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SYNOPSIS

A repetitive polypentapeptide organized as a connected chain of 8-bends is believed to be
an important structural element of elastin, the major elastomer in biological systems. Mo-
lecular dynamics simulations were carried out on hydrated polymers of (Val-Pro-Gly-Val-
Gly),s at various extensions. Analysis of the fluctuations of backbone angles in relaxed
elastin showed that particularly large-amplitude torsional motions occur in ¢ and y angles
of residues connecting sequentially adjacent hairpin bends. Many such motions reflect
peptide plane librations that result from anticorrelated crankshaft rotations of Y: and ¢4,
These effects were much reduced in stretched polymer models. The conformational entropy
of relaxed and stretched elastin models was estimated using a treatment due to Meirovitch,
and gave a calculated decrease in entropy of about 1 cal/mol deg when the polymer was
stretched to 1.75 times its original length. There are large changes in solvent-accessible
surface area during the initial stages of elastin stretching. Collectively these results suggest
that hydrophobic interactions make contributions to elastin entropy at low extensions, but
that librational mechanisms make larger contributions to the elastic restoring force at

longer extensions.

INTRODUCTION

Elastin is a major bioelastomer characterized by the
occurrence of a repetitive pentapeptide sequence
(Val-Pro-Gly-Val-Gly), where n is between 10 and
13.% Although thermoelasticity studies of both
natural elastin and synthetic elastin polypentapep-
tides indicate the elasticity to be entropic in origin,
the molecular origins of the entropy differences be-
tween relaxed and stretched polymer remain unclear.
Flory’s classical treatment of polymer elasticity, * for
example, suggests that conformational entropy dif-
ferences between the stretched and unstretched
states of a polymer provide the major component of
the elastic restoring force. In the simplest terms,
this theory suggests that stretched molecules are
more structurally organized, more conformationally
regular, and have reduced flexibility, relative to the
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unstretched polymers. However, experiments with
both natural and synthetic elastin polymers®° show
that they undergo a thermal ordering transition be-
tween 20 and 40°C that correlates with an increase
in polymer elastic modulus.!'!” This association of
increased elastic restoring force and increased poly-
mer order appears contrary to expectations of the
simple conformational entropy model.

Urry has proposed a resolution of this paradox
that is based upon a librational entropy mechanism
of elasticity. This mechanism stems from molecular
mechanics studies of a model pentapeptide polymer
(Val-Pro-Gly-Val-Gly), that is structurally orga-
nized as a continuous coil of 8-turns interconnected
by glycine residues. The fundamental concept is that
the elastomeric restoring force originates from re-
duction of librational entropy in the tripeptides Val-
Gly-Val linking successive 8-turns as the elastin coil
is stretched. This was investigated by comparative
studies of the conformational flexibility of relaxed
and extended elastin models. Under conditions
where all pentamers but one were fixed, the acces-
sible amplitudes of torsional libration in the residues
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bridging the bends were reduced as the structure
was extended, suggesting that the elasticity arose
from a decrease in the number of accessible low-
energy conformations.

An alternative mechanism attributes the entropy
changes in elastin to the solvent entropy associated
with changing hydrophobic surface area of the poly-
mer as it is stretched.'®'® Stretching is postulated
to increase hydrophobic side-chain exposure to the
aqueous environment, thereby decreasing the en-
tropy of surrounding waters that are assumed to be
relatively immobilized in the vicinity of hydrophobic
surfaces. In this model, the elastomeric restoring
force arises from the same hydrophobic forces that
stabilize folded protein structures.

The present work describes an analysis of elastin
elasticity based on computer simulations of polymer
molecular dynamics in the relaxed and stretched
states in aqueous solvent. Although in vacuo sim-
ulations of an elastin polymer have been described
previously,? the present work samples a wider range
of alternative coil geometries at several degrees of
extension, and additionally provides the basis for
semiquantitative estimates of differences in confor-
mational entropy of the stretched and relaxed poly-
mer chains.

METHODS

This investigation was undertaken in two stages. In
the first stage, molecular dynamics simulations were
carried out to define initial and incrementally
stretched structures of the polymer (Figure 1).
Conformational data accumulated from these runs
were averaged to produce regular models used as
input for the second phase of the work. The second
set of simulations, four in all, was performed for the
purpose of comparing the dynamic conformational
properties of the polymer and estimating its entropy
in various stretched states.

