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ABSTRACT: We investigate the thermodynamics of hydrophobic oligomer collapse
using a water-explicit, three-dimensional lattice model. The model captures several
aspects of protein thermodynamics, including the emergence of cold- and thermal-
unfolding, as well as unfolding at high solvent density (a phenomenon akin to
pressure-induced denaturation). We show that over a range of conditions spanning a
~14% increase in solvent density, the oligomer transforms into a compact, strongly
water-penetrated conformation at low temperature. This contrasts with thermal
unfolding at high temperature, where the system “denatures” into an extended random
coil conformation. We report a phase diagram for hydrophobic collapse that correctly 2.2
captures qualitative aspects of cold and thermal unfolding at low to intermediate . — : .
solvent densities. 00 01 02 - 03 04 05
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1. INTRODUCTION conditions, the driving force for folding is entropy-dominated,

Many self-assembly processes in aqueous solution, from the generally accepted to be brought about by the formation of a

formation of vesicles and micelles to protein folding, are driven m.oré ord.ered hydrati('m' layer around hydrophobic moieties,
by the aversion of hydrophobic moieties for water, the so-called within w};l_cilgwater eXhlfbltS alower hydrogen b.ond entropy and
hydrophobic effect. The importance of the hydrophobic effect enthalpy.”~"" By folding the polypeptide into a compact

in biological self-assembly processes was first proposed in 1959 structure with reduced solvent contact, the entropy of the
by Kauzmann,' who conjectured that hydrophobic interactions, system is maximized. At high temperatures, the native state is
the tendency of hydrophobic moieties to aggregate in water, are destabilized with respect to the unfolded state through the large
the primary driving force behind the folding of a native entropy increase in the unraveled amino acid chain. A similar
polypeptide into a biologically active protein. This conjecture is phenomenon, cold unfolding® has been observed at low
now regarded as a well-accepted fact based on a number of temperatures, where the impact of solvent entropy loss is
observations. First, hydrophobic amino acids are found at the reduced, and the unfolded state is stabilized by enthalpy. Cold
core of the native structure, where they avoid contact with unfolding is akin to the low-temperature solubility of
water, and water-soluble proteins do not fold to active hydrophobic solutes.®

structures in apolar solvents. More importantly, the solution The “liquid hydrocarbon” model" described above success-
thermodynamics of small hydrocarbons in water exhibits manz fully describes the T-dependence of protein unfolding but fails

similarities with the thermodynamics of protein unfolding.*~
In both instances, there is a large positive increase in the heat
capacity upon hydrocarbon dissolution (or protein unfolding),
signaling that both AH and TAS increase with temperature.
This in turn implies that the T-dependence of the unfolding
free energy (AG,) is parabolic, decreasing to negative values at
both high and low temperatures.

Proteins exist in their native, biologically active state only
within a limited temperature range that is described closely by
the T-dependence of the free energy of unfolding. Close to

to rationalize the pressure (p) dependence. The volume change
of thermal unfolding is positive at low p and negative at high p;
on the other hand, the volume change upon hydrocarbon
dissolution in water exhibits exactly the opposite behavior:
negative at low p and positive at high p.'°”"> Hummer et al,"'
using computer simulations, have rationalized the observed
pressure dependence by invoking an inverted liquid hydro-
carbon model (conceptualized as the transfer of water to a pure

room temperature and ambient pressure, AG, for proteins Received: April 23, 2012
traverses a maximum and the native state is marginally stable Revised:  June 19, 2012
(AG, per residue is less than 1/10kyT).> Under these Published: July 23, 2012
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hydrocarbon phase), with protein folds destabilized by pressure
because of water penetration of the hydrophobic core."”

Molecular simulation studies have revealed considerable
insight into the mechanisms by which a protein becomes
unfolded or denatured. In particular, atomistic molecular
dynamics (MD) simulations have provided microscopic
information about, e.g., the role of hydrophobic interactions
in the formation of the protein hydrophobic core'® and the
collapse of multidomain proteins,'* the formation of secondary-
structural features such as a-helices and S-hairpins,"> ™" the
role of water in pressure-induced denaturation,'” and the
mechanisms of protein unfolding due to denaturants such as
! Despite the ever-increasing computational power,
however, the long time scales characterizing protein dynamics
impose limits on the scope of fully atomistic simulations.

