL PRECISION T3610 Workstation (Dell Inc., Round Rock, TX) and a software package
of the Discovery Studio 4.0 (Accelrys, Inc., San Diego, CA). The trajectories of these peptide
were obtained at simulation temperature of 278, 294, 310, 326, and 343 K. The simulation
parameters were set as described in a previous study [36]. The structure of each peptide were
constructed as an “extended” conformation. The models were applied to ‘“Standard
Dynamics Cascade” protocol, which contains a series of energy minimization and molecular
dynamics steps with the CHARMm force field and generalized born with simple switching
(GBSW) implicit solvent model. A first step of minimization using steepest descent
algorithm, using a maximum of 10,000 steps, repulsive guidance molecule (RGM) gradient
of 1.0, and no constraints; followed by a second step of minimization using Conjugate
Gradient algorithm, using a maximum of 20,000 steps, root mean square (RMS) gradient of
0.1, and no constraints; heating step: parameters were 400 steps, time step 2 fs, initial
temperature 50.0 K, target temperature 278.0 K, 310.0 K, or 343.0 K, and no constraints; an
equilibration step: parameters were 1,000 steps with a time step of 2 fs, target temperature
278.0 K, 310.0K, or 343.0 K, no constraints, constant pressure; and finally, a production step
consisting of 50,000 steps, time step 2 fs, target temperature 278.0 K, 310.0 K, or 343.0 K,
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temperature coupling decay time=5.0 ps, no constraints, type=constant volume constant
temperature ensemble (NVT), TMass=1,000.0, nonbond list radius=14, nonbond higher
cutoff distance=12, nonbond lower cutoff distance=10, electrostatics=spherical cutoff,

Kappa=0.34, order=4, dynamics integrator=leapfrog verlet, apply SHAKE constraint=true.

Circular Dichroism (CD) Measurement

CD measurement was performed in a 1.0 mm path-length cuvette using a JASCO J-
725 spectropolarimeter (JASCO Co.). (CW3)2 was dissolved in pure water at a
concentration of 0.1 mg/mL. Spectra of the sample solution were measured from 260 to 190
nm at various cell temperatures between 5 and 65°C. All spectra of the peptide solution were
obtained by subtracting the solvent spectra obtained under the same conditions and

smoothing with Savitzky—Golay smoothing filters. The measurement was performed twice.

3. Results and discussion
Synthesis of the peptides

(CW3)2 and C(Cys)W6 were successfully synthesized by the conventional solid phase
peptide synthesis procedure and the aerobic oxidation. These structure was shown in figure
1. The resulting monomeric peptide CW3 and C(Cys)W6 were then dimerized by aerobic
oxidation in a 60% acetonitrile aqueous solution with ammonium bicarbonate. The
dimerization was not successful in pure water because of the production of an insoluble
precipitate of monomeric peptide. Therefore, an acetonitrile aqueous solution was used to
dissolve the peptide deposition. The purity and molecular weight of each peptide were
confirmed by RP-UPLC-MS and MALDI-TOF MS. These results were shown in figures 2
and 3. The synthetic yield of the (CW3)2 was approximately 90%. In summary, we found
that the reaction conditions were suitable for obtaining a dimeric short elastin-like peptide
with a high yield.

(Figures 1, 2, and 3)

Coacervation of the dimeric peptide

The temperature-dependent coacervation of the synthetic peptide, (CW3)2, was
evaluated by measuring the turbidity of aqueous (CW3)2 solutions at various concentrations.
To quantitatively evaluate coacervation, 7t and reversibility were calculated from the change
in turbidity (Table 1) [36, 45]. Our previous study showed that at least 30 mg/mL W3
monomer was required to demonstrate turbidity [35]. In comparison with the W3 monomer,
(CW3)2 showed coacervation at significantly lower concentrations of 0.50 and 1.0 mg/mL,
indicating that dimerization significantly enhanced the coacervation of the W3 monomer.

These data were shown in figure 4A. Similarly, this trend has been observed in dimeric
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peptides of F5 [36]. However, F5 dimers required higher concentration (at least 10 mg/mL)
and longer chain length than W3 dimer to exhibit coacervation. Thus, it was confirmed that
(CW3)2 possessed a coacervation propensity that was stronger than the F5 dimer did. Short
chain peptides that exhibit various functional properties at low concentrations can be
advantageous for analytical experiments and applied researches [33—36] Thus, we
hypothesized that (CW3)2 could be used to elucidate the mechanism of the self-assembly.
We concluded that dimeric peptides demonstrate characteristics distinct from those of their
linear peptide analogs that have longer peptide chains. Specifically, (CW3)2 showed
enhanced coacervation with maintaining high water solubility, whereas the linear 6-mer
analog of (WPGVG), C(Cys)W6, showed low water solubility and irreversible self-assembly
(Figure 4B). Thus, dimerization of ELPs is an effective method for obtaining peptide analogs
that possess strong coacervation abilities and are easy to handle.

(Table 1)

(Figure 4)

In this study, we found that (CW3)2 showed hysteresis during coacervation. In the
turbidity assay profile, the two turbidity curves of (CW3)2 during heating were slightly
different from those during cooling. This disagreement between the heating and cooling
processes would indicate that aggregates formed during heating retained their structures at
temperatures below the 7i. However, the turbidity of the dimer solution gradually decreased
when the temperature reached < 10°C with some additional time. Finally, almost complete
reversibility of the turbidity was observed after maintaining a low temperature for several
hours (5°C for at least 8 h). This hysteresis was also observed for the F5 dimer [36] and other
ELPs, such as (APGVGV)n, (VPAVG)n, and (EP20-24%) that contains four repeating of
exons 20—24 from the human aortic elastin gene [46-48]. These previous studies determined
that the aggregation and dissociation rates of the ELPs disagreed with each other. Similar to
these reports, the dissociation of (CW3)2 progressed more slowly than the aggregation.
These results suggested that hysteresis during coacervation of (CW3)2 was caused by the

differences in the association and dissociation rates.

Existence of invisible initial microcoacervates

The self-assembly behavior of (CW3)2 was examined by the use of the fluorescent
probe 1,8-ANS [49]. The results were shown in figure 5. Fluorescence spectra of 1,8-ANS
maximized at near 480 nm. The fluorescence intensity became increased when the
concentration of the (CW3)2 solution was >0.03 mg/mL (Figure 5A). This increase in the
fluorescence intensity indicated that 1,8-ANS was incorporated into the hydrophobic peptide

assemblies. These results showed that the peptides required a critical concentration to form
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assemblies, and that the initial microaggregates may be generated above the boundary
concentration.
(Figure 5)

The effect of temperature on the critical concentration of (CW3)2 was also investigated
by the fluorescence measurement. The analysis was performed only at relatively low
temperatures (5, 15, and 25°C), because the fluorescence intensity was significantly
decreased at higher temperatures where (CW3)2 formed aggregates. The critical
concentrations were analyzed by the two-line method [49] and were calculated as 0.031 +
0.05, 0.032 + 0.05, and 0.033 + 0.05 mg/mL at 5, 15, and 25°C, respectively. These results
were ahown in figure 5. The determined critical concentrations were significantly lower than
the concentrations at which the peptide solution became turbid, suggesting that the formation
of initial invisible microaggregates occurred at a low temperature and at a concentration
where coacervation was apparently not observed. Consequently, fluorescence analysis has
revealed a novel morphology of (CW3)2, that is, invisible microaggregates were initially
formed in peptide solution below the temperature of 7Tt, although they could not be observed

by conventional turbidity measurements.

Size distribution of the microaggregates

The coacervation behavior of (CW3)2 was also analyzed by DLS analysis at various
temperatures in the range from 5 to 65°C. The observed distribution of the hydrodynamic
diameter of the peptide aggregates is shown in figure 6. At between 5 and 25°C, (CW3)2
showed a broad distribution around approximately 100 nm. Thus, at low temperature,
(CW3)2 showed submicrometer aggregates that did not induced apparent turbidity in visible
light region. In addition, the size of the aggregates increased with an increase in temperature.
Because light scattering and turbidity are dependent on particle size, the growth of the
aggregates would imply coacervation. On the basis of the DLS analysis, we suggested that
the coacervation of (CW3)2 probably follows a stepwise process in which the generation of
microaggregates is followed by coacervate maturation triggered by the increase in
temperature.

(Figure 6)

Observation of the coacervate morphology

Optical microscopy analysis of the (CW3)2 solution was performed to study the
morphology of the aggregates at different temperatures. Microscopic images of the peptide
solution were captured at 25°C and after heating to 60°C. These data were shown in figure
7. At 25°C, dozens of distorted and nonspherical microaggregates were observed (Figure

7A). This results indicated that microaggregates of (CW3)2 were formed below the phase
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transition temperature. Although small microaggregates between 0.2 and 0.8 pm in diameter
were hardly observed in solution, microaggregates between 0.8 and 1.0 um in diameter,
which were also observed in the DLS measurement, were commonly identified in the
observation at 25°C (Figure 7C). After heating to 60°C, the number of spherical coacervates
was significantly increased. In the observation at 60°C, microaggregates between 0.8 and
1.0 um in diameter were also predominantly observed (Figure 7B and 7D). Because of the
limited resolution of the optical microscope, small microaggregates (approximately less than
200 nm) were hardly observed; therefore, results of the microscopic measurements were not
as specific as those of the DLS, and the size distribution also did not necessarily agree with
that determined by the DLS. In the optical microscope study, the increase in the distribution
of large aggregates was similar to that observed in the DLS measurement (Figure 6).
However, the change in the dominant distribution found in the DLS, that is, the distribution
trend changed in temperature alteration was not clearly observed by the optical microscopy.
Consequently, it was suggested that the increment in turbidity during coacervation was
derived from the proliferation of the aggregates observed during microscopy and the increase
in the distribution of large aggregates, which also could be observed by DLS. The
morphological changes in the peptide aggregates were thought to affect the coacervation
behavior directly. Because these results were consistent between fluorescence and DLS
analyses, the hypothesis of the stepwise coacervation process was strongly supported.
(Figure 7)

Furthermore, the ability to hold a water-soluble dye in the coacervate of (CW3)2 was
observed by optical microscopy. As shown in figure 8, dye uptake of sub-micro meter
coacervates of the (CW3)2 was observed at 60°C and the co-mixtures were stable during
observation at 25°C. The uptake ability of exogenous molecules such as drugs and the
stability of the coacervate at low temperatures might be useful for the development of ELP-
derived biomaterials possessing temperature-sensing capabilities, such as matrices for drug
delivery systems or tissue engineering.

(Figure 8)

Estimation of the structural properties of the dimeric peptide by MD simulation

The analysis of the structural properties of the dimeric peptide was valuable for
estimation of the intermolecular events of self-assembly. Thus, the conformational behavior
of W3 and (CW3)2 in the solution was estimated by MD simulation at various target
temperatures. In addition, the structural parameters of these peptides were analyzed from the
trajectories of the MD simulation.

A proportion of the representative secondary structures in the peptides was calculated
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from the trajectory. The representative structures of W3 and (CW3)2 at varying temperatures
are shown in figure 9. The secondary structures were determined by using the method of
Kabsch and Sander [50]. The peptides primarily showed turns, sheets, and random-coil
structures. The ratios of each secondary structure on a residue were also estimated and shown
in table 2, figures 10, and 11. The turn structure frequently appeared in each PGV sequence
and was present in the middle of the building block. The sheet structures were formed
frequently in VG and WP sequences, that were present at either side of the turns (Figure 10).
These peptides exhibited a well-folded structure and a smaller Rg between 278 and 310 K
(Table 2). As shown in figures 9 and 10, accumulated turn structures were frequently
observed in the dimer at 273 K. In addition, the consecutive secondary structure sheet—turn—
sheet motif was frequently observed at 294 and 310 K. However, the proportion of these
secondary structures decreased with an increased simulation temperature. A random-coil
structure was predominantly observed at 326 and 343 K. These results suggested that the
dimeric peptide possessed a tendency to alter the ordered structure observed at low
temperatures to a disordered structure at higher temperatures.
(Table 2)
(Figures 9, 10, and 11)

The R and total solvent-accessible surface area (SASA) values were calculated to
describe the manner in which the structural changes of the peptide chain were associated
with the change in temperature (Table 2). These values increased gradually with an increase
in temperature. Notably, the changes in the Rg and SASA values of the dimeric peptide were
greatly larger than those of the monomer, which suggested that the dimeric peptide
experienced a remarkable change in structure with an increase in temperature. The SASA
value of the side chain on each residue was also calculated in the trajectory at various
simulation temperatures (Figure 11). Although the SASA value of each residue tended to
increase with an increase in temperature, the change in the dimer was more significant than
that in the monomer. In particular, the SASA values of hydrophobic residues, such as valine
and tryptophan, were markedly altered in the dimeric peptide. As the SASA value of the
monomer did not change drastically, it was plausible that the molecular surface of the
monomeric peptide was exposed in both ordered and disordered states. In contrast, it has
been suggested that the hydrophobic surface of the dimeric peptide would be embedded
when the peptide is dissolved in water, which implied that the estimated molecular structure
of the dimeric peptide preserved its water solubility by effectively embedding hydrophobic
residues into the interface between single peptide chains. The increase in the SASA value
with a corresponding increase in temperature indicated that the secondary structures could

collapse and the folded structure of the dimeric peptide shifted to an extended structure.
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Because the extended structure of (CW3)2 was not dispersible in water, the molecules of
(CW3)2 could assemble via hydrophobic effect. This drastic change in the hydrophobic
surface may contribute to the potent coacervation property of (CW3)2. Furthermore, these
results may indicate that coacervation occurred primarily as a result of the exposure of the
hydrophobic surface of the peptides and not as a result of the formation of a particular

conformation.

Temperature-dependent structural transitions of the dimeric peptide

Because the conformational change in (CW3)2 was temperature-dependent, its
structure was further analyzed by circular dichroism spectroscopy. A reversible spectrum
shift was observed during heating and cooling processes. This result was shown in figure 12.
The spectrum showed a slightly negative band at 242 nm, a positive peak at 225 nm, and a
prominent negative peak at 198 nm. As the temperature increased, the intensity of these
bands decreased; this result was similar to the CD spectra of the W5 monomer observed in
our previous study [35]. Thus, the dimeric peptide exhibited conformational changes similar
to those of the monomer. Conversely, it was considered that the structural features of the
peptide were not altered by dimerization, because of high similarity in spectra between W5
and (CW3)2. In addition, this spectral change was similar to that observed during disordering
of collagen helices or polyproline helix II structures [51-53]. Thus, it was suggested that the
dimeric peptide formed an ordered structure based on proline residues at low temperatures
and was converted to a disordered structure while being heated.

(Figure 12)

Mechanism of the stepwise coacervation of ELP

The stepwise coacervation process of dimeric peptide (CW3)2, with detailed analyses
of the morphology after coacervation, is shown in figure 13. As shown in figure 5, (CW3)2
exhibited a critical concentration for the generation of initial microaggregates. Then, these
aggregates matured at higher temperatures, showing the increase in size and proliferation.
To the best of our knowledge, we report the first demonstration of these characteristic
properties of the ELP analog using the tryptophan residue in the repetitive sequence.
Previous studies showed that the hydrophobicity of the residue enhanced the coacervation
property of ELP [14-18, 33, 34]. In addition to these preceding studies, this study reveals
that the hydrophobicity of the residue affected the morphology of the coacervates.
Hydrophobic amino acids are abundantly contained in tandem repeats of elastin. Therefore,
the morphology of elastin could be regulated by an ingenious combination of hydrophobic
amino acid residues.