Initial Structure

The study was initiated with a rexamination of the
relaxed B-spiral model proposed by Urry.®* This
model was derived from an x-ray crystal structure
of the cyclic pentadecapeptide (Val-Pro-Gly-Val-
Gly);.%* The cyclic molecule is organized as 3 type
II B-turns, each stabilized by a hydrogen bond be-
tween Val, (C=0) and Val,(N—H), linked together
by interconnecting residues Glys. The cyclic pen-
tadecamers form threefold symmetric, cylindrical
stacks in the crystal. The Urry model of the elastin
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Figure 1 Schematic diagram of the protocol used to produce averaged regular models of
relaxed and stretched elastin polymers. See text for additional details.
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Table I Helical Parameters, Energy, and Entropy
Entropy per Residue*
Rise per Energy per (cal/mole deg)
Pentapeptide Pentapeptides Pitch Residue®

A) per Turn (A/turn) (kcal) b=0 b=1 b=2
Urry 3.36 2.73 9.18 —2.4
C 2.92 3.00 8.75 -3.1 18.1 17.5 17.1
A 3.74 2.97 11.10 -2.0 18.0 174 17.1
D 5.10 2.99 15.24 -25 17.0 16.4 16.2
B 5.53 2.34 12.95 -1.8 18.3 17.7 17.3

* Energies were calculated for the 90-residue molecule in vacuo using a distance-dependent dielectric. Entropies were calculated from
a simulation at 300 K in an 8 A shell of water with a dielectric constant of 1.0, using only the dihedral angle variations of ¢ and ¥ of
the central eight pentapeptides to evaluate the entropy. These values should not be combined to calculate the free energy.

polymer is produced by a decyclization, lock-washer
dislocation, and connection of successive penta-
decamers in a crystal stack, to produce a continuous
coil of B-turns interconnected by glycine residues.
Refinement of this “linear correlate of the cyclic
molecule” by a conformational search procedure?!
produced a minimum energy structure correspond-
ing to a right-handed coil with 2.7 pentapeptides per
turn and other parameters outlined in Table I. The
persistance of this or a related coil structure in so-
lution is supported by the similarity in nmr solution
spectra for the cyclic pentadecamers and linear
polymers,® which both indicate the preservation of
the type II B-turns seen in the crystal structure.?>?*

Initial Structure Relaxation

We carried out initial molecular dynamics simula-
tions of the Urry structure to relieve any strains
that might be present and to investigate alternative
coil geometries. In particular, it was desirable to al-
low free variation of polymer helical parameters in
order to evaluate relaxed or extended structures that
might differ from the 2.7 pentapeptides per turn of
the Urry coil model. Since we wanted to simulate
the behavior of a structure within the environment
of a long polymer chain, simulations were carried
out on models with fixed terminal atoms that in-
corporated 18 pentapeptide units (90 residues).
Conformational and statistical data for analysis were
accumulated only from the 8 central pentapeptide
units. Natural elastin is highly hydrated and con-
tains about 60% water by weight. Accordingly, the
simulations incorporated an explicit hydration shell
model as described below.

The computations were carried out using the
program AMBER? with the united atom force

field,” in which only hydrogen atoms that can po-
tentially participate in hydrogen bonds are explicitly
included. As described in Figure 1, the Urry model
was initially subjected to 4000 steepest descent en-
ergy minimization steps in vacuuo using a distance-
dependent dielectric ¢ = 1/r;. The model was then
embedded in a box of water, the result of a computer
simulation using the TIP3P potential.?” Water mol-
ecules for which the distance from the oxygen to a
protein atom was less than the sum of their respec-
tive van der Waals radii, or that were further than
8 A from all protein atoms, were deleted. The num-
ber of waters required to hydrate the relaxed Urry
structure was 1526, but ranged between 1244 and
1681 for other states described below. The system
hydration shell was subjected to 2000 steps of con-
jugate gradient minimization with the polymer at-
oms constrained, followed by 10 ps of molecular dy-
namics of the waters only. The entire system was
then energy minimized for 2000 steps, followed by
10 ps of molecular dynamics with only the end atoms
constrained, run at 300 K.