An alternative approach®*~>* espouses minimalist models
where the protein structure and dynamics are constrained to a
lattice, significantly reducing the degrees of freedom relative to
continuum MD simulations at the expense of detail. Lattice
models such as the HP model*® have revealed that sequences
folding into a unique native conformation can emerge from a
simple two-letter, hydrophobic/hydrophilic, amino acid alpha-
bet. Nevertheless, implicit solvent models without temperature-
dependent effective interactions cannot capture effects such as
cold denaturation.”’ Recently, Patel et al.***’ formulated a 2-D
lattice model of homo- and heteropolymers in explicit water
and carried out simulations using flat-histogram Monte Carlo
techniques.”®*® The authors showed that upon explicit
incorporation of the thermodynamics of hydrophobic solvation
(namely, the entropic penalty and enthalpic bonus upon
interfacial HB formation), the model exhibits cold-, thermal-,
and pressure-induced oligomer unfolding.”® The model was
subsequently extended and refined on a 3-D lattice by Matysiak
et al®® Extension to three dimensions resulted in several
improvements, most importantly the ability to correctly capture
the hydrogen-bond topology of hydration water. The 3-D
lattice model also enables the study of protein secondary
structure in a realistic manner. In this respect, the model by
Matysiak et al.>* builds on the pioneering work of Skolnick et
al,>>™* who proposed a family of lattice models that could
produce the secondary-structural aspects of proteins. However,
unlike these implicit water models, the work of Matysiak et al.*°
treats water explicitly and is found to exhibit cold- and thermal
denaturation.

In this study we use the model of Matysiak et al.*° to
investigate the combined effect of temperature and waterlike
solvent density on the conformational stability of a hydro-
phobic oligomer, a convenient system to study protein
thermodynamics.>® We find that over a range of conditions
spanning a 14% increase in water density, the folded oligomer is
marginally stable, unfolding at low temperatures into compact,
water-penetrated denatured conformations; at hight T, the
oligomer unravels into an ensemble of random coils. We find
that over the range of densities investigated, the slope of the
cold- and thermal-unfolding loci in the p—T plane is positive, in
agreement with experimentally observed phase behavior.>* We
also study the system at a high water density and find that
conformational diversity disappears; we observe a compact,
strongly water-penetrated (hence, denatured) oligomer at all
temperatures.

This paper is structured as follows: In section 2 we review the
lattice model of Matysiak et al.’® The Wang—Landau flat-
histogram technique used to numerically solve the model, as
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well as the data analysis methodology, are presented in section
3. Results and discussion, followed by a summary and
conclusions are presented in sections 4 and S, respectively.

2. LATTICE MODEL

We study a system at infinite dilution, consisting of a single
hydrophobic oligomer in explicit water. The main goal of our
work is to study the conformational states of solvated
oligomers. Since transitions are strongly cooperative and
involve the concerted motion of a large number of water
molecules and oligomer residues, the time required to sample
these is fairly long. As in numerous previous studies,”®™>> we
choose a lattice representation of the system, which reduces the
degrees of freedom by constraining molecular positions to the
lattice geometry. This coarse-graining significantly reduces the
computational resources required to analyze the problem.
Previous studies using lattice models have yielded many
insights into protein thermodynamics. We should emphasize,
however, that, apart from a handful of examples,u’ % most
investigations included water only implicitly. Our study
distinguishes itself in that water is represented explicitly on
the lattice.

The protein—water system is projected onto a body-centered
cubic lattice, which can be alternatively conceptualized as two
interpenetrating tetrahedral lattices. Each site possesses eight
nearest neighbors (nn), placed at a distance 32 on the vertices
of the cube, so that relative coordinate alternatives [+1, +1,
+1] describe virtual bonds between nn lattice sites. Water
molecules are described using a modified version of the model
by Roberts and Debenedetti,”>** which captures many of liquid
water’s properties, including the density anomaly and the
hypothesized existence of two distinct supercooled liquid
phases. We have verified that our simulations are conducted
under conditions where solvent-phase separation does not
affect analysis of oligomer stability (see Supporting Informa-
tion). The lattice site representing the water oxygen atom is
fitted with four bonding arms (two proton donors and two
proton acceptors) arranged tetrahedrally. Molecules interact
with their nn sites through hydrogen bonding (HB)
interactions on the tetrahedral directions. Non-hydrogen-
bonded nn sites interact through nondirectional, van der
Waals-like interactions. A schematic of the lattice waterlike
solvent is shown in Figure la. The HB (eyg) and dispersive
(&,qw) interaction energies depend on the number of nn (N,,)
surrounding the interacting pair; this captures the fact that the
interaction strength is correlated with N,,.*7*”**Interaction
parameters were obtained from atomistic molecular dynamics
simulations of a polypeptide in water.’’Further information on
the parametrization can be found in the Supporting
Information.>**”