(Figure 13)
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Insights into the mechanism of coacervation of the dimeric peptide

In this study, we demonstrated novel insight into the relationship between the structure
and coacervation property of ELPs. The hydrophobicity of (CW3)2 was extremely high; the
peptide formed microaggregates, even at low concentrations and temperatures. Previous
studies suggested that ELPs exhibit coacervation via collapse of the clathrate water [8, 17,
21-24]. Therefore, it was considered that the strong hydrophobicity of the dimeric peptide
effectively destabilized the hydrating water. Consequently, the potent coacervation property
of (CW3)2 that resulted from the hydrophobic interpeptide interaction occurred during the
early stages of aggregate formation (Figure 13). Previous studies suggested that the manner
of the structural shift of ELP was dependent on the peptide chain length [29, 40, 54].
Moreover, it was considered that longer ELPs exhibited stronger coacervation properties and
were likely to show ordered structures at high temperatures [40, 54]. However, the results of
this study clearly indicated that the short dimeric elastin-like peptide (CW3)2 possessed a
potent coacervation property and its structure was disordered at high temperatures where the
aggregation occurred. Thus, this study showed that the expression of coacervation property
did not necessarily require for a long peptide chain length or a specific ordered structure at
high temperatures but required potent hydrophobicity and soluble structures at low
temperatures. Therefore, we believe that this study offered new insights into the self-
assembly mechanism of ELPs, based on the results of hydration, dispersion, and
conformational analyses of the hydrophobic molecule. The study of IDPs, including ELPs,
has gained momentum in recent years [1-4, 6, 11] and the applications of ELPs have been
fervently studied [9, 10, 13]. The study of ELPs presented here appears to provide insights
with respect to its structure and coacervation properties that would assist the design of more

efficient ELPs for industrial applications and support future researches on IDPs.

4. Conclusion

In this study, novel elastin-derived dimeric peptide (CW3)2 was assayed in turbidity
measurements, fluorescence microscopy, DLS, MD simulation, and CD spectroscopy, as a
model-peptide for ELPs studies. The results revealed that the hydrophobicity of the residues
regulated the morphology of the aggregates. Moreover, it was shown that the dimeric peptide
exhibited strong coacervation and the ability to take up dye, despite its low molecular weight
and disordered structure at high temperatures. It was also suggested that the coacervation
was dependent on the hydrophobicity and structural solubility at low temperatures rather
than the high-molecular weight or formation of any specific ordered structures at high
temperatures. In conclusion, these findings elucidated the coacervation mechanism of the
short-length ELP dimer and demonstrated the potential for the future development of short

coacervatable peptide-based biomaterials.
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Table 1. The self-assembling property of (CW3)2.2

Concentration

(mg/mL) T. (°C) Maximum OD, Reversibility (%)
1.0 385+15 0.63+0.03 979+1.0
0.50 40.3+1.5 0.41+0.03 99.1+0.8
0.050 NA. 0.03+0.02 NA.

 Assays at concentrations of 1.0 and 0.50 mg/mL were performed seven times. The assay at

a concentration of 0.050 mg/mL was repeated three times. Data were shown with SE.

Table 2. Structure data of (CW3)2 obtained from MD simulation.?

Secondary structure

Temperature (K) Rg (nm) Total SASA (nm?) .
Random coil (%) Turn (%) Sheet (%)
278.0 0.909 = 0.002 23.57 = 0.07 75.6 = 0.5 23.1 + 0.5 1.2 03
294.0 0.929 * 0.007 23.93 * 0.12 612 + 04 207 £ 0.2 179 * 05
310.0 1.081 £ 0.015 26.57 = 0.22 75.6 = 0.6 194 £ 04 49 + 0.5
326.0 1.468 £ 0.018 32.30 * 0.22 85.3 + 0.7 13.1 + 0.6 13 +0.2
343.0 1.510 £ 0.016 32.75 * 0.18 845 * 0.7 125+ 05 29 04

 The structure data were obtained from trajectory with SE. Contents of secondary structure

was calculated by averaging the ratio of secondary structure in each frame.
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Figure 1. Chemical structures of (CW3)2 and C(Cys)W6.
C(Cys)W6 was synthesized as a reference for (CW3)2 dimer with a linear peptide chain.

64



(A)

AU

Counts

2.007
1.80
1.60

1.401

1.007
0.80-
0.60

0.40

2.438 - 1073.46

5000

4000-

3000

2000+

1000-{

(CwW3)2

[M+Na+Acetonitril]*

3281.00

[M+Na]*

3240.26

[M+K]*

3257.06

[M+H]*

3218.58

T T T T T T T
3200 3220 3240 3260 3280 3300 3320 33’40
Mass (m/z)

Figure 2. UPLC and MALDI-TOF MS analysis of (CW3)2.
(A) UPLC chart and (B) m/z values in MALDI-TOF MS of (CW3)2 were shown.
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Figure 3. UPLC and MALDI-TOF MS analysis of C(Cys)W6.
(C) UPLC chart and (D) m/z values in MALDI-TOF MS of C(Cys)W6 were shown.
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Figure 4. Turbidity profiles of (CW3)2 and C(Cys)Wé.at each concentration.
Turbidity changes of (CW3)2 (A) and C(Cys)W6 (B) associated with heating (solid lines)
and cooling (dashed lines) were shown.
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Figure S. Fluorescence measurement with 1,8-ANS at various concentrations of (CW3)2.
(A) Fluorescence spectra of 50 uM 1,8-ANS were measured at 5°C with the various
concentrations of (CW3)2. Critical concentration of (CW3)2 at 5°C (B), 15°C (C), and
25°C (D) were determined from the maximum fluorescence intensity of the spectra by the
two-line method.
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Figure 6. Particle size distribution of (CW3)2 at various temperatures.

Mean intensity at each temperature was shown with SE.
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Figure 7. Phase-contrast microscopy images of (CW3)2
and histogram of particle diameter.
The images were obtained (A) at room temperature (25°C) and (B) after heating at 60°C.
An aqueous solution of the peptide was prepared at a concentration of 1.0 mg/mL. (Scale
bars indicate 20 um.) Distribution of particle diameter in optical microscopy (A) at 25°C
and (B) after heating at 60°C were also shown.

70



Figure 8. The light field microscopy images of (CW3)2 with Ponceau S.
(CW3)2 and ponceau S solution was heated at 60°C, centrifuged, and washed with 60°C water.
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(E)

Figure 9. Representative structures of (CW3)2 and W3 estimated by MD simulation.
Representative structures of (CW3)2 at (A) 278.0, (B) 294.0, and (C) 343.0 K. Representative
structures of W3 at (D) 278.0 K and (E) 343.0 K were also shown. Each secondary structure
was indicated as follows: light blue, sheet; green, turn; and white, random.
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Figure 10. A ratio of secondary structures at certain residues in simulation time.
The content of turn and sheet structure in each residue of (CW3)2 was estimated from the
trajectory at (A) 278.0 K, (B) 294.0 K, and (C) 343.0 K. The content in W3 was also
estimated at (D) 278.0 K, (E) 294.0 K, and (F) 343.0 K.
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Figure 11. SASA of the side chain at each residue of (CW3)2 and W3.
SASA values of the (A) (CW3)2 and (B) W3 were obtained from trajectory analyses of the
MD simulation. The means with SE were calculated by averaging the SASA of residues at
each position (1st - 5th) in the repetitive unit sequence.
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Figure 12. CD spectra of (CW3)2 at various temperatures.
Spectra were measured from 5 to 65°C with increasing temperatures. The inset shows
spectra with decreasing temperatures.
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Figure 13. Images of the structural features and stepwise coacervation of (CW3)2.
Morphology of (CW3)2 would change stepwise. The dimeric peptide seemed to be
dissolved in water and formed micro-aggregation over a critical concentration. Then, the
peptide was likely to take soluble structure. However, heating would cause destabilization
of hydration and maturing of self-assembly.
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CHAPTER 3

The effect of pH and salt on self-assembling property
of short elastin-like peptides

Abstract

Elastin-like peptides (ELPs) are composed of hydrophobic repeats derived from elastin,
such as (VPGVG)n, and exhibits a temperature-dependent reversible self-assembly property.
Although ELPs have been applied as biomaterials due to the characteristic property, they
were often used in the form of long polypeptides provided by genetic engineering method.
It was considered that synthesizable shorter peptide sequences are advantageous for bulk
synthesis and industrial applications. Our previous study developed a short-length ELP,
(FPGVG)s with self-assembling property. On the other hand, it is known that the self-
assembling property of ELPs in solution are influenced by external factors such as pH and
salt. This effect of pH and salt is well investigated with long ELP, but it is not sufficiently
described how pH and salt affects self-assembly of short ELPs. Therefore, this study aimed
to investigate the responsiveness of short ELPs to pH and salt. In this chapter, four peptide
analogs derived from (FPGVG)s, at which each terminus was protected or unprotected, were
synthesized. Salt and pH responsiveness in their self-assembling property were analyzed by
turbidity measurement and molecular dynamics (MD) simulation. As a results, the self-
assembling properties of (FPGVG)s analogs depended on the ionized state of the termini.
Ionization of the termini induced by the pH alteration decreased the self-assembly property,
with the exception of (FPGVG)s in the zwitterionic state. Salts showed salting in and out
effect according to Hofmeister series for non-ionized peptides. It was also indicated that the
more chaotropic anions interacted with the charge at the ionized N-terminus. The self-
assembling property of N-terminus-ionized peptide was significantly improved by more
chaotropic anions. Furthermore, it was found that the self-assembling property of (FPGVG)s
seemed to be sensibly influenced by pH and salt compared to the corresponding long-length
ELPs. It was indicated that pH and salt efficiently worked as factors to control self-
assembling property of short ELPs. These findings will be useful for future applications of

ELPs as stimulus responsive materials.

1. Introduction

The use of biomolecule as materials has become widespread [1, 2]. It would be
beneficial to elucidate their functions and molecular mechanisms, because it would bring
precise controls and improvements of their valuable individual functions. Among

biomolecules, elastin like peptides, abbreviated ELPs, are attractive as biomaterials [3-6].
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Typical ELPs have repetitive sequence of VPGVG derived from elastin [5]. The hydrophobic
repetitive sequence shows self-assembly at high temperature and dissociates at low
temperature in solution. Such a reversible and LCST-like phase transition behavior is also
called coacervation [7, 8]. Recently, the self-assembling property of ELPs was widely
applied as a carrier of drug delivery systems or a scaffold of tissue engineering [3-6]. Thus,
the elucidation of self-assembling mechanism in ELPs has become important research
subjects in order to provide rational design of ELPs.

In the application of ELPs, it is often used long-length ELPs. This is because that more
than 40 VPGVG repeating units are required to afford self-assembly in a physiological
condition [9-11]. However, inexpensive and massive chemical synthesis of long
polypeptides is difficult to carry out, and this difficulty was thought to be a bottle neck in the
bulk application of ELPs at present. Here, previous studies developed chemically
synthesizable short ELPs with self-assembling property [10, 12-16]. They revealed that
substitution of valine residue at first position of each typical repetitive sequence of elastin,
VPGVG, with hydrophobic one induced relatively strong self-assembling property. Among
them, (IPGVG)7, (FPGVG)s, and (WPGVG)3 showed self-assembly with shorter and more
hydrophobic repetitive sequences than (VPGVG)40. Peptides, when used as biomaterials,
have some advantages over proteins [17, 18]. Therefore, this study also aimed to develop the
novel short ELPs and evaluate characteristics of them in more detail.

The differences in pH and salt in solution affect the self-assembling properties of ELPs
[19-23]. They have been considered as common environmental factors to use ELPs as base
materials in solution. Moreover, some ELPs were designed and applied as biomaterials
which showed responsibility to ion or pH by combining with other functional groups [24-
28]. For the development of smart application of ELPs, it is important to know how ELPs
respond to the differences in salt and/or pH condition(s). These responsiveness on self-
assembly were well investigated in long ELPs [19-23]. On the contrary, it is not known
whether self-assembling property of short ELPs is affected by pH and salt. In other words,
for further functionalization of short ELPs, it is required to conduct fundamental studies to
clarify the responsiveness.

This chapter investigated the responsiveness of short ELPs to pH and salt. Here,
(FPGVGQ)s is abbreviated F5. Four F5 analogs with different terminal state, H-F5-OH, Ac-F5-
OH, H-F5-NH,, and Ac-F5-NH, were synthesized. These self-assembling properties were
evaluated under different pH and salt conditions. As a result, it was shown that the ionization
of termini interfered with the self-assembling property of the peptides. It was also revealed
that chaotropic anions significantly improved the self-assembling property of the peptide
with ionized N-terminus. Additionally, molecular dynamics simulation was performed to

analyze hydration state of the peptide under pH buffered or salted condition. The results
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suggested that pH and salt would change the self-assembling property by affecting the
hydration state of the peptide termini. The findings obtained in this chapter would provide

fundamental knowledge for further downsizing and functionalization of short ELPs.

2. Materials and methods
Chemicals

Fmoc-NH-SAL-MBHA resin (100-200 mesh) and Fmoc-Gly Alko Resin (100-200
mesh) were purchased from Watanabe Chemical Industries Ltd. (Hiroshima, Japan). Acetic
anhydride for peptide synthesis was purchased from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan). 2-(1H-Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU) and 1-hydroxybenzotriazole (HOBt) were purchased from Kokusan Chemical Co.,
Ltd. (Tokyo, Japan). Other reagents for peptide synthesis were also purchased from
Watanabe Chemical Industries Ltd. Acetic acid, aluminum (III) chloride hexahydrate,
calcium chloride, disodium hydrogen phosphate 12-water, sodium acetate, sodium carbonate,
sodium chloride, sodium dihydrogenphosphate dihydrate, sodium fluoride, and sodium
formate were purchased from Nacalai Tesque Co. Ltd. (Kyoto, Japan). Phosphoric acid,
magnesium chloride hexahydrate, potassium chloride, sodium hydrogen carbonate, sodium
nitrate, sodium perchlorate monohydrate, and sodium thiocyanate were purchased from
Wako Pure Chemical Industries, Ltd. Sodium bromide and sodium iodide were purchased
from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Formic acid was purchased from
Kanto Chemical Co., Inc. (Tokyo, Japan). Water for sample preparation was purified by
Milli-Q Integral 3 (Merck Millipore, Billerica, MA). Solvents for peptide synthesis and other

reagents were also obtained from commercial suppliers and used without further purification.

Synthesis of the F5 analogs

F5 analogs were synthesized by following the synthesis method described in our
previous studies with a few modifications [12, 13]. All peptides were synthesized with an
ABI 433 A peptide synthesizer (Applied Biosystems, Foster City, CA) using the 0.10 or 0.25
mmol scale solid phase method by Fmoc chemistry. 0.147 mg (0.10 mmol scale) and 0.370
mg (0.25 mmol scale) of Fmoc-NH-SAL-MBHA Resin (100-200 mesh) were used as the
solid phase support for synthesis of Ac-F5-NH, and H-F5-NH,, respectively. 0.111 mg (0.10
mmol scale) and 0.278 mg (0.25 mmol scale) of Fmoc-Gly Alko Resin (100-200 mesh) were
used for synthesis of H-F5-OH and Ac-F5-OH, respectively. After peptide elongation,
acetylation of the N-terminus was additionally performed in synthesis of Ac-F5-NH, and Ac-
F5-OH. Each resin was suspended in dichloromethane (9 mL) with acetic anhydride (31.7
mmol, 3 mL) and DIEPA (62.0 umol, 10.8 pl). The resulting mixture was stirred for 2 hours

at room temperature. Deresination was performed by a reagent cocktail containing 95%
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TFA/2.5% TIS/2.5% H20. After the reaction, the peptide was precipitated by di-ethyl ether
and pre-purified by Sep-pak Vac 35cc C18 (Waters Co., Milford, MA) column. Subsequently,
further purification was performed by RP-HPLC (The Breeze™ 2 HPLC System, Waters
Co.) composed with a C8 column ( u-BONDASPHERE, 150 x 19 mml.D., C8-AP 5 um,
300 A, Waters Co.) and a solvent system consisting of 0.1% TFA aqueous solution (v/v) and
0.1% TFA aqueous solution in 80% acetonitrile aqueous solution (v/v). The eluted fractions
containing peptides were concentrated by evaporation and lyophilized. Consequently, all
peptides were obtained as a colorless powder and yielding 266 mg of H-F5-OH (46.1%), 74.4
mg of Ac-F5-OH (31.7%), 212 mg of H-F5-NH, (36.8%), and 62.9 mg of Ac-F5-NH, (26.8%)).
Purity and molecular weights of the peptides were confirmed by ACQUITY UPLC H-Class
(Waters Co.) equipped with an ACQUITY UPLC BEH C-18 column (100 mm, flow rate 0.6
mL/min) (Waters Co.) at 49 °C and the eluting product was detected by UV at 225 nm and a
quadrupole mass spectrometer, ACQUITY QDa (Waters Co.). The solvent system for UPLC
consisted of 0.1% formic acid aqueous solution (v/v, solvent A) and 0.1% formic acid in
acetonitrile (v/v, solvent B), and elution was performed with a linear gradient of solvent B,
24% to 56% over 4.23 min.

H-F5-0OH : H-(FPGVG)s-OH
Retention time = 2.712 min. MS (ESI) m/z: calculated for C230H312N500s1 1153.84 ([M
+2H]*"), found 1153.87

Ac-F5-0OH : Ac-(FPGVG)s-OH
Retention time = 3.357 min. MS (ESI) m/z: calculated for C232H314Ns50052 1174.86 ([M
+2H]*), found 1174.77

H-F5-NH; : H-(FPGVG)s-NH;
Retention time = 2.496 min. MS (ESI) m/z: calculated for C230H313N510s0 1153.35 ([M
+2H]*"), found 1153.31

Ac-F5-NH, : Ac-(FPGVG)s5-NH,
Retention time = 3.270 min. MS (ESI) m/z: calculated for C232H315N510s1 1174.36 ([M
+2H]*"), found 1174.40

Removal of TFA from H-F5-NH;

To analyze effects of TFA anion which came along with the peptide as a counter ion
derived from the purification solvent, TFA was removed from H-F5-NH, by VariPure IPE
column (100 mg/3 mL, Agilent Technologies, Santa Clara, CA). At first, VariPure column
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was preconditioned with 10 mL methanol. Subsequently, the column was feather conditioned
by 10 mL of 80% acetonitrile aqueous solution. After that, the column was added the HPLC-
purified H-F5-NH, (23.31 mg) solution prepared in 1 mL 80% acetonitrile aqueous solution
and washed by 10 mL MeOH. All elution fractions were collected and the peptide containing
fraction was concentrated by evaporation and lyophilized. Consequently, H-F5-NH, without

TFA anion was obtained as colorless powder (21.21 mg, 91.0%).

Sample preparation

The effects of pH and salt on self-assembly of F5 analogs were evaluated by 7t values
in pH buffered and/or salted solutions. The pH buffered samples were prepared by dissolving
the peptides into five pH buffered solutions, that is, phosphate buffers (pH = 2.1 (NaH2PO4
50.0 mM, H3PO4, 49.9 mM) and pH = 7.0 (NaH2PO4 68.2 mM, Na2HPO4 10.6 mM), formate
buffer (pH = 2.9, HCOONa 100 mM, HCOOH 468 mM), acetate buffer (pH = 4.8,
CH3COONa 100 mM, CH3COOH 72.4 mM), and bicarbonate buffer (pH = 9.8, NaHCO3
41.2 mM, Na2CO3 19.6 mM). All buffers were prepared to ionic strength = 0.1 M and
adjusted to each target pH with slight amount of aqueous solution of hydrochloric acid or
sodium hydroxide. To observe effects of salts on self-assembly, peptide samples dissolved
in eleven salt solutions, were also prepared. These samples were prepared at salt
concentration of 0.10 M by adding aqueous stock solutions of 1.0 M NaCl, KCI, MgCla,
CaClz, AICl3, NaBr, NaNOs3, Nal, NaClO4, NaSCN, and 0.50 M NaF. Furthermore, samples
of H-F5-NH; in 0.05, 0.1, 0.15, 0.2, 0.3 M NaCl solution were also prepared to confirm the
effect of salt concentration. In addition to the condition described above, using a combination
of pH and salt, each peptide solution was prepared to observe the effect of salts on ionized
peptides. Four peptides were dissolved in phosphate buffer (pH = 2.1) or bicarbonate buffer
(pH = 9.8), and added 1.0 M NaCl, KCl, NaBr, NaNOs3, or NaClOs4 stock solution to be 0.10
M of salt concentration. This preparation was only performed for neutral salts and stable
salts in acidic or basic pH condition. Furthermore, salted or pH buffered samples of the H-
F5-NH, excluding TFA were also prepared by following the method described above to
validate effects of the counter ion on self-assembly. In all preparation, final concentrations
of each peptide were fixed at 10 mg/mL for H-F5-OH and H-F5-NH,, 1 mg/mL for Ac-F5-OH
and Ac-F5-NH,, and 2 mg/mL for the H-F5-NH, excluding TFA.

Turbidity Measurement

The temperature-dependent self-assembly was evaluated using a JASCO V-660
spectral photometer, (JASCO Co., Tokyo, Japan). Turbidity measurements were performed
at 400 nm while the temperature was being increased or decreased at a rate of 0.5 °C/min

from 6 °C or less. Each concentration of sample solution was measured at least three times.
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Self-assembly was determined by the phase transition temperature (7t). This is the

temperature at which the turbidity of the solution reaches half the maximum value [12].

MD Simulation

The effect of pH and salt on molecule of F5 structure was simulated in GROMACS
5.1.4 software with OPLS/AA force field and TIP3P explicit solvent model. To take into
account in the change of charges on functional groups that can be ionized according to pH,
peptide structures with ionized or non-ionized terminus were constructed, respectively. We
performed simulations of H,"-F5-OH (H,"- means H;N*-), H,"-F5-O-, H-F5-0O-, Ac-F5-OH, Ac-
F5-07, H,*-F5-NH,, H-F5-NH,, and Ac-F5-NH,. Initial conformations were generated as an
extended form by Discovery studio 4.0 software, and arranged its terminal state by gmx
pdb2gmx command in GROMACS. These peptides ware solvated in 7.2 nm cubic box with
explicit TIP3P water molecules by gmx solvate. Successively, 22 or 23 Na" and Cl" ions were
replaced with water molecules by gmx genion to provide the ionic strength of 0.1 M and to
neutralize total charge of the system. In addition, we also generated structures of H,*-F5-NH;
and H-F5-NH, with 0.1 M NaBr, Nal, NaNOs, or NaClOs to estimate the effect of chaotropic
anions against peptides having a charge at the N-terminus. Subsequently, topologies of NO3"
and ClO4" were referred from Doherty’s study [29]. Each simulation was performed at two
temperatures of 310 K and 278 K to consider the change in molecular state due to difference
of temperature. Each MD system also contained minimization, temperature annealing,
equilibrium, and production stages. Solvent minimization was performed using steepest
descent method for 10,000 steps and conjugate gradient algorithm for 20,000 steps. Then,
the system was gradually heated for 100 ps and equilibrated for 100 ps in NPT ensemble
using v-rescale thermostat and the berendsen barostat. Until this first equilibrium, all-peptide
atoms except hydrogens ware restricted with 20 kcal/mol-nm?. Second and third equilibrium
were further conducted in same condition with first equilibrium except restraints. Restriction
of 2 kcal/mol nm? and no constraint were also applied to them, respectively. After that, final
production run was performed for 50 ns with a 2 fs time step and no constraint. V-rescale
thermostat and Parrinello-Rahman barostat ware used for NPT ensemble. 10 A cutoff radius
was used for the short-range intermolecular interactions. Partial mesh Ewald (PME)
summation was used for the long-ranged electrostatic interactions. The LINCS algorithm
was used to convert the bonds with H-atoms to constraints. Trajectories were processed to
analyze peptide hydration. Radius of gyration (Rg), solvent accessible surface areas (SASA),
and ratios of secondary structure, were obtained by using gmx gyrate, gmx sasa, and gmx
do_dssp [30], respectively. The number of hydrogen bonds between water and peptide N-
terminus (Nnw) or C-terminus (New), distance distribution of closest ions (DDCI), and

Coulomb and van der Waals interaction energy between water or solvent and the peptide
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[31] were also obtained by using gmx hbond, gmx mindist, and gmx energy, respectively.

3. Results and discussion
Synthesis of the Peptides

Four peptides with different terminal states were successfully synthesized by a
conventional solid phase peptide synthesis procedure. The purity and molecular weight of
each peptide were confirmed by RP-UPLC-MS. These data were shown in figure 1. All
peptide showed single peak in RP-UPLC-MS and correct mass number. They were obtained
with high purity.

(Figure 1)

The effects of pH and salt on H-F5-NH.

The influence of pH and salt on H-F5-NH, was shown at first, because the self-
assembling properties of short-ELPs with protected C-terminus were well studied [12, 13,
15, 16]. In case of H-F5-NH,, it was previously revealed that the peptide required
concentration of 30 mg/mL to show self-assembly in pure water [15]. As shown in figure 2,
analysis on pH alteration revealed that H-F5-NH, did not exhibit self-assembly under the
strongly acidic conditions (pH = 2.1). It was also shown that the phase transition temperature
significantly decreased as the pH of the solution became basic. It cannot be separate the
effect of pH and salt type in buffer on the phase transition, because the buffers is made from
a combination of salts. However, it seemed that the non-ionized state of the peptide in neutral
and basic buffers increased the hydrophobicity and induced the self-assembly driven by the
hydrophobic effect.

(Figure 2)

The effect of salts on the self-assembly was observed in pure water. These data were
shown in figure 3. Comparing the effect of cations in the chloride salt series, the 7t of H-F5-
NH,was linearly decreased as the valence of the cations increased (Figure 3A and 3B). This
result was opposite to salting in and out effects according to Hofmeister series. In
comparison with anions in the sodium salts series, chaotropic anions that generally show
salting in effect, also reduced the 7t (Figures 3C and 3D). Especially, addition of Nal,
NaClOs, or NaSCN immediately made the peptide solution cloudy under ice cooling
condition. Thus, anion type more significantly affected 7t of H-F5-NH, than cation type. Here,
we thought that inverse and linear salting out effects of multivalent cations probably related
to increase in concentration of their counter chloride anion. It was supported by the result
that Tt of the peptide linearly decreased as the NaCl concentration increased from 0.1 to 0.3

M (Figure 4). In comparison with previous studies, self-assembling property of H-F5-NH,
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seemed to be significantly affected by salt type even at salt concentration of 0.1 M [19, 20].
It seemed to be different from the property of conventional long ELPs.
(Figures 3 and 4)

The specific anion sensitivity of H-F5-NH, was further analyzed. It was suspected that
the anions and the peptide were electrically interacting with each other in solution. To
analyze the effect of salt on H-F5-NH,, the turbidity measurement was carried out using TFA
removed peptides. Generally, HPLC-purified peptides contain TFA ion at N-terminal as a
counter ion, because TFA was usually used in the HPLC eluents. TFA is a strong acid and is
expected to 1onize the peptide well. Here, H-F5-NH, removed TFA showed self-assembly at
concentrations of 2 mg/mL (7t = 39.3 £ 0.1°C) and 5 mg/mL (7t = 19.1 £ 0.1°C). It was
confirmed that removal of TFA from the peptide decrease 7t value. The effects of pH, cation
and anion species on the TFA removed H-F5-NH, in pure water were shown in the figures 5
and 6. Due to relatively low concentration of 2 mg/mL in measurements, the peptide self-
assembled only under neutral and basic conditions at 7; of 38.8 + 0.5 and 34.1 + 0.5°C,
respectively. No change in 7t was observed except for AICls in the comparison with the
effects depending on the types of cations. Since AICI3 is an acidic salt, it was thought that
lower pH caused by AICI3 changed the ionization state of the peptide and prevented self-
assembly. Additionally, no systematic differences in 7t according anion type were also
observed. Therefore, it was confirmed that the 7t significantly decreased by the interaction
of chaotropic anion with the positive charged N-terminus.

(Figures 5 and 6)

The influence of anions was also analyzed in acidic phosphate buffer (pH = 2.1) and
basic bicarbonate buffer (pH = 9.8) (Figure 7). Although the peptide did not show self-
assembly in the acidic phosphate buffer, the self-assembling property emerged in the acidic
buffer with 0.1 M NaCl. NaBr or NaNOs decreased 7t of the peptide more than NaCl. The
addition of NaClOs stock solution also make the peptide solution cloudy even in ice cooling.
These results indicated that more chaotropic anions likely induced stronger self-assembly of
the peptide. It was similar to the case in pure water. On the other hand, in bicarbonate solution,
addition of each salt lowered the 7t to 3 °C. There was no significant change depending on
the kind of salts in basic condition. In addition to the findings described in the previous
paragraph, it was strongly supported that chaotropic salts greatly reduce the 7t value of the
N-terminus charged peptide.

(Figure 7)
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The effects of pH and salt on Ac-F5-NH;

In order to investigate influence of the N-terminal state on pH alterations, 7t of Ac-F5-
NH, was measured in various pH conditions. In comparison with H-F5-NH,, Ac-F5-NH, which
possessed no chargeable functional group(s) at both termini showed self-assembly at a lower
concentrations of 1 mg/mL (7t = 45.8 £ 0.3°C) and 2 mg/mL (30.8 £ 1.0°C) in pure water.
Interestingly, Ac-F5-NH, did not dissolve at concentration of 5 mg/mL in pure water. At the
peptide concentration of 1 mg/mL in buffers with various pH, the 7t values of Ac-F5-NH,
ranged between 36 and 40°C (Figure 8). The slight difference in 7t was thought to be induced
by interaction of ions constituting the buffer with the peptide surface other than the terminal
functional group(s). Consequently, it was found that the self-assembly of Ac-F5-NH, was not
significantly affected by pH.

(Figure 8)

The effect of salt type in the self-assembly of Ac-F5-NH, was also confirmed. These
data was shown in figure 9. In comparison between the cations, although the 7 tended to
decrease as the valence of the cation was increased, it was not a significant change in 7t
(Figures 9A and 9B). In comparison between the anions, the 7t values were ordered in the
sequence: F~ <CI" <salt free < Cl04” < Br' = NO3™ < SCN" < I" (Figures 9C, and Figure 9D).
It was shown that cosmotropic/chaotropic anions tended to decrease/increase 7Tt at a salt
concentration of 0.1 M, respectively. It was consistent with salting in and out effects
described in previous studies about elastin-like polypeptides [20]. Surprisingly, it was found
that Ac-F5-NH,, which could not have generally charges in solution, was affected by salts in
similar trend as same as the conventional ELPs that have at least one amino group at N-
terminal.

(Figure 9)

The influence of anion species on Tt of Ac-F5-NH, was also confirmed in acidic and
basic conditions (Figure 10). In each buffer, difference in salts did not bring large difference
in Tt by 6°C or more (Figure 10). As a result, the salting in and out effects according to the
Hofmeister series were found in bicarbonate buffer. Since multiple ionic species were
present in these bicarbonate solutions, it is difficult to discuss further from the slight
differences in 7. Consequently, it was revealed that the salt responsiveness of 7t in Ac-F5-
NH, did not depend strongly on pH.

(Figure 10)

The effects of pH and salt on Ac-F5-OH

Using the same procedure for the analyses on N-terminus, the influence of the C-
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terminal state on the self-assembly of F5 was analyzed. As well as Ac-F5-NH,, Ac-F5-OH
showed phase transition in pure water at relatively low concentration of 1 mg/mL (7t = 35.0
+ 0.4°C). As results of measurement in several pH buffers, the phase transition was shown
in acidic phosphate and formic acid buffers (Figure 11). However, the peptide did not self-
assemble in acetic, neutral phosphate, and bicarbonate buffers. Thus, there is a possibility
that a pH value higher than the formic buffer made the C-terminus of Ac-F5-OH ionized, and
it was expected that the increment of hydrophilicity of the peptide preventing the phase
transition in the solution. As well as the N-terminus of the ELPs, it was suggested that the
C-terminus also regulated the self-assembling property depending on its charged state.
(Figure 11)

The influence of salt on Ac-F5-OH was further analyzed in pure water and a series of
buffers with various pH values. In the comparison between the cations in pure water, it was
found that the Tt increased with the increment of the valence of the cation (Figure 12).
Although this increasing behavior seemed to be according to Hofmeister series of cation, the
difference in 7t by salt types was found to be within the range of 5°C. This small range of
difference indicated that the magnitude of the influence by the cations was small in the self-
assembling. Excluding NaF which was basic salt and promoted ionization of C-Terminus,
the anions also behaved according to the Hofmeister series as well as the cation against the
self-assembling of Ac-F5-OH (Figures 12C and 12D). This trend was consistent with that of
unchargeable Ac-F5-NH,. In addition to these results, no change in anion responsiveness of
Ac-F5-OH was observed in acidic and basic condition. (Figure 13). In the acidic phosphate
buffer, the difference of Tt between the anion species was ranged only 4°C. Consequently,
salt addition did not bring phase transition at low peptide concentration (1 mg/mL) in basic
condition at which ionized C-terminus of Ac-F5-OH existed. In comparison with the result
on Ac-F5-NH,, it was confirmed that the C-terminus protecting group only prevented ionizing
of C-terminus, and the group itself did not affect significantly the salt responsiveness of F5
backbone.

(Figures 12 and 13)

The effects of pH and salt on H-F5-OH

Analysis of Tt change was also conducted on H-F5-OH which had unprotected termini.
Similar to H-F5-NH,, H-F5-OH was expected to be obtained as a TFA salt via HPLC
purification. As a result of the turbidity measurement in pure water, H-F5-OH showed self-
assembly at a concentrations of 10 mg/ml (7t = 53.3 + 1.1°C) and 20 mg/ml (7t = 29.2 £
0.9°C). These peptide concentrations were lower than that of H-F5-NH, described above. It

was thought that H-F5-OH could ionize at both termini in acetic buffer and neutral phosphate

86



buffer to be amphoteric ion (zwitterion). This zwitterion would be more hydrophilic than the
peptide ionized at either one of termini. However, as shown in figure 14, H-F5-OH showed
relatively low Tt in these neutral - weak acidic conditions compared with that in acidic
phosphate buffer (pH = 2.1). In addition, no phase transition was observed in bicarbonate
buffer. Thus, it was thought that H-F5-OH was possible to form a self-assembly with an aid
of electrical interaction between homogeneous peptide molecules. The property of
zwitterionic F5 raises interesting questions regarding self-assembling mechanism of H-F5-
OH. Further verification is necessary in the future for examination of this hypothesis how an
aid of electrical interaction between homogeneous peptide molecules induce and strengthen
self-assembly of H-F5-OH, which can be a zwitterion form.
(Figure 14)

In pure water, self-assembly of H-F5-OH was affected by salts similar to that of H-F5-
NH.. As shown in figure 15, the 7i of H-F5-OH decreased with increasing valence of the
cations in solution. The addition of more chaotropic anions also significantly reduced the 7t.
The peptide solution with Nal, NaClO4, or NaSCN showed self-assembly even under ice
cooling condition. As shown in figure 16, the tendency of salt influence in acidic buffers was
also similar to that of H-F5-NH.. On the other hand, no self-assembly was induced by addition
of any salts in bicarbonate buffer. Consequently, it was revealed that non-ionized C-terminus
did not affect salt responsiveness of H-F5-OH. In addition, it was observed that the non-
ionized N-terminus and the ionized C-terminus under basic conditions would prevent self-
assembly properties of H-F5-OH.

(Figures 15 and 16)

Molecular dynamics simulation of hydration state of peptide

In vitro experiments demonstrated that the importance of the state of the termini of
ELPs in self-assembly. To elucidate the influence of the state of the peptide terminus, the
hydration state around the termini was estimated by in silico procedure using MD. The data
on the structure at 278 K was listed in table 1. All eight peptides possessed bend, turn, and
abundant coil structure at 278 K. Thus, it was thought that the influence of the change in the
termini on the backbone structure was not significant. As analyses of the peptide hydration,
the number of hydrogen bonds formed between water molecules and N-terminus (Naw) or C-
terminus (New) was also shown in table 1 and figure 17. Here, the ionized N-terminus had
more hydrogen bonds with water molecules as compared with the non-ionized or protected
one. The ionized N-terminus possessed about 0.8 bond per one amino group. In addition, it
was also shown that the ionization at the C-terminus increased ca. 4 hydrogen bonds with

water molecules. The difference in the number of hydrogen bonds in C-terminal carboxyl
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groups was larger than that in N-terminal amino groups. The radius distribution function
(RDF) of the water molecules was also analyzed from the surface of each terminus. This
result was also described in figure 17. At both termini, the ionized state caused large
distribution peak of water in the region shorter than 0.2 nm from the surface of each terminus.
It was revealed that the ionized terminus was more hydrated than the non-ionized or
protected terminus. In comparison between ionized termini, C-terminus showed a higher
intensity than N-terminus in the graph (Figure 17). It was also indicated that more water
molecules were localized in the first hydration shell of the C-terminus. As shown in figure
18, the analysis of interaction energy indicated that the peptide having a well hydrated
terminus tended to interact with water molecules. Understandably, it was suggested that
ionization of termini gave high hydrophilicity to the peptides.
(Table 1, figures 17 and 18)

An analysis at 310 K was conducted using the trajectories. The date on the structure
was listed in table 2. As well as the results at 278 K, secondary structure at 310 K was
dominated by bend, turn, and abundant coil structure. In addition, B-sheet and B-bridge
structures increased its proportion in comparison with the results at 278 K. These
components were commonly found in the ELPs. Thus, it was suggested that the state of
termini did not affect the whole peptide structure at 310 K similar to that at 278 K. The
results of analysis of hydrogen bonds at each terminus at 310 K was shown in figure 19. The
hydrogen bond distance between the N-terminus and water molecules tended to be slightly
longer in the ionized state than that in non-ionized state. However, in analysis at the C-
terminus, there was a trajectory in which number of hydrogen bonds with water did not
increase even in the ionized state. This result was different from that at 278 K. It was thought
that the hydrogen bonds at high temperatures became unstable due to thermal motion of the
system. In the analysis of RDF, ionized state of both termini showed the peak which
indicated first hydration shell. However, intensity of C-terminus tends to be lower than that
at 278 K. These results indicated that the localization of water molecules near the C-terminus
was decreased at high temperature. Moreover, as shown in figure 18, the interaction between
the peptides and water molecules among almost all the peptides destabilized at 310 K. This
result suggested that high temperature induced hydrophobic effect leading to self-assembly
of the peptides.

(Table 2 and figure 19)

The influence of anions on the peptide hydration was also analyzed by MD. The date
on the structure was listed in table 3. In this result, secondary structure of H,*-F5-NH, and H-

F5-NH, was dominated by bend, turn, and abundant coil structure at 278 K. In addition, -

88



sheet and B-bridge structures tended to increase its proportion at 310 K. On the other hand,
no systematic change in the secondary structure of the peptides depending on the salt type
was observed (Table 3). Analysis of DDCI that indicated how each anion was close to the
N-terminus of the peptide was also conducted [31]. The data of the analysis was obtained by
calculating the frequency of minimum distances between the N-terminus and an anion in
trajectories. As shown in figure 20, it was confirmed that anions tended to localize in the
region of 0.2 to 0.4 nm from the ionized N-terminus. Among them, temperature-dependent
systematic change in distribution of the anion was not observed. Analysis of the
intermolecular interaction between the peptide and molecules consisting of solvent and salt
was also conducted. Analyzed data was shown in figure 21. Although the interaction tended
to become unstable due to an increase in the temperature, difference in anion type did not
bring systematic change in the interaction energy between peptide and solvent. Consequently,
this MD results suggested that the localization of anion molecules around the ionized N-
terminus could not properly explain the influence of anion types on the hydration state of
the peptide. However, previous studies showed that chaotropic anions close to the ionized
N-terminus acted on reverse Hofmeister series, interfered with hydration of the peptide [32]
and reduced interaction between protein and water [31]. From these findings, it seemed
plausible that anions close to the N-terminus had some influence even for the peptide
hydration as well as the proteins. To confirm this hypothesis, further experiments are
required, that is, selection of appropriate conditions in MD, such as simulation time, salt
concentration, and the number of peptide, may bring more accurate description in self-
assembly of shorter ELPs. As summary, it was estimated that the anions were localized
around the charged N-terminus in this calculation condition.
(Figures 20 and 21)

Discussion from turbidity measurement and MD
To summarize the results of turbidity assay, obtained 7t values in pH buffer, in salt
solution, and pH buffers with salt were listed with SEM. in table 4, 5, and 6, respectively.
Comparison the results between the four peptide analogs suggested that the pH and salt
significantly changed the 7t by influencing both termini of the peptide rather than the peptide
backbone.
(Table 4, 5, and 6)

Previous research described that the effect of ionized termini on 7t was considered
negligible in a long ELP, H-(VPGVG)120-0OH [19]. However, this study revealed that the low
molecular weight ELP was sensitively affected by pH and salt in solution. In the turbidity

measurement, H-F5-OH exhibited self-assembly with 7t value under acidic conditions but did
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not show self-assembly in basic conditions. Thus, it was expected that the ionization of the
carboxyl group more effectively interfered with the hydrophobic effect, which induce the
self-assembly, than that of the amino group. This result was consistent with previous report
indicating that ionized aspartic acid and glutamic acid brought lower 7t than ionized lysine
in long ELP [22]. The results of MD simulation also showed that the peptide was more
hydrated at the C-terminus than the N-terminus. Therefore, this study suggested a novel
mechanism in hydration of short ELPs that the ionization at each terminus had different
effects on 7t. On the other hand, H-F5-OH in weak acidic condition and neutral condition
showed relatively lower 7t than that in strong acidic condition. From this result, it was
hypothesized that the self-assembly of the peptide was promoted via electrical interactions
occurring between zwitter ionized peptides. To verify this presumed self-assembling process,
further verification is needed, in particular, MD simulation of zwitter ionized peptides are
required.

This study also showed that the chaotropic anions significantly reduced the 7t of the
peptide analogs which possessed ionized N-terminus. Anions showed salting in and out
effects according to Hofmeister series against F5 analogs that possessed protected N-
terminus or uncharged N-terminus under basic conditions (only in case of H-F5-NH,).
However, the effect was reversed on the F5 analogs with ionized N-terminus. The results of
MD simulation revealed that anions were localized around the positive charge at N-terminus.
Previous studies also showed that the chaotropic anion prevented the hydration of positive
charges by masking [31, 32]. From these findings, anions in solution seemed to control the
hydration of charged N-terminus in F5 analogs. It would be an important factor determining
the self-assembling properties of short ELPs.

In conclusion, it would be possible to control the self-assembling property of short
ELPs by presence or absence of charge on the peptide and anion interacting with the positive
charge. This could be a simple and potent factor to switch self-assembling property of short
ELPs. Because of their small molecular weight, short ELPs possess different responsiveness
against environmental factors from long ELPs. In order to observe the responsiveness of
short ELPs more effectively and in more detail, it is necessary to pursue the dependence of
self-assembly on pH, type and concentrations of salts, and chemical state of peptides, multi-

dimensionally.

4. Conclusion

This chapter showed that pH and salt worked as factors controlling self-assembling
properties of short ELPs. Analyses of four (FPGVG)s analogs at which each terminus were
protected or unprotected, indicated that pH-dependent ionization of each terminus promoted
peptide hydration and interfered with self-assembling property of (FPGVG)s. As an
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exception, H-(FPGVG)s-OH in the zwitterionic state showed self-assembly at a relatively
low temperature. It was thought that there was a possibility of forming self-assembly via
electrical interaction. Salts exhibited salting in and out effect according to the Hoffmeister
series against non-ionized peptide. However, it was shown that chaotropic anions greatly
decreased the Tt of the short ELP whose N-terminus was ionized. The chaotropic anions
seemed to specifically interact with the charge at the ionized N-terminus. Such effect was
not observed in long ELPs. Thus, this chapter revealed that short ELPs were affected
partially differently by salts. As summary, this study showed that pH and salt could control
self-assembling properties of short ELPs. These findings would help further downsizing of

ELPs and application of ELPs as stimulus responsive materials.

5. References

[1]  Willner 1., Willner B., Biomolecule-based nanomaterials and nanostructures, Nano
Lett., 10, 3805-3815 (2010).

[2] Bauri K., Nandi M., De, P., Amino acid-derived stimuli-responsive polymers and
their applications. Polymer Chemistry, 9, 1257-1287 (2018).

[3] MacEwan S. R., Chilkoti A., Applications of elastin-like polypeptides in drug
delivery, J. Control Release, 190, 314-330 (2014).

[4] Nettles D. L., Chilkoti A., Setton L. A., Applications of elastin-like polypeptides in
tissue engineering, Adv. Drug Deliv. Rev., 62, 1479-1485 (2010).

[5] Despanie J., Dhandhukia J. P., Hamm-Alvarez S. F., MacKay J. A., Elastin-like
polypeptides: Therapeutic applications for an emerging class of nanomedicines, J.
Control Release, 240, 93-108 (2016).

[6] Yeo G. C., Aghaei-Ghareh-Bolagh B., Brackenreg E. P., Hiob M. A., Lee P., Weiss
A.S., Fabricated Elastin, Advanced Healthcare Materials, 4, 2530-2556 (2010).

[7] Yeo G. C., Keeley F. W., Weiss A. S., Coacervation of tropoelastin, Adv. Colloid
Interface Sci., 167, 94-103 (2011).

[8] Li N. K., Garcia Quiroz F., Hall C. K., Chilkoti A., Yingling Y. G., Molecular
Description of the LCST Behavior of an Elastin-Like Polypeptide,
Biomacromolecules, 15, 3522-3530 (2014).

[9] McDaniel J. R., Radford D. C., Chilkoti A., A unified model for de novo design of
elastin-like  polypeptides with tunable inverse transition temperatures,
Biomacromolecules, 14, 2866-2872 (2013).

[10] Maeda I., Taniguchi S., Ebina J., Watanabe N., Hattori T., Nose T., Comparison
between coacervation property and secondary structure of synthetic peptides, Ile-
containing elastin-derived pentapeptide repeats, Protein Pept. Lett., 20, 905-910
(2013).

[11] Kaibara K., Akinari Y., Okamoto K., Uemura Y., Yamamoto S., Kodama H., Kondo

91



[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

M., Characteristic interaction of Ca*>* ions with elastin coacervate: ion transport study
across coacervate layers of alpha-elastin and elastin model polypeptide, (Val-Pro-
Gly-Val-Gly)n, Biopolymers, 39, 189-198 (1996).

Suyama K., Taniguchi S., Tatsubo D., Maeda I., Nose T., Dimerization effects on
coacervation property of an elastin-derived synthetic peptide (FPGVG)s, J. Pept. Sci.,
22,236-243 (2016).

Tatsubo D., Suyama K., Miyazaki M., Maeda 1., Nose T., Stepwise Mechanism of
Temperature-Dependent Coacervation of the Elastin-like Peptide Analogue Dimer,
(C(WPGVG)3)2, Biochemistry, 57, 1582-1590 (2018).

Suyama K., Tatsubo D., Iwasaki W., Miyazaki M., Kiyota Y., Takahashi I., Maeda L.,
Nose T., Enhancement of Self-Aggregation Properties of Linear Elastin-Derived
Short Peptides by Simple Cyclization: Strong Self-Aggregation Properties of
Cyclo[FPGVG]n, Consisting Only of Natural Amino Acids, Biomacromolecules, 19,
3201-3211 (2018).

Maeda 1., Taniguchi S., Watanabe N., Inoue A., Yamasaki Y., Nose T., Design of
phenylalanine-containing elastin-derived peptides exhibiting highly potent self-
assembling capability, Protein Pept. Lett., 22, 934-939 (2015).

Taniguchi S., Watanabe N., Nose T., Maeda I., Development of short and highly
potent self-assembling elastin-derived pentapeptide repeats containing aromatic
amino acid residues, J. Pept. Sci., 22, 36-42 (2016).

Shin H., Jo S., Mikos A. G., Biomimetic materials for tissue engineering,
Biomaterials, 24, 4353-4364 (2003).

GroB3 A., Hashimoto C., Sticht H., Eichler J., Synthetic Peptides as Protein Mimics,
Front. Bioeng. Biotechnol., 3, 211 (2016).

Aladini F., Araman C., Becker C. F., Chemical synthesis and characterization of
elastin-like polypeptides (ELPs) with variable guest residues, J. Pept. Sci., 22 (5),
334-342 (2016).

Cho Y., Zhang Y., Christensen T., Sagle L. B., Chilkoti A., Cremer P. S., Effects of
Hofmeister anions on the phase transition temperature of elastin-like polypeptides, J.
Phys. Chem. B, 112, 13765-13771 (2008).

Rembert K.B., Paterova J., Heyda J., Hilty C., Jungwirth P., Cremer P. S., Molecular
mechanisms of ion-specific effects on proteins, J. Am. Chem. Soc., 134, 10039-10046
(2012).

Urry D. W., Physical Chemistry of Biological Free Energy Transduction As
Demonstrated by Elastic Protein-Based Polymers, J. Phys. Chem. B, 101 (51),
11007-11028 (1997).

Mackay J. A., Callahan D. J., Fitzgerald K. N., Chilkoti A., Quantitative model of the
phase Dbehavior of recombinant pH-responsive elastin-like polypeptides,
Biomacromolecules, 11, 2873-2879 (2010).

92



[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

Lao U. L., Chen A., Matsumoto M. R., Mulchandani A., Chen W., Cadmium removal
from contaminated soil by thermally responsive elastin (ELPEC20) biopolymers,
Biotechnol. Bioeng., 98, 349-355 (2007).

Kostal J., Mulchandani A., Gropp K. E., Chen W., A temperature responsive
biopolymer for mercury remediation, Environ. Sci. Technol., 37, 4457-4462 (2003),
Zhao P., Xia G., Dong S., Jiang Z. -X., Chen M. An iTEP-salinomycin nanoparticle
that specifically and effectively inhibits metastases of 4T1 orthotopic breast tumors,
Biomaterials, 93, 1-9 (2016).

Veneti E., Tu R. S., Auguste D. T., RGD-Targeted Liposome Binding and Uptake on
Breast Cancer Cells Is Dependent on Elastin Linker Secondary Structure
Bioconjugate Chem., 27,1813-1821 (2016).

Hu J., Xie L., Zhao W., Sun M., Liu X., Gao W., Design of tumor-homing and pH-
responsive polypeptide-doxorubicin nanoparticles with enhanced anticancer efficacy
and reduced side effects, Chem. Commun., 51, 11405-11408 (2015).

Doherty B., Zhong X., Gathiaka S., Li B., Acevedo O., Revisiting OPLS Force Field
Parameters for Ionic Liquid Simulations, J. Chem. Theory Comput., 13, 6131-6145
(2017).

Kabsch W., Sander C., Dictionary of protein secondary structure: pattern recognition
of hydrogen-bonded and geometrical features, Biopolymers, 22, 2577-2637 (1983).
Nasztor Z., Dér A., Bogar F., Ion-induced alterations of the local hydration
environment elucidate Hofmeister effect in a simple classical model of Trp-cage
miniprotein, J. Mol. Model., 23, 298 (2017).

Paterova J., Rembert K. B., Heyda J., Kurra Y., Okur H. 1., Liu W. R., Hilty C.,
Cremer P. S., Jungwirth P., Reversal of the hofmeister series: specific ion effects on
peptides, J. Phys. Chem. B, 117, 8150-8158 (2013).

93



"AS M PAQLIISIP dIam

eJep IOU)Q) "SQWERIJ )((°S SOW) SANPISAI 7 ‘A10J0a[eI) B UI SONPISAI S[OYM JO JOqUINU ) AQ 2INJONIS ATRPUOIS
OBI St POZIUF0I9I SANPISAI JO JOqUUNU Y} SUIPIAIP BIA PAUTRIGO 1M dINJONIIS ATRPUOIS OB JO SOTIBY ¢

060 $1S9  €v0 18T L 9€ € €S €60 7 /8CC v00 580 1-‘T+ -OS4~H
€60 T EF'9  ¥80 90T 8 (37 0 6 YO'T + ¥TE€EC  ¥0°0 + 98°0 0-G4-H
98'0 $059  S80 F€0T (0] 6€ € L [8°0 FLLTT €00 5180 T o-gyov
VIT $¥2T €70 £18C 1T 15 0 L€ 8T'T +89'TZ 800 3 280 HN-G4-.H
940 ¥60C  Tt'0 $78C LT LE z 4% €60 FSt'1z  C00 F8L0 ™ ho-g4-H
00T 16 080 80T 9 ve 0 09 SET $¥TET €00 3 680 HN-G4-H
60 F8T'T 0LOFTTT (0] LE [4 0s LS0F0LTZ TOO T €80 0  ‘HN-G3ov
LL0 $1L0T 990 80T S e v LS T0T $£407C 200 3780 HO-G4-9V
"N "N (%) uinL (%) puag (%)28pug-d (%) 1100 (;wu) vsvs (wu) %y asieyy apndad

¢ 8LT ¥ SoM03d3fer) QN WOy Bjep anjdnys | dqeL

94



'S YIM PAQLIOSIP 2IoM BIEP IOYI() SAWEI} ()()()‘S SOUIT) SONPISAI §7 ‘A10)0a (k1) © UI SONPISAI d[0ym JO Ioquuinu Y} £q
2IN3oN1S ATBPUODIS OB SE PAZIUS00I SANPISAI JO Joquunu ) SUIPIAIP BIA PAUTEIO dIOM DINJONIS ATEPUOIAS OB JO SONEY

650 F 66T 9v0F 8LT 34 1€ v 0 € IS0F GE6T TO0FTLO0 -7+ -O-Gd~™H
160 0.7 780 % ITC 8¢ o€ (4 T 67 ZS0 5 ZE6T TOO0 F9L0 0-G4-H
€0T +6T9 8L0F1ITC 8z ve % 0 ve 760 7 260 €00 3 8L°0 T oggov
10T £90€  6V0F SL'T €T v L € €€ €90 £ ST'TZ 100 5280 *HN-G4-"H
9,0 ¥ ¥t6T  T¥0F €8T 9 6€ L % a4 9/°0F 7,1z 00 F T80 ™ Ho-g4-H
vOT £29C 180 F ILT LT €€ 8 9 o€ 60T T E0EC 900 F S8°0 °HN-G4-H
180 £ ¥V€T 780 F ¥I'C €T 9z T €T o ZL0500TZ 200 5280 0  °HN-G4-V
60 FITC  vLOFEST L Lz L T € STTF9LTC LOOF180 HO-G4-V
"N "N (%) uinL (%) pusg (%)98pua-g (%)31ays-d (%) 110D (;wu) ysys (wu) ’y 9dieyy spndad

M 01€ I8 sou0)d3ler) (A WOIJ B)ep In)INNS 7 IqeL

95



‘(S UM PIQLIOSIP dIdM BIBP JOYIO "SOWRI) ())()‘S SOWI) SANPISAI G ‘A10303[1) B UI SONPISAI [OYM JO JOqUINU Y} AQ INJONI)S
ATepuodas [oed se pazIugooal SaNpIsal JOo Ioquunu Y} JUIPIAIP BIA PAUTRIqO I dINJONI)S ATBPUOIS YOBD JO SOIBY ¢

6605087 T80FvIT T 9z S 6 6S 1605 LT'€C 9005160 'OIJeN
OT'T $0£C 980FS8T L o 2 0 S 6vT+98TC 800FE€80 ‘ONEN
80T F+¥ST T80FL8T ve 124 o1 T S¥ Z0T1¥7877 soo+Fego ‘9N e
1803 ¥€T T80 F¥TT €1 9z T €1 o TL0500TZ TO05780  [JBN
€0T 26T 8S0509C vT €€ 8 z 47 8/°050STZ 70056L0 "OIoEN e
860 70T SYOF6LT 01 LT L 0 95 E0T 0007 ¥0056L0 ‘ONEN }
L60F68C 0SOFTILT 1 o€ S € 0s 860587TC 20056L0 dgeN o oar"
T0T $90€  6V0FSLT €1 a4 L € 33 €905 STTZ TO0F780 [JBN
88°0 + ¥ST 6L0FL0T 14 3 T rds €9°03+690Z Z0056L0 'OIoEN
IST 107 S80Ft0T 8 143 8 € 6% YZT 527872 ¥005060 FONEN S
88°0 + OT'E 690 FOV'T 01 61 L € 79 €0T+8T'VC 900FET'T  IgeN
00T 16T 08'0580C 9 Ve 0 0 09 SETFPTET €005680 [DBN
LOT 05T LVOFSLT 44 oz 9 0 zs S9TF/T'€C 8005060 "OIoEN 8Lc
860 7 80 LYOFLLT 01 8 < 0 8¢ 605 .9TC ¥00F¥80 FONEN e
7805 STT 0T8T z 13 z 0 19 8505960 TO0FT80 IgeN
VI'TFvCT  E€V0F18¢ 1 15 0 0 LE ST'T+89TC 8005780 [JBN
“N "N (%) uinL (%) puag (%)28pug-g (%)393us-d (%) 10D (;wu) vsvs (wu) %y yes  opnudad ()) aumesadwal

¢'SI[ES SNOLIEA [PIM SILI0)I3[e1) (JJAl WOI) B)ep 2INJINIS *€ dqel

96



Table 4. T values of four (FPGVG)s analogs in different pH buffers.?

T, of each peptide (°C)

PH buffer PH H-F5-0OH Ac-F5-0OH H-F5-NH, H-F5-NH, Ac-F5-NH,

(10 mg/mL) (10 mg/mL) (10 mg/mL) (2.0 mg/mL, TFAfree) (1.0 mg/mL)

Acidic phosphate buffer 2.1 34.1* 0.7 223*0.1 NA. NA. 358+ 1.1
Formate buffer 29 249*07 277*01 518*26 NA. 40.0* 0.5
Acetic buffer 48 258+ 05 NA. 492+ 0.1 NA. 40.1* 0.5
Neutral phosphate buffer 7.0 28.0* 0.5 NA. 23.0* 0.7 38.8* 0.5 38.4* 0.6
Bicarbonate buffer 9.8 NA. NA. 16.1+ 0.5 34.1* 05 39.1* 0.7

4 Mean Tt values with SE. were shown in the table. The measurements were repeated at least

three times. NA. meant that the sample did not show self-assembly between 5°C and 90°C.
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Table 5. T values of four (FPGVG)s analogs in various salts solution.?

T, of each peptide (°C)

Salt type H-F5-0H Ac-F5-0H H-F5-NH, H-F5-NH, Ac-F5-NH,
(10 mg/mL) (10 mg/mL) (10 mg/mL) (2.0 mg/mL, TFAfree) (1.0 mg/mL)
NaCl 222 + 03 343 + 09 363+11 34.8 + 0.3 44.4 + 06
K0 225 + 01 357 + 03 367402 349 + 0.3 439 + 0.2
MgCl, 167 + 01 368 + 13  27.0+07 331405 433 + 04
cacl, 185 + 02 376 + 12 284409 350 + 06 437 + 08
ACl, 188 + 05 385 + 05 209+15 NA. 39.9 + 0.7
NaF 231 + 03 NA. 415 + 1.0 296 + 0.4 35.6 + 1.0
NaBr 137 + 01 382 + 01  195+0.1 36.1 + 0.6 486 + 1.1
NaNO, 92 + 02 386 + 02 166 +0.2 36.1 + 0.3 489 + 0.5
Nal sz‘;‘zrr":tzd 457 + 14 ij‘;zrrvsatzd 38.7 + 0.7 54.6 + 0.3
Naclo, ~ coacenvated 5 4 g Coxcenvated 5,503 46.2 + 1.0
under 5°C under 5°C
NaSCN sz‘;:":tzd 475 + 17 Cﬁf‘;‘;rr":tzd 354 + 1.1 527 + 1.3

# Mean Tt values with SE. were shown in the table. The measurements were repeated at least
three times.
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Table 6. T; values of four (FPGVG)s analogs in two pH buffers with salts.?

T, of each peptide (°C)

pHbuffer - Salttype , ro o Ac-F5-OH H-F5-NH, Ac-F5-NH,
(10mg/mL) (1.0 mg/mL) (10 mg/mL) (1.0 mg/mL)
NaCl 15.3* 0.9 20.5 0.3 249 05 319+ 05
o KCl 15.8 £ 0.2 20.7 ¥ 0.3 245 *0.1 30.7* 0.5
Acidic
hosphat
phosphate — \.gr 72+ 05 221+0.7 140 * 0.8 309+ 1.0
buffer
(pH=2.1)
NaNo, codcenated - ,,,153  101*03  340*1s8
under5 C
Coacervated + Coacervated n
NaClo, 1 co ¢ 182 £ 0.7 nder 5° C 308+ 05
NaCl NA. NA. 133+ 06 387114
KCl NA. NA. 140 £ 0.2 395+11
Bicarbonate
buffer NaBr NA. NA. 15.5 £ 0.2 437% 15
(pH =9.8)
NaNO, NA. NA. 15.6 £ 0.2 442+t 19
NaClo, NA. NA. 142 06 425+10

® Mean Tt values with SE. were shown in the table. The measurements were repeated at least

three times.
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Figure 1. UPLC charts of four peptide analogs.
UPLC data of (A) H-F5-OH (B) Ac-F5-OH (C) H-F5-NH:2 (D) Ac-F5-NH2 were shown.
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Figure 2. Turbidity profiles and 7 values of H-F5-NH: depending on pH values.
(A) Turbidity profiles and (B) 7t in each pH buffer were shown. In figure A, heating curve
was shown by solid line and cooling curve was shown by dashed line.
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Figure 3. Turbidity profiles and 7; values of H-F5-NH: depending on salt types.
Turbidity profiles and 7is of H-F5-NH: in (A, B) solution of chloride salts and (C, D)
solution of sodium salts were shown. In figure A and C, heating curve was shown by solid
line and cooling curve was shown by dashed line.
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Figure 4. Turbidity profiles and 7t values of H-F5-NH: depending on concentration of NaCl.
(A) Turbidity profiles and (B) Tt values of H-F5-NH2 depending on concentration of NaCl
were shown. In figure A, heating curve was shown by solid line and cooling curve was
shown by dashed line. Logarithm fitting between 0.05 and 0.3 mg/ml was described by solid
line and linear fitting between 0.1 and 0.3 mg/ml was described by dashed line in (B).
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Figure 5. Turbidity profiles and 7t values of H-F5-NH: removed TFA
depending on pH values.
H-F5-NH, showed self-assembly in phosphate buffer (7t = 38.8 £ 0.5°C) and bicarbonate
buffer (7t = 34.1 £ 0.5°C). In figure A, heating curve was shown by solid line and cooling
curve was shown by dashed line.

104



(A)

15 4

0Dy

0.5

_— MgCl; @

1.4 A

ODy00
-

(B) 60 -
50 -

40

10 20 30 40 50 60
Temperature (°C)

(D) 4 ;
® Salt free ® NaCl @ KCl ® MgCl, @ CaCl, 40

7. (°C)

30 A

20 A

10 4

T.(°C)
)
(]

i 2

Valence of cation

1.2 4

20

Salt NaF  NaCl NaBr NaNO: Nal NaClO: NaSCN

free Type of solution

Figure 6. Turbidity profiles and 7t values of H-F5-NH: removed TFA

depending on salt types.
Turbidity profiles and 7t values of H-F5-NH2 removed TFA in (A, B) solution of chloride
salts and (C, D) solution of sodium salts were shown. In figure A and C, heating curve was

shown by solid line and cooling curve was shown by dashed line.
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Figure 7. Turbidity profiles and 7t values of H-F5-NH, depending on salt types in

acidic or basic condition.
Turbidity profiles and Tt values of H-F5-NH, in (A, B) acidic phosphate buffer and (C, D)

bicarbonate buffer with various salt were shown. In figure A and C, heating curve was

shown by solid line and cooling curve was shown by dashed line.
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Figure 8. Turbidity profiles and 7 values of Ac-F5-NH: depending on pH values.
(A) Turbidity profiles and (B) 7t in each pH buffer were shown. In figure A, heating curve
was shown by solid line and cooling curve was shown by dashed line.
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Figure 9. Turbidity profiles and 7; values of Ac-F5-NH: depending on salt types.
Turbidity profiles and 7t values of Ac-F5-NHz in (A, B) solution of chloride salts and (C,
D) solution of sodium salts were shown. In figure A and C, heating curve was shown by

solid line and cooling curve was shown by dashed line.
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Figure 10. Turbidity profiles and 7; values of Ac-F5-NH: depending on salt types in
acidic or basic condition.
Turbidity profiles and 7t values of Ac-F5-NH: in (A, B) acidic phosphate buffer and (C, D)
bicarbonate buffer with various salts were shown. In figure A and C, heating curve was
shown by solid line and cooling curve was shown by dashed line.
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Figure 11. Turbidity profiles and 7 values of Ac-F5-OH depending on pH values.
Ac-F5-OH show self-assembly in acidic phosphate buffer (7t = 22.3 £ 0.1°C) and formate
buffer (7t =27.7 £ 0.1°C). In figure A, heating curve was shown by solid line and cooling

curve was shown by dashed line.
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Figure 12. Turbidity profiles and 7; values of Ac-F5-OH depending on salt types.
Turbidity profiles and 7t values of Ac-F5-OH in (A, B) solution of chloride salts and (C, D)
solution of sodium salts were shown. In figure A and C, heating curve was shown by solid
line and cooling curve was shown by dashed line.
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Figure 13. Turbidity profiles and 7; values of Ac-F5-OH
depending on salt types in acidic condition.
(A) Turbidity profiles and (B) 7t values of Ac-F5-OH in acidic phosphate buffer with
various salts were shown. In figure A, heating curve was shown by solid line and cooling
curve was shown by dashed line.
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Figure 14. Turbidity profiles and 7 values of H-F5-OH depending on pH values.
(A) Turbidity profiles and (B) 7t in each pH buffer were shown. In figure A, heating curve
was shown by solid line and cooling curve was shown by dashed line.

113



(A) 35 - € s34 NaNO, NaBr NaCl NaF

3 MgCl, AlCl3 CaClz
NaCl 243 f
g 25 H
g Kl £ 2 :
o, | 8
Salt free 15 4 Salt free
15 4 . 9
1 -
1 -
0.5 0.5
0+ ? sz f T " 0 r Y NI f T \
10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Temperature (°C) Temperature (°C)
(B) 60 (D) 60
l ®Salt free @ NaCl @ KCl x
50 50 .
MgCl, @CaClz ® AlCl3 .
40 - — 40 - .
g <
= 30 - = 30 ™,
| S—
20 ¢ ° ° 20 - e
g
10 4 10 -
0 T T T ] 0
0 1 2 3 B Salt free NaF Nacl NaBr
Valence of cation Type of solution

Figure 15. Turbidity profiles and 7 values of H-F5-OH depending on salt types.
Turbidity profiles and 7t values of H-F5-OH in (A, B) solution of chloride salts
and (C, D) solution of sodium salts were shown. In figure A and C, heating curve was
shown by solid line and cooling curve was shown by dashed line.
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Figure 16. Turbidity profiles and 7; values of Ac-F5-OH
depending on salt types in acidic condition.
(A) Turbidity profiles and (B) 7t values of Ac-F5-OH in acidic phosphate buffer with
various salts were shown. In figure A, heating curve was shown by solid line and cooling
curve was shown by dashed line.
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Figure 17. The analysis of hydration state of each peptide terminus in trajectories at 278 K.
Average number of hydrogen bond between water molecules and (A) N-terminus and (B)
C-terminus with SD. RDF of water from (C) ionized, (D) neutral, and (E) acetylated N-
terminus were shown. RDF of water from (F) ionized, (G) neutral, and (H) amidated C-
terminus were also described.
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Figure 18. Interaction energy between water and each peptide.
Interaction energy was calculated from trajectories at (A) 278 K and (B) 310 K. These
values were obtained with SD by time-averaging summations of Coulomb (Coul-SR) and

van der Waals interaction (LJ-SR).
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Figure 19. The analysis of hydration state of each peptide terminus in trajectories at 310 K

Average number of hydrogen bond between water molecules and (A) N-terminus and (B)
C-terminus with SD. RDF of water from (C) ionized, (D) neutral, and (E) acetylated N-
terminus were shown. RDF of water from (F) ionized, (G) neutral, and (H) amidated C-

terminus were also described.
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Figure 20. The DDCI analysis in H."-F5-NH: and H-F5-NH:

The frequency of the minimum distance is plotted at intervals of 0.02 nm. DDCI profile
between the peptides and (A) CI', (B) Br', (C) NOs', and (D) ClO4 at 278K, and (E) CI, (F)
Br, (G) NOs', and (H) ClO4 at 310 K were shown. Orange line described DDCI between
H,"-F5-NH, and anions. Blue line described DDCI between H-F5-NH, and anions.
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Figure 21. Interaction energy between solvent and each peptide.
Interaction energy was calculated from trajectories at (A) 278 K and (B) 310 K. Solvent
included water molecules, cations and anions. These values were obtained with SD by time-
averaging summations of Coulomb (Coul-SR) and van der Waals interaction (LJ-SR).
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CHAPTER 4

Investigation of sequential and structural requirement for self-assembly
using short elastin-like peptide analogs with shuffled unit sequences

Abstract

Elastin-like peptides (ELPs) that possess characteristic hydrophobic repetitive
sequences, such as (VPGVG)n, show temperature-dependent reversible self-assembling
properties. Although the stimuli responsiveness of this self-assembling property was well
studied, sequential and structural requirement for self-assembly is still ambiguous. In this
chapter, based on (FPGVG)s that is a short ELP previously developed, 11 shuffled peptide
analogs were designed to elucidate the sequential and structural requirement for self-
assembly of ELPs. The sequence of the 11 shuffled peptide analogs were analyzed by
turbidity measurement, circular dichroism, and molecular dynamics. As a result, it was
shown that 8 peptides exhibited self-assembling property, while the 3 peptides were hard to
dissolve in water and could not determine self-assembling property. In the structural analyses,
they indicated different structural features. Among the peptide analogs possessing self-
assembling potency, their secondary structures were different from each other. These results
suggested that composition of amino acid in each repeating unit would cause phase transition
behavior of the peptides, but potential of self-assembly and water solubility were dependent
on primary structure of each repetition sequence. Moreover, this chapter also found 2
peptides which exhibited more potent self-assembling property than the original (FPGVG)s,
indicating that shorter ELPs could be obtained by using their novel and potential motifs as
repetitive units. Although further analysis will be necessary to elucidate molecular
mechanism in self-assembly of these repeating peptides, this study gives insight into

structure-function relationship of the self-assembling peptides for application of ELPs.

1. Introduction

Elastin-like peptides (ELPs) which derived from elastin show temperature-dependent
reversible self-assembling property [1]. In general, the ELPs possess repetitive sequences
containing hydrophobic amino acids, such as (GGVP),, (VPGVG)y, and (GVGVAP)x,
respectively [2]. These hydrophobic sequences were thought to induce the self-assembly by
hydrophobic effect between them [3-5]. As shown in chapters 1 and 2, the self-assembling
property showed responsiveness to various factors in addition to temperature. Thus, the
ELPs have been applied to variety of biomaterials with the advantage of such responsiveness
[6-9]. Previously, the dependencies of self-assembly on these factors, such as hydrophobicity
of residues [10-15], repetition number (n) [10, 16-19], ions [12, 20-22], pH [12, 23], pressure
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[24], osmolytes [25, 26], multimerization, and branching [12, 27-35], have been studied to
elucidate molecular mechanism in the self-assembly and/or to obtain better molecular
designs for application. However, further studies are needed in order to clarify the
relationship between structure and function in ELPs.

In elastin that is the origin of ELPs, motifs including Pro-Gly (PG) sequence were well
preserved in many animal species [36]. Notably, some studies mentioned that the turn
structure occurring in the PG sequence was important for the self-assembly of ELPs [37-39].
On the other hand, it was reported that secondary structure of a self-assembling ELP showed
different from that of the conventional ELP [40]. Consequently, the importance of secondary
structures in self-assembling property seemed to be ambiguous at present. Recently, some
repetitive peptides including P-Xn-G (X = arbitrary amino acid) motif that dominated by
hydrophobic residues also indicated LCST-like phase transition behavior [41]. It was shown
that primary structure in a repetition unit affected phase transition behavior of the peptide
containing the repetitive sequence. However, detailed mechanisms driving self-assembly of
ELPs do not clarified, further accumulation of such sequence libraries of the peptides with
phase transition property and further specification of the structural factors driving the self-
assembly are required currently. Moreover, these knowledge regarding self-assembling
would also help efficient design of ELPs for application to develop new materials.

Design of ELPs in the applications possess scalability due to their various stimuli
responsiveness and sequential varieties. Shortening of peptide-length had thought to be
reduced the self-assembling property of ELPs [10, 19]. However, short ELPs keeping the
self-assembling property were developed by substituting the first valine residue in the typical
repetitive sequence, VPGVG, to more hydrophobic amino acids [13-15]. Although
(VPGVG)n required 40 or more of repetition number to show self-assembly [10, 13, 38, 42],
(IPGVG)7, (FPGVG)s, and (WPGVG)3 showed self-assembly with relatively short peptide-
lengths. Among them, the repetitive number, n, decreased in proportion to the
hydrophobicity of the residues replaced [13, 14, 15]. These chemically synthesizable short
ELPs could be advantageous in bulk preparation in comparison with the long polypeptides
that had to be prepared by protein expression systems. In addition, as we described in chapter
2, (FPGVGQG)s tended to respond to pH and specific salt more sensitively as compared with
the long ELPs. Perhaps, short ELPs may exhibit novel stimuli responsiveness different from
the long ELPs by various kinds of chemical modifications. Such novel properties would give
variety in the choice of the ELPs possessing different sequences and lengths at individual
applications. On the other hand, the self-assembling property also depends on the order of
amino acids in repeating units [41]. It was thought that the self-assembling property of ELPs
could be controlled by the primary structure in the repetition sequences. As in previous

studies [41], comparisons of the properties among the ELPs with different primary structures
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would give valuable insights for identifying the factors that necessary for self-assembly.
Moreover, such comparisons may bring novel sequential motifs exhibiting potent self-
assembling property. By using such motifs, it may enable to provide shorter ELPs.

In this chapter, the relationship between the primary structure of PG-rich motifs
derived from the short ELP and its various properties were investigated. To elucidate the
influence of the primary structure of the motifs on the self-assembling property, 11
(FPGVG)s based-peptide analogs that were constructed by shuffling FPGVG sequences
were designed by using the circular permutation method. The properties of these chemically
synthesized peptides were analyzed by turbidity measurement, circular dichroism, and
molecular dynamics. It was shown that the eight shuffled peptide motifs exhibited self-
assembling property, and the other 3 peptides was hard to dissolve in water. In addition, they
showed different structural features in the structure analyses. These results suggested that
composition of amino acids in the repeating unit would bring phase transition behavior of
the peptides, but potentials of self-assembly and solubility in water were dependent on
primary structures in repetitive sequences. Furthermore, this study also disclosed new motifs
that exhibited more potent self-assembling property than the original FPGVG. As a result,

shorter ELPs could be obtained by using these novel and potential motifs as repetitive units.

2. Materials and methods
Chemicals

Fmoc-NH-SAL-MBHA resin (100-200 mesh) and Fmoc-Gly Alko Resin (100-200
mesh) were purchased from Watanabe Chemical Industries Ltd. (Hiroshima, Japan). 2-(1H-
Benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) and 1-
hydroxybenzotriazole (HOBt) were purchased from Kokusan Chemical Co., Ltd. (Tokyo,
Japan). Other reagents for peptide synthesis were also purchased from Watanabe Chemical
Industries Ltd. Disodium hydrogen phosphate 12-water and sodium dihydrogenphosphate
dehydrate were purchased from Nacalai Tesque Co. Ltd. (Kyoto, Japan). Water for sample
preparation was purified by Milli-Q Integral 3 (Merck Millipore, Billerica, MA). Solvents
for peptide synthesis and other reagents were also obtained from commercial suppliers and

used without further purification.

Synthesis of (FPGVG)s and 11 shuffled (FPGVG)sanalogs

All peptides were synthesized by following the synthesis method described in our
previous study [27, 28]. They were synthesized on an ABI 433A peptide synthesizer
(Applied Biosystems, Foster City, CA) in 0.10 mmol scale by using the solid phase method
with Fmoc chemistry. 0.149 mg (equivalent to 0.1 mmol) of Fmoc-NH-SAL-MBHA Resin
(100—-200 mesh) were used as the solid phase support for peptide synthesis. After peptide
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elongation, deresination was performed by a reagent cocktail containing 95% TFA/2.5%
TIS/2.5% H20. The deresinated-peptide was pre-purified by Sep-pak Vac 35cc C18 (Waters
Co., Milford, MA) column. Subsequently, further purification was performed by RP-HPLC
(The Breeze™ 2 HPLC System, Waters Co.) composed with a C8 column (COSMOSIL
5C8-AR300 20 mmlI.D. x 150 mm, Nacalai Tesque Co. Ltd.) and a solvent system consisting
of 0.1% TFA aqueous solution (v/v) and 0.1% TFA aqueous solution in 80% acetonitrile
aqueous solution (v/v). The eluted fractions containing peptides were concentrated by
evaporation and lyophilized. Consequently, all peptides were obtained as a colorless powder.
Purity and molecular weights of the peptides were confirmed by ACQUITY UPLC H-Class
(Waters Co.) equipped with an ACQUITY UPLC BEH C-18 column (100 mm, flow rate 0.6
mL/min) (Waters Co.) at 49 °C and the eluting product was detected by UV at 225 nm and a
quadrupole mass spectrometer, ACQUITY QDa (Waters Co.). The solvent system for UPLC
consisted of 0.1% formic acid aqueous solution (v/v, solvent A) and 0.1% formic acid in
acetonitrile (v/v, solvent B), and elution was performed with a linear gradient of solvent B,
24% to 56% over 4.23 min. As listed below, H-(FPGVG)s-NH, and 11 shuffled analogs based

on H-(FPGVG)s-NH, were designated for convenience.

Peptide A : H-(FPGVG)s-NH;
Yield = 120.2 mg / 52.2 %. Retention time = 2.578 min. MS (ESI) m/z: calculated for
C230H313N51050 1153.35 ([M + 2H]*"), found 1153.47.

Peptide B : H-(FGPVG)s-NH
Yield = 72.0 mg / 31.3 %. Retention time = 2.493 min. MS (ESI) m/z: calculated for
C230H313N51050 1153.35 ([M + 2H]*"), found 1153.53.

Peptide C : H-(FGPGV)s-NH
Yield = 104.3 mg / 45.3 %. Retention time = 2.491 min. MS (ESI) m/z: calculated for
C230H313N51050 1153.35 ([M + 2H]*"), found 1153.47.

Peptide D : H-(FGVGP)s-NH;
Yield = 69.2 mg / 30.0 %. Retention time = 2.819 min. MS (ESI) m/z: calculated for
C230H313N51050 1153.35 ([M + 2H]*"), found 1153.48.

Peptide E : H-(FGVPG)s-NH»

Yield = 110.7 mg / 48.0 %. Retention time = 2.721 min. MS (ESI) m/z: calculated for
C230H313N51050 1153.35 ([M + 2H]*"), found 1153.67.
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Peptide F : H-(FGGPYV)s-NH,

Yield = 47.7 mg / 20.7 %. Retention time = 2.377 min. MS (ESI) m/z:

C230H313N51050 1153.35 ([M + 2H]?*"), found 1153.29.

Peptide G : H-(FGGVP)s-NH,

Yield = 110.8 mg / 48.1 %. Retention time = 2.531 min. MS (ESI) m/z:

C230H313N51050 1153.35 ([M + 2H]?*"), found 1153.52.

Peptide H : H-(FPGGV)s-NH,

Yield = 52.3 mg / 22.7 %. Retention time = 2.395 min. MS (ESI) m/z:

C230H313N51050 1153.35 ([M + 2H]*"), found 1153.31.

Peptide I : H-(FPVGG)s-NH:

Yield = 56.2 mg / 24.4 %. Retention time = 2.391 min. MS (ESI) m/z:

C230H313N51050 1153.35 ([M + 2H]*"), found 1153.57.

Peptide J : H-(FVPGGG)s-NH;

Yield = 45.3 mg / 19.7 %. Retention time = 2.074 min. MS (ESI) m/z:

C230H313N51050 1153.35 ([M + 2H]*"), found 1153.47.

Peptide K : H-(FVGPG)s-NH>

Yield = 90.7 mg / 39.3 %. Retention time = 1.979 min. MS (ESI) m/z:

C230H313N51050 1153.35 ([M + 2H]?*"), found 1153.48.

Peptide L : H-(FVGGP)s-NH,

Yield = 115.2 mg / 50.0 %. Retention time = 2.220 min. MS (ESI) m/z:

C230H313N51050 1153.35 ([M + 2H]*"), found 1153.51.

Turbidity Measurement

calculated for

calculated for

calculated for

calculated for

calculated for

calculated for

calculated for

The temperature-dependent self-assembly of the peptides was evaluated using a
JASCO V-660 spectral photometer (JASCO Co., Tokyo, Japan). Solution of the peptides
were prepared at each concentration in phosphate buffer (pH = 7.4 at 25°C, I =0.10 mol/L).

Turbidity measurements were collected at 400 nm while the temperature was being increased

or decreased at a rate of 0.5 °C/min from 5°C to turbidity plateau and the plateau to 5°C or

less. Band width and response were set to L2.0 nm and medium, respectively. Self-assembly

was determined by the phase transition temperature (7t). This is the temperature at which the

turbidity of the solution reaches half the maximum value [27]. Measurement at each peptide
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and concentration was measured at least three times. 7t values were obtained as a mean with

standard error.

CD measurement

CD measurement was performed in a JASCO J-725 spectropolarimeter (JASCO Co.).
Peptides except D, F, and L were dissolved in the phosphate buffer at a concentration of 0.1
mg/mL. Spectra of the sample solution were measured from 260 to 190 nm at various
temperatures between 5 and 65°C. Equilibration time was taken for 5 min after changing
temperature. Response, band width, scan speed, sensitivity, and integration were set to 2
seconds, 1 nm, 100 nm/min, 50 mdeg, and 6 times, respectively. A 1.0 mm path-length
cuvette was used for all measurements. All spectra of the peptide solution were obtained by
subtracting the solvent spectra obtained under the same conditions and smoothing with

Savitzky—Golay smoothing filters.

MD Simulation

Structural features of 12 peptides were analyzed in GROMACS 5.1.4 software with
charmm36 force field and TIP4P explicit solvent model. Sampling simulation was performed
after 50 ns pre-simulation for structural equilibration. Initial conformations in pre-simulation
were generated as an extended form by Discovery studio 4.0 software. Ionization of N-
terminus and amidation of C-terminus was performed by using gmx pdb2gmx command with
—ter option in GROMACS. These peptide ware solvated in 6.93 nm cubic box with explicit
TIP4P water molecules by gmx solvate. Successively, 19 or 20 Na* and CI ions were
replaced with water molecules by gmx genion to provide the ionic strength of 0.1 M and to
neutralize total charge of the system. The pre-simulation was performed at 278 K for 50 ns.
Final coordinates in pre-simulation was trimmed and resized to 5.1 nm cubic box for long
MD simulation. After that, ionic strength was adjusted to 0.1 M again by gmx insert-
molecules command with -replace option. GROMACS 2018 was used only in this
adjustment. The resized coordinates were used as an initial structure of sampling simulation.
Sampling simulation for 100 ns was performed at three temperatures of 278 K, 310 K, and
343 K to consider the change in molecular state due to difference of temperature. A sequence
and parameters in pre- and sampling simulation were described in following paragraph.

Pre- and sampling simulation contained minimization, temperature annealing, three
equilibrium, and production stages. Solvent minimization was first performed using steepest
descent method for 10,000 steps and conjugate gradient algorithm for 20,000 steps. Then,
the system was gradually heated for 100 ps in NVT ensemble using v-rescale and
equilibrated for 100 ps three times in NPT ensemble using v-rescale thermostat and the

berendsen barostat. Until this first equilibrium, all-peptide atoms except hydrogens were
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restricted with 20 kcal/mol nm?. Second and third equilibrium simulations were further
conducted in the same condition with first equilibrium except the restraint setting, that is, 2
kcal/mol nm? and no constraint were applied to them, respectively. After that, production run
with no constraint was performed for 50 ns in pre-simulation and 100 ns in sampling
simulation. V-rescale thermostat and Parrinello-Rahman barostat ware used for NPT
ensemble in production run. Time step was set to 2 fs. 10 A cutoff radius was used for the
short-range intermolecular interactions. Partial mesh Ewald (PME) summation was used for
the long-ranged electrostatic interactions. The LINCS algorithm was used to convert the
bonds with H-atoms to constraints. Last 50 ns trajectories were processed to analyze peptide
structure. Radius of gyration (Rg), solvent accessible surface areas (SASA), ratios of
secondary structure observed, were obtained by using gmx gyrate, gmx sasa, and gmx
do_dssp [43].

3. Results and discussion
Peptide syntheses

To investigate the influence of the primary structure of the unit sequences of the ELPs
on the self-assembling property, 11 shuffled analogs based on (FPGVG)s were designed by
using the circular permutation. In repetitive sequences, each amino acid residue of the unit
sequence was circulating in whole of the sequence. Therefore, it was considered that all
patterns with respect to shuffling of the primary structure in the unit sequence can be
obtained by fixing one residue with replacing the other residues, respectively, like circular
permutation. In this study, the shuffled repetitive peptides which possessed same
composition of amino acids as (FPGVG)s were designed by fixing phenylalanine at first
position of the pentapeptide unit. As shown in table 1, they were designated as A to L for
convenience. They were successfully synthesized by a conventional solid phase peptide
synthesis procedure. The purity and molecular weight of each peptide were confirmed by
RP-UPLC-MS. These data were shown in figure 1. As a result, all peptide showed single
peak in RP-UPLC-MS with an accurate molecular weight. They were obtained with high
purity.

(Figure 1)

The self-assembling property of (FPGVG)s and 11 shuffled peptides

The self-assembling properties of the peptides were analyzed by the turbidity
measurement. Peptide concentration dependency on self-assembly was also investigated
using the concentration rage 0.5 to 10 mg/mL. As a result, 8 shuffled analogs exhibited self-
assembly (Figure 2). The obtained phase transition temperatures (7t) were shown in table 1

and the peptide concentration-dependency of 7t values was plotted and shown in figure 3.
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These results indicated that a certain order of amino acids (an amino acid sequence) in
repetition was not required for self-assembly. Notably, novel repetitive motifs showing
potent self-assembly were discovered. The peptides B and C showed lower Tt than original
(FPGVGQ)s at a concentration of 1 mg/mL. Tt was often used as an indicator of self-
assembling ability, and low 7t could be translated into potent self-assembling ability [15, 28,
29]. Although it was known that shortening the peptide-length reduced the self-assembling
property of ELPs, shorter ELPs (n < 5) keeping self-assembling property could be obtained
by using these potential motifs as a repetitive unit. In addition to this finding, irreversible
self-assembling property was observed in peptides B and K. In the turbidity measurement,
turbid solution of these peptides could return to clear solution when the solution temperature
was immediately decreased after reaching a turbidity plateau. However, they formed
irreversible self-assembly when the temperature continued to increase after reaching the
turbidity plateau. Turbidity profiles in this irreversible aggregation formation was shown in
the figure 4. Interestingly, this irreversible self-assembly occurred at relatively low peptide
concentration of B and K where the reversible self-assembly did not observed. Furthermore,
the approximate temperature at which irreversible self-assembly occurred, appeared to be
independent of peptide concentration. These results suggested that the two different selt-
assemblies of reversible and irreversible reactions occurred in separate individual processes.
In our knowledge, short ELPs showing such two-way reversible/irreversible self-assembly
were probably the first report. Consequently, novel self-assembling properties were obtained
by shuftling the primary structure of already-known short ELP, (FPGVG)s.
(Table 1)
(Figures 2, 3, and 4)

The properties of shuffled peptides were further examined. In addition to the properties
of self-assembled peptides described above, 3 shuffled analogs showed a typical property
that they were hardly dissolved in phosphate buffer. Thus, it was shown that solubility of the
repetitive peptides to aqueous solvents varied with the primary sequence. It was observed
that the dependence of 7: on peptide concentrations were also different in the primary
structures. To analyze the relationship between peptide concentration and 7i, a fitting
analysis was carried out. In this analysis, they were well fit to the logarithm function of
concentration described below [10, 19].

T =mlnc+ b ... Equation 1.

The slope and intercept of equation 1 were shown in table 2 and correlation of them
was plotted in figure 3. It was indicated that the slope and intercept of the fitting were

differently depending on the hydrophobicity and the peptide length of each ELP. However,
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these parameters of (FPGVG)s were different, in particular intercept b, from that of shuftled
analogs which possessed same peptide length and amino acid composition. Consequently,
this analysis indicated that the primary structure in repetitions changed the dependency of 7t
on peptide concentration. As a summary of the turbidity measurement, we found that the
water solubility and dependency of 7i on the peptide concentration were controlled by
primary structure in the repetitions composed of F: P: G: V =1: 1: 2: 1. In addition, it should
be stated that a specific amino acid sequence in the repetitions would not be always required
for the expression of phase transition, because all synthesized peptides showing relative high
water solubility showed self-assembly in this study.
(Table 2)

Structure analysis of (FPGV'G)s and 11 shuffled peptides

In order to investigate the importance of the structural factor in the self-assembly, CD
spectrum measurement of the synthesized peptides was carried out. CD measurement is
known to be one of popular means in structural analysis of ELPs. The relationship between
structure and function of ELPs was often discussed by using results of CD spectrum
measurement. In this study, CD spectra of (FPGVG)s and water soluble shuffled analogs
were measured. These data were shown in figure 5. At low temperature, (FPGVG)s had a
minimal peak near 198 nm and a maximal peak near 220 nm. The intensities of these peaks
reversibly decreased with increasing temperature, suggesting an alteration in the structure
occurred. The results that obtained in phosphate buffer were almost consistent with the
previous result obtained in pure water [15]. This minimal peak near 198 nm suggesting the
existence of turn structure was commonly found in many ELPs [11, 15, 38, 41, 44].
Therefore, it was considered that the turn structure was necessary for self-assembling
properties of ELPs [37-39]. Here, the spectra of (FPGVG)s and shuffled analogs had local
maximums around 220 nm. Their features were also common in decline in the peak
intensities with increasing temperature. However, spectral shape around 200 nm differed
among the peptides. Thus, it was suggested that some shuffled analogs were different from
(FPGVG@G)s and conventional ELPs in terms of structural features. In a comparison among
these results obtained in this study, CD spectra of peptides B and K were similar to that of
(FPGVG@G)s, but the local minimum of peptide B was slightly red-shifted. Spectra of the
peptide C, G, H, 1, and J were different from that of (FPGVG)s as to whether or not they had
a maximum peak at 200 nm. In addition, peptide E showed no apparent minimal peak
between 220 nm and 190 nm. As a result, it was observed that 8 soluble shuffled peptides
exhibited different features in CD spectra. Therefore, their structures were thought to be
different in solution. Since these 8 peptides exhibited self-assembly in common, it was thought

that specific secondary structure was not required to express self-assembling properties.
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(Figure 5)

The structure of the shuffled analogs was further analyzed by MD. Structure data, such
as Rg, SASA, and proportion of secondary structure at each temperature were listed in tables
3, 4, and 5. No systematic change in values correlating with peptide self-assembling
properties was found in Rz and SASA. Regarding the secondary structure, all peptides were
dominated by bend, turn, and abundant random coil structures at low temperature of 278 K.
The peptides tended to possess many turns, bend, and disorder structures in the peptide
backbone. Although the tendency was maintained at 310 K and 343 K, B structures such as
-bridge and B-sheet were observed in addition to the preexisting bend, turn, and random
coil structures. Overall, it was suggested that conformation of the peptides changed with
increasing temperature. This changes in structure were common to almost all peptides used
in this study, but the regions where each secondary structure appeared were different between
the peptides. The ratio of these secondary structures at each amino acid residue in the full-
length sequence was shown in figure 6, 7, and 8. Each secondary structure tended to appear
periodically in the repeat sequence, and the average ratio of these secondary structure at each
residue in the repetition was also shown in figure 9, 10, and 11. Among them, the place where
each secondary structure was likely to appear depended on the peptide. In summary, the
structures of shuffled peptides were commonly dominated by bend, turn, B-structures and
abundant random coil, but each peptide possessed different folding in their structure.

(Table 3, 4, and 5)
(Figure 6, 7, 8, 9, 10, and 11)

Discussion of the influence of primary structure in self-assembly

Peptides with different repeating primary sequences, which had same amino acid
composition, exhibited self-assembly in the turbidity measurement. Their structural features
were different from each other in the structural analysis performed in this study. These results
suggested that the composition of the amino acids in the repetition and highly bend and
turned structures that commonly observed in the peptides were important for the expression
of self-assembling properties. However, the dependences of 7t on the peptide concentration
and the water solubility of the peptides differently depended on the primary structure of
peptides. More detailed consideration regarding 7t change was necessary to discuss
molecular mechanisms evoking self-assembly of ELPs. Among the repeating peptides, there
were pairs of sequences that they had similar hydrophobic residues in relative positions of
each repetitive penta-peptide (Table 6). Both peptide in pair were in a relationship with
exchanging the positions of hydrophobic residues. Peptide B and D, and F and L were in this

pair of relationship, respectively. As shown in table 6, these pairs commonly had relative
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poor water solubility. Additionally, these peptides were also common in that they had the
dipeptide sequence of GP. It was considered that existence of GP sequence, XGPYG (X =F
or V) or XGGPY in the repetition made the repeating peptide insoluble in water. On the other
hand, the peptides having PG sequences were relatively soluble in water and exhibited self-
assembling properties, even possessing the GP sequence, simultaneously. Therefore, it was
considered that the PG sequence was important for hydration of the peptide. Moreover, the
pair of peptide G and I which proline residues located between the hydrophobic residues
were also soluble in water and exhibited self-assembly. Thus, it was thought that the PG
sequence was not necessary, but sufficient for hydration of the peptide. Interestingly, the
self-assembling properties (i.e. Tt values) of shuffled analogs were different even in the pair
relationship. Therefore, depending on the position of bulky hydrophobic residue(s) in the
repetitive sequence, the dependence of 7t on peptide concentration were different.
(Table 6)

Structural analyses suggested that the shuffled peptides that had the same amino acid
composition had commonly bent and turned structures, but different in where they occur one
another (Figures 5, 9, 10, and 11). Due to the difference in local structures, how the
hydrophobic ELPs and the shuffled analogs hydrate and self-assemble was an interesting
subject to be solved. Hence, it was thought that the differences in higher order structures
influenced the hydration state of the peptides and the hydrophobic effect around the peptides
that drove self-assembly. Since it was difficult to differentiate highly bended and flexible
structures on the peptides, the influence of secondary structure on self-assembly could not
be analyzed directly. Despite the difficulty, the ideas that the shuffled peptides with PG
sequence were relatively soluble in water and exhibited self—assembly was revealed by the
comparison among primary structures. Further analysis of hydration and dehydration change
around the PG sequence is required to clarify the mechanism of self-assembly.

In summary, this study gave insight into the importance of PG sequences in these self-
assembly peptides. One of the remarkable finding of this study is that peptide B and C have
potent self-assembling properties than the original (FPGVG)s. By using these potential
motifs, shorter ELPs keeping the reversible self-assembling property could be obtained.

4. Conclusion

This chapter analyzed the self-assembling property and structural features of the 11
shuftled peptide analogs based on (FPGVG)s. As a result, 3 peptides were hard to dissolve
in phosphate buffer, while 8 peptides were soluble in water and showed self-assembly in
turbidity measurement. In this measurement, it was found that (FGPVG)s and (FGPGV)s
possessed potent self-assembling ability than (FPGVG)s. Furthermore, (FPGVG)s and
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shuffled peptides showing self-assembly indicated different structural features in CD
measurement and MD simulation. Thus it was also suggested that specific secondary
structure was not necessary for expression of the self-assembling property. On the other hand,
the dependences of 7t on the peptide concentration and the water solubility were differently
affected by the primary structures. It was suggested that primary and higher order structures
would complexly affected these properties of the repeating peptides. As summary of this
chapter, this study revealed the importance of composition of amino acid and primary
sequence in the repetition in the self-assembly of the peptides. We also found that the
repeating peptides consisting of hydrophobic pentapeptide unit which composed of F: P: G:
V =1:1: 2: 1 clearly exhibited self-assembly. Although further analysis will be required to
elucidate precise molecular mechanism in self-assembly of these repeating peptide, this
study gave insights into structure-function relationships of the self-assembling peptides and

the concept to design of novel ELPs for application.
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Table 1. Phase transition temperature of the peptides.?

Phase transition temperatures (T,) at each peptide concentration (°C)

Code Sequence
0.5 mg/mL 1 mg/mL 2 mg/mL 5 mg/mL 10 mg/mL

A H-(FPGVG)<-NH, NA. 59.3+*19 39.0*0.2 256*1.2 205%*0.1
B H-(FGPVG)s-NH, NA. 315*1.6 Not dissolved
C H-(FGPGV)<-NH, NA. 36.2*0.1 24.1*05 13.8*0.5 Notdissolved
D H-(FGVGP)5-NH, Not dissolved
E H-(FGVPG)<-NH, NA. 448+*09 327*f04 205*0.7 135*05
F H-(FGGPV)5-NH, Not dissolved
G H-(FGGVP)s-NH, NA. 599+*10 394*14 253*02 19.0F0.5
H H-(FPGGV)<-NH, NA. 51.4+16 295+0.1 20.0%*0.6
| H-(FPVGG)<-NH, NA. 55.1*10 363*03 27.2*04
J H-(FVPGG)<-NH, NA. 38.6+0.8 21.9+0.8 Notdissolved
K H-(FVGPG)<-NH, NA. 521+0.7 327*06 2447*06
L H-(FVGGP)5-NH, Not dissolved

Code Sequence 0.5mg/mL 0.7mg/mL 1mg/mL 1.2mg/mL 1.5mg/mL
B H-(FGPVG)<-NH, NA. 36.2+22 315*16 255*09 220*10

Tt of the peptides were measured at each peptide concentration in phosphate buffer (pH =
7.4). Peptide D, F, and L were not dissolved at concentration of 0.1 mg/mL.
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Table 2. Slopes and intercepts in fitting of

the dependence of 7; on peptide concentration.?

Code Sequence m (°C) b (°C)
A H-(FPGVG)s-NH, -16.5 55.1
B H-(FGPVG)s-NH, -19.3 29.9
c H-(FGPGV)s-NH, -13.8 35.3
D H-(FGVGP)s-NH, Not dissolved
E H-(FGVPG)s-NH, -13.6 435
F H-(FGGPV)s-NH, Not dissolved
G H-(FGGVP)s-NH, -17.4 56.0
H H-(FPGGV)s-NH, -19.8 64.0
I H-(FPVGG)s-NH, -17.5 66.4
J H-(FVPGG)s-NH, -18.2 512
K H-(FVGPG)s-NH, -17.4 63.2
L H-(FVGGP)s-NH, Not dissolved

 Slopes and intercepts in equation 1 : 7t = m In ¢ + b, were calculate from each peptide
concentration dependence of 7t. m value represents the amount of change in 7t with respect
to the logarithm of concentration. b value represents the estimate of 7t at 1 mg/mL.

137



"ds P paquUIssp

o10M BJEp IOy A10300(e1) 9} UI SONPISAI OJOYM JO JOqUINU Oy} Aq 9IN)ONI)S AIRPUOISS YIEd Se
Paz1u30021 SONPISAI JO JOQqUINU O} SUIPIAIP BIA PAUIRIGO 2IOM AINJONIIS AIBPUODSS OB JO SONeY

0 (0] 6€ 0 15 TET FEEVT YOO 880  ‘HN-S(dOOA4)-H 1
0 ST 1T 0 ¥9 TSTFET6Z STOFSST  CHN-S(DAOAD)H )
0 (0] LT 0 €L 60T $T99Z TTOFOTT  °HN-S(DDdAd)-H
0 L ve 0 65 LT FSELT  PTOFOTT  HN-S(DDAdA)H |
0 z 13 ¥ 65 9TT FTI€TC €00F180 °HN-S(ADDd4)-H  H
0 4 (013 0 85 €60 F6T'TC €00F8L0 HN-S(dADOD4)-H o
0 9 8€ ¥ €S TOT T2 TO0 080  °HN-S(AODH)-H 4 8t
0 L 9¢ L 0s €6'0 $86'€C 700 7 /80  °“HN-5(DdADH)-H 3
1 vT 24 0 19 60T $62°97 LOOFSOT °HN-S(dOADA)H @
1 8 6€ T 15 VT £46'9C OT'0FL0T  ‘HN-S(ADdD4)-H D
0 0 1537 S 4] 8ET FSGEST SO0F680 ‘HN-S(OAdD4)H g
0 € [43 0 S9 88T $6V'8C TTOFEET ‘HN-S(OADdd)H v
(%) XIISH-O"€ (%) uinL (%) puag (%) 28pua-d (%) 1100 (W) vSVS s
(wu) °y apidad apo)  (Y) ainmesadwa)

24ndnas >‘_mﬂCOUmm yoes Jo oney

«"M 8L7 18 $IL0)33[e1) WOy BIEp 2UNPNAS ¢ AqEL

138



"(S UM PAQLIOSIP 2IdM BIEp JOYIQ A10302(e1) 9y} Ul SONPISAI 9[OYM JO JdqUINU O} AQ 2IN)ONI)S
AIepuodas yoea se pazIugooal SanpIsal Jo Iaquunu 3Y) SUIPTATIP BIA PAUILIQO dIdM dINJONI)S AIEPU0d3s Yord JO SONey .

0 0 0 6C € ST €5 0ZT $667C €00 .80 °HN-°(d9OAd)-H 1
0 0 8 6C 0 0 €9 LT FEVST  0T0 $860  HN-5(DdOAd)-H
0 0 o1 144 0 0 L9 YTT $68ST  8T0 90T  HN-5(9DdA4)-H r
0 0 1T €T [4 1 9 69T £ 8EST 800 £960  °HN-(9DAdH)-H I
0 0 1T 43 4 T ¥S TTT £LLTT SO0 F €80  “HN-5(ADDd4)-H H
[4 0 €2 0z € 0 15 €0'T $60'€C Y00 3680 HN-(dADO4)-H
0 0 6 [43 1 vT 44 v9'T F¥6'ZC 800 +88°0  HN-°(AdOD4)-H 4 ote
0 0 6 LT 1 0 €9 9T FSPLT TTOFTITT  HN-5(9dAD4)-H 3
0 0 1T Y4 S 01 0s SLTFISST OT0 00T CHN-°(dOADH)-H @
4 S az 9z 4 0 6€ €T F¥8TT TT0 3880 HN-S(ADdOA)H D
9 0 6 6C 6 1 Ly LLT $80%C LOO F680 C°HN-(DADH)-H g
0 0 o1 LE [4 0 15 ISTFIEST STOF960 CHN-S(OADdH)H v
(%) X113H-"€ (%) X13Y-0 (%) uinL (%) puag (%) 28pua-d (%)123ys-g (%) 10D s
(zwu) vsvs (wu)°y apidad 9po)  ()) aumesadwal

21n3on.3s Alepuodas yoes jo oney

«"M 01€ J& S3L0)d3(e1) woiy ejep 2INJINNS *p L

139



"(S M PaqLIOSIp dIom elep IOl 'A10300(e1) oY) Ul SanpIsal J[oyMm JO Joquinu Y} Aq 0InJonis
AIepuooas [oea st PaZIudooal SoNPISal JO JoquINU oY) SUIPIAIP BIA PAUTRIQO dI9M INJONI)S AIBPUOIAS OB JO SONRY o

0 0 T 0S 0 0 6% TTT $29TC 00 F T80  “HN-°(dOOA4)-H 1
0 0 L €€ 0 0 6S 09T x O¥'¢C 900 F €80 *HN-5(DdDNS)-H A
0 0 9 LT 1 0 L9 8E'T FE8ET 9T0OF €60  “HN-°(DDdA4)-H r
0 0 01 0€ z T LS €8T F¥I'VZ 600 £ T6'0  °HN-(DDOAdH)-H _
[4 0 6T (44 8 0 81 T9'T 08¢ 800 x £80 *HN-5(A9DDdH)-H H
0 0 8 [43 14 0 9s STE FS6'€T  YTOF¥6'0  °HN-(dADDH)-H D)
T 0 (0]8 S€ [4 14 8t 60'€ $96'€C  TT'0FT60  “HN-(AdDD4)-H 4 Eve
0 0 91 [4 14 0 Ly LET FTPPT  ETOFT60  “HN-°(DdAD4)-H 3
%4 T (08 €€ [4 0 0S TTT $S0PC  TT'0OF260  “HN-°(dOAD4)-H a
0 0 [4? [44 T 6T 9€ 9T'T F€LTT SO0 3880 “HN-S(ADdDH)-H 9
[4 [4 LT 13 [4 0 Ly 8T ¥ ¥C'ST 8T'0x 860 *HN-5(DAdD4)-H g
0 0 T €€ [4 [4 €9 9T'¢ x 00¥C <10 £ 060 *HN-5(9A\DdH)-H A4
(%) X113H-°%€ (%) x113y-0 (%) uinL (%) puag (%) 23pua-d (%)319aus-d (%) 10D 8
(zwiu) ysvs (wu) °y apndad apo)  ()) ainjesadwa]

a1njonJ3s Alepuodas yoes jo oljey

¢ EPE 18 $IL033[eN) WOy B)ep NN °§ AqEL

140



Table 6. Phase transition temperature of the paired peptides.?

Code Motif T, (°C) Code Motif T, (°C)
A FPGVG 39.0+ 0.2 YRS E FGVPG 327+ 04
B FGPVG 220+ 1.0 © D FGVGP Not dissolved
C FGPGV 241+ 05 YRS K FVGPG 52.1 + 0.7
F FGGPV Not dissolved AN L FVGGP Not dissolved
G FGGVP 394+ 14 < | FPVGG 55.1 + 1.0
H FPGGV 514* 16 YRS J FVPGG 38.6 £ 0.8

? The peptides in the pair relationship are written in same line. Hydrophobic residues were
colored in red, and PG sequence was in blue. Except for peptide B, Tt or solubility of each
peptide at a peptide concentration of 2 mg/mL were shown. 7t at 1.5 mg/mL was shown in
peptide B due to insolubility.
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Figure 1. UPLC-MS analysis of (FPGVG)s and 11 shuffled peptide analogs.
UPLC data of (A) H-(FPGVG)s-NH,, (B) peptide B, (C) peptide C, (D) peptide D, (E)
peptide E, (F) peptide F, (G) peptide G, (H) peptide H, (I) peptide I,

(J) peptide J, (K) peptide K, and (L) peptide L were shown.
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Figure 2. Turbidity profile of (FPGVG)s and 11 shuffled peptide analogs.
Representative turbidity profile of the (FPGVG)s and soluble shuffled peptides at peptide
concentration of 2.0 mg/mL were shown. Only in the date of peptide B, the turbidity
change at concentration of 1.5 mg/mL was shown.
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Figure 3. The dependence of 7: on peptide concentration in each peptide.
Tt at each peptide concentration was shown. These plot was fit to the logarithm function
and described as dashed line.
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Figure 4. Turbidity profiles in irreversible self-assembly of peptide B and K.

(A) Peptide B and (B) peptide K showed irreversible self-assembly over 50°C and 90°C,
respectively.
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Figure 6. Ratios of secondary structures at each residue in whole peptide sequence at 278 K.
The data in (A) peptide A, (B) peptide B, (C) peptide C, (D) peptide D, (E) peptide E, (F)
peptide F, (G) peptide G, (H) peptide H, (I) peptide I, (J) peptide J, (K) peptide K, and (L)

peptide L were shown. Each ratio was calculated by dividing the number of secondary
structure at each residue in whole of trajectory by the number of trajectory frame.
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Figure 7. Ratios of secondary structures at each residue in whole peptide sequence at 310 K.
The data in (A) peptide A, (B) peptide B, (C) peptide C, (D) peptide D, (E) peptide E, (F)
peptide F, (G) peptide G, (H) peptide H, (I) peptide I, (J) peptide J, (K) peptide K, and (L)

peptide L were shown. Each ratio was calculated by dividing the number of secondary
structure at each residue in whole of trajectory by the number of trajectory frame.
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Figure 8. Ratios of secondary structures at each residue in whole peptide sequence at 343 K.
The data in (A) peptide A, (B) peptide B, (C) peptide C, (D) peptide D, (E) peptide E, (F)
peptide F, (G) peptide G, (H) peptide H, (I) peptide I, (J) peptide J, (K) peptide K, and (L)

peptide L were shown. Each ratio was calculated by dividing the number of secondary
structure at each residue in whole of trajectory by the number of trajectory frame.
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Figure 9. Mean ratios of secondary structure at each residue in repetition at 278 K.
The data in (A) peptide A, (B) peptide B, (C) peptide C, (D) peptide D, (E) peptide E, (F)
peptide F, (G) peptide G, (H) peptide H, (I) peptide I, (J) peptide J, (K) peptide K, and (L)

peptide L were shown. The mean was calculated with SE by averaging the ratio of
secondary structure at five residues which periodically appeared at each position (1st - 5th)

in the repetitive unit.
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Figure 10. Mean ratios of secondary structure at each residue in repetition at 310 K.
The data in (A) peptide A, (B) peptide B, (C) peptide C, (D) peptide D, (E) peptide E, (F)
peptide F, (G) peptide G, (H) peptide H, (I) peptide I, (J) peptide J, (K) peptide K, and (L)
peptide L were shown. The mean was calculated with SE by averaging the ratio of
secondary structure at five residues which periodically appeared at each position (1st - 5th)

in the repetitive unit.
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Figure 11. Mean ratios of secondary structure at each residue in repetition at 343 K.
The data in (A) peptide A, (B) peptide B, (C) peptide C, (D) peptide D, (E) peptide E, (F)
peptide F, (G) peptide G, (H) peptide H, (I) peptide I, (J) peptide J, (K) peptide K, and (L)
peptide L were shown. The mean was calculated with SE by averaging the ratio of
secondary structure at five residues which periodically appeared at each position (1st - 5th)
in the repetitive unit.
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