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Chapter 1

Introduction.

Elastin is an extracellular matrix protein, responsible for the resilience of tissues such as skin,
arteries and lung. It is an insoluble protein, forming fibers which are present in variable
amounts, depending on the tissue. The insoluble elastin is an extensively cross-linked polymer
of the precursor tropoelastin [1]. Tropoelastin consists of two types of domains. One of
them, the cross-linking domain, is rich in lysine and provides cross-linking of the individual
monomers, resulting in desmosine and isodesmosine links, which are responsible for its typical
yellow color [2]. Several repeating sequences have been described for the second domain of
tropoelastin. In order of their frequency of occurrence they are the pentapeptide VPGVG, the
hexapeptide APGVGV, the nonapeptide VPGFGVGAG and the tetrapeptide VPGG |3, 4].
In elastin, the most frequent pentapeptide sequence, VPGVG, recurs up to 50 times in a single
molecule. Synthetic polymers of (VPGVG)n, where n can be as high as 150, are soluble in
water below 300 K, but above a transition temperature 7;=310 K the solution undergoes a first
order phase transition, it separates into water rich and organic rich phases. The organic rich
phase, which shows viscoelastic behavior, contains approximately 63 % of water by weight [5].
Tropoelastin and its synthetic analogs have been the subject of intense investigations in the
field of biopolymers and protein engineering. It has been shown that modification of the
sequence of the polymers changes the transition temperature 7;, making it possible to design
polymeric materials with a particular transition temperature. Additionally one can modulate
the transition temperature of a given polymer solution, by other physico-chemical changes, such
as change of pH [6], change of oxidation state of the side chains or functional groups [7, 8],
addition of salt [9], addition of organic solutes and pressure [6]. These properties of the elastin-

like polymers have the promise of providing materials for biomechanical devices [6, 10] as well



as temperature dependent molecular switches [7]. Despite intense research efforts, the detailed
structure of tropoelastin and its derivatives still resists elucidation. Hence a molecular-level
picture which relates the protein structure to the viscoelastic properties is still a matter of
debate. The lack of detailed structural information has prevented the elucidation of the link
between structure and function for the tropoelastin and elastin-like peptides. What is beyond
doubt, is the determinative role of water as a plasticizing media. Still, the potentially crucial
aspect of the protein hydration water remains largely unexplored with some exceptions of
experiments [11] and of recent molecular dynamics (MD) simulations [12, 13].

A variety of phenomenological models was proposed to explain the elasticity of elastin
and elastin-like peptides, among them: classical rubber elasticity theory [14, 15], ”oiled-coils”
model [16], "liquid-drop” model [17] and various librational models [6, 18, 19], but non of these
models can describe all observed experimental phenomena.

Understanding the microscopic origin of the temperature induced conformational transition
of ELP, as well as characterizing its conformations below and above T; by computer simulation
studies, should help to clarify the mechanism of its elasticity. Since water is important for the
elasticity of the ELPs, the properties of the hydration water should be studied, to explore
the interplay between the state of the hydration water and the properties of the elastin-like
peptide.
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Chapter 2

Review.

2.1 Experimental studies of the protein elastin, elastin-
based polymers and small elastin-like peptides.

The history of elastin begins in 1873, with the pioneering work of the swiss scientist Hermann,
who for the first time observed that elastic tissue contracts on heating at 65 degree Celsius[20].
In 1893, in his PhD thesis, the german scientist Emil Gotschlich had ascertained that Ligamen-
tum nuchae shortens on heating and lengthens on cooling at temperatures bellow 65 degrees.
If the tissue would be heated over 65 centigrades, it contracts and could not be elongated
again by decreasing the temperature[21]. A lot of attempts were done to define the chemical
composition of Ligamentum nuchae, but the most successful effort was made by Vandergrift
and Gies in 1901, these scientist have found that fresh Ligamentum nuchae consists of 57 % of
water, 32 % of elastin and 11 % of other chemical substances [22]. In 1914 McCartney, after an
extensive study of Ligamentum nuchae, has discussed that shortening of the tissue can be due
to release of water. Also he has found, for the first time, that on drying at 37 centigrades, strips
of Ligamentum nuchae, loosing about 50 % of their weight, became hard and brittle, with a
great shrinkage in length and thickness. If then immersed again in water, the strips regain all
their elastic properties [23]. Twenty four years later Stein and Mueller have made an analysis
of the amino-acid composition of elastin. They found that elastin contains approximately 29,4
%, 15,2 % and 13,3 % by weight of glycine, proline and valine respectively. It was not possible
at that time to exactly determine whether elastin contains alanine or not. Also, they found

small amounts of methionine, histidine, cystein and phenylalanine [24]. Lloyd and Garrod have



investigated the influence of different solvents on the shrinkage temperature and swelling of
three proteins: silk fibroin, collagen and elastin. They have found that the elastin, in contrast
to the collagen, swells in all three directions. In the judgment of the authors this fact can be an
indirect evidence for the absence of complete molecular orientation in the fiber [25]. They have
discussed that the elastin molecule is not self-lubricating, and water plays a crucial role for its
elastic properties. The water soluble precursor of the protein elastin, tropoelastin, was found
in 1955 by Partridge and coworkers [1]. In the same work it was demostrated that tropoelastin
consists of two domains which have different physical properties. In 1958 Hoeve and Flory to
the first time proposed to describe the elasticity of elastin with the help of the theory of rubber
elasticity [14]. In 1963 Gotte and coworkers made a more precise investigation of the amino
acid composition of elastin [26]. Partridge and coworker have found that individual monomers
in the tissue are connected by desmosine and isodesmosine cross-links [27]. It was found that
elastin starts to show elastic properties already when the weight fraction of water is 30 %,
but the full elasticity the protein achieves when the fraction of water by weight is more than
65 % [11]. Several enthalpic models, which tried to explain the cruciall role of water for the
elasticity of elastin, appeared [16, 17, 28].

Dan Urry was the first who synthesized and studied large elastin-like polymers by circular
dichroism [29] and NMR [30, 31]. He has shown that aqueous solutions of large ELPs ex-
hibit a lower critical solution temperature (LCST), where they separate into a water rich and
an organic rich phase upon heating. He called this phenomenon ”inverse temperature transi-
tion” [32]. It was shown that large ELPs have an isotropic structure [33] and high mobility [34].
Spectroscopic studies [35] demonstrate the conformational heterogeneity of large ELPs in liquid
water, which is reflected in the simultaneous presence of various structural elements (a-helices,
(-sheets, S-turns, v-loops, and polyproline IT and disordered structures). The relative popula-
tion of these structures changes with temperature [35]. A macroscopic phase separation of the
aqueous solutions of small ELPs (from one to several pentameric VPGVG units) [7, 36, 37]
into organic-rich and water-rich phases upon heating was not detected. Their conformational
changes are qualitatively similar to those detected for large ELPs, when crossing the transition
temperature T;, but are observed in a wider temperature interval [7, 36]. In particular, a
minimum at 195 nm in the CD spectra, which originates from a disordered structure and/or
from polyproline II structures, becomes less pronounced with increasing temperature. Such a

behavior was attributed to the increase of "order” in the structure of a single ELP chain upon
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heating [5, 6, 7, 35, 36]. The nature and degree of this "order” remains unclear. Of course,
the elasticity of a highly ordered polypeptide chain cannot be explained, based on the entropic

elasticity of a random chain, and requires another model of elasticity [5, 6, 38].

2.2 Computer simulation studies of small elastin-like pep-

tides.

Computer simulation studies should help to understand the microscopic origin of the temper-
ature induced conformational transition and clarify the mechanism of the ELPs elasticity. In
particular, such studies should show whether an ELP exhibits a random distribution of the
end-to-end distance or whether its structure is more ordered. As a phase separation of the
aqueous solutions of ELPs may be expected, ideally such systems should be studied by ap-
propriate simulation methods (such as simulations in the grand canonical or Gibbs ensemble,
etc.). These methods imply the necessity to insert randomly solute molecules in a rather dense
liquid phase, and therefore their applicability strongly diminishes with increasing solute size.
As a result, now and in the near future, phase transitions in aqueous solutions even of small
biomolecules cannot be studied by direct simulation methods. In such a situation, studies of
a single biomolecule in liquid water remain the most popular simulation approach. They give
useful information concerning the properties of the biomolecule and the surrounding water
at various thermodynamic conditions. However, when comparing computational results with
experiments, the intrinsic inability of single biomolecule simulation to reproduce the phase
transition of a solution should be taken into account.

In the pioneering work of Wasserman and Salemme [19] the elastic properties of the polypen-
tapeptide (VPGVG);g were studied by performing short MD simulations under constraints to
mimic an external pulling force. The simulation of the polypentapeptide was performed in a
water droplet. During the simulation run the starting (-spiral [35] structure remained stable.
The authors found that entropic forces from the reduced librational motions of the protein
were a main contributing factor in the elastic behavior. Despite the fact that the simulation
times are not exceeding 1 ns, the authors were able to show, at least qualitatively, the entropic
nature of the restoring elastic force. However the authors proposed another contribution to
the restoring elastic force at low extensions, namely a decrease of the entropy of the water

molecules, when they cover more and more hydrophobic surfaces, but this is still a matter of
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debate. There are facts which are confirming [39] and contradicting [40] this point of view:
indicating an important role of the curvature of the hydrophobic surface. The role of water as
plasticizing media was not considered in this work.

The most detailed simulation studies of the temperature induced conformational changes of
a single ELP in water were performed for a small elongated pentapeptide GVG(VPGVG) [13,
37] and a polypentapeptide (VPGVG);g [12]. Two main structures, compact and extended
(with and without intra-molecular hydrogen bonds, respectively) were found for the small
GVG(VPGVG) peptide. The extended structure dominates in the whole studied tempera-
ture range 280 to 380 K, the highest population of the compact structure occurs at about
330 K [13, 37]. Most important, above this temperature a peptide mode, which reflects a tran-
sition between the two main structures, noticeably speeds up. Interestingly, the temperature
dependence of the dynamics of the water-peptide hydrogen bonds also qualitatively changes
at about 330 K. The simulations of the much larger polypentapeptide (VPGVG);s did not
reveal an ordered structure [12], despite the fact that the simulations were started from a con-
formation, which corresponds to an ordered (-spiral. Already after a short equilibration, this
ELP adopts an "amorphous” structure, which is more compact (and has more intra-molecular
H-bonds) at higher temperatures. The simulation studies of single ELPs in water did not yet
answer the key question, concerning the origin of the elastic properties of the ELPs: does a sin-
gle ELP show a random distribution of the end-to-end distance in water? The GVG(VPGVG)
peptide [13] is too small to show distributions, which are characteristic for long chains, whereas
simulation runs of 10 to 20 ns [12] are obviously not long enough for an adequate sampling of
the structure of the large polypentapeptide (VPGVG);g chain in water. To avoid these prob-
lems, we have simulated a polypentapeptide of intermediate size GVG(VPGVG)3 in water

during extremely long times (up to 350 ns).

2.3 Models of elasticity.

The origin of the elastic properties of elastin and elastin-like peptides is controversially dis-
cussed in many previous works. The models of elasticity can be divided into two groups: single
phase model and two phase models.

The single phase model [14, 15] is also know as a random chain model, which considers

elastin to be a typical rubber with polymeric chains which are in random configuration and
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any diluent present in the system is randomly distributed throughout the swollen material.
In accordance with the classical theory of rubber elasticity [41], a chain with Gaussian (ran-
dom) distribution of the end-to-end distance should show an elastic behavior. Deviation from
this distribution causes a decrease of entropy and the appearance of a restoring elastic force.
The single phase model is supported by some mechanical [42], calorimetry [43], Raman [44],
NMR [34] and birefringence [33] studies. The role of water as plasticizing media essential for
the elasticity of ELPs can not be explained from the point of view of the classical theory of
rubber elasticity [14, 15].

In the two phase models the appearance of a restoring elastic force is caused by the inter-
actions of the water molecules with exposed hydrophobic surfaces [16, 17, 28]. It was stated
that on extension, ELPs expose their hydrophobic groups to water, which should increase the
enthalpy of the whole " ELP-water” system, thus being the source of the restoring elastic force.
The effect of exposure of the hydrophobic groups to the water can be responsible only for 10
to 15 % of the restoring force [45]. Another type of two state model consideres the various
librational models [6, 18, 19]. The authors of these models state, that the restoring elastic
force has two sources, approximately 70 % of the restoring force is coming from the decrease of
the librational entropy of the peptide chains due to extension and approximately 30 % of the
restoring force is caused by the decrease of the entropy of the water molecules in the proximity
of the exposed hydrophobic parts of the peptide. However the second source is still a matter
of debate [39, 40].

Thus neither the random chain model nor various two phase models can explain the crucial
role of water for the elasticity of elastin. The physical origin of the elastic properties of the

hydrated elastin and elastin-like peptides is still not clarified.
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2.4 Aims of this work.

The aims of the present work are, with the help of computer simulations:

1. to locate the temperature of the conformational transition of the small elastin-like pen-

tapeptide GVG(VPGVG)s,
2. to characterize conformation of the peptide below and above transition temperature,

3. to shed light on the influence of various cosolvents on the peptide conformation and

properties,

4. to describe the properties of the hydration water and the possible interplay between the

state of hydration water and the conformation of the elastin-like peptide,

5. to create a consistent model of the elasticity of the elastin-like peptides.
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Chapter 3

Methods.

Computer simulations have a valuable role to play in providing essentially exact results for
problems in science which would otherwise only be soluble by approximation methods, or
might be quite intractable. The results of computer simulations may also be compared with
those of real experiments. In the first place, this is a test of the underlying model used in
a computer simulation. Eventually, if the model is a good one, the simulator hopes to offer
insight to the experimentalist, and assist in the interpretation of new results. This dual role
of simulations, as a bridge between models and theoretical predictions on the one hand, an
between models and experimental results on the other, makes this method very valuable in
science. Computer simulations provide a direct route from the microscopic details of a system
to macroscopic properties of experimental interest. It may be difficult or impossible to carry
out experiments under extremes of temperature or pressure, while a computer simulation of the
materials in, say, a shock wave, a high-temperature plasma, a nuclear reactor, or a planetary
core, would be perfectly feasible. Finally, while the speed of molecular events is itself an
experimental difficulty, it presents no hindrance to the simulator. A wide range of physical,
chemical and biological phenomena, from the molecular scale to the galactic, may be studied

using some form of computer simulation [46].



3.1 Molecular dynamic.

3.1.1 Hamiltonian of the system.

The microscopic state of a system may be specified in terms of the positions and momenta
of a constituent set of atoms. Within the Born-Oppenheimer approximation, it is possible to
express the Hamiltonian of a system as a function of the nuclear variables, the motion of the
electrons having been averaged out. We may write the Hamiltonian H of a system of N atoms
as a sum of kinetic and potential energy functions of the set of coordinates q; and momenta

p; of each atom i. Adopting condensed notation

¢ = (q1,q2,qn) (3.1)

p = (Pl,pQ, ‘‘‘‘‘ ,pN) (3'2)
we have

H(q,p) = K(p) +V(q) (3.3)

Usually, the kinetic energy K take the form
N
K =33 Pia/2m (3.4)
i=1 a
where m; is the atomic mass, and the index « runs over the different (x,y,z) components of
the momentum of atom i. The potential energy may be divided into terms depending on the
coordinates of individual atoms, pairs, triplets etc.:
V= Zvl r; —1—221)2 Ti,75) —1—22 Z vg(rs, ) + - (3.5)
i i<y i >0 k>j>0
The first term in the equation represents the effect of an external field on the system. The
remaining terms represent particle interaction. The second term, vy, the pair potential, is the
most important. The pair potential depends only on the magnitude of the pair separation
rij = |ri — rj], so it may be written vy(r;;). Three-body and higher terms are expected to be
small in comparison with v, and can be approximately incorporated in effective pair potentials

v (r:;). So we can rewrite eqn. (5) in the form

V =~ Zvl Ti) —l—ZZveff (i) (3.6)
i 1<J

The potential energy V' contains all interesting information regarding intermolecular interac-

tions: assuming that V is fairly sensibly behaved, it will be possible to construct, from H, an
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equation of motion which governs the entire time-evolution of the system and all its mechanical
properties. Solution of this equation will generally involve calculation, from V) of forces f;, and
torques 7; acting on the molecules. The Hamiltonian also dictates the equilibrium distribution

function for molecular positions and momenta.

3.1.2 Equation of motion.

Molecular dynamic is a technique used to solve the classical equation of motion for a system
of N molecules interacting via a potential V. The most fundamental form is the Lagrangian

equation of motion

(0L /50) ~ (0L /501 = 0 (3.7)

where the Lagrangian function L(q, q) is defined in terms of kinetic and potential energies
L=K-V (3.8)

and is considered to be a function of the generalized coordinates ¢; and their time derivatives
qr- If we consider a system of atoms, with Cartesian coordinates r; and the usual definitions
of K and V| then eqn. (7) becomes

m;i; = (3.9)

where m; is he mass of atom i and
=V, L=-V,V (3.10)

is the force on that atom. These equations also apply to the center of mass motion of a
molecule, with f; representing the total force on molecule i; the equations for rotational motion
may also be expressed in the form of eqn. (7). The generalized momentum py, conjugate to
qk, is defined as

P = 6L /6¢. (3.11)

The momenta in the Hamiltonian form of the equations of motion are

The Hamiltonian is strictly defined by the equation

H(p.q) = qpe — L(a,q) (3.14)
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where it is assumed that we can write ¢, on the right as some function of the momenta p.
Taking into account that V' is independent of velocities and time, this reduces to eqn. (3),
and H is automatically equal to the total energy. For Cartesian coordinates, the Hamilton’s

equations become

o= pi/m; (3.15)

pi = Vi,V =4 (3.16)
A standard method for the solution of ordinary differential equations such as eqns. (7) and
(15,16) is the finite difference approach. The general idea is as follows. Given the molecular
positions, velocities, and other dynamic information at time ¢, we attempt to obtain the po-
sitions, velocities etc. at a later time ¢ + dt, to a sufficient degree of accuracy. The equations
are solved on a step-by-step basis; the choice of the time interval dt will depend somewhat on
the method of solution, but dt will be significantly smaller than the typical time needed for a

molecule to travel its own length. The general scheme of a stepwise MD simulation, based on

a predictor-corrector algorithm, may be summarized as follows:

1. predict the positions, velocities, accelerations etc. at a time ¢ 4 dt, using the current

values of these quantities;
2. evaluate the forces, and hence accelerations a; = f;/m;, from the new positions;
3. correct the predicted positions, velocities, accelerations etc. using the new accelerations;

4. calculate any variables of interest, such as energy, virial, order parameters, ready for the

accumulation of time averages, before returning to (1) for the next step.

The integration algorithm has to possess some qualities which are crucial for a successful

simulation:
e It should be fast, and require little memory
e [t should permit the use of a long time step 0t
e [t should duplicate the classical trajectory as closely as possible

e [t should satisfy the known conservation laws for energy and momentum, and be time-

reversible
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e [t should be simple in form and easy to program.

The first MD simulation of a realistic model liquid with a continuous interaction potential has

been performed by A. Rahman in 1964 [47].

3.1.3 Periodic boundary conditions.

Computer simulations are usually performed on a small number of molecules, 10 < N < 10000.
The size of the system is limited by the speed of execution of the program. The time taken for
the double loop, used to calculate the forces or potential energy, is proportional to N2. A major
obstacle for many simulations is the large fraction of molecules which lie on the surface of any
sample; for 1000 molecules arranged in a 10 x 10 x 10 cube, no less than 488 molecules appear
on the cube faces. Whether or not the cube is surrounded by a containing wall, molecules on
the surface will experience quite different forces from molecules in the bulk. The problem of
surface effects can be overcome by implementing periodic boundary conditions [48]. The cubic
box is replicated through the space to form an infinite lattice. In the course of the simulation,
as a molecule moves in the original box, its periodic image in each of the neighbouring boxes
moves in exactly the same way. Thus, as a molecule leaves the central box, one of its images
will enter through the opposite face. There are no walls at the boundary of the central box, and
no surface molecules. This box forms a convenient axis system for measuring the coordinates
of the N molecules. The number density in the central box is conserved. It is not necessary
to store the coordinates of all the images in a simulation, just the molecules in the central
box. The cubic box has been common used almost exclusively in computer simulation studies

because of its geometric simplicity.

3.1.4 Potential truncation

The heart of the MD program involves the calculation of the potential energy of a particular
configuration, and the forces acting on all molecules. Consider how we would calculate the force
on molecule 1, or those contributions to the potential energy involving molecule 1, assuming
pairwise additivity. We must include interactions between molecule 1 and every other molecule
¢ in the simulation box. There are N — 1 terms in this sum. However, in principle, we must
also include all interactions between molecule 1 and images i 4,75, etc. lying in the surrounding

boxes. This is an infinite number of terms, and of course is impossible to calculate in practice.

25



For a short-range potential energy function, we may restrict this summation by making an
approximation. Consider molecule 1 to rest at the centre of a region which has the same size
and shape as the basic simulation box. Molecule 1 interacts with all the molecules whose
centres lie within this region, that is with the closest periodic images of the other N — 1
molecules. This is called ‘minimum image convention‘. This technique, which is a natural
consequence of the periodic boundary conditions, was first used in simulation by Metropolis
et.al. [49]. In the minimum image convention, then, the calculation of the potential energy due
to pairwise-additive interaction involves %N (N —1) terms. This may still be a very substantial
calculation for a system of 1000 particles. A further approximation significantly improves this
situation. The largest contribution to the potential and forces comes from neighbors close to
the molecule of interest, and for short-range forces we normally apply a spherical cutoff. This
means setting the pair potential v(r) to zero for r > r., where r. is the cutoff distance. In a
cubic simulation box of side L, the number of neighbors explicitly considered is reduced by a
factor of approximately 4773 /3L3, and this can be a substantial saving. The introduction of a
spherical cutoff should be a small perturbation, and the cutoff distance should be sufficiently
large to ensure this. The cutoff distance must be no greater then %L for consistency with the

minimum 1mage convention.
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3.2 Forcefields.

A force field is built up form two distinct compositions:

e The set of equations (called the potential functions) used to generate the potential ener-

gies and their derivatives, the forces.
e The parameters used in this set of equations.

Within one set of equations various sets of parameters can be used. The number of parameter
sets developed for application to biologically interesting molecules is great, because of the great
complexity of the interactions which involve ionic and polar groups in aqueous solution. Thus,
care must be taken that the combination of equations and parameters form a consistent set. It
is in general dangerous to make ad hoc changes in a subset of parameters, because the various
contributions to the total force are usually interdependent. The potential functions can be

subdivided into three parts [46]:

1. Non-bonded: Lennard-Jones or Buckingham, Coulomb or modified Coulomb. The non-
bonded interactions are computed on the basis of a neighbor list (a list of non-bonded

atoms within a certain radius), in which exclusions are already removed.

2. Bonded: covalent bond-stretching, angle-bending, improper dihedrals, and proper dihe-

drals. These are computed on the basis of fixed lists.

3. Special: position restraints and distance restraints, based on fixed lists.

3.2.1 Non-bonded interactions.

The non-bonded interactions contain a repulsion term, a dispersion term, and a Coulomb
term. The repulsion and dispersion term are combined in either the Lennard-Jones (12-6) or
the Buckingham (exp-6) potential. In addition, charged atoms act through the Coulomb term.
The force on a particle 7 is than calculated from
V(I‘l, ...I‘N) = Z Vij(rij) (317)
i<j

dVij(rij) iy

drij Tij

Fi=— Y

J

— —F, (3.18)
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The Lennard-Jones interaction.

The Lennard-Jones potential V7 ; between two atoms equals

cy? o
Vig(rij) = Tig - Tg' (3.19)
ij ij

The parameters C’i(ju) and C’Z-(j6 ) depend on pairs of atom types; consequently they are taken

from matrix of LJ-parameters. The force derived from this potential is:

o2 O\ L
Fi(rij) =— 112 Y ) Y — (320)
( ri rho ) Ty

The Lennard-Jones potential may also be written in the following form:

Vig(rij) = 4e;; ((%) - (%) ) (3.21)

In constructing the parameter matrix for the non-bonded LJ-parameters, two types of combi-

nation rules are used:

o = (ngf)*CJ(?))l/Z (3.22)
c1? — (cfP s ) (3.23)
or, alternatively,
1
o = 5(%@‘*‘%’3‘) (3.24)
€j = (anjj)l/2 (3.25)

Coulomb interaction.

The Coulomb interaction between two charged particles is given by:

4iq;
Ve(rij) = [ (3.26)
Tij
where f = 47360. The force derived from this potential is:
4iq; T
Fi(ry;) = — - 3.27
(rJ) f T?j Tij ( )
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3.2.2 Bonded interactions.

Bonded interactions are based on a fixed list of atoms. They are not exclusively pair interac-
tions, but include 3- and 4-body interactions as well. There are bond stretching (2-body), bond
angle (3-body), and dihedral angle (4-body) interactions. A special type of dihedral interaction
(called improper dihedral) is used to force atoms to remain in a plane or to prevent transition

to a configuration of opposite chirality (a mirror image).

Harmonic bond stretching.

The bond stretching between two covalently bonded atoms ¢ and j is represented by a harmonic

potential

with the force
(3.29)

Harmonic angle potential.

The bond angle vibration between a triplet of atoms 7 - j - k is also represented by a harmonic
potential on the angle 0;;;,
1

Va(0ijr) = §k‘fjk(9z‘jk — 001.)° (3.30)

As the bond-angle vibration is represented by a harmonic potential, the form is the same as
the bond stretching.

The force equations are given by the chain rule:

AV, (0ix)

F, = ——2% 3.31
ir (3.31)

AV, (0:k)
F, = ———Y%Y 3.32
K i (3.32)
F, = —F,—Fy (3.33)

where

0k = arccos i " Tig (3.34)

TijTkj

The numbering i, j, k is in sequence of covalently bonded atoms. Atom j in the middle; atom

1 and k are at the ends.
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Improper dihedrals.

Improper dihedrals are meant to keep planar groups planar or to prevent molecules from

flipping over to their mirror images:

Vid(&iji) = ke(Eijm — &0)° (3.35)

This is also a harmonic potential, since it is harmonic, periodicity not taken into account, so

it is best to define improper dihedrals to have a &, as far away from +£180° as possible.

Proper dihedrals.

For the normal dihedral interaction there is a choice of either periodic function or a function
based on expansion in powers of cos ¢ (the so-called Ryckaert-Bellemans potential). This choice
has consequences for the inclusion of special interactions between the first and the fourth atom

of the dihedral quadruple.

Proper dihedrals: periodic type Proper dihedral angles are defined according to the
TUPAC/TUB convention, where ¢ is the angle between the ijk and jkl planes, with zero corre-

sponding to the cis configuration (¢ and [ on the same side).
Va(@iji) = ko (1 + cos(nd — ¢o)) (3.36)

Proper dihedrals: Ryckaert-Bellemans function For alkanes, the following proper di-
hedral potential is often used:

5

V;b(¢ijkl) = Z Cn(COS(w))n (3-37)

n=0

where ¢ = ¢ — 180°

3.2.3 Special interactions.

Special potentials are used for imposing restrains on the motion of the system, either to avoid
disastrous deviations, or to include knowledge from experimental data. In either case they are

not really part of the force field and the reliability of the parameters is not important.
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Position restrains.

These are used to restrain particles to fixed reference positions R;. They can be used during
equilibration in order to avoid too drastic rearrangements of critical parts. Another application
is the restraining of particles in a shell around a region that is simulated in detail, while the
shell is only approximated because it lacks proper interaction from missing particles outside
the shell. Restraining will then maintain the integrity of the inner part. It is also possible to

restrain particle to a plane or a line.

Distant restrains.

Distance restrains add a penalty to the potential when the distance between specified pairs of
atoms exceeds a threshold value. They are normally used to impose experimental restrains, as
from experiments in NMR, on the motion of the system. Thus MD can be used for structure

refinement using NMR data.
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3.3 Model systems.

Our simulation systems can be divided into two different classes:
e binary mixture
e tertiary mixtures

The binary mizture is presented by the elastin like peptide (ELP) at infinite dilution.

Figure 3.1: Picture of the ELP in the rigid state. Left: Van der Waals representation. Right: Backbone

representation.

Figure 3.2: Picture of the ELP in the flexible state. Left: Van der Waals representation. Right: Backbone

representation.

The left handed [-spiral [50] is used as an initial configuration of the small ELP GVG-
(VPGVG); capped by methylamine (-NH-CHj;) and acetyl (-CO-CHj) at the C- and N-termini,
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respectively. The all atom AMBER94 force field [51] is used for the ELP molecule parametriza-
tion. Initially ELP was equilibrated in vacuum for 10 ps at 300 K.

For the ELP (see figures (3.1,3.2)) at infinite dilution, one peptide molecule is immersed
in a cubic box with 1224 water molecules (SPCE model [52]). The system was equilibrated
for 5 ns at 300 K. The resulting configuration was used as an initial one for simulations at 12
temperatures between 280 and 440 K. All simulation runs were performed with 2 fs time step
for 350 ns at T=280, 300, 320, 340, 360, and 380 K, for 180 ns at 7'=285, 290 and 295 K, and
for 120 ns at T'=400, 420 and 440 K.

The tertiary mixtures are represented by solutions of one ELP in water with addition
of urea, guanidinium chloride (GdmCl), 2,2,2-trifluoroethanol (TFE) and sodium chloride.
Simulations were performed for the 8M urea solution, 1M sodium chloride solution, 4M TFE
solution and 3M guanidinium chloride solution (see table (3.1)). The force field parameters
for the cosolvents can be found in ref. [53]. All systems were equilibrated for 5 ns at 300 K.
The resulting configurations were the starting one for simulation runs at 7=280, 290, 295, 300,

320 and 340 K. All systems were simulated with 2fs time step for 120 ns. Periodic boundary

System N, Neosolvents Box size / nm
ELP + water + urea | 1043 226 x=y=z= 3.67
ELP + water + TFE | 1658 179 x=y=z= 4.16

ELP + water + NaCl | 1456 | 40 ion pairs | x=y=z= 3.61

ELP + water + GdmCI | 1765 | 133 ion pairs | x=y=z= 4.07

Table 3.1: The sizes of the systems with cosolvents.

conditions were applied for all systems. The molecular dynamic simulations were performed in
the NPT ensemble at constant pressure P = 1 bar, using the Nose-Hoover thermostat and the
Parrinello-Rahman barostat. The Gromacs software package was used. A spherical cut off of
9 A was used for the intermolecular interactions, the long-range Coulombic interactions were
taken into account by particle mesh Ewald summation [54]. Molecular configurations were

stored every 2 ps. Around 6 % 10* to 1.7 * 10° configurations were analyzed for each system.
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3.4 Structural characterization of peptide.

The conformation of the ELP was characterized with the help of radius of gyration, end-to-end
distance, Ramachandran plots, maps of intra-molecular hydrogen-bonds, etc.
The radius of gyration (S) was calculated taking into account all N heavy atoms of the

ELP. The formal definition of S is:

1 N
S = \l ~ Z(rk - I‘c.o.m)Q (338)
N
The end-to-end distance (R) is the distance between the two C, atoms at both ends of the
peptide.
The mazximal extension (L) is the largest distance between two heavy atoms in the ELP
chain.
The relative fluctuations

54 = idA 100 % (3.39)

av

where Sd, is a standard deviation and A denotes R, S or L, is calculated as a measure of
flexibility of the ELP chain.

The average values of R, S and L, as well as their probability distributions P(R), P(S) and
P(L) were calculated for each temperature and for all systems. The probability distributions

were fitted to the equation:
P(A) ~ (A = Ag)*exp (= Ba(A = Ao)’) (3.40)

where A denotes R, S or L; B, « and (3 are fitting parameters. The pre-exponential factor should
reflect the increase of the configuration space due to an increase of R, S and L. The exponential
term corresponds to the Boltzmann distribution of states with free energies, which vary as a
power function of R, S or L. For a freely jointed chain « = = 2 in the distribution P(R)
[41]. To detect the temperature induced conformational changes of the ELP, the parameter
B obtained from the fit, as well as the quality of the fits were analyzed as a function of
temperature.

The probability distribution of the end-to-end distance R was also fitted to the equation

for a semi-flexible, worm-like chain:

P(R) ~ (R~ Ro)* (exp (—Br(R = Ro)°)) (14 Cr(R — Ro)") (3.41)
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which contain one more fitting parameter (Cg) in comparison with eq. (3.40).
The probability distributions n,, to find m successive elements with the same secondary

structure were compared for different temperatures with the equation
Ny = (1 —0) % 6™ (3.42)

for the random cluster distribution in a one dimensional infinite chain [55], where 6 is the

fraction of occupied sites (content of elements with given secondary structure).
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Figure 3.3: Left panel: Regions of the secondary structure on the Ramachandran plot. Right panel: Type I
and Type II -turn regions on the Ramachandran plot.

A Ramachandran plot (see figure (3.3)) is a probability distributions for the angles ¢ and
1, which describe the rotation of amino acids around N — C, and C, — C" bonds, where
¢ is the torsion angle between C,,_1 — N,, — Cq,, — C;l and v is the torsion angle between
N, — Cupn — C, — N,41 [56]. The angles were considered positive or negative in keeping with
TUPAC ”Stereochemical Definitions and Notations Relating to Polymers” (1980).

An intra-molecular hydrogen-bond map (HB-Matrix) is a square matrix with probabilities
to find hydrogen-bonds between N — H and C' = O groups of different amino acids. N — H
and C' = O groups were decided as hydrogen-bonded if the distance r between N and O does
not exceed 3,5 A, and the N — H — O angle is greater than 130°. If all non-zero values in the
matrix lie on the lines parallel to the minor diagonal, we can assume that the peptide has an
ordered helical structure, deviations from this pattern can be explained as a tendency of the

peptide to lose it‘s helical structure. As a criterion to measure this deviations, Ai is calculated
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Figure 3.4: Interpretation of the intra-molecular hydrogen-bond map. Blue - 27-helix. Yellow - 31o-helix.

Green - a-helix. Red - w-helix. Black - #-sheet. Orange - disordered structure.

as the difference between the order numbers of the C\, atoms of the hydrogen-bonded amino
acids. If 2 < Ai < 5, the peptide has an ordered helical structure, otherwise it has some rate
of disorder. Interpretation of the intra-molecular hydrogen-bond map is shown in figure ( 3.4).
H-bond motives for different types of helices, such as 27 (blue), 319 (yellow), « (green) and =
(red) lie on the 1%, 274 374 and 4" minor diagonals respectively. The hydrogen bonds pattern
of the (-sheet structure (black) lies on the main major diagonal of the HB-Matrix. Hydrogen

bonds which do not belong to any structural pattern are colored by orange.

3.5 Analysis of clustering and percolation of the hydra-
tion water.

The state of the hydrogen-bonded water network in the hydration shell of the ELP at various
conditions was characterized by an analysis of the water clustering. A water molecule was
considered as belonging to the hydration shell, when the shortest distance between its oxygen
and the heavy atoms of the ELP does not exceed 4.5 A. This criterion is based on the analysis
of the water density distribution near the ELP surface [57]. The existence of a hydrogen-bond
between two SPC/E water molecules was used as connectivity criterion. T'wo molecules were
considered as hydrogen-bonded, when the distance between their oxygens did not exceed 3.35

A and their pair interaction energy was below -2.7 kcal/mol. Such criteria provide about
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3.3 hydrogen-bonds per molecule on average in liquid water at ambient conditions. Water
molecules are considered to belong to the same cluster if they are connected by an uninterrupted
path of hydrogen bonds. To locate the percolation threshold the following properties, which

characterize water clustering, were studied:

the distribution ng of the number of clusters of size S,

the probability distribution P(S,4,) of the size Sy of the largest cluster found at a

given time step,

the mean cluster size Speqn (calculated after exclusion of the largest cluster),

the average number ny of hydrogen-bonds per water molecule.

The occurrence frequency of water clusters of various sizes S is described by the cluster size
distribution ng, which at the percolation threshold obeys a power law ng ~ S™7 with critical
exponent 7 = 187/91 ~ 2.05 and 7 ~ 2.2 in the cases of 2D and 3D percolation respectively

[58]. The mean cluster size:
Smean = Z nSS2
> ngS

calculated excluding the largest cluster, diverges at the percolation threshold in an infinite

(3.43)

system or passes through a maximum when approaching the threshold in a finite system. The
probability distribution P(S,,..) of the size S, of the largest water cluster was used for
estimating the spanning probability SP, that is, the probability to observe a spanning cluster
in an arbitrary chosen configuration. Its value was obtained as an integral of P(S,,..) over
Smaz > 0.5N,,, where N,, is the total number of water molecules in the system (see section
4.3) [57],[59],[60].

The ability of the largest water clusters to cover the ELP molecule homogeneously was
characterized by the probability distributions of three parameters, namely, the distance H,,q,
between the centers of mass of the largest water cluster and of the ELP molecule, the radius of
gyration S, of the largest cluster, and its maximal extension L, that is, the maximal distance

between two water oxygens in the largest cluster [57].
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Chapter 4

Results



4.1 Temperature induced conformational changes of the

Elastin-Like Peptide.

4.1.1 Extension of the ELP.

0 100 200 300 0 100 200 300

12¢

R/A
S/A

12¢

R/A
S/ A

o
T

12

:M«MM‘«MWWM

12+

R/A
S/A

<C <L ‘
E a 9 r ‘\ | !“ 4
61 NMWWMWWWF i ]
0 100 200 300
time / ns time / ns

Figure 4.1: Variations of the end-to-end distance R and the radius of gyration S of the ELP with time at
different temperatures. From bottom to top: T = 280 K, 300 K, 340 K, 380 K.

Time evolutions of the end-to-end distance R and of the radius of gyration .S of the ELP are
shown in figure (4.1). At 7' = 280 K two different conformational states can be distinguished.
In the time interval from 80 - 180 ns Su= 6.19 £ 0.18 A, 65=3 % and R,,= 13.03 + 1.83 A,
0rp=14 %, whereas in the time interval 200 - 300 ns S,,= 6.82 + 0.66 A, 05=10 % and R,,=
13.73 + 4.34 A, 63=31 %. The first conformational state could be referred as "rigid”, because
of the small relative fluctuations (defined by equation (3.39)) of R and S, and the second state
where the relative fluctuations of R and S are 2 - 3 times larger, could be referred as ”flexible”.
The transitions between these two conformational states are reversible. The fraction of the
"rigid” state rapidly decreases with temperature. The "rigid” conformational state of the ELP

could be noticed at T" < 320 K, at higher temperatures the ELP is in the "flexible” state all
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the time. The time dependence of another structural characteristic of the ELP, the maximal
extension L, is qualitatively similar to the time dependences of R and S, shown in figure (4.1).
At T = 280 K, the average value Lg, = 20.40 & 0.80 A, §,=4 %, in the time interval from 80 -
180 ns (rigid state), whereas in the time interval from 200 - 300 ns (flexible state) Ly, = 22.76
+ 232 A, 6,=10 %.

To give a more precise definition of the "rigid” and ”flexible” state of the ELP, the shapes of
the probability distributions P(R), P(S) and P(L) were analyzed at various temperatures (see
circles in figures (4.2) -(4.5)). Fitting of the probability distribution P(R) of the end-to-end

0.08

007 0.04
0.06 po°
0.03
0.05

P(R)

0.04
0.02

0.03

0.02 0.01

0.01 &5

320K 440K

1I0 2I0 30 40 1I0 2I0 3I0 40
R/A R/ A

Figure 4.2: Probability distributions P(R) of the end-to-end distance R of the ELP at various temperatures
(circles) and the fits to eq. (3.40) with & = 2 and 8 = 2 (lines). To separate different distributions they are

shifted vertically. Note also the different scales for the left and right panel.

distance R of the ELP by eq. (3.40) gives values of the fitting parameters o and 3, which vary
with temperature. In the temperature interval from 320 to 440 K the closest integral value
for both parameters is 2, whereas at lower temperatures o and ( strongly deviates from this
number. The fitting parameter Ry was close to zero at all temperatures. Thus, the distribution
P(R) was fitted to the eq. (3.40) keeping oo = f = 2 and Ry = 0 (see solid lines in figure (4.2)).
In this case eq. (3.40) describes the distribution of the end-to-end distance for a Gaussian

(random) chain. The probability distribution P(R) is well fitted by eq. (3.40) at 7" > 320 K.
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Figure 4.3: Probability distributions P(R) of the end-to-end distance R of ELP at T = 380 K (circles) and
the fits using the equation for the random chain (eq. (3.40) with o« = 2 and 3 = 2, solid lines) and using the

equation for the worm-like chain (eq. (3.41), dashed lines). Lower panel: logarithmic scale.

The distribution P(R) and the fit using eq. (3.40) with o and § = 2 at T = 380 K are shown in
more detail in the figure (4.3). A systematic deviation of the fit from P(R) appears only at R >
30 A. This deviation diminishes, when P(R) is fitted by eq. (3.41)(see lower panel figure (4.3)).
This equation describes the distribution of the end-to-end distance for a semi-flexible worm-like
chain. Note, however, that the presence of one more parameter in eq. (3.41) in comparison with
eq. (3.40), improves the fit quality only for large values of R, which the ELP exhibits rather
rarely. This is in agreement with experimental data, obtained by the atomic force microscopy
stretching of a single tropoelastin chain, which shows worm-like chain behavior [61].

The same kind of analysis was performed for the probability distributions P(S) and P(L)
of the radius of gyration S of the ELP and of its maximal extension L(figures (4.4) and (4.5),
respectively). Fitting of the probability distribution P(S) by eq. (3.40) gives the closest integral
value 1 for the parameters « and 3 in the temperature interval from 320 to 440 K. Accordingly,

the distribution P(S) was fitted by eq. (3.40), keeping o = = 1 and Sy = 6.05 A (the average
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value of Sy at 320 < T < 440 K). The closest integral value 2 for the parameter o and 1 for
the parameter § were obtained by fitting eq. (3.40) to the probability distribution P(L) in
the temperature range from 320 to 440 K. Consequently, fitting of the probability distribution
P(L) by eq. (3.40) was made, keeping o = 2, 3 = 1 and Ly = 17.72 A ( the average value of
Ly at 320 < T < 440 K). It is clearly seen (see figures (4.4) and (4.5)), that the probability
distributions P(S) and P(L) (open circles) are in good agreement with Gaussian (random)
chain distributions (solid lines) at T > 320 K. At lower temperatures it was not possible to fit
both distributions using the eq. (3.40), as they show multiple peaks.

The ability of eq. (3.40) to describe the probability distributions P(R), P(S) and P(L) is
substantially impaired below 320 K. The quality of the fits was characterized by the ratio

AP(A) = XA(T)/x4(440K) (4.1)

of the variances x4 =< (P(A) — P(A)’")2 > which measure the deviation of the obtained
distribution P(A) from the fitting function P(A)" at a given temperature, and A denotes
R,S and L. The temperature dependences of AP(R), AP(S) and AP(L) are shown in the
upper panel of figure (4.6). Obviously, the ability of eq. (3.40) to fit adequately the shape
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from the fits of P(R) to the eq. (3.40) (lower panel).

of the distributions P(A) is almost independent of T in the range 320 to 440 K, whereas
at lower temperatures the shape of P(A) changes drastically, and, in particular, for P(R) it
strongly deviates from the distribution of the end-to-end distance for the random chain. The
temperature dependence of the fitting parameter Bpg, which reflects the behavior of the end-
to-end distance R, is shown in the lower panel of the figure (4.6). This parameter varies only
slightly at temperatures higher than 340 K, and increases with temperature in the range from
280 to 320 K, indicating a growth of the fraction of the rigid conformational state of the ELP.

Thus, the analysis of the shapes of the probability distributions P(R), P(S), and P(L) at
various temperatures evidences a temperature-induced conformational transition of ELP at T}
~ 310 K. In conjunction with the observed fluctuations (figure (4.1)), we may conclude that,
at T" > T;, the ELP is a flexible chain with random distribution of the end-to-end distance,

whereas the fraction of a more rigid conformational state quickly grows upon cooling below 7;.

4.1.2 Hydrogen bond patterns.

Typical probability distributions for the intra-molecular hydrogen bonds (HB-matrix) (inter-

pretation see in section 3.4), between the i-th and (i+Ai)-th residues, in the temperature range

43



280 K 285 K

AGVGVPGVGVPGVGVPGVG AGVGVPGVGVPGVGVPGVG

||||||||||||||||||| 1‘0 T T T T T L T T T T T T T T T T T 1’0

NE (mp [mEL N© || O EEECO N
Mi e Mi L] 18 B o0
0,90 X

vi | {v vi I | {v
Gr 1¢ 0,80 Gr | 16 0,80

PF O 4P Pl ] 4{P
Vi Ll m] | | 1V 0,70 M [] 1V 0,70

s} O {6 st (1] {6
SV || 1v 0,60 SV 1V | 060

5’G- [ ] 4G c”G- 16
o PrUOOOE 4{P 0,50 e Pl iP 0,50

s viOOmEOmCOEe 1v s Vr [ [ ] | |V
Z srJOgd {6 0,40 = Gt [ ] {6 0,40

\43 B {v VI {v
G| . i) 0,30 G| 4G 0,30

PO 1p PLOO 1p
vi OmE Ooggq{v o °® viOEm ] {v | o
M EoOOmO0 e | . st mECH O
VO EROOO0OOqv ' VE L O [ ImENY ,

el OOl EREOOOOO{e Gl O HE{c
................... 0 PR T T N S T S S A N S T 0

AGVGVPGVGVPGVGVPGVG AGVGVPGVGVPGVGVPGVG
Oxygen Oxygen

Figure 4.7: Left panel: Probability to find an intra-molecular hydrogen bond between different amino acids in
the ELP at 280K. Right panel: Probability to find an intra-molecular hydrogen bond between different amino
acid in the ELP at 285 K.

from 280 to 320 K are shown in figure (4.7). Two different types of hydrogen bonds (H-bonds)
are seen on these matrices. First type: regular H-bonds, which are located on the first four
minor diagonals (see figure (3.4)) of the HB-matrix, with 2 < Ai < 5; they are typical for 27,
310, @ and 7 helices. Second type: irregular hydrogen bonds which are arranged far away from
the main minor diagonal of the HB-matrix, with Ai <2 or A i > 5; these hydrogen bonds are
typical for a random structure. It is clearly seen in figure (4.7), that at low temperatures the
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Figure 4.8: Left panel: Probability to find an intra-molecular hydrogen bond between different amino acids
in the ELP at 360 K. Right panel: Probability to find an intra-molecular hydrogen bond between different
amino acids in the ELP at 440 K.
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majority of the intra-molecular H-bonds are distributed close to the minor diagonal (see also
figure 4.9), among them some stable links with existence probability of more than 70 % of the
time, which indicates, that the conformation of the ELP is quite stable at low temperatures.
On the other hand, there are also some bonds with high existence probability (more than 50 %
of time), which are located far away from the minor diagonal. These H-bonds connect amino
acids, which are situated close to the ends of the ELP. The presence of such bonds can explain
the narrow distribution of the end-to-end distance R at temperatures below 320 K, as these
H-bonds can prevent fluctuations of the ends of the ELP chain, and fix them for long time in
one conformation.

At the higher temperatures, intra-molecular H-bonds are located exclusively close to the
minor diagonal (see figure (4.8)). Two main distinctions exist between the low and high
temperature distributions. Firstly: at the temperatures higher then 320 K the probability to
find on average a hydrogen bond on the lines near to and parallel to the minor diagonal of the
HB-matrices is less than 30 % of the time. This tells us, that there are no long lived structures

existing. Secondly: the fraction of H-bonds, for which Ai <2 or Ai > 5, is less then 5% at the
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Figure 4.9: Temperature dependence of the fraction of intra-molecular H-bonds of the ELP with 2 < Ai <
5 (red circles) and with Aé < 2 or Ai > 5 (black squares).

high temperatures, thus, the amino acids at the ends of the polypeptide are no more tightly
bound to the peptide chain, which allows the ELP to explore configurational space better than
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Figure 4.10: Temperature dependence of the average life time (#,) of the intra-molecular hydrogen bonds
in the ELP.

at low temperatures.

The temperature dependence of the fraction of regular and irregular H-bonds (their numbers
normalized by the average number n} of intra-molecular H-bonds) is shown in figure (4.9). At
T > T;=310 K, the occurrence of regular intra-molecular H-bonds does not change noticeably
with temperature. At lower temperatures, their population drastically decreases, and the
population of the irregular intra-molecular H-bonds sharply increases. Since regular H-bonds
indicate the presence of ordered structural elements, the fraction of ordered structural elements
also increases with increasing temperature.

The average life time # of the hydrogen bonds, calculated from the probability distributions
of the life times of hydrogen bonds [62] at a given temperature, is used (see figure (4.10))
as a measure of the stability of the intra-molecular H-bonds of the ELP. The temperature
dependence of the # of the H-bonds has two characteristic intervals, the slope of #  is higher
at T < 310 K, and weaker at T > 330 K . The activation energies for the two different intervals
were calculated with the help of the Arrhenius equation : k = Axepx(—E,/RT). The activation
energy FE, is equal to 10.7 kJ/mol for the low temperature interval, and to 7.5 kJ/mol for the
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ELP molecule.

high temperature interval. This indicates the presence of an additional force, which stabilizes
the conformation of the peptide and its intra-molecular H-bonds, at temperatures lower than
310 K.

The correlation between intra-(backbone-backbone) and inter-molecular(backbone-water)
hydrogen bonds is shown in figure (4.11). From the slope of the main axis of the distribution we
can conclued that disruption of one backbone-backbone hydrogen bond leads to the formation
of two backbone-water hydrogen bonds. This evidence is very important for the understanding

of the role of water in the elasticity of the ELP (see section 5.4).
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4.1.3 Occurrence of structural elements.

One of the most common ways to characterize the structure of proteins and peptides is to
make two dimensional plots of the occurrence probability of the torsional angles ¢ and ) for
different peptide residues, first introduced by Ramachandran. The Ramachandran plots for
the three proline/glycine pairs at different temperatures are shown in figures (4.12)-(4.15). At
low temperatures the ¢ and v angles for the first PG pair lie mainly in the g-turn I region, the
largest fraction of the angles of the second and third pairs lie in the g-turn II region, the peaks
of the two-dimensional probability distributions are narrow and high (for the identification of
the B-turn regions see figure (3.3) in section 3.4: here residue i+1 corresponds to P and residue
i+2 to G.). In the temperature interval from 340 K to 440 K the first PG pair remains in the
same (-turn I region, but the second and third pairs change from the S-turn II region to G-turn
I region. Both conformations are stabilized by ¢ < ¢+3 H-bonds between the neighbouring
valines. In fact these bonds are higher populated in the HB-matrices (fig. 4.7). On the other
hand, it is difficult to distinguish between the type I g-turn and different types of helices. The
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Figure 4.16: Dependence of the content of various structural elements on temperature. Black squares:

Helices. Red circles: PPIL. Green triangles: 3-sheet.

peaks become broader and smaller. This indicates, that at high temperatures the structure

of the peptide becomes more flexible and the molecule can better search the configurational

o2



space in contrast to the low temperatures.

The content (occurrence probability per amino acids)of various structural elements, cal-
culated from the Ramachandran plots, is shown in figure (4.16). It is easy to calculate from
figure (4.16) that the fraction of all structural elements together is lower than 50 %, and it does
not change with temperature. The content of amino acids in 3-sheet conformation is lower then
5 % and also independent of temperature. Upon heating up to 7;=310 K the content of the
residues in a-helical conformation grows and the content of the residues in PPII conformation
reduces. At high temperatures, these occurrence frequencies varies, but do not show any clear
trends.

The probability n, to find m successive amino acids in the same conformation, normalized
by the overall number of structural elements in this conformation, is shown in figure (4.17).

At all temperatures which were studied, about 40-60 % of all residues do not have neighbors
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Figure 4.17: Left panel: Probability n,, to find m successive residues in the helical conformation for the
ELP chain in pure water. Right panel: Probability n,, to find m successive residues in the PPII conformation
for the ELP chain in pure water. Dashed lines: probability distributions expected for the random formation
of clusters of size m in an infinite one dimensional chain, where the fraction of occupied sites € is equal to the

content of structural elements in the ELP chain at 360 K, given in figure 4.16.

with the same structure(m=1). About 20-30 % of all residues with the same structure form
pairs (m=2). The probability to find m successive residues with the same structure drastically
decreases with increasing m in strictly monotonic way, the probability n,, is less then 1 %
already for m=3. The shapes of the probability distributions n,, agree closely with the shapes

of the random cluster distributions in an infinite one dimensional chain, calculated using equa-
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tion (3.42) (see figure (4.17)). Deviation of the probabilities n,, to higher values is caused by
the finite size of the ELP chain. This indicates an essentially random distribution of the amino

acids in the a-helical or PPII conformation along the peptide chain.
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4.2 Effect of cosolvents on the structure of the elastin-
like peptide.

The addition of cosolvents to solutions of peptides and proteins can result in a variety of effects
such as denaturation, increased or decreased solubility, and secondary structure formation.
Some of these effects arise as a direct consequence of relatively simple modifications of the
properties of water, while others appear to be more complicated and specific to particular
cosolvent. In this context, cosolvents are classified according to their ability to both stabilize
the native structure and to decrease the solubility of proteins in solution. The chaotrope
and kosmotrope classification is also frequently used to refer to protein structure denaturant
and stabilizers, respectively. Urea and gaunidinium chloride (GdmCl) are well known protein
denaturants [63]. Trifluoroethanol (TFE) is known to promote the formation of secondary
structure, especially helices, at low concentrations, while higher concentrations can denaturate
protein [64].

The effect of urea, 2,2,2-trifluoroethanol, guanidinium chloride and codium chloride (NaCl),
on the conformation and elasticity of the ELP chain is poorly studied. There are only few
experimental works about the influence of these cosolvents on the ELP molecules [7, 9, 65].
Unfortunately, the exact mechanism by which these cosolvents interact with the ELP is still
unclear. With the help of computer simulations we tried to shed light on the mechanism of

interactions of these cosolvents with the elastin-like peptide.



4.2.1 ELP in the aqueous solution of Urea.
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Figure 4.18: Variations of the end-to-end distance R and the radius of gyration S of the ELP in the aqueous
solution of urea with time at different temperatures. From bottom to top: T = 280 K, 290 K, 300 K, 320 K,
340 K.

The time evolution of the end-to-end distance R and the radius of gyration S of the ELP in
the aqueous urea solution is shown in figure (4.18). Two different states, compact (T = 280 K,
time interval from 30 - 35 ns, Su,=7.7340.38A, d5=5 %) and extended (T = 280 K, time
interval 50 - 55 ns, S,,=11.840.65A, 65=6 %), are also present here in the whole temperature
range, the conversion from the compact state to the extended state is reversible. The fraction of
compact states is reducing with increasing temperature, but even at T=340 K compact states
can be found.

The average values and standard deviations of the end-to-end distance R, radius of gyration
S and maximal extension L of the ELP in the aqueous urea solution are shown in table (4.1).
Comparing the average values listed in table (4.1) with the average values of the ELP in pure
water at the temperature 440 K (see table (A.1) in Appendix.) it is obvious that the ELP at

low temperatures in the aqueous urea solution is more extended than even the flexible ELP
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Temp /K | Ry, /A |SAd/ A | 6r /) % | S /A|Sd/A| 65/ % | Law /A |Sd/)A |6,/ %
280 15.34 7.28 47 8.25 1.24 15 25.18 4.41 18
290 19.15 7.68 40 8.90 1.24 14 28.49 4.62 16
295 22.85 8.35 37 9.51 1.51 16 30.24 5.45 18
300 20.41 7.80 38 9.04 1.48 16 28.85 5.27 18
320 21.54 7.47 35 8.63 1.30 15 28.25 4.98 18
340 20.55 7.36 36 8.78 1.37 16 28.20 4.98 18

Table 4.1: Average values, standard deviations and relative fluctuations of the end-to-end distance R, radius

of gyration S and maximal extension L of the ELP in the aqueous urea solution at different temperatures.

in the pure water at high temperatures. The average values R,,, S,, and L, slightly increase

between 280 K and 290 K and stay quite stable in the temperature range from 295 K to

340 K. The relative fluctuations, defined by equation (3.39), of the end-to-end distance R,
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Figure 4.19: Left panel: Probability distributions of the radius of gyration S of the ELP in the aqueous
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340 K). Right panel: Probability distributions of the end-to-end distance R of the ELP in the aqueous solution
of urea at different temperatures (from bottom to top: T = 280 K, 290 K, 295 K, 300 K, 320 K, 340 K). Note

also the shifting of the successive distributions and the different scales for the left and right panel.




radius of gyration S and maximal extension L of the ELP chain in the aqueous urea solution
are comparable with the fluctuations of R, S and L in the flexible state of the ELP chain in
pure water. This could be interpreted such that in aqueous urea solution the ELP chain has
the same flexibility like in pure water. The problem is that in the aqueous urea solution the
relative fluctuations § averaged over the whole time period reflect another fact: even at high
temperatures (T > 300 K), both the compact and the extended states are present (see also
figure (4.19)), and conversion from one state to another will enormously increase §. That is
why in the aqueous urea solution § should be calculated for different conformational states
separately. Thus for the extended state at T=340 K in the time interval from 50 - 55 ns
Sa=10.7£1.28A and R,,=27.35+6.9A consequently d5=12 % and §p=25 %. These values
are, accordingly, 15 % and 35 % smaller than corresponding values for the flexible state of
the ELP in pure water at high temperatures (see table (A.1) in Appendix). Based on these
observations we can conclude that ELP is less flexible in the aqueous urea solution than in
pure water.

The probability distributions of the radius of gyration S and of the end-to-end distance R
are shown in figure (4.19). It was impossible to fit the shapes of these distributions, neither by
using eq. (3.40) (random Gaussian chain), nor using eq. (3.41) (semi-flexible worm-like chain),
as they show multiple peaks in the whole temperature range, reflecting the above mentioned
interconversion between different states. Thus, in the aqueous urea solution the ELP does not

show a random or semi-flexible coil behavior, even at high temperatures. It seems that urea

Temp / K | NUee | NDwe | NUwee /) NEwe /%
280 74.3 | 1324 56
290 79.5 | 134.2 59
295 83.2 | 136.7 61
300 79.8 | 134.7 59
320 79.9 | 129.3 62
340 80.2 | 129.8 62

Table 4.2: Average numbers of water molecules in the hydration shell of the ELP in the pure water and in

the aqueous solution of urea and relative hydration level of the ELP in the urea solution.

molecules keep the ELP chain in two to four energetically favorable conformational states, and

prevent the ELP chain from searching the whole conformational space.
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The average number of water molecules in the hydration shell of the ELP in the aqueous
urea solution and the relative hydration level, defined as the ratio of the average numbers
of water molecules in the hydration shell (definition see in section 3.4) of the protein in the
aqueous urea solution and in pure water NS5o/°ve /NEU¢ are shown in table (4.2). As it is
clearly seen from the table (4.2) only 60 % of the peptide surface is covered by water. One
should take into account that the solvent accessible surface of the ELP in urea solution is
even larger than in pure water, as indicated by increased radius of gyration. This could be

the reason for the rigid character of the ELP chain in the aqueous urea solution, as water,

presumably, plays the role of a plasticizing medium for the ELP molecule.
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Figure 4.20: Left panel: Probability to find intra-molecular hydrogen bonds between different amino acids
for the ELP in the aqueous urea solution at 280 K. Right panel: same at 340 K.

For a more detailed analysis of the ELP conformation, the probability distribution of the
intra-molecular H-bonds between the residues, were calculated (HB-matrix) (for interpretation
see figure (3.4) in section 3.4). Almost all H-bonds are situated on the second or third minor
diagonals (see figure (4.20)). The lack of other H-bonds is characteristic for an extended
chain: the irreqular H-bonds, which are located far away from the minor diagonal, are almost
not present, neither at low (figure (4.20) left panel), nor at high (figure (4.20) right panel)
temperatures, thus there are no links which bind ends of the peptide and promote compact
configurations. From the values of the probabilities (color coded in figure (4.20)) we can also
conclude that the intra-molecular hydrogen bonds are less stable in comparison with the pure
water case.

The temperature dependence of the content of the different structural elements along the
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Figure 4.21: Dependence of the content of various structural elements on temperature for the ELP chain in

the water solution of urea. Black squares: helices. Red circles: PPIL. Green triangles: [-sheet.

ELP chain is shown in figure (4.21). As in the pure water case, the overall content of structural
elements is less then 50 % and independent of temperature, which indicates the low ordered
character of the ELP chain in the whole temperature range. The (-sheet content is small (less
then 7 %) and also do not depend on temperature. The content of the residues in the PPII
conformation is 25 % at 280 K, and is decreasing with increasing temperature till 10 - 12 %.
The fraction of the amino acids in the helical conformation is 12 % at 280 K, and it grows
upon heating till 25 %.

To check the presence of stable structures of the ELP chain based on identical repetitive
units, the probability n,, to find m successive residues in the same conformation was calculated
(figure (4.22)). This probability drastically decreases with increasing m in a strictly monotonic
way. In the whole temperature range studied 50 - 60 % of all amino acids do not have neighbors
in the same conformation (m=1), 10 to 12 % of residues make pairs (m=2), and only 2 - 3
% of all residues create triplets (m=1). This shows that the distribution of the structural

elements along the ELP chain is close to random, and a pronounced structure is not present.
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Figure 4.22: Left panel: Probability n,, to find m successive residues in the helical conformation for the
ELP chain in the aqueous urea solution. Right panel: Probability n,, to find m successive residues in the PPII
conformation for the ELP chain in the hydrous urea solution. Dashed lines: probability distributions expected
for the random formation of the cluster of size m in an infinite one dimensional chain, where the fraction of

occupied sites 6 is equal to the content of structural elements in the ELP chain at 340 K, given in figure (4.21).

The probability distributions n,, have the same shape like the random cluster distributions
for an infinite one dimensional chain (eq. 3.42). This is an another evidence of the random
character of appearence of the structural residued in the ELP chain. Deviations of the n,,
distributions from the random distributions are probably caused by the small finite size of the

ELP chain (see figure (4.22)).
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4.2.2 ELP in the aqueous solution of 2,2,2-Trifluoroethanol (TFE).
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Figure 4.23: Variations of the end-to-end distance R and the radius of gyration S of the ELP in the aqueous
solution of TFE with time at different temperatures. From bottom to top: T = 280 K, 290 K, 295 K, 300 K,
340 K.

Despite the fact, that in experiments water and TFE are miscible at the concentration 4
mol/l, in our simulations the aqueous solution of TFE separates into a water rich and a TFE
rich phase at the concentration 4 mol/l in the studied temperature range (see figure (A.1)) in
Appendix). The interface between the water and the TFE phase is not perfectly formed, due
to the small number of TFE molecules (see table (3.1)). The ELP is preferentially immersed
in the TFE rich phase and only 45 % of the surface of the peptide is covered by water. The
variation of the end-to-end distance R and the radius of gyration S of the ELP in the aqueous
solution of TFE with time are shown in figure (4.23). Again two different states are observed: a
compact (T=280 K, time interval from 70 - 80 ns, S,,=7.1240.2A, 65=2.8 %) and an eztended
(T=280 K, time interval from 30 - 40 ns, S,,=8.80+0.62A, 65=7 %) one, but the difference
between them are not so drastic like in the urea case. The fraction of the compact state

decreases upon heating, but even at 340 K it still exists. At 280 K it is smaller than in the

62



Temp /K | Ry, /A |SAd/ A | 6r /) % | S /A|Sd/A| 65/ % | Law /A |Sd/)A |6,/ %
280 18.8 5.74 31 8.22 0.956 12 26.2 3.72 14
290 21.1 4.77 23 8.16 0.659 8 27.1 3.08 11
295 21.1 5.58 27 8.95 0.865 10 28.6 3.31 12
300 19.8 5.76 29 8.48 0.933 11 27.1 3.64 13
340 23.0 5.88 26 8.86 0.964 11 29.2 3.68 13

Table 4.3: Average values, standard deviations and relative fluctuation of the end-to-end distance R, radius

of gyration S and maximal extension L of the ELP in the aqueous TFE solution at different temperatures.

aqueous solution of urea or in pure water, i.e in the TFE environment the ELP prefers to be

in the eztended state.
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Figure 4.24: Left panel: Probability distributions of the radius of gyration S of the ELP in the aqueous
solution of TFE at different temperatures ( from bottom to top: T = 280 K, 290 K, 295 K, 300 K, 340 K).
Right panel: Probability distributions of the end-to-end distance R of the ELP in the aqueous solution of TFE
at different temperatures (from bottom to top: T = 280 K, 290 K, 295 K, 300 K, 340 K). Note also the different
scales for the left and right panel and the shift of the distributions.

As it is seen from table (4.3) the average values of R, S and L of the ELP in the aqueous

solution of TFE R,,, S.,, L. are independent of temperature and in the whole temperature
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range greater then average values for the ELP in pure water at the temperature 440 K (see
table (A.1) in the Appendix). This indicates that the TFE environment promotes the extended
conformation of the ELP. As it was already mentioned, the relative fluctuations ¢, defined by
the equation (3.39) is a good measure for the flexibility of the ELP chain. Again like in the
urea case we can not take  which is averaged over the hole time interval, because different,
namely compact and extended, states are present in the whole temperature range studied (see
also figure (4.24)). So we have calculated § for the extended conformational state at T=340 K
in the time interval from 80 - 90 ns. The values 65=9.7 % (Sq,=8.79+0.85A) and dz=17 %
(Rav=25.07+4.36A) are, accordingly, 44 % and 129 % smaller than the corresponding average
values for the ELP in pure water in the temperature range from 320 K to 440 K (see table in
Appendix). Based on these observations, we may conclude that in the TFE surroundings ELP
is both extended and rigid. To make this conclusion more clear, the shapes of the probability
distributions of the end-to-end distance R, the radius of gyration S and the maximal extension
L were analyzed.

The probability distributions of R and S are shown in figure (4.24). The equations (3.40)
and (3.41) failed to fit the shape of the probability distributions of R, S and L in the whole

temperature range. This indicates the non random character of the ELP chain in the TFE

medium.
Temp / K | NUEE | Nbwre [ NIEE / NEwe g
280 61.3 | 1324 46
290 61.4 | 134.2 46
295 64.2 | 136.7 47
300 65.7 | 134.7 49
320 - 129.3 -
340 56.5 | 129.8 44

Table 4.4: Average numbers of water molecules in the hydration shell of the ELP in pure water and in the

aqueous solution of TFE and relative hydration level of the ELP in the TFE solution.

The average number of water molecules in the hydration shell of the ELP in the aqueous
solution of TFE and the relative hydration level (definition see in section 4.2.1) are shown in
table (4.4). As it is clearly seen from table (4.4) only 46 % of the peptide surface is covered

by water. One should considere here that the solvent accessible surface of the ELP in TFE
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solution is even larger than in pure water, as indicated by increased radius of gyration. As
it was already mentioned, water molecules can play the role of a plasticizing medium for the
ELP chain. Thus futher reducing the relative hydration level of the ELP chain makes it even
stiffer, than in the aqueous solution of urea.

To characterize the conformation of the ELP in more details, the probability distributions
of the intra-molecular H-bonds between different residues in the chain were calculated (see
figure (4.25)). All intra-molecular H-bonds are situated on the second, third and fourth upper
minor diagonals at all temperatures studied (interpretation of the HB-Matrix see in section 3.4).

H-bonds with highest existence probability (around 50 %) are mainly distributed on the third

280 K 340K
AGVGVPGVGVPGVGVPGVG AGVGVPGVGVPGVGVPGVG
e e T T 0 Nt COemmmC{y J"°
L I O 04 M o0 of WO e 0.90
Vi UL ,!\ 'V VI W v
GrLL] L] 16 0.80 GH | [ 16 0.80
P[] ] 1 4P P} OO 4P
v | 1V 0.70 Vi COHERE {v 0.70
G L] ] L] 4G G| | | ] 4G
S Vi O O qv 0.60 c vf CONEE Jv 0.60
& ¢fod | O 18 S st S| {e
o PIOOOOOO0000000000O0OOP 0.50 o P o ir 0.50
= ViOOWOCE S O v & vt CREEE {v
= el0Q 0 e 0.40 Z el00m EEEEEEEEEEEEE 1 0.40
viOOOOEmEd O 1v AVA 8 o I % 030
et 00O O {e = 030 LSS {0 A B [ '
Pt 00000000000000000004» P OO0 00000000000000g e 0.20
Vi EnEd O qv 0.20 viEOEDOOOOOOOOOoooodgqy
6t H] O e I010 LY 8 | [ B [ 0.10
viEO O {v : (V4 5 R R o I %
6t 00 O 1c = L= L A [ 0
AGVGVPGVGVPGVGVPGVG AGVGVPGVGVPGVGVPGVG
Oxygen Oxygen

Figure 4.25: Left panel: Probability to find intra-molecular hydrogen bond between different amino acids for
the ELP in the aqueous TFE solution at 280 K. Right panel: same at 340 K.

minor diagonal (A7 = 3), this is typical for 3jg-helices. So the absence of irregular H-bonds
and the high content of residues in the 3;¢-helical conformation, can explain the large fraction
of extended conformation of the ELP chain in the TFE surroundings. On the other hand,
the H-bonds are quite stable and transformations between conformations with different Ai are
rare, this observation can clarify the rigid character of the ELP chain in the aqueous TFE
solution.

The temperature dependence of the fraction of residues in the different types of secondary
structure is shown in figure (4.26). The overall content of the amino acids in a defined secondary
structure, is less than 50 %, which indicates that the ELP chain does not have any pronounced
secondary structure. The major fraction (approximately 25 %) of the structured residues is

in the helical conformation at 280 K, and their content is growing upon heating. Only 10 to
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Figure 4.26: Dependence of the content of residues in the secondary structure on temperature for the ELP

chain in the aqueous TFE solution . Black squares: helices. Red circles: PPIL. Green triangles: (-sheet.

12 % of the structured residues are in the PPII conformation, and the number of these residues
decreases with increasing temperature till 6 to 7 %. The content of amino acids in the (-sheet
conformation is less than 5 % and is independent of temperature. Thus a transition of the
single ELP chain in the TFE surroundings from a less ordered to a more ordered state is not
observed in our simulations studies.

This is also supported by the probability distribution n,, to find m consecutive residues in
the same conformation, shown for two different temperatures in figure (4.27). This probability
decreases with increasing m in strictly monotonic way. The probability to find single residues
without neighbors in the same secondary structure (m=1) is equal to 60 - 70 %. The probability
to find two successive residues in the same secondary structure (m=2) is approximately 10 to 20
%. Only 1 to 2 % of residues in the same conformation form triplets (m=3). This indicates that
there is no pronounced secondary structure, but structural elements are placed randomly along
the ELP chain. The form of the probability distribtuions n,, repeat the form of the random

cluster distribution in an infinite one dimensional chain (eq. (3.42)). This is an another clear
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Figure 4.27: Left panel: Probability n,, to find m successive residues in the helical conformation for the
ELP chain in the aqueous TFE solution. Right panel: Probability n,, to find m successive residues in the PPII
conformation for the ELP chain in the aqueous TFE solution. Dashed lines: probability distributions expected
for the random formation of the cluster of size m in an infinite one dimensional chain, where the fraction of

occupied sites 6 is equal to the content of structural elements in the ELP chain at 340 K, given in figure (4.26).

indication of the absence of the pronounced secondary structure in the ELP chain. The shift
of the probabilities n,, to higher values is due to the small finite size of the ELP chain (see

figure (4.27)).
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4.2.3 ELP in the aqueous solution of Sodium Chloride (NaCl).
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Figure 4.28: Variations of the end-to-end distance R and the radius of gyration S of the ELP in the aqueous
solution of NaCl with time at different temperatures. From bottom to top: T = 280 K, 290 K, 300 K, 320 K,
340 K.

The time evolutions of R and S are shown in figure (4.28). The compact state of the ELP
chain in the aqueous solution of the NaCl, which is observed at T=280 K in the time interval
80 - 90 ns, where Su=06.61+0.21A , 06=2 %, is dominant in the whole temperature range
studied. Transitions to an extended state, which is present at T=280 K in the time interval
from 30 - 40 ns, where S,,=8.14+0.43 and d5=5 %, are observed very rarely and the residential
time of the ELP chain in the extended state is very small.

The average values Ry, Su and L,,, their standard deviations and relative fluctuations
are shown in table (4.5). These values are slightly varying but do not show any clear trend
to increase or to decrease. The average values of R, S and L are close to the corresponding
values for the ELP chain in pure water at T=280 K (RZ? = 12.56A, 9230 = 6.68A, 1250 =
22.1A). The value of the relative fluctuations dg of S, defined by the equation (3.39), which
are observed at T=320 K in the compact state, in the time interval from 70 - 80 ns are equal

to 2 %. This is ~ 50 % smaller than the value of the relative fluctuations of the S for the ELP

68



in pure water in the rigid state at T=280 K (see section 4.1.1). As far as the compact state

is dominant in the whole temperature range, this indicates that the ELP chain is even more

rigid in the aqueous solution of NaCl than in pure water at low temperatures. The number of

Na™ and Cl~ ions, for which the distance between the center of C,, of the ELP and the center

Temp / K | Row /A |SAd/ A | 6r )% | Saw /A |SAd/A|6s) % | Law /A |Sd/A |6/ %
280 11.9 5.02 42 7.00 0.557 8 23.3 2.42 10
290 13.2 4.90 37 6.90 0.520 8 22.3 2.61 12
295 13.5 4.23 31 6.92 0.520 8 22.4 2.51 11
300 13.4 4.58 34 7.08 0.567 8 23.2 2.42 10
320 15.0 6.12 41 7.25 1.00 14 23.5 3.77 16
340 14.8 5.24 35 7.08 0.635 9 23.0 2.75 12

Table 4.5: Average values, standard deviations and relative fluctuations of the end-to-end distance R, radius

of gyration S and maximal extension L of the ELP in the aqueous NaCl solution at different temperatures.
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Figure 4.29: Left panel: Probability distributions of the radius of gyration S of the ELP in the water solution

of NaCl at different temperatures ( from bottom to top: T = 280 K, 290 K, 300 K, 320 K, 340 K). Right panel:

Probability distributions of the end-to-end distance R of the ELP in the water solution of NaCl at different

temperatures (from bottom to top: T = 280 K, 290 K, 300 K, 320 K, 340 K). Note also the different scales for

the left and right panel and the upward shift of the distributions.
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of the ion is less than 0.55 nm, was calculated. This number is approximately equal to 3 and is
constant in the whole temperature range studied. These ions strongly interact with N-H and
C=0 groups, and thus make the ELP chain very rigid. It seems that 3 such bridging ions are
enough to keep the ELP chain in the rigid state.

The ELP chain exhibits a random distributions of the end-to-end distance R, radius of
gyration S and maximal extension L only when it is flexible (see section 4.1.1). So the shape
of these distributions is characteristic for the rigidity /flexibility of a single ELP chain. The
probability distributions for the R and S at different temperatures are shown in figure (4.29).
The inability of equations (3.40) (random Gaussian chain) or (3.41) (semi-flexible worm-like
chain) to describe the shape of theses probability distributions, caused by the appearance of
the multiple peaks, supports the previous conclusion about the rigid character of the ELP

chain in the aqueous solution of the NaCl.

Temp / K | Myegt | Ngure | Nyact / NEme )
280 135.5 | 132.4 102
290 131.3 | 134.2 98
295 131.0 | 136.7 96
300 130.9 | 134.7 97
320 130.5 | 129.3 101
340 124.3 | 129.8 96

Table 4.6: Average numbers of water molecules in the hydration shell of the ELP in the aqueous solution of

NaCl and in the pure water, and relative hydration level of the ELP in NaCl solution.

The average number of the water molecules in the hydration shell of the ELP in the aqueous
solution of NaCl and the relative hydration level (definition see in section 4.2.1) are shown in
table (4.6). As it is clearly seen from the table (4.6) addition of sodium chloride does not
affected the relative hydration level of the ELP. Thus we have enough water molecules to make
the ELP chain flexible. This evidence indicates that the addition of NaCl makes the ELP chain
rigid in a different way, in comparison with urea and TFE, namely by direct interactions of
ions with the peptide.

Distributions of the probability to find an intra-molecular hydrogen bond between the i-th
and (i+Ai)-th residues are shown in figure (4.30). A large amount of irregular hydrogen bonds
is present at 280 K, and even at 340 K irreqular H-bonds are still observed, this indicates that
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Figure 4.30: Left panel: Probability to find intra-molecular hydrogen bond between different amino acids for
the ELP in the aqueous NaCl solution at 280 K. Right panel: same at 340 K.

the ELP chain is compact and very rigid, because large amounts of irreqular intra-molecular
links, can prevent large fluctuations of the chain, and thus promote a rigid state of the ELP
molecule. This view is supported by the temperature dependence of the fractions of reqular

and irreqular intra-molecular hydrogen bonds (see figure (4.31)). The fraction of irreqular
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Figure 4.31: Temperature dependence of the fraction of the intra-molecular H-bonds of the ELP chain in the
aqueous solution of NaCl with 2 < Aj < 5 (red circles) and with Aé < 2 and Ai > 5 (black squares).

intra-molecular hydrogen bonds is approximately 32 % at 280 K and decreases with increasing

temperature, but at 340 K this fraction is still 13 to 15 %, whereas in the pure water case in the
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Figure 4.32: Dependence of the content of residues in the secondary structure on temperature for the ELP

chain in the aqueous solution of NaCl. Black squares: helices. Red circles: ppll. Green triangles: (-sheet.

high temperature range the fraction of irreqular H-bonds is less than 5 %. Consequently the
ELP molecule in the aqueous NaCl solution has 2 to 3 times more irregular hydrogen bonds at
340 K in comparison with the ELP chain in pure water at high temperatures. One should also
take into account ions which can also form strong connections with the ELP backbone atoms
and prevent its fluctuations. So large amounts of irregular H-bonds and surface ions can be
responsible for the rigid character of the ELP in the aqueous solution of sodium chloride.

To shed light on the structure of the ELP chain the Ramachandran plot of the peptide
backbone was analyzed again. The temperature dependence of the content of residues in the
secondary structure is shown in figure (4.32). Like in previously described cases, the ELP do
not have any pronounced structure in the aqueous solution of the NaCl. The overall content
of residues with distinct secondary structure is less than 45 %. The content of residues in the
beta-sheet structure fluctuates around 5 % in the studied temperature range. The fraction of
amino acids in the helical conformation fluctuates around 17.5 % and shows a slight trend to
increase upon heating. The content of residues in the PPII conformation fluctuates close to 20
% and shows a weak trend to decrease with increasing temperature.

The probability n,, to find m residues with the same structure in a row is shown in fig-
ure (4.33). This figure support the view that the ELP chain is unstructured in the temperature

range studied. The probability n,, to find m consecutive residues reduces with increasing m in
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Figure 4.33: Left panel: Probability n,, to find m successive residues in the helical conformation for the
ELP chain in the aqueous NaCl solution. Right panel: Probability n,, to find m successive residues in the ppll
conformation for the ELP chain in the aqueous NaCl solution. Dashed lines: probability distributions expected
for the random formation of the cluster of size m in an infinite one dimensional chain, where the fraction of

occupied sites 6 is equal to the content of structural elements in the ELP chain at 340 K, given in figure (4.32).

a strictly monotonic way. Approximately 80 - 90 % of all structural elements do not have neigh-
bors in the same secondary structure (m=1), the probability to find four successive residues
(m=4) in the same conformation is less than 0.1 %. The probability distribution n,, closely
follows the shape of the random cluster distribution in an infinite one dimensional chain, de-
scribed by the equation (3.42). The shift of the probabilities n, to higher values is due to the
finite size of the ELP peptide (see figure (4.33)). Both these observations strongly support the
previous claim about the absence of any pronounced structure of the ELP chain in an aqueous
solution of sodium chloride. An ordering of the ELP chain upon heating is not detected in the

aqueous solution of NaCl, only a slight redistribution of the structural elements is observed.

73



4.2.4 ELP in the aqueous solution of Guanidinium Chloride (GdmCl).
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Figure 4.34: Variations of the end-to-end distance R and the radius of gyration S of the ELP in the aqueous
solution of GAmCI with time at different temperatures. From bottom to top: T = 280 K, 290 K, 300 K, 320 K,
340 K.

The time dependences of the end-to-end distance R and radius of gyration S are shown in
figure (4.34). Two different states of the ELP are found in the studied temperature range (both
seen in the time dependence of S). A compact and rigid state of the ELP, which is observed at
280 K in the whole time interval with S,,=6.47+£0.2A and §5=3 %, dominates at temperatures
from 280 K to 295 K, but its fraction drastically decreases at temperatures higher than 300 K.
A small fraction of extended states appears already at 290 K in the time interval 80 to 83
ns with S,,=8.2740.3A and ds=4 %, but it becomes prevalent after the temperature passes
300 K.

The average value of the radius of gyration S slightly increases with temperature (see
table (4.7)), the average values of the end-to-end distance R and maximal extension L remain
almost constant in the whole temperature range studied. The relative fluctuations of S, defined

by equation (3.39), of the ELP chain in the compact and rigid state in aqueous GdmCl solution
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Temp /K | Ry, /A |SAd/ A | 6r /) % | S /A|Sd/A| 65/ % | Law /A |Sd/)A |6,/ %
280 20.4 2.45 12 6.47 0.200 3 23.1 1.68 7
290 12.8 5.22 41 6.83 0.440 6 22.2 1.97 9
295 16.5 3.86 23 6.47 0.350 5 21.9 2.30 10
300 13.5 5.19 39 7.16 0.660 9 22.8 2.68 12
320 15.3 5.90 39 7.19 0.757 11 23.2 3.39 15
340 15.6 5.57 36 7.21 0.863 12 23.5 3.36 14

Table 4.7: Average values, standard deviations and relative fluctuations of the end-to-end distance R, radius

of gyration S and maximal extension L of the ELP in the aqueous GdmCI solution at different temperatures.

are comparable with the relative fluctuations of the same parameter of the ELP chain in the

pure water in the rigid state (see section 4.1.1). Thus at low temperatures, rigidity of the ELP

chain in the aqueous solution of the guanidinium chloride is comparable with its rigidity in

pure water. The relative fluctuations dg of S of the ELP chain in the extended state in the
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Figure 4.35: Left panel: Probability distributions of the radius of gyration S of the ELP in the water solution
of GdmCI at different temperatures ( from bottom to top: T = 280 K, 290 K, 295 K, 300 K, 340 K). Right
panel: Probability distributions of the end-to-end distance R of the ELP in the hydrous solution of GAmCI at
different temperatures (from bottom to top: T = 280 K, 290 K, 295 K, 300 K, 340 K). Note also the different

scales for the left and right panel and the upward shift of the distributions.
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aqueous solution of GdmCI at T=340 K in the time interval from 90 to 95 ns are equal to 7 %.
They are two times smaller than the relative fluctuations of S of the ELP chain in pure water
at high temperatures (see table A.1 Appendix). This indicates that the ELP in the aqueous
solution of GdmCI remains rigid even at high temperatures. The reason for such behavior
of ELP can be the same as in the case of NaCl: the ions which are close to the surface can
interact with the backbone atoms of the ELP chain and thus make it highly rigid. To test this
hypothesis the number of Gdm™ and C1~ ions which are closer than 0.55 nm to the C, atoms
of the peptide backbone was calculated. It is approximately equal to 3 and remains nearly
constant in the whole temperature range studied. It seems that ions could be responsible for
the rigid character of the ELP chain in the aqueous GdmCI solution.

Since the probability distributions for R and S of the ELP chain in the flexible state should
have random (Gaussian) form, the non-Gaussian shape of these probability distributions will
be another evidence of the rigid character of the ELP chain. It was not possible to describe
the shape of the probability distributions P(R) and P(S) with the equation for the random
Gaussian chain (3.40). The equation for the semi-flexible worm-like chain (3.41) also failed to

describe the shape of these probability distributions.

Temp / K | Noai®" | Noar | Naw™ / Nuww / %
280 105.8 | 132.4 80
290 111.7 | 134.2 83
295 104.5 | 136.7 76
300 112.7 | 134.7 84
320 110.2 | 129.3 85
340 106.7 | 129.8 82

Table 4.8: Average numbers of water molecules in the hydration shell of the ELP in the aqueous solution of

GdmCl and in pure water, and relative hydration level of the ELP in GdmCI solution.

The average number of water molecules in the hydration shell of the ELP in the aqueous
solution of GdmCI and relative hydration level(definition see in section 4.2.1) are shown in
table (4.8). It is clearly seen from table (4.8) that the addition of guanidinium chloride reduced
the relative hydration level of the ELP to 80 %. Based on this observation we can state, that
GdmCl affect the flexibility of the ELP chain in two ways: firstly reducing relative hydration
of the peptide, secondly by direct interaction of ions with the ELP chain.
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Figure 4.36: Left panel: Probability to find intra-molecular hydrogen bond between different amino acids for
the ELP in the aqueous GdmCI solution at 280 K. Right panel: same at 340 K.

The probability distributions of the intra-molecular hydrogen bonds between different
residues in the ELP chain were calculated to characterize the conformation of the peptide more
precisely. Several irregular intra-molecular H-bonds with existence probability more than 50

% can be found at T = 280 K (see figure (4.36)). Two regular intra-molecular H-bonds with
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Figure 4.37: Temperature dependence of the fraction of the intra-molecular H-bonds of the ELP chain in the
aqueous solution of GAmCl] with 2 < A4 < 5 (red circles) and with textitAi < 2 and Ai > 5 (black squares).

existence probability more than 90 % are observed at the same temperature. This indicates

that ELP in the aqueous solution of the GdmCI is compact and rigid at low temperatures.
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Irreqular H-bonds still exist at T = 340 K, but they are less stable in comparison with H-bonds
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Figure 4.38: Dependence of the content of residues with secondary structure elements on temperature for
the ELP chain in the hydrous GdmCIl solution . Black squares: helices. Red circles: PPIL. Green triangles:
[-sheet.

at 280 K.

The fraction of irregular intra-molecular hydrogen bonds decreases with temperature from
20 % at 280 K to 10 % at 340 K (see figure (4.37)). The fraction of reqular H-bonds increases
upon heating from 80 to 90 %, but these hydrogen bonds also loose their stability. The less
stable character of the intra-molecular hydrogen bonds at high temperatures can explain the
slightly bigger fluctuations of the ELP chain. The high temperature fraction of irreqular H-
bonds of the ELP molecule in the aqueous GdmCl solution is 1.5-2 times higher than the high
temperature fraction of irreqular H-bonds of the ELP in the pure water. Together with the
influence of ions on the ELP structure, this can explain why the ELP chain in the aqueous
GdmCl solution is rigid even at high temperatures.

The first hint on the presence of a secondary structure is the content of structural elements
in the chain. The temperature dependence of the fraction of the residues in the secondary struc-
ture is shown in figure (4.38). Like in all previous cases, none of the structural elements have
content more than 50 %, which means that the peptide chain does not have any pronounced
secondary structure. The content of amino acids in the helical structure fluctuates around 25

% and does not show any clear trend. The content of residues in the PPII conformation is
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Figure 4.39: Left panel: Probability n,, to find m successive residues in the helical conformation for the
ELP chain in the aqueous GdmCI solution. Right panel: Probability n,, to find m successive residues in the
ppll conformation for the ELP chain in the water solution of GdmCI. Dashed lines: probability distributions
expected for the random formation of the cluster of size m in an infinite one dimensional chain, where the
fraction of occupied sites € is equal to the content of structural elements in the ELP chain at 340 K, given in

figure (4.38).

approximately 15 % and almost independent of temperature.

A good characteristic of the presence of the secondary structure is the probability n,, to find
m consecutive residues of the same secondary structure. The indication of a stable secondary
structure will be a high probability n,, at large m (m > 4). For the ELP in the aqueous
solution of GdmCI the probability n,, to find m consecutive residues with the same structure
is lower than 0.1 % when m > 4 (see figure (4.39)). The probability n,, reaches its highest
value at m = 1 (single structural element without neighbor of the same structure), and then
monotonically decreases with increasing m. The low occurence probability of the clusters with
m > 4 evidences a random distribution of the residues in the secondary conformation along the
chain of the ELP. The probability distributions n,, have the same shape as the random cluster
distribution in an infinite one dimensional chain, described by the equation (3.42). The shift of
the probabilities n,, to higher values is due to finite size of the ELP peptide (see figure (4.39)).
This is another confirmation of the abscence of any pronounced secondary structure in the
ELP molecule.

Summarizing, the addition of cosolvents make the ELP chain more rigid. We have shown

that some cosolvents remove water from the first hydration shell of the ELP. Intra-molecular
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hydrogen-bonded pattern have changed after the addition of cosolvents. We do not observe
the appearance of a pronounced secondary structure with addition of these cosolvents. Please

see section 5.2 for a detailed discussion of these results.
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4.3 Thermal breaking of the spanning network of hydra-

tion water of the elastin-like peptide.
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Figure 4.40: Probability distribution P(S,,qz) of the size S,,q. of the largest water cluster, normalized to the
total number of water molecules N,, in the hydration shell of the ELP, at different temperatures. The shell
width D is 4.5 A.

Probability distributions P(S.) of the size S, of the largest hydrogen-bonded water
cluster (for definitions, see section 3.5) normalized by the total number of the water molecules
N,, in the hydration shell (D=4.5 A) of the ELP molecule at various temperatures are shown
in figure (4.40). The evolution of P(S,,.,) with decreasing temperature is quite similar to the
one observed for hydration water at various surfaces with increasing hydration level [59, 60,
66, 67, 68, 69]. In general, the collection of probability distributions P(S,,.) shows a two-
peak structure with a left (small S) and right (large S) peak, corresponding to nonspanning
and spanning largest clusters, respectively [59, 69]. At high temperatures, spanning clusters
practically never appear and nonspanning clusters dominate (figure (4.40), T=440 K). With
decreasing temperature, the distribution P(S,,4.) shifts to higher values of S, widens, and at
T=320 K exhibits a two-peak structure with approximately equal contributions from spanning
and nonspanning clusters. At low temperatures, the distribution P(S,.:) becomes narrower
and at T=260 K a spanning cluster exists almost permanently; in this case the largest water
cluster in the hydration shell spans the whole molecule practically at any moment. A similar

behavior of the distribution P(S.) is also observed with increasing hydration shell width D,
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when the temperature is fixed.
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Figure 4.41: Existence probability (SP) of a spanning network in the hydration shell of the ELP.

The probability distributions P(S,.. ) give us the possibility to determine roughly the prob-
ability SP that a spanning cluster is present in the system (spanning probability). Assuming
Smaz/Nw= 0.5 as the minimal fraction of the water molecules, necessary for the largest cluster
to be spanning (see figure (4.40)).By integrating the distributions P(S,,,,) from figure (4.40)
for Spaz/Nw > 0.5 we obtained SP as a function of temperature (see figure (4.41)), and thus
could locate approximately the percolation threshold of water in the hydration shell of the ELP.
In accordance with the studies of the percolation transition of water at planar surfaces [59, 69|
for any system size a percolation transition occurs, when the spanning probability SP reaches
values of about 95 %. The thresholds temperature obtained from the SP=95 % criterion is
equal 280 K (D=4.5 A). Due to the small size of the system (< 200 water molecules), the
destruction of the spanning network of hydration water occurs in some interval of temperature
or shell width. To describe this process, we determine additionally a lower characteristic point,
corresponding to SP=50 %. A spanning cluster of hydration water of the ELP exists with
probability 50 % at T=330 K (D=4.5 A).

Distributions ng of the size S of the water clusters in the hydration shell of the ELP for
the temperature range from 260 K to 440 K are shown in figure (4.42). At the percolation
threshold, the cluster size distribution follows a power law ng ~ S~7 in the widest range of

cluster sizes. The exponent 7 is about 2.05 for 2D systems and about 2.2 for three dimensional
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Figure 4.42: Distributions ng of the size S of the water clusters in the hydration shell (shell width D=4.5 A)
of the ELP at various temperatures (from top to bottom: T = 260 - 440 K). The distributions are shifted

2.05

subsequently, starting from the bottom. The dashed lines show the power law ng ~ S72°°, as expected at a

2D percolation threshold. By red color highlighted the distribution closest to the percolation threshold.

(3D) systems [58]. Thus, to locate the percolation threshold, we compare the distributions ng
with the power law S~7, which is a straight line in the double logarithmic scale of figure (4.42).
The distribution ng closest to the percolation threshold is shown by red circles. Note that using
the 3D value for the exponent 7 does not affect the estimation of the percolation threshold
noticeably. The threshold temperature, estimated based on the ng distributions is equal 280 K.
This is in a good agreement with the percolation threshold obtained from the distribution of
the largest cluster size, using the 95 % criterion for the spanning probability.

The mean cluster size S,,cq, diverges at the percolation threshold in infinite systems and
passes through a maximum, when approaching the threshold in finite systems [58]. The tem-
perature dependence of S,eqn in the hydration shell (D=4.5 A) of the ELP is shown in fig-

ure (4.43). The mean cluster size Sy,eqn passes through a maximum when approaching the true
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Figure 4.43: Dependence of the mean size Sy,cqn of the water clusters in the hydration shell (shell width
D=4.5 A) of the elastin-like peptide on the temperature.

percolation threshold, as determined above from the 95 % criterion of SP and ng. A similar
spread of percolation thresholds has been observed in earlier studies of a small systems [66, 68].

Water clustering in various systems exhibits a highly universal behavior, when compared
in terms of the average number ny of water-water H-bonds per water molecule. In particular,
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Figure 4.44: Temperature dependence of the average number ny of water-water hydrogen bonds between
water molecules in the hydration shell of the ELP for various choices of the shell width D, which increases from
the bottom to the top. The open circles show the values of ny at the true percolation thresholds (SP=95 %),

as obtained for different D values.

ng is close to the value of 2.2 & 0.1 at the percolation threshold in low-hydrated systems [66].

84



This value indicates that the correlated site-bond percolation of hydration water is similar
to the random site or bond percolation in square and honeycomb 2D lattices with four and
three neighbors, respectively [58]. The temperature dependence of the average number ng of
H-bonds (definition see in the section 3.5) between water molecules in the hydration shell of
ELP for various choices of the shell width D is shown in the figure (4.44) by full circles and
dashed lines. The value of ng at the percolation thresholds, determined from the SP ~ 95 %
criterion and from the cluster size distribution ng, is shown in figure (4.44) by open circles. At
the percolation threshold, ny is about 2.1 i.e., rather close to the threshold values of ny from
2.0 to 2.3 for water percolation at smooth hydrophilic surfaces and in low-hydrated lysozyme
systems [66, 67].

The distance H,,., between the center of mass of the largest water cluster and the center of
mass of the ELP as well as the radius of gyration S, of the largest cluster of hydration water
are topological parameters of the network, which directly reflect its spanning or nonspanning

character. The radius of gyration S, of the largest water cluster in the hydration shell of the
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Figure 4.45: Probability distributions of the radius of gyration S of the ELP and of the radius of gyration S,
of the largest hydrogen-bonded cluster in the hydration shell of the ELP at two different temperatures. (The
distribution of the S of the ELP is shifted by +3.5 A at both temperatures (see text).)

ELP at low temperatures (see distribution in the upper panel of the figure (4.45)) exceeds the
radius of gyration S of the ELP by about 3.5 A (which is about the width of a water layer),

indicating a homogeneous coverage of the ELP by the spanning HB water network. The strong
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Figure 4.46: Probability distributions P(H,yq. ) of the distance H,,,. between the centers of mass of the ELP

and the largest water cluster in the ELP hydration shell at different temperatures.

difference between S and S, at higher temperatures (see lower panel of figure (4.45)) indicates
the absence of a spanning network of hydration water.

At T=280 K, the center of mass of the largest HB cluster of hydration water is very close
to the center of mass of the ELP, and the distance H,,,, between these two centers is close to
zero (see figure (4.46)). This clearly indicates the presence of a spanning HB water network,
which homogeneously envelopes the ELP molecule. In contrast, at high temperatures the
value of H,,,, is large, which indicates the nonspanning character of the largest water cluster
in the hydration shell of the ELP.

We have shown that the transformation of the hydration water shell of the ELP from a
spanning to non-spanning state occurs via a quasi-2D percolation transition. This transition
happens in the same temperature interval as a conformational transition of the ELP chain.

Please see detailed discussion in section 5.3.

86



Chapter 5

Disscusion.

5.1 Temperature induced transition of the elastin-like
peptide.

We distinguish the occurrence of two different conformational states of the hydrated model
ELP GVG(VPGVG); in the simulations. At high temperatures, the ELP is a highly flexible
chain, which shows a random distribution of the end-to-end distance. Moreover, the parameter
Bp, in the exponent of the end-to-end distribution, equation (3.40), does not vary strongly with
temperature, at least for high temperatures T>340 K (see lower panel of figure (4.6)). This
finding evidences the mainly entropic character of the elasticity of the ELP and supports an
old idea of Hoeve and Flory that the elasticity of elastin is rubber-like [14, 15]. Although the
random distribution of the end-to-end distances suggests a random coil structure, the presence
of various structural elements (figure (4.16)) and the essential number nj} (figure (4.9)) of intra-
molecular H-bonds between ELP residues (in the considered temperature range, ng; varies
from about 5.5 to 6.5) seems to contradict this conclusion. However, an irregular (or even
random) location of the ordered structural elements along the chain (see figure (4.17)) and/or
a frequent interconversion between them may well provide a random distribution of the end-
to-end distance of the chain. In general, an interconversion between the various structural
elements of the chain is accompanied by a rearrangement of the intra-molecular H-bonds.
Obviously, the presence of hydration water, which is a plasticizer for biomolecules, should
strongly facilitate this rearrangement. This may explain why only hydrated ELPs show elastic
properties [11].



The observed flexible conformational state of the ELP combines the presence of local order
with a random (disordered) character of the full peptide chain. This picture is supported
by the isotropic structure [33] and high mobility [34] of ELPs, seen in experiments. The
presence of ordered structural elements in ELPs is clearly seen both in experiments [7, 36, 70]
and in simulations (see ref. [12] and figure (4.16)). However, there is no evidence that these
structures are distributed along the chain non-randomly. When the simulation starts from a
highly ordered conformational state of the ELP (for example, a [3-spiral [50] was used as initial
state of the ELP in ref. [12] and in our studies), it vanishes quickly and the ELP becomes
a disordered (”amorphous” [12]) chain. Finally, in our simulation studies, we have found an
essentially random distribution of the ordered structural elements along the peptide chain (see
figure (4.17)).

The temperature transition of the amino-acids proline and glycine from the g-turn II to the

Figure 5.1: Left panel: S-turn type I. Right panel: 3-turn type II.

f-turn I conformation, observed in our simulations(figures (4.12)-(4.15)), could be very impor-
tant for the elasticity of the ELP chain. When these residues are in the g-turn I conformation,
which actually can not be distinguished from the 3;¢-helical conformation, all amide bonds are
in one plane (see figure (5.1)), the chain can switch between different H-bond conformations,
and thus can contract or extend. In contrast, when the amino-acids are in the g-turn II con-
formation, the orientation of the amide bond can hinder the switching of the intra-molecular
H-bonds, and consequently prevent the interconversion between the local structures (see fig-
ure (5.1)).

Below T;~310 K another, more rigid, conformational state of the ELP, which does not
show a random distribution of the end-to-end distance, appears, and its fraction drastically

increases upon cooling. The low-temperature rigid state differs from the high-temperature
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flexible conformational state of the ELP by the presence of a pattern of intra-molecular H-bonds
between amino acids that are separated by more than 5 residues (called irregular H-bonds, see
section 4.1.2 and figures (4.7), (4.9)). The number of such intra-molecular H-bonds drastically
decreases upon heating above T;~310 K. The large amount and high stability of the irregular
intra-molecular H-bonds at low temperatures, can be responsible for the narrow probability
distribution of the end-to-end distance, as these H-bonds can tightly bind ends of the peptide
and prevent exploration of the configurational space by the ELP chain. Unlike to the low
temperature case, at temperatures higher then 310 K, irreqular intra-molecular H-bonds are
not playing an important role in the conformation of the peptide chain. The content of such
H-bonds is very small and they are very unstable (see figures (4.8), (4.9)). The temperature
behavior of the regular H-bonds is also very important for the conformation of the ELP chain.
At temperatures lower than T;~310 K regular H-bonds mainly connect residues, which are
further away (4<Ai<5) from each other (see figure (4.7)), so the ELP chain is almost all the
time compact. Among them there exist H-bonds which are very stable (existence probability
> 80 %, see figure (4.7)). In contrast to the low temperatures, in the high temperature range,
the regular H-bonds are not so stable (existence probability < 30 %, see figure (4.8)), their
Ai varies from 2 to 5, so the chain may extend and contract, and the H-bonds may switch
more frequently (see figure (4.8)) and faster (see figure (4.10)) between different residues. These
facts could help us to understand, why the elasticity of the single ELP chain is mainly entropic.
During the transition from a compact to an extended conformation, reqular H-bonds change
their Ai from 5 to 2, but the number of hydrogen bonds remains unaltered, thus the potential
energy of the chain remains constant. The entropy of the ELP chain in the extended state
(Ai=2) is much smaller, than the entropy of the peptide chain in the compact state (Ai=5),
consequently a reduction of the entropy by stretching the ELP chain leads to the appearance
of a restoring elastic force. The entropy of the ELP chain at temperatures above 310 K
is higher than the entropy of the peptide chain in the low temperature range. Due to the
free interconversions of the regular H-bonds between conformations with differen Ai in the
high temperature range, the number of conformational states available for the ELP chain is
considerably greater then at low temperatures, which gives the ELP molecule the possibility
to have a Gaussian distribution of the end-to-end distance.

When crossing T;(SP=95 %), the state of the hydration water shell also changes drastically:

below T;, most of the water molecules in the hydration shell of the ELP form a spanning
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network of H-bonds; above T, the hydration water decomposes into small HB clusters [57].
The thermal breaking of the spanning network of the hydration water upon heating occurs via
a quasi-2D percolation transition in the temperature range from 280 K to 330 K and may be
considered as a transition of the hydration water from a more ordered state (large spanning
network) to a less ordered state (ensemble of small clusters) (this will be discussed in more
details in section 5.3). This qualitative change of the hydration water state may be responsible
for the appearance of a flexible conformational state above T;=280 K: contrary to the spanning
water network, small water clusters in the hydration shell may not hamper interconversions
between various local structures of the ELP, which seem to be important for the flexibility of
the ELP chain [71].

Another very interesting transition can be localized when observing the average live time
£ of the intra-molecular hydrogen bonds. This parameter behaves differently in the low and
high temperature ranges. Below a transition temperature of ~320 K, the stability of the intra-
molecular hydrogen bonds grows faster, than in the high temperature range (E,=7.5 kJ/mol
in the high temperature range, E,=10.7 kJ/mol in the low temperature interval) (see fig-
ure (4.10)). This indicates the appearance of an additional stabilizing influence, which was not
present at high temperatures. When we compare the temperature dependence of the average
life time of the intra-molecular hydrogen bonds with the spanning probability of the water
cluster, we find that the appearance of the additional stabilizing force coincides with the oc-
currence of the spanning network of hydration water around the peptide. This is another very
important evidence, how spanning water network may stabilize a compact conformation of the
ELP chain.

Clearly, the rigid low-temperature conformational state of the ELP, seen in our simulations,
does not resemble a random coil, as it does not show a random distribution of the end-to-end
distance. This contradicts the idea that the ELP is a random coil at low temperatures [5, 6,
7, 72]. This idea has been based mainly on the specific temperature behavior of a minimum in
the CD spectrum of the ELP in water at 195 nm: it becomes less pronounced with increasing
temperature [7, 35, 36]. This minimum was attributed to the random coil state of the ELP,
and its disappearance upon heating was therefore attributed to an increasing order of the ELP
chain. This interpretation of the CD spectra gave rise to the idea that ELPs, in contrast to most
other biomolecules, undergo a folding upon heating (”inverse temperature transition”) [5, 6, 72].

When we consider an aqueous solution of ELPs, an increase of the order at macroscopic level
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upon heating appears as it separates into two phases at the lower critical solution temperature.
This decrease of entropy at the macroscopic level may be overcompensated by its increase at the
microscopic level upon heating [73] (breaking of intra- or inter-molecular H-bonds, disordering
of hydration water, etc.). Thus, a single ELP chain does not necessarily become more ordered
upon heating. The minimum of the CD spectra at 195 nm can be attributed not only to a
random coil but also to an ordered polyproline II structure [74, 75, 76, 77]. This structure
disappears upon thermal denaturation of some proteins [78]. This causes a change of the
CD spectra which is qualitatively very similar to the one observed upon ”inverse temperature
transition” of ELP. Moreover, the minimum at 195 nm in the CD spectra of ELPs in water
is much less negative at low temperatures than one would expect for a random coil [79]. Our
simulation results also indicate a slight decrease of the content of the polyproline II structures
upon heating (see figure (4.16)). Thus the results both of experiments and simulations can be
explained without the assumption of folding of the ELPs upon heating. The conformational
transition of hydrated ELPs upon heating appears rather as a redistribution of the populations
of the various locally ordered structures. The main redistribution seems to be connected with a
decrease of polyproline II structures and the appearance of other structures such as g-turns, ~-
loops, etc [7, 36, 35]. Interestingly, it was observed that the hydration water network stabilizes
polyproline IT structures [74]. This may explain why the thermal breaking of the spanning

network of hydration water and the conformational transition of ELP occur simultaneously.

5.2 Influence of cosolvents on the structure and elastic-
ity of the elastin-like peptide.

Based on our results we can divide the cosolvents into two groups: Urea and TFE, which make
the ELP chain rigid and extended; GdmCl and NaCl, which make ELP molecule rigid and
compact; this indicates two different mechanisms of the interactions of the cosolvents with the
ELP. It was found in experiments [5] that large ELPs show their full elastic properties only when
the weight fraction of water is more than 63 %. In our simulation the weight fraction of water in
the water/urea/elastin mixture is only 55 % (see table (3.1)) and the relative hydration level of
the peptide is only 60 %. The molecules of urea partially expell water(see table (4.2)) molecules
from the surface and presumably form hydrogen bonds with the peptide. As it was stated in

the previous section, water is the plasticizer (for details see section 5.4) for the ELP chain. Due
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to the small size, fast reorientation time and high mobility, water eliminates energy barriers
between conformations of the ELP chain with different Ai and increases the probability of the
transitions between them. Thus removing the water from the surface, urea makes ELP more
rigid. One can argue, that urea also makes hydrogen bonds with peptides, and can play the role
of plasticizer for the ELP molecule. The urea molecule is approximately 4 times larger than
the water molecule, the reorientation time and dynamical propeties of urea molecule should be
much slower than those for water. So firstly because of its size urea molecules can not come
close enough to the intra-molecular hydrogen bonds, due to steric hindrance. Secondly as urea
molecules are slower than water molecules, so the energy barriers between conformations with
different Ai will be much higher, the switching of the intra-molecular hydrogen bonds, which
urea molecules should mediate, will be slower, or will not occur at all. These can explain why
Gaussian and worm-like chain equations failed to describe the probability distribution of the
end-to-end distance of the ELP molecule in the aqueous solution of urea (see figure (4.19)).
In recent CD experiments on a small ELP peptide [65] the spectral minimum which in pure
water was at 195 nm (polyproline IT structure), is shifted, by the addition of urea, to higher
values ~205 nm. This experimental finding support our assumptions, that urea distorts the
polyproline II structure of the chain and makes a single ELP molecule more disordered and
rigid. In our simulations the ELP molecule is more extended in the wurea solution than in
pure water. This is in agreement with previous assumptions that urea molecules interact more
favorably with non polar groups than water [80], consequently in the urea environment the
peptide should be more exposed to the solvent. As we do not find any pronounced secondary
structure in the ELP chain in the aqueous solution of urea (see figures (4.21), (4.22)) neither
at low nor at high temperatures, an ordering transition with increasing of temperature was not
observed in our simulations.

As was already mentioned, a 4M aqueous solution of TFFE separated into a water rich and a
TFE rich phase. The interface between the water and the TFE phases are not perfectly formed
(see figure (A.1) in Appendix), due to the small number of TFE molecules (see table (3.1)).
The ELP molecule is preferentially immersed in the TFE rich phase (see table (4.4)). It was
found experimentally [11] that at low hydration levels large ELPs are fragile and brittle. In
our simulations the ELP chain became extended and very rigid in the TFE surroundings.
The TFE molecules are hydrophobic, that is why in the TFE environment the hydrophobic

ELP chain is more extended than in aqueous media. The rigidity of the ELP molecule can be
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explained, using the same arguments, which was applied in the urea case. If we will compare
the fluctuations of the end-to-end distance R and of the radius of gyration S of the ELP chain
in the TFE and urea solutions, we can find, that the ELP molecule is more flexible in the urea
than in the TFE solution. In the urea solution the number of water molecules on the surface
of the ELP is 1.7 times smaller than in pure water (see table (4.2)), this amount of water can
not provide full elasticity, but could supply a media for the small fluctuations. In the TFE
environment the number of water molecules on the surface of the ELP is 2.5 times smaller
than in pure water (see table (4.4)), and such an amount of water can not provide a medium
even for small fluctuations for the ELP chain. Thus, due to the smaller content of water on
the surface of the ELP, energy barriers between different conformational states are even more
pronounced in the TFFE media than in the aqueous wrea solution. The minimum in the CD
spectra at 195 nm, which originates from the polyproline II structure, is shifted to the higher
wave length ~200 nm and becomes less pronounced in the 2M aqueous TFE solution [65].
This fact evidences, that TFE deforms the polypeptide chain, makes it more disordered and
stiff.

In contrast to the aqueous solutions of urea and TFFE, the ELP chain is compact and rigid in
the GdmClI and NaCl water mixtures (see figures (4.28), (4.34) and tables (4.5), (4.7)). In NaCl
solution the weight fraction of water is more than 90 % and relative hydration level is 100 %.
So the ELP should have enough plasticizing media for the conversions between conformations
with different Ai. Thus we can assume, that the factors which are responsible for the stiffness
of the ELP chain are different from those in the urea and the TFFE cases. The compactness
of the peptide chain could be explained, by the increase of the polarity of the solution, due to
presence of the ions. So the non-polar amino acids have to reduce their solvent accessible area
more than in the pure water. The average number of ions at the surface of the ELP is x3.0.
Bonds between N-H or C=O0 groups and ions are more energetically favorable, than bonds
with water. So, ions at the surface of the ELP chain could successfully compete with water
for the "hydrogen” bonds. One ion can bind from 2 to 5 N-H or C=0 groups, this can be an
additional explanation, why the ELP has a more compact conformation. The inflexibility of the
ELP in the aqueous solutions of NaCl can be explained by the direct binding of the ions to the
peptide chain. The energy barrier between configurations with bound ions and without them
is extremely large, thus the peptide will almost all the time stay in ”ion bound” conformation

and extensions or contractions of the ELP chain will appear very rarely. The weght fraction of
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water in the GdmCl solution is more than 70 %, but the relative hydration level (see definition
in section 4.2.1) is approximatelly 80 %. As far as GdmCl is in solution in the dissociated
form and we observe the same number of ions at the surface of the ELP as in NaCl solution.
All statements wich were made for the influence of ions on the conformation of the ELP, are
also true for the solution of GdmCl. However due to the large size of the Guanidinium ion, the
relative hydration level of the ELP chain is also changed (see table (4.8)). So we can assume,
that GAmCI affects the structure and the flexibility of the ELP chain in two ways. Firstly it
reduces the relative hydration level of the peptide and thus removes plastisizing media from
the ELP surface. Secondly it makes the ELP molecule stiffer by direct interactions of ions with
the peptide.

5.3 Relation between the thermal breaking of a span-
ning network of hydration water and structural chan-
ges of biomolecules.

Our simulation studies of water clustering and percolation in the hydration shell of the ELP
polypeptide show that, at low temperatures the molecule is covered by a spanning hydrogen-
bonded network, formed by water molecules from the first hydration shell. This network in-
cludes nearly all water molecules in the hydration shell and covers the surface of the biomolecule
homogeneously. With increasing temperature, this spanning water network breaks up into an
ensemble of small water clusters in the hydration shell, and even the largest water cluster
occupies only a small surface area of the polypeptide.

The transformation of a hydration water shell from a more ordered configuration with
one large cluster, which spans the whole molecule, to a less ordered configuration with small
water clusters, occurs via a percolation transition. This means that such a ”order-disorder
transformation” of the hydration shell is a transition, which takes place in a rather narrow
temperature interval. Due to the finite number of water molecules in the hydration shell, such
a transformation is smeared out in a certain temperature range and can be characterized by the
temperature dependence of the probability SP to find a spanning water network. Below a cer-
tain temperature, the spanning network of hydration water exists practically permanently, but

when crossing the percolation threshold, the spanning probability starts to decrease sharply.
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The percolation transition of hydration water (shell width D=4.5 A) of the ELP molecule oc-
curs at about 280 K (figure (4.41)), i.e., below this temperature the spanning network is present
in the system practically permanently. With increasing temperature, it starts to disappear and
at T=330 K the probability to find a spanning cluster is about 50 % only.

As it was discussed in section 5.1, the breaking of a spanning network of hydration water
may be related to temperature-induced conformational transformations of biomolecules and
phase separation of their aqueous solutions. It is difficult to say at what temperature the
extend of decomposition of the spanning network of hydration water is sufficient to cause such
phenomena. This temperature definitely exceeds the temperature of the percolation transition
of hydration water, and it is likely below the temperature, where SP=50 %. The interval
between the temperature of the percolation transition SP=95 % and the temperature, where
SP=50 %, shrinks with increasing size of the polypeptide. For the small ELP this interval
achieves 50 K (figure (4.41)), whereas for the larger SNase it is only about 20 K [57].

As it was shown in figure (4.44), the value of ny at the percolation threshold is about
2.1 for any reasonable choice of the hydration shell width D. The value ngy for the hydration
water in protein solutions decreases almost linearly with temperature (see figure (4.44) and
also Ref. [81]). This gives us the possibility of estimating the value of ny in a wide temperature
range by simulations at two temperatures and, subsequently, of estimating the temperature of
the thermal breaking of the spanning network of hydration water. Based on our studies of the
quasi-2D percolation transition of hydration water, we propose a relatively simple method to
indicate the existence of a spanning network of hydration water by an analysis of the average
number ny of hydrogen bonds between the water molecules in the hydration shell. This
value can be obtained by conventional computer simulations or estimated from experimental
data [82]. At ambient temperature, the threshold value of ny is about 2.1 for fully hydrated
systems. A value ngy above this threshold indicates the presence of a spanning network of
hydration water.

A comparison of the absolute values of the temperatures of the percolation transition of
water in the hydration shell of the ELP, obtained in simulations, with the real temperature
scale needs special consideration. The phase diagrams of the available water models differ
noticeably from the phase diagram of real water (see Refs. [83] and [84] for a comparative
analysis of the phase diagrams of various water models). There are two main characteristic

temperatures which can be used for estimating the temperature shift of the phase diagram of
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model water with the behavior of real water: the critical temperature of the liquid-vapor phase
transition and the temperature of the liquid density maximum. The latter temperature is the
most important parameter for our study, as it is close to the considered temperature interval.

The SPCE water model shows the liquid density maximum at about 240 K, i.e., about
35 K below its location in real water [84]. Hence, to map approximately our results on the
“temperature scale” of real water, we have to shift the data points, shown in figure (4.41),
upwards by about 35 K. In this case, if we take D=4.5 A, the percolation transition occurs at
~315 K, and at T~365 K the spanning cluster exists with a probability ~50 %. An analysis of
the conformation of the peptide GVG(VPGVG)3, shows pronounced changes from a rigid to
an elastic state at a temperature of about 290 — 310 K, which should correspond to the interval
of 325 — 345 K if the temperature shift between SPCE and real water is taken into account.
In real aqueous solutions of the large poly(VPGVG) elastin-based polymer, the phase sepa-
ration into water-rich and organic-rich phases, accompanied by sharp conformational changes
of the polymer (the so-called ”inverse temperature transition”), occurs at about 300 K [6].
In short elastin-like peptides, where the phase separation was not detected, pronounced con-
formational changes of ELP molecules are still observed at temperature 300 — 310 K for the
peptide GVG(VPGVG); [7]. Thus, the experimentally measured conformational transition of
the peptide GVG(VPGVG); occurs in the same temperature range, where the spanning net-
work of the hydration water breaks into an ensemble of small water clusters in our simulations.
Both experimental [36, 37| and simulation [13, 37| studies of the even smaller GVG(VPGVG)
show a conformational transition at about 310 — 330 K. Interestingly, the qualitative changes
of the peptide-water dynamics detected in Ref. [13] at this temperature may reflect specific
changes of the hydration shell.

The temperature of the breakup of the spanning network of hydration water depends on
the definition of the hydration shell. In the present study the simplest possible definition,
based on the distance between the water oxygens and heavy atoms of the biomolecule, was
used. A more unambiguous and physically well grounded definition of hydration water should
be developed for a more quantitative analysis of its percolation transition.

Summarizing, we have shown that the transformation of the hydration water shell of a
polypeptide from an ”ordered” to a ”disordered” state occurs via a quasi-2D percolation tran-
sition, which happens in a biologically relevant interval of temperatures. This transition may

have a direct relation to temperature-induced conformational transitions of biomolecules and
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temperature-induced phase separations of their aqueous solutions. Some internal protein move-
ments could be affected (or even activated) by the spanning water network, when their char-

acteristic time scales become comparable with the lifetime of the spanning water network [68].
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5.4 Origin of elasticity.

According to this simulation study the elasticity of the ELP is of entropic origin, this is
in agreement with previously published works [14, 15, 45]. But in contrast to rubber, the
presence of a plasticizing agent is necessary for the elasticity of the elastin-like peptide. Water
molecules play the role of a plasticizing media for the ELP. The entropic elasticity of the chain
means, that the potential energies of the equilibrium and perturbed states are equal. The
elastic restoring force appears due to the reduction of the entropy of the peptide, caused by
the distortion of the chain from the equilibrium Gaussian distribution, due to extension or
contraction. Since polypeptides have backbone hydrogen bonds, the potential energies of the
different conformational states could be the same only, when the number of the intra-molecular
hydrogen bonds is identical in both states. Thus to keep the potential energy constant the Ai
of the backbone hydrogen bonds should change during the extension or contraction. When
the elastin-like peptide is dry, the potential barrier between conformations with different Ai is
~12 kJ/mol (hydrogen bond), this barrier makes the probability of transition of the peptide
between the conformations with different Ai negligible. In the fully hydrated ELP system,
water molecules eliminate the potential barrier by creating an intermediate state with the
peptide. From the thermodynamic point of view, the free energy of the "main” state, with one
backbone hydrogen bond and one hydrogen bond between two water molecules, is equal to the
free energy of the ”intermediate” state, with two hydrogen bonds between peptide backbone
and two water molecules (see figure (4.11) in section 4.1.2). The potential barrier between
these two states is much smaller, than the potential barrier between states of the peptide chain
with different Ai. So the hydration of the peptide leads to the reduction of potential barriers
between conformations with different Ai and makes the ELP flexible and elastic. A similar
mechanism has been observed in the liquid water, which is responsible for the high liquidity of
water [85]. The state of the hydration water should be also considered. When the ELP molecule
is covered by the spanning cluster of hydration water, it does not show elastic properties. Since
all water molecules in the hydration shell belong to the one permanently existing cluster, this
can hamper the formation of the ”intermediate” state. Disruption of the spanning cluster of
hydration water leads to the vanishing of the hindrance. Cosolvents interact with the ELP
chain in two different ways. Urea and TFFE make the peptide stiffer indirectly. They expel

water molecules from the peptide surface and thus take away plasticizing media from the ELP
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molecule . NaCl interacts directly with peptide chain. Tons tightly bind to the ELP chain, and
so prevent any transition between conformational states. GdmCl combines both direct and

indirect ways.
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Chapter 6

Summary.

Molecular dynamics simulations of the small elastin-like peptide (ELP), NMeGVG(VPGVG)s-
ACE, in pure water and in solutions of various cosolvents are reported in this work.

Two different conformational states of the ELP are distinguished in pure water, namely a
rigid and a flexible one. A transition between these two states is observed at about T;=310 K.
In the rigid conformational state the ELP is compact. The average values of the radius of
gyration S, end-to-end distance R and maximal extension L and the relative fluctuations of
these values are small. The shapes of the probability distributions of the R, S and L have
non-random (non-Gaussian) form. The large amounts of irregular hydrogen bonds, which
connect residues separated by more than 5 amino acids, and quite large average live times of
the hydrogen bonds are characteristic for the rigid state. There is no pronounced secondary
structure observed in the rigid conformational state. The ELP in the flexible conformational
state is slightly more extended than in the rigid conformational state. The relative fluctuations
of the parameters R, S and L are up to 4 times greater than those in the rigid state. The
shapes of the probability distributions of R, S and L have random (Gaussian) form. This
reflects that the elasticity of the ELP in the flexible state has a rubber like entropic nature.
Irregular hydrogen bonds are not present in the flexible conformational state of the ELP. The
activation energy of the disruption of the hydrogen bond of the ELP in the flexible state is an
1.5 times smaller than that in the rigid state. A pronounced secondary structure is not found
in the flexible conformational state. Changes in the a-helical and PPII content are observed
with increasing temperature. The conformational transition of the ELP upon heating appears
as a random redistribution of the populations of the various secondary structural elements.

A drastic change of the state of the hydration water of the ELP is observed with increas-



ing temperature. The hydration water undergoes a transition from one large cluster, which
homogeneously covers the surface of the peptide, into an ensemble of small clusters, so called
percolation transition. The 2D percolation transition of the hydration water occurs in the same
temperature interval as the conformational transition of the ELP.

The addition of cosolvents make the ELP chain less flexible. Cosolvents interact with the
ELP in two different ways. Urea and 2,2,2-trifluoroethanol interact indirectly: they remove
the water from the surface of the ELP and thus make it rigid and extended. The lack of
backbone-backbone hydrogen bonds with Ai=4 or 5, evidences the extended structure of the
ELP in aqueous solution of these cosolovents. Sodium chloride (NaCl) interacts with ELP
directly: ions which come to the surface of the ELP make it compact and rigid. The large
amount and the high stability of intra-molecular hydrogen bonds of the ELP in the aqueous
solution of NaCl support this claim. Guanidinium chloride (GdmCl) interact with the ELP
in both ways. Firstly, it removes water from the surface of ELP, due to the large size of the
Guanidinium™ ions. Secondly, ions interact directly with the peptide backbone. A pronounced
secondary structure of the ELP chain is not observed in any cosolvent solution.

The role of water as a plasticizing media is considered in our work. An alternative mech-
anism of the elasticity of the elastin-like peptide is proposed. It is based on the entropic
rubber-like elasticity of the ELP chain and on the interactions of the hydration water with the
peptide backbone.
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Chapter 7

Zusammenfassung.

In dieser Arbeit werden Molekulardynamik-Simulationen des kleinen elastinartigen Peptids
NMeGVG(VPGVG)3ACE in reinem Wasser und in Losungen mit unterschiedlichen Kosolven-
tien beschrieben.

Es werden zwei unterschiedliche Konformationszustande des Peptids gefunden, und zwar
ein starrer und ein flezibler. Ein Ubergang zwischen diesen beiden Zustidnden wird bei etwa
T;=310 K gefunden. Im starren Konformationszustand ist das Peptid kompakt, das heif}t,
sowohl die Mittelwerte als auch die relativen Fluktuationen des Gyrationsradius S, des End-
zu-End-Abstands R und der maximalen Ausdehnung L sind klein. Die Kurvenverldaufe der
Wahrscheinlichkeitsverteilungen dieser drei Groflen haben nicht die Form einer Gaufy’schen
Glockenkurve. Weiterhin charakteristisch fiir den starren Zustand sind neben einer recht
groflen mittleren Lebensdauer der Wasserstoftbriicken auch der grofle Anteil an irreguldren
Wasserstoftbriicken zwischen Resten, die mehr als 5 Aminosduren voneinander entfernt sind.
Beim starren Konformationszustand wird keine ausgepriagte Sekundarstruktur beobachtet. Im
flexiblen Konformationszustand besitzt das Peptid eine etwas groflere Ausdehnung als im star-
ren Konformationszustand: Die relativen Fluktuationen der Groflen R, S und L sind bis
zu viermal grofler. Die Verlaufe der entsprechenden Wahrscheinlichkeitsverteilungen weisen
die Form einer Zufallsverteilung (Gaufi’sche Glockenkurve) auf, das bedeutet, dass die Elas-
tizitat des Peptids im flexiblen Zustand eine gummiartige entropische Natur hat. Irrequldare
Wasserstoftbriicken treten im fleziblen Konformationszustand des Peptids nicht auf. Die Ak-
tivierungsenergie fiir die Spaltung einer intramolekularen Wasserstoftbriicke im flexiblen Zu-
stand des Peptids ist ungefahr 1,5-mal kleiner als im starren Zustand. Eine ausgepragte

Sekundéarstruktur wird auch in diesem Zustand nicht beobachtet. Mit steigender Temperatur



andern sich die a-helikalen and die PPII-Anteile. Der Konformationsiibergang des Peptids
beim Erwarmen entspricht einer zufélligen Umverteilung der Anteile der unterschiedlichen
Sekundéarstrukturelemente.

Mit steigender Temperatur wird eine drastische Anderung des Zustands der Hydrathiille des
Peptids beobachtet. Es handelt sich um einen so genannten Perkolationsiibergang: Wahrend
die Hydrathiille bei niedrigen Temperaturen einem einzigen grofien Cluster entspricht, der
die Oberflache des Peptids homogen bedeckt, besteht sie bei hohen Temperaturen aus einer
Vielzahl kleiner Cluster. Der 2D-Perkolationsiibergang der Hydrathiille tritt im gleichen Tem-
peraturbereich auf wie der Konformationsiibergang des Peptids.

Der Zusatz von Kosolventien verringert die Flexibilitat des Peptids. Kosolventien wechsel-
wirken mit dem Peptid auf zwei unterschiedliche Arten. Harnstoff und Trifluorethanol wech-
selwirken indirekt: Sie entfernen das Wasser von der Oberflache des Peptids und sorgen so
dafiir, dass es ausgedehnt, aber starr wird. Das Nichtvorhandensein von Backbone-Backbone-
Wasserstoftbriicken mit Ai=4 oder 5 ist ein Beweis fiir die ausgedehnte Struktur des Peptids
in wassrigen Losungen dieser Kosolventien. Natriumchlorid hingegen wechselwirkt direkt: Die
Ionen nahern sich der Oberfliche des Peptids, wodurch es kompakt und starr wird. Der grofie
Anteil und die hohe Stabilitat der intramolekularen Wasserstoffbriicken in wassrigen NaCl-
Losungen unterstiitzen diese Vermutung. Guanidiniumchlorid wechselwirkt auf beide Arten
mit dem Peptid: Zum einen entfernt es aufgrund der grofien Ausdehnung des Guanidinium™-
Ions Wasser von der Oberfliche des Peptids, zum anderen wechselwirken die Ionen direkt mit
dem Backbone des Peptids. Eine ausgepragte Sekundarstruktur des Peptids wird in Losungen
der betrachteten Kosolventien nicht beobachtet.

In dieser Arbeit wird die Rolle des Wassers als Plastifizierungsmittel beschrieben. Ein al-
ternativer Mechanismus fiir die Elastizitat von elastinartigen Peptiden wird vorgeschlagen. Er
basiert auf der entropischen gummiartigen Elastizitat der Peptidkette und den Wechselwirkun-

gen der Wassermolekiile in der Hydrathiille mit dem Backbone des Peptids.
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Appendix A

Temp /K | Ry, /A |SA/ A | 6r /) % | S /A |Sd/A |65/ % | Law /A | Sd/)A |6 %
280 12.56 4.63 37 6.68 0.65 10 22.10 2.31 10
285 11.80 6.94 59 6.80 0.89 13 22.19 3.18 14
290 16.11 5.61 35 7.08 1.26 18 23.15 4.38 19
295 16.22 5.99 34 7.40 1.06 14 24.53 3.61 15
300 14.91 6.22 42 7.33 1.06 15 24.09 3.71 15
320 14.45 6.21 43 7.18 0.98 14 23.21 3.73 16
340 17.06 6.33 37 7.57 1.06 14 25.00 3.92 16
360 15.81 6.32 40 7.30 0.99 14 23.89 3.80 16
380 15.82 6.24 39 7.31 0.97 13 23.84 3.73 16
400 17.12 6.73 39 7.59 1.08 14 25.01 4.04 16
420 16.82 6.58 39 7.71 1.08 14 25.18 4.05 16
440 17.46 6.94 40 7.81 1.12 14 25.56 4.24 17

Table A.1: Average values, standard deviations and relative fluctuations of the end-to-end distance R, radius

of gyration S and maximal extension L of the ELP in pure water at different temperatures.




Figure A.1: Phase separation of the 4M aqueous TFE solution into a water rich (violet) and a TFE rich

(green) phase.
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