Molecular orientational degrees of freedom are introduced
through a Potts variable o; = 1,...,q, determining the g possible,
distinguishable orientations of the molecule occupying site i.
Molecules are not restricted to be oriented such that their arms
point only toward nn sites. For a HB to be formed, two nn
water molecules must have a mutually oriented donor—
acceptor pair of bonding arms. Results from MD simulations®”
suggest that bulk water molecules frequently sample more
distorted HB configurations and, therefore, have a higher
orientational entropy. Similarly, MD simulations and spectro-
scopic studies suggest that water participating in hydrophobic
hydration exhibits slower dynamics relative to the bulk
liquid®®**® and a preferential orientation in which HB arms
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Figure 1. (a) Lattice representation of the waterlike solvent. In the bcc
lattice, a central site (labeled nny) is surrounded by 8 nearest-neighbor
(nn) sites (labeled nnj; i = 1,...,8). Empty sites are shown as blue
spheres, while those occupied by water molecules are shown in red.
Hydrogen bonds (HBs), formed by mutually oriented donor—acceptor
arms, appear as red lines joining the centers of the hydrogen-bonded
molecules. The figure shows molecule i forming four HBs with j, k, [,
and m (ie, the maximum possible number of HBs). The angle
between H-bonded entities (e.g., the j—i—k angle) is tetrahedral. The
distance between nn sites is 3'/2. (b) Schematic representation of a
solvated oligomer segment comprising two monomers (N; and N, in
gray); the surrounding hydration water (H) and bulk water molecules
(B) are shown in red. Gray lines denote monomer—monomer covalent
bonds between N; and N, and their respective bonded neighbors (not
shown). Red lines designate HBs. The entropic penalty of hydro-
phobic hydration requires that the orientations of H; and H; be equal,
ie, oy = oy. H; and H; are non-H-bonded nearest neighbors because

Oy, # oy,; these molecules, therefore, only establish van der Waals-type

interactions. For bulk molecules (i.e, non-nn to a monomer), a larger
subset of H-bonding orientations is introduced by allowing an
orientational mismatch (4,), ie, log — opl <A =1 (c) Schematic
representation of the different rotational conformations of the
oligomer and their respective torsional angles.

are tangential to the solute or residue, allowing water molecules
to preserve their HB connectivity.®”*”° These features of
hydrophobic solvation are incoréporated into the model
following the work of Patel et al? Accordingly, we consider
a larger subset of molecular orientations leading to HB
formation in the bulk compared to hydration water (ie.,
molecules adjacent to one or more monomers), as follows. For
pairs of bulk water molecules, a larger range of orientations is
introduced by allowing an orientational mismatch, 4, = 1. A
bulk—bulk HB is thus formed when the orientations of
molecules i and j satisfy lo; — ol < 4, For hydration-layer
water molecules, on the other hand, we require that the
orientations match exactly, ie., 6; = ;. Apart from the entropic
penalty, hydration water molecules less frequently sample the
more distorted HB configurations observed in the bulk,
forming more directional (less-strained) HBs. The stronger
HBs formed in the hydration layer are accounted for by an
energetic bonus, €™ = —0.2 kcal/mol, resulting in a HB
interaction equal to &"yp(Ny) = exp(Non) + €20, For bulk
water molecules, the HB interaction energy remains &”pp(N,,)
= eyp(N,,). The HB formation criterion is illustrated

9542

schematically in Figure 1b. To summarize, water—water
interactions are described through the Hamiltonian>

7-{W—W

1 "

3 Z nwinwj[5q6]€ ms(N,,) +
&)

(1 - 50',6/)8VdW(Nnn):| (1)

In eq 1, the occupation variable nw; is equal to 1 if site i is

occupied by a water molecule, and zero when empty or

occupied by a monomer; §,, = 1 if the orientations of

molecules in nn sites i and j are conducive to hydrogen bonding
(i.e., identical orientations if the pair is in the hydration layer, or
off by, at most, 4, if bulk), and zero otherwise. The summation
runs over nearest-neighbor pairs.