Stretching Protocol

After the initial 10 ps of dynamics simulation, the
structure was “instantaneously” stretched 10 A by
proportionally translating all atoms out from the
center of mass in a direction parallel to the helix
axis. The solvent shell was then minimized and re-
laxed with 10 ps of molecular dynamics, followed by
minimization of the total system and an additional
10 ps of molecular dynamics with fixed polymer end
atoms. Relaxing the waters while holding the protein
fixed after each “stretch” allowed the waters to re-
orient around the protein, damping the large mo-
tions that might result from bond and bond angle



1616 WASSERMAN AND SALEMME

strain effected by extending the structure in this
artificial manner. The cycle of extension-relaxation
was carried out 6 times, until the radius of gyration
was 1.5 times that of the starting model.

Regularized Models

The sequence of structures obtained by the stretch-
ing procedure was not regular, a behavior similar to
that observed by Prabhakaran and Harvey in their
studies of B-DNA deformation.”® Some irregularity
is probably expected for an open structure like elas-
tin on the time scale of the simulation. However,
describing the various stretched structures in terms
of average helical parameters provides a useful
means of comparing them, and provides a reference
state for averaging conformational states in the sta-
tistical mechanical estimation of entropy described
below. Regular elastin models were built from the
first (most contracted) and seventh (most extended)
10 ps periods of the “stretching” simulation trajec-
tory. Values for each of the 10 pentapeptide ¢ and
¥ backbone angles were calculated by averaging over
the eight symmetry-related central pentapeptide
units, as well as over time, in each of the two 10-ps
windows. Regular 90-residue elastin models were
then built using the averaged ¢ and ¥ values, stan-
dard bond lengths and angles from the AMBER data
base, and trans peptide bonds. The conformation
derived from the first 10 ps will henceforth be de-
noted model A, and that from the last (seventh) 10
picoseconds model B. The structures are shown in
Figures 2 and 3a, and helical parameters given in
Table 1.

In the course of this work, we noted that the axial
separation between turns was 10 A in the crystal
stacks of cyclic pentadecapeptides, and 9.2 and 11.1
A respectively, for the helical Urry structure and
model A. We also noted that whereas the cyclic mol-
ecules have threefold symmetry and model A has
approximate threefold symmetry, the Urry structure
and model B contain a nonintegral number of pen-
tapeptide units per turn. Since structures with only
slight perturbations from threefold symmetry appear
to best preserve features of the crystalline cyclic
pentadacamer that might optimally stabilize triple-
strand coil structures (as postulated to occur for
natural elastin??), we used interactive graphics and
energy minimization to search for other low-energy
threefold symmetric models. Two additional struc-
tures, models C (contracted) and D (extended),
were selected for further study (Figures 2 and 3b
and Table I).

Dynamics Simulation

For purposes of analysis, each of the regular model
structures A, B, C, and D was energy minimized in
vacuo (using a distance-dependent dielectric model),
hydrated, solvent relaxed, and then the total system
equilibrated by 10 ps of molecular dynamics at each
of the temperatures 100, 200, and 300 K. Temper-
ature was maintained by weak coupling to a thermal
bath, using the method of Berendsen et al.* In the
present case atomic velocities were rescaled at each
integration step with a time coupling constant 77 of
0.1 ps. All runs used a 9.5 A cutoff for the nonbonded
interactions and a dielectric constant of 1.0 in sim-
ulations that explicitly included water. The integra-
tion time step was 1 fs and trajectory points were
saved every 50 steps, corresponding to a minimum
time interval of 0.05 ps between observed “events.”
The end atoms were constrained during the simu-
lations and statistical data for analysis accumulated
only from the 8 central pentapeptide units.

After the initial 30 ps equilibration periods, sim-
ulations of structures A and B were run for 100 ps
and C and D for 60 ps. Analysis was carried out only
for the part of the simulation after the initial 30 ps
equilibration. The simulations were carried out on
the CRAY-XMP/24 at the Du Pont Experimental
Station, and the analysis on a Digital Equipment
VAX 8800. Computer graphics, which were used for
initial model building and for examination of tra-
jectories, used the program MOLEDITOR.*

Entropy Computation

Entropy was calculated using a procedure due to
Meirovitch®? and a modified version of his program.
Meirovitch has calculated the conformational en-
tropy of decaglycine based on rigid geometry Monte
Carlo simulations in which the sole degrees of free-
dom were the backbone angles ¢ and . Since these
angles play the major role in determining protein
conformation, this method should provide a reason-
able first approximation to the entropy even when
the simulation has all degrees of freedom enabled.
The entropy S is given as

S =k f p(0n) 0 p(On )b (1)

where the integral is over all conformational space,
p(8x) is the probability of the structure’s being in
a conformation with the set of backbone dihedral
angles {0y} = [d1, ¥1, .-+, ¢n, ¥nl, and diy
= d¢ydyy -+ ddad¥s.
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Figure 2 Models A, B, C, and D of the elastin polypentapeptide Val-Pro-Gly-Val-Gly.
Each model contains eighteen pentapeptides, a total of 90 residues. The models were built
using standard bond lengths and bond angles, trans peptide bonds, and side-chain dihedral
angles from the AMBER data base. For A and B, main-chain dihedral angles ¢ and y were
obtained by calculating the average values from a 10-ps segment of a molecular dynamics
simulation in which the structure was periodically extended in the direction of the helix
axis; only the eight central pentapeptide repeats were used in calculating the averages. C
and D were generated using interactive graphics techniques. A and C correspond to relaxed
states, B and D to extended. Helix parameters are given in Table I.

Each pentapeptide unit, at each point of the saved
simulation trajectory, was considered an indepen-
dent conformation of the pentapeptide “molecule.”
To calculate the probabilities p, the range of values

adopted by each dihedral i is divided into L sub-
ranges or boxes. For each conformation, m; repre-
sents the state of the /th dihedral angle, and is as-
signed a value between 1 and L (we used L = 12).
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Figure 3 Stereo pair longitudinal and axial views of eight-pentapeptide segments of the
polypentapeptide models. (a) Models A and B; (b) models C and D.

The probability that the molecule (or in our case,
pentapeptide) is in a conformation Oy, with dihedral
angles in the states represented by my, is the product
of the probabilities of the individual angles being in
states m;. Since the angles are not independent, each
individual probability is the conditional probability
that angle i is in state m;, given that the previous i
— 1 angles are in states m;+ * - m;-.

As an approximation, only the b previous angles
were used in calculating the conditional probabili-
ties. Then

’ mi—b)
<y Misp)

n(miv Mi—1s .-

p(6:]0i-1y . - ., Oicp) = (2)

n(m;,, ..

where n(m;- + - m;_;) is the number of pentapeptide



conformations in the dynamics trajectory that have
angles i,...,i— binstates m;, ..., m;,, and

p(0n) = Mp(8;|6i-, . . ., 6;2p) (3)

Following Meirovitch, we used b = 1 and b = 2 in
our calculations. For comparison we also calculated
the b = 0 case, which considers the angles to be
independent, with the formula

_ n(m)
p(8) = =0 (4)

where Nrg, is the number of trajectory points used
in the calculation and the factor of 8 accounts for
the number of pentapeptide repeats used in the av-
eraging. All the saved trajectory points, representing
every 50th step of the simulation, were used in these
calculations. Individual pentapeptides occurring in
the same time step and those in different time steps
were treated in an identical manner.

RESULTS

Large-Scale Motions

Molecular dynamics runs were carried out on all four
structures under the conditions described in the
Methods section. Inspection of “movies” of the tra-
jectories revealed the occurrence of relatively large-
scale motions in the structures. In contrast to most
globular proteins, which tend to be organized over
long distances by extended hydrogen bonding in
secondary structures, the successive hairpin bends
characterizing the elastin spirals are more loosely
connected, so that each of the structures developed
some curvature during the course of the simulation.
This was more pronounced for structures B and D
than for the more compact structures A and C. The
rms deviation of coordinates from average values
was greater for both stretched structures than for
the relaxed ones. In several of the simulations sim-
ilar high rms deviations were found for groups of
amino acids 15 residues apart, indicating concerted
motion of the atoms on one side of the spiral in
consecutive turns.

Figure 4 shows the rms deviations from average
coordinates during each 15 ps period of simulation
D. The dominant feature in the first period is the
correlated behavior described above, with greatest
motion around residues 35, 50, and 65, and least
motion on the opposite side of the spiral. In the sec-
ond period the greatest motion is in the Pro-Gly
pairs of 8-bends at residues 43-44 and 63-64. In the
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third period the motion is reduced and more evenly
distributed, and in the fourth period it is sharply
reduced. The conformation at the end of 60 ps,
showing the curvature that has developed, is shown
in Figure 5.

Backbone Angle Motions

Although long-range deformations tend to be larger
for the extended structures than for the relaxed ones,
analysis of the more localized fluctuations in main-
chain dihedral angles shows rather different behav-
ior. In the simulation of the extended modei D, for
example, the variation in individual torsional angles
is considerably reduced relative to the relaxed states.
Table II lists the rms deviation from average values
of each of the backbone angles ¢, ¥, and w in sim-
ulations C and D. Averages and deviations were cal-
culated for the eight central pentapeptide repeats,
taking successive pentapeptides as independent
conformations. The «s vary within about 10° of 180,
consistent with the conformational space spanned
by the ’s in protein crystal structures. Proline ¢’s
and ¥'s also have small rms deviations, reflecting
the restricted conformational freedom of this amino
acid. The angular fluctuations are concentrated in
the ¢’s and ¥’s of Val,, Glys, Val,, and Gly;.

Local State Multiplicity and Crankshaft Motions

The type of motion that is occurring is elucidated
by tracking the time evolution of individual torsional
angles. Figures 6a-d plot the ten pentapeptide back-
bone angles ¢ and ¢ for simulations A, B, C, and D,
respectively. In each subplot eight curves (corre-
sponding to the eight central pentapeptide units)
are overlaid. The enhanced variability exhibited in
Figure 6a and c over that of Figure 6d is apparent.
The existence of multiple local conformational states
is indicated by the clustering of curves around two
or more favored angular values. Most often equiv-
alent dihedral angles in different pentamers of the
polymer maintain an orientation in either of the fa-
vored states throughout the simulation, yet there is
evidence of shifting between conformational states.

For example, the ¢ of Glys; (the fifth residue of
a pentapeptide unit) undergoes a rotation of about
—90° at time 54 ps (Figure 7). At almost the same
time, ¢ Valys undergoes a rotation of almost the same
magnitude in the opposite direction. We found nu-
merous instances of such rotational pairs, always
involving ¥; and ¢;,,, in the simulations. They oc-
curred more often, and were of greater magnitude,
in simulations A and C than in D (B is discussed
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Figure 4 Root mean square atomic fluctuations (A) averaged over each residue from 15
ps segments of molecular dynamics simulation D. Only backbone atoms were used in com-
puting the fluctuations. (a) Picoseconds 30-45, (b) Picoseconds 45-60, (c) Picoseconds

60-75, and (d) Picoseconds 75-90.

below). This type of crank-like motion, a correlated
counterrotation of bonds separated by a trans central
bond, has been postulated to occur in DNA® and
proteins,* and is prominent in Brownian dynamics
simulations of polyethylene.?**¢ It results in a re-
orientation of the central bond (in this case the
peptide bond) with little deformation of the struc-
ture on either side of the two rotating bonds, main-
taining the overall integrity of the structure.

The simulation of structure B differs in many
respects from the others. Although simulations A,
C, and D showed occasional transient formation of
alternative Gly; C=0 to Glys NH and Pro, C=0
to Val, NH backbone hydrogen bonds, the Val, C=0

to Val, NH interactions that stabilized the hairpin
bends remained essentially intact during the simu-
lation. This was not the case for simulation B where
two of the central 8-bends disappeared within 100
ps. Not surprisingly, this behavior was accompanied
by considerably more variation in backbone angles
than in any of the other simulations. Although there
were some occurrences of correlated counterrota-
tions of y; and ¢, there were in addition large
changes in the values of some dihedral angles with-
out compensating counterrotations of neighboring
angles, causing large deviations from the starting
structure. For example, ¢ Gly,o undergoes a gradual
rotation of over 120°, while ¥ Valgg fluctuates within
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Figure5 Stereo pair representation of the central eight pentapeptide units of simulation
D at time 90 ps. Despite the overall deformation causing substantial curvature local structure
has changed comparatively little. All eight Val-Pro-Gly-Val segments remain in 8-bend

conformation.

a 40° interval (Figure 8). B is the starting confor-
mation of highest energy, the most extended, and
the only one without approximate threefold rota-
tional symmetry. For reasons we discuss below, we
feel that instability of structure B probably results
from a strained starting conformation for which the
local potential well is neither deep nor broad.

Entropy Estimates

We attempted to quantify these apparent confor-
mational entropy differences using the procedure
outlined in Methods (see Table I). The calculated
conformational entropy is approximately equal for
simulations A and C and for D is approximately 1
cal/mol deg lower. The entropy of system B, how-

Table II RMS Deviations of Dihedral Angles
from Average Values

Conformation C Conformation D

¢ ¥ %) ¥ ] Y w

Val-1 288 138 119 231 104 8.9
Pro-2 114 17.9 12.0 13.8 16.3 10.2
Gly-3 303 28.0 109 19.6 35.0 10.5
Val-4 24.0 23.3 10.6 22.0 10.7 11.8
Gly-5 390 493 104 16.9 254 10.4

ever, is about .3 entropy units greater than that of
either A or C. The entropy decreases with increasing
values of b (increased accuracy of the calculation),
but the entropy differences remain consistent for all
values of b.

It is of interest to estimate the contribution of
crank-like motions to the distribution of confor-
mational states, and hence the conformational en-
tropy, of the elastin polymer. Suppose we consider,
for the moment, a highly idealized system containing
only two rotatable bonds each of which may occur,
with equal probability, in the two states s1 and s2.
If the motions of the two bonds were uncorrelated
we would have the distribution of states given by
the probability matrix of Figure 9a. Calculating the
entropy using Eqgs. (1)-(3) (b = 1) yields the same
result as a calculation using Egs. (1) , (4), and (3)
(b = 0). If, on the other hand, the motion of the
two bonds were anticorrelated we would have the
probability matrix of Figure 9b. The probability of
an individual bond’s being in either state remains
1/2 but the distribution of states for the system as
a whole is very different. In this case the b = 0 ap-
proximation, which does not account for correlation,
yields a much higher entropy value than b = 1, and
the difference between the two values is an indica-
tion of the extent of correlation between the rota-
tions of the bonds.

Since entropy is additive, the contributions to the
entropy due to conformations of individual angles
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Figure 7 Histories of backbone angles ¢ Glyss (a) and ¢ Valss (b) in simulation C. At
about 54 ps, these angles experienced sharp counterrotations of about 90°, effecting a

reorientation of the connecting peptide unit.

S; may be accumulated separately, as shown in Table
III. If crankshafting were an important mode in the
thermal motion of the elastin polypentapeptide, we
would expect S; to be greater when calculated using
b = 0 than using b = 1 when the motion of the ith
and (i — 1)st bonds were correlated, and approxi-
mately equal when the rotations were uncorrelated.
Table I1I shows that for conformation C correlated
motions exist around all the peptide units except
those connecting Val, and Pro,, where the pyrroli-
dine ring of the proline imposes severe restrictions
on the flexibility. In the more extended conformation
D correlated motions are found only in the 8-bend

portion of the pentapeptide, where the variation in
dihedral angles, and hence the number of confor-
mations sampled, is small. It appears as though cor-
related counterrotations of y; and ¢;,,, resulting in
reorientation of the peptide units of the portions of
the structure bridging 8-bends, make an important
contribution to the entropy of the relaxed state of
elastin.

Surface Area Variations

Table IV lists values of the solvent-accessible surface
areas® for the various structures as computed with
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Figure 8 Histories of angles { Valy (a) and ¢ Gly,, (b) of simulation B. Variations of
the former angle were confined within a 40° range, whereas the latter angle underwent a
gradual transition from trans to gauche* . Several similar independent rotations in different
parts of the structure took place during this simulation, causing severe deformations in-

cluding the loss of two of the §-bends.

S1 s2 51 s2
S$1 | 1/4 1/4 s1 o 1/2
s2 | 1/4 1/4 s2| 1/2 0
a b

Figure 9 Probability matrix for a hypothetical molecule
with only two rotatable bonds. Each bond has probability
1/2 of being found in either of the states S1 and S2. (a)
The probability matrix corresponding to independent
states of the two bonds, and (b) for anticorrelated states.

the Connolly algorithm®® using a 1.4 A probe sphere.
Surfaces of the central eight pentapeptide units were
computed every 10 ps, and the tabulated numbers
are the averages, with standard deviations given in
parentheses. The surface area of model C, the one
with the smallest pitch, is several hundred square
Angstroms less than any of the others, indicating
van der Waals interactions between atoms in suc-
cessive turns of the spiral. Once the spiral has
opened up enough for solvent molecules to penetrate
between turns there is little change in surface area
on further extension, and the area of models A, B,
and D is similar to that of a fully extended all-trans
chain.
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Table III Entropy Contributions from Individual Angles

Val-1 Pro-2 Gly-3 Val-4 Gly-5
¢ v ¢ v ¢ v ¢ 12 ¢ 2
Cb=0 1.87 1.61 1.54 1.71 1.89 1.82 1.81 1.79 1.99 2.00
b=1 1.75 1.58 1.52 1.70 1.78 1.79 1.72 1.75 1.87 2.03
Db=0 1.78 1.50 1.60 1.68 1.75 1.83 1.75 1.49 1.70 1.84
b=1 1.76 1.48 1.58 1.58 1.60 1.74 1.59 1.48 1.69 1.79
DISCUSSION brils would preserve many of the favorable inter-

Structural and Dynamic Properties of Elastin

The structural and dynamical behavior of the elastin
polymer differs in several respects from that gen-
erally observed in globular proteins. In the latter
structures the polypeptide chain folds with a large
change in solvent-accessible surface area to produce
a compact globule whose interior is highly organized
through extensive hydrogen bonding. Although
substantial motion occurs in the surface loops of
globular proteins,® the longer range, H-bonded in-
teractions tend to keep the globular structure intact.
Elastin, in contrast, incorporates only locally hy-
drogen-bonded S-turns, and so tends to writhe and
drift during simulations, a reflection of the nondi-
rectionality of the van der Waals interactions and
hydrophobic forces that might otherwise tend to
compact the structure.

We felt it remarkable that averaging dynamical
motions of the relaxed structure should produce a
regular model with near threefold symmetry (Figure
2). We take this to reflect the existence of stable
threefold spirals that are closer in some respects to
the cyclic pentapeptide crystal structure and have
lower energy (Table I) than the original Urry spiral
model. Assembly of 3 threefold spirals could poten-
tially allow the formation of a twisted fibril with
dimensions similar to those seen in electron mi-
croscopy (ca. 50 A diameter).*® Moreover, such fi-

Table IV Surface Area (sq. Angstroms)

Total Polar
C 2083 (80) 616 (55)
A 2504 (39) 787 (25)
D 2501 (29) 683 (22)
B 2662 (40) 845 (35)
All-trans 2679 839

molecular interactions seen in the cyclic pentadeca-
peptide crystal, locating solvent molecules exclu-
sively in the spiral interior as with the cyclic mol-
ecules. What effect this would have on the librational
motions observed here is not clear.

These fibrils would probably be characterized by
a longer superspiral pitch for the individual chains
than inferred for previous models? derived on the
basis of electron microscope and diffraction features.
However, it is possible that these features represent
surface ridges or grooves in the triple-strand fibril
that do not necessarily represent the pitch of indi-
vidual polypentapeptide spirals. These are aspects
of elastin structural assembly that deserve further
investigation.

In this connection, the simulation of structure B,
which lacked approximate threefold symmetry and
was generally ill-behaved, seems to suggest that that
organization into the higher order fibrillar structures
may provide important, if not critical, reinforcement
to spiral regularity. This appears to be an important
correlate to the generation of librational entropy dif-
ferences during elastin stretching, as apparent in
the difference between the simulations of structures
B and D (TableI).

Librational and Hydrophobic Contributions to
Elastin Entropy

The librational entropy model of elasticity proposed
by Urry was originally based on molecular mechanics
calculations for a single pentapeptide in relaxed and
stretched conformations. These studies focused on
the librational freedom of the segments bridging ad-
jacent B-turns and showed that there were an in-
creased number of low-energy unstretched confor-
mations compared with low-energy stretched ones.
More specifically, it was noted that rotations in ¢;,
¥i+1 angle pairs of the bridging segments Val,-Glys-
Val, were highly (anti)correlated. This was illus-



trated by X plots of y; vs ¢;; in which the points
corresponding to the low-energy conformations fall
on a line of slope —1.%

It is of interest to ask to what extent the behavior
inferred from the molecular mechanics model, which
incorporates rigid bond lengths and angles, is present
in the molecular dynamics simulations that incor-
porate more flexible geometry. In fact, basic features
of the molecular dynamics and mechanics models
are remarkably similar, as can be seen from Figure
10, which recasts the data of Figure 7 as a A plot. In
the plot, y;, ¢, pairs are plotted every .2 ps, with
the points before time 54 ps denoted by solid circles
and those after 54 ps by x’s. The effect of the cor-
related rotations, or cranklike motions, of Figure 7
is manifest in the points from the early part of the
trajectory (solid circles) falling at the lower right,
and those from the latter part of the trajectory (x’s)
at the upper left. The interesting observation is that
the total collection of states does not form an equally
populated continuum, so that the groups oscillate
about one local librational state and then hop to
another after 54 ps. Although many components of
angular motion are altered when elastin is stretched,
as described above in the Results, it is these state-
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switching crankshaft motions that seem to change
most significantly on elastin stretching, and thus
appear as important components of the elastomeric
restoring force.

Recently Chang and Urry have published a report
of a simulation of relaxed and extended states of the
elastin polypentapeptide in vacuo.? They consider
their polymer, seven pentapeptide units in length,
to contain two units which are free of end effects.
They report rms fluctuation in backbone angles ¢
and y that are somewhat smaller than those reported
here (Table IT), although this is probably the result
of their averaging only over time within a single
pentapeptide. Nevertheless, large rms deviations in
linkages corresponding to Y Glys-¢Val, are observed
that may suggest the occurrence of crankshaft mo-
tions of the sort described in Figure 7.

In the present simulation, the correlated coun-
terrotations of ¥; and ¢;,, that result in rotation or
libration of the peptide bonds is much more pro-
nounced for the relaxed molecules than for the ex-
tended ones, effecting a decrease in calculated en-
tropy of about 1 cal/mol deg when the protein is
stretched to 1.75 times its original length. Again,
this value is similar to that obtained by Urry based

180.0

-180.0

-180.0

0.0 180.0

pst Blyss

Figure 10 Lambda plots showing the variation in ¥ Glys; and ¢ Valys during computer
simulation C. Solid circles represent times from 30 to 54 ps, x’s from 54 to 90 ps. Points
are plotted every .2 ps. The migration from lower right to upper left indicates that a rotation
of the peptide bond connecting Gly;; and Valyg has occurred.
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on the number of low-energy pentapeptide confor-
mations sampled by molecular mechanics calcula-
tions.* We conclude that the increased frequency
and magnitude of these correlated rotations in the
collapsed form of the polymer, relative to those in
the stretched form, are at least partly responsible
for the increased entropy of unstretched elastin, and
hence its elasticity.

Another potential contributor to elastin elasticity
is the hydrophobic effect. Since the water surround-
ing exposed hydrophobic side chains is rotationally
and translationally ordered relative to bulk water, **
it has been postulated that the extended forms of
elastin that have greater hydrophobic surface area
will have reduced (system) entropy. Experimental
evidence for this proposal comes from several studies
that show large changes in polymer hydration with
stretching. Gosline!® suggests that the hydrophobic
effect is responsible for the decrease in entropy at
low extension (less than 30%) and that conforma-
tional entropy is the major factor at higher exten-
sion. Although we have not made a detailed analysis
of water mobility near the polymer on stretching
that might ultimately be related to the hydrophobic
effect, the simple variations in solvent-accessible
surface area as the polymer is stretched substantially
agree with Gosline’s proposal. Simulation A has a
smaller hydrophobic surface area than the more ex-
tended C (Table IV) although the calculated entropy
is the same for both models. In contrast, structures
C and D differ in conformational entropy, but have
similar surface areas.

Note added in proof: Recent solution NMR studies of elas-
tin polypentapeptide (44) suggest a coil conformation with
approximately 2.9 pentapeptides per turn. This value is
close to the near integral values of 3 pentapeptides per
turn found in the averaged dynamic structure (Table I,
Structure A) and used in subsequent simulations.

We are most grateful to Hagai Meirovich for making
available his program to calculate the entropy of a protein
from the results of a computer simulation, and to both
him and Michael Levitt for useful discussions.
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