The oligomer is modeled as a self-avoiding walk in the
underlying tetrahedral lattices. Throughout this work we study
a hydrophobic oligomer consisting of 10 residues. Our work
follows that of Skolnick and collaborators®~>° as described
below. Each point on the lattice occupied by a monomer
represents a residue of the hydrophobic oligomer. Monomer—
monomer bond lengths are fixed to the aforementioned value
of 3'/%; lattice geometry constrains the angle formed by three
consecutive monomers to the tetrahedral value, cos™(—1/3) =
109.47°. The coarse-grained representation allows three
distinguishable rotational conformations per every consecutive
four monomers: the in-plane trans, characterized by a torsional
angle of 180° the out-of-plane gauche+ and gauche—,
characterized by torsional angles of +60° and —60°,
respectively.”>*' We choose to simulate an athermal oligomer
in which, aside from forbidding site occupancy by more than 1
monomer, there are no monomer—monomer interactions. Our
protein Hamiltonian choice is guided by our desire to study
hydrophobic collapse in the absence of bias toward a compact
oligomer state. In our model, hydrophobic collapse emerges
naturally from an explicit treatment of hydrogen bond
entrop)r.26’3’0

It is important to point out that the lattice model described
above was formulated®® on the assumption that the conforma-
tional equilibria of hydrophobic oligomers can be modeled
using the small-solute description of hydrophobicity. This
appears to be a sound assumption based on previous modeling
efforts by some of us,*® as well as theoretical considerations
implying that the hydrophobic solvation of short n-alkanes
(with 20 or fewer C atoms) can be described in terms of the
small-solute solvation thermodynamics of its constituent
monomers.> For longer chainlike hydrophobic solutes, the
model will need to be reformulated in order to include many-
body hydration effects.

3. SIMULATION METHOD

The lattice model was studied using the density of states
(DOS) algorithm by Wang and Landau (WL).**** We chose
the WL method over the traditional Metropolis Monte Carlo
(MC) given our interest in studying cold unfolding of
hydrophobic oligomers. The MC technique generates config-
urations with a probability equal to an un-normalized
Boltzmann distribution, p(E, — E,) exp(—(AE)/kgT),
where kg is Boltzmann’s constant, T the absolute temperature,
and AE the total potential energy difference between the
original (E,) and trial (E,) configurations. At low temperatures
or at first-order phase transitions, " |AE| > kT, leading to low
acceptance probabilities and, consequently, pervasive meta-
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stability. The WL algorithm circumvents this shortcoming by
performing a random walk in energy, in which configurations
are accepted with probability proportional to 1/Q(E), where
Q(E), the DOS, is computed on-thefly (ie, the DOS is
constantly updated). Having computed €2(E), one can in
principle calculate the temperature dependence of any
observable from a single simulation (see below). The WL
algorithm can be summarized as follows.”***** Beginning with
an initial configuration, the DOS is initialized to Q(E) = 1 for
all discrete energy levels, E. Similarly, a histogram recording the
number of visits per energy state is initialized to H(E) = 0.
Within a predefined energy range, the random walk proceeds,
attempting a series of moves (involving both the oligomer and
water, see below), which are accepted with probability

] )

where E is the potential energy of the protein-water system and
o and n denote the starting and new configurations,
respectively. In practice, the ratio of the density of states is
computed as exp(In Q(E,) — In Q(E,)). Every time an energy
state is visited, its corresponding DOS is updated following
Q(E) —» Q(E)f, where f > 1 is a modification factor initialized
to f = e & 2.718.... Similarly, the energy histogram is updated as
H(E) — H(E) + 1. As a practical matter, one implements the
DOS modification as In Q(E) — In Q(E) + In f The
modifications of Q(E) and H(E) apply regardless of whether
the configuration is the modified state after acceptance of the
move or the old configuration after rejection. Density of states
modification proceeds until all energy states have been visited a
sufficient number of times, e.g., when H(E) > H,,, or H(E)/
(H) > 0.8 for all E** In this work, we have chosen the former
criterion, setting H;, = 100. We also ran a simulation with H,_;,
= 1000, finding results in agreement with those of the more
relaxed convergence criterion (see Supporting Information).
Once one of the latter criteria is met, the energy histogram is
considered flat and the modification factor is reduced according
to the recursion In f;,; = 1/2 In f,. Also, the energy histogram is
reinitialized to zero (but not the density of states) and the
simulation proceeds, modifying the DOS with the updated
modification factor. The simulation continues until a desired
reduction of the modification factor is attained, at which point
In Q is known to an accuracy proportional to In f.

In all simulations discussed below, g = 84. This parameter
value (determining the number of water orientations), together
with the ground state energy (E,;, see below) resulted in
convergence of our simulations within a time frame of CPU
years. Although higher g values were not explored on practical
grounds, we were able to capture similar oligomer structural
features as in simulations>® with g = 168. The flatness of H(E)
is checked every 1000 sweeps in which several moves (accepted
with a probability given by eq 2) are attempted in a randomly
chosen sequence. These include rotations and translations of
water molecules.’> A number of oligomer chain modifications
were attempted every sweep, including the following:**~>%%°
(1) Reptation moves, in which a terminal monomer is clipped
from one end of the oligomer chain and reattached at the other
end. (2) Reorientation of two monomers at the chain end. (3)
Three-bond kink motions in which a sequence of three bonds
in a gauche+ conformation is modified to its “conjugate”, i.e.,
gauche+ — gauche¥. (4) Four-bond kink motions in which a
sequence of two consecutive gauche conformations with

Q(E,)
" Q(E,)

p(E, > E,) = min[l
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opposite sign is inverted, ie., gauche+ gauche¥ — gaucheF
gauche+. In all moves attempted, water molecules and
monomers were randomly selected. For oligomer moves, the
sites to which the move is attempted can be occupied by a
water molecule (in which case the monomers and waters
exchange positions) or unoccupied, but they may not be
initially occupied by a monomer.

A salient aspect of the WL method is that it readily lends
itself to computer parallelization.®®* This is particularly
important for systems such as ours, where the broad energy
range (E.;, ~ —2420 kcal/mol at the lowest solvent density,
and E,;, & —3250 kcal/mol at the highest) and, consequently,
long sampling times, would render the calculation prohibitive if
it were run on a single processor. The WL algorithm allows the
energy range to be subdivided in different subranges or
“windows”, each of which is run in a separate processor. The
energy range of the systems discussed in this work was
subdivided into 16 windows. Overlapping regions between
windows have a size equal to half their width.”® During the
simulation, configurations in the overlapping region between
two windows are used as the initial configuration in the lower
energy window. If the low-energy configuration is trapped in a
potential energy minimum, this swap provides an escape
pathway.*****> Once the window simulations converge, the full
density of states is obtained by shifting each window’s DOS to
obtain agreement at the overlapping regions.*’

3.1. Data Analysis. We compute Q(E) to within a
modification factor accuracy of In f ~ 1 X 107° With the
converged density of states, we perform a WL simulation with
fixed transition rates. Every time an energy state is visited we
record the values of a number of observables O, as well as the
number of visits per state, H(E). Once all energy states are
visited at least 100 times, the random walk in energy is
considered converged, providing the average value of the
observable as a function of energy,

H(E)

O(x)

x€EE

1

0 = 5

©)

where x runs over configurations with energy E3%% The
temperature dependence of O can be subsequently computed
by reweighting the observable in an appropriate ensemble. For
our canonical ensemble (constant number of particles,
temperature, and number of lattice sites),

(0(T)) = Y, O(E)p(E, T)
E 4)

where p(E,T) is the microstate probability in the canonical
ensemble,

Q(E)exp(—pE)
Y Q(E)exp(—fE) (s)

where 8 = 1/kyT. We compute O(E) from at least 4 (typically,
12—15) independent simulations, each of which is initialized
with different random configurations of the solvated oligomer,
and a random number of generator seeds.

The applicable energy range over which the WL simulation is
performed is dictated by the temperature range over which
(O(T)) is to be computed. To ensure that all states
contributing to a canonical ensemble are adequately sampled,
we have verified that p(E,T) (eq S) gives rise to a distribution
with a clear peak, with the maximum value of p(E,T) much

P(E) T) =
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greater than the values of p(E,T) at the low- and high-energy
ends of the distribution.*®

We study systems composed of a hydrophobic decamer
solvated in N = 270, 291, 310, and 400 water molecules on a
lattice of B = 432 sites in periodic boundary conditions,
corresponding to fractional densities (p; = N/B) of 0.63, 0.67,
0.72 and 0.93, respectively. The number of hydrogen bonds per
molecule when p; = 0.72, 3.46 + 0.03 (determined from a
canonical MC simulation at T* = 0.13, T = 300 K), is close to
the value determined from MD simulations of the SPC/E water
model at 300 K and a mean density of 0.993 g cm™>, 3.6 per
molecule.”” This suggests that oligomer collapse is investigated
near physiological conditions of density.

We have analyzed oligomer conformations in terms of the
radius of gyration, Ry, given by

1/2

1 2
Rg= WZZ'I}—I"J
moi (6)

where r; is the position vector of monomer i and N, = 10 is the
number of residues. Other quantities computed include the
number of hydration water molecules (i.e., those adjacent to at
least one monomer), Ny, the number of trans and gauche
rotational conformations {Nt, and N, respectively>*), as well as
the number of monomer—water—monomer contacts (water
bridges, Ng). In the data presented next, the error was
estimated using the jackknife binning method among the 4+
runs.*®

In the following, we discuss the thermodynamics of a
solvated hydrophobic oligomer, using the terms unfolding and
denaturation interchangeably and rather liberally. Denaturation
is intimately linked to the loss of biological activity, whose
description demands much greater detail than is afforded by
our coarse-grained protein. Consequently, a caveat is warranted
as to the use of “denaturation”, which, in this context, should be
interpreted as the loss of a compact, relatively dry, oligomer
conformation.

4. RESULTS AND DISCUSSION

Ensemble-average structural properties of the solvated oligomer
and its hydration layer are presented in Figures 2 and 3. Data
are reported as a function of the reduced temperature T*
kyT/eyp, where eyp = 4.54 keal/mol is a typical HB energy.
Figure 2a presents the temperature dependence of the radius of
gyration (eq 6) of the hydrophobic oligomer at several solvent
fractional densities. Up to pr = 0.72, (R,) is approximately
parabolic in the neighborhood of T* = 0.2, evidencing thermal
unfolding characterized by extended oligomer configurations at
T* > 0.3 for all densities, and cold unfolding at T* < 0.1. The
oligomer is maximally compact at T* & 0.19 for all densities. As
previously observed by Matysiak et al,*® the cold denatured
state is more compact than its thermally denatured counterpart.
This is in agreement with experimental observations on
apomyoglobin and f-lactoglobulin in 4 M urea,® which imply
that the cold denatured state is a relatively compact structure,
quite different from extended thermally denatured proteins.
Contrary to its behavior at low and intermediate densities, we
note that the (R,) profile at p¢ = 0.93 shows a slight monotonic
increase with T*. On the basis of (R,), cold denaturation
appears to be suppressed at p; = 0.93. A similar observation was
reported in a MD study of hydrophobic oligomer hydration
with the Jagla model of water,”" in which the cold-unfolding
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Figure 2. Temperature dependence of the radius of gyration ((Rg), a)
and the number of hydration-layer water molecules ((Nﬁyd), b) of a
solvated decamer at various solvent fractional densities, indicated in
the caption.
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Figure 3. Temperature dependence of the number of monomer—
water—monomer contacts (“water bridges”, (Ng)) of a solvated
decamer at various solvent fractional densities, indicated in the caption.
A molecule forms a water bridge if it is adjacent (nearest neighbor) to
two residues that are, themselves, separated by three or more
monomers along the chain sequence.

transition is shown to vanish at high pressure. Similarly, at p; =
0.93, the behavior of (R,) at high temperatures indicates only
moderate thermal expansion, an observation that contrasts with
the sudden increase in (R,) at lower densities. It will
subsequently be shown that at p; = 0.93 the oligomer is
denatured for all T* (vide infra). It should be noted that low-
temperature error bars tend to be larger throughout because of
the inherently low degeneracy of the DOS of low energy
configurations.

The number of hydration-layer water molecules ((NHyd>)
presented in Figure 2b also shows a parabolic dependence at
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intermediate temoperature. As remarked by Davidovic et al.® and
Matysiak et al,** although they are relatively compact, cold-
unfolded proteins have a water-penetrated hydrophobic core.®
Therefore, the data in Figure 2b are in agreement with
inference from NMR experiments:® more water molecules
constitute the hydration layer at T* < 0.1, a consequence of
partial unfolding and residue solvent-exposure. At higher
temperatures and densities in the range 0.63—0.72, there is a
decrease of between six and nine water molecules in (Nyq)
upon oligomer collapse from the cold-unfolded state, followed
by an increase in (Ny,q) as the oligomer is thermally denatured,
exposing more monomers to the solvent. The minimum in
(Npya) for pp < 0.72 is a manifestation of the hydrophobic
effect: by minimizing the number of monomers exposed to the
solvent, which impose an entropic penalty on hydration water,
the entropy of the system is maximized. We note that at p; =
0.93, the (Nyy,q) profile exhibits a parabolic dependence on T*,
at odds with the approximate monotonic increase in (R,) at the
same density (Figure 2a). The decrease in (Ni,q) (~3 water
molecules) upon heating from low to intermediate T* is much
smaller than that observed at lower solvent densities. While the
minimum in (Nyq) at high p could be interpreted as a weak
signature of hydrophobic collapse, the behavior of the radius of
gyration suggests otherwise, because the oligomer is compact
for all T*. On the basis of the analysis of the oligomer
hydrophobic core presented next, we will argue that high
solvent density forces denaturation of the oligomer for all T*.

To demonstrate this view, we have computed the number of
monomer—water—monomer contacts (water bridges, (Npg)).
(Njp) is defined as the number of water molecules adjacent to
two monomers placed a minimum of three residues apart on
the oligomer chain (i.e, when a water molecule is nearest
neighbor to monomers i and j > i + 3). This definition renders
(Np) a meaningful property to quantify the extent to which the
core of a compact oligomer is water penetrated and,
consequently, a good indicator for pressure- and cold-
denaturation.*'' The temperature dependence of (Ny) is
shown in Figure 3. We first discuss behavior for p; < 0.72.
Within this density range, the dependence of (Np) on T* can
be interpreted as follows. (Np) is maximal at low T*, evidencing
a strongly water-penetrated, but compact, hydrophobic core,
characteristic of the cold-unfolded oligomer;® upon heating up
to T* =~ 0.1, (Np) decreases by ~1, indicating the expulsion of a
water molecule from the hydrophobic core upon folding. At T*
> 0.2, the onset of thermal denaturation first results in thermal
expansion of the globule, which allows a slight increase in the
number of waters that can be accommodated in the
hydrophobic core (note the local maximum in (Ng) at T* =
0.25—0.26); at higher temperatures (T* > 0.25) the oligomer is
thermally unfolded, the hydrophobic core breaks down, and a
monotonic decrease in (Ng) is observed. Conversely, the
system at high density (p; = 0.93) does not show an
intermediate T* range where (Ng) is at a local minimum
and, therefore, no indication of hydrophobic collapse. We note,
instead, that the number of water bridges is high throughout,
with the value of (Ng) being at least as high as that of the cold
denatured oligomer at p; = 0.72. Increasing the temperature
results in thermal expansion of the globule and the number of
water molecules that intrude into the hydrophobic core (note
the increase in (Ng) up to T* ~ 0.34), followed by breakdown
of the hydrophobic core, signaled by the decrease in (Ny), at
the highest T*. This trend is consistent with the increase in
(Ry) (cf, Figure 2a for p¢ = 0.93). The data in Figures 2 and 3,
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therefore, lead us to conclude that the oligomer solvated at high
density (p; = 0.93) is denatured and can be described as an
ensemble of compact, but strongly water-penetrated, oligomer
configurations.

In addition to variations in the compactness and hydration
layer structure, what are the distinguishing structural features of
folded and unfolded oligomer conformations? To address this
question, we have computed the number of trans and gauche
rotational conformations ((N,) and (Np), respectively), whose
T* profile is shown in Figure 4. Both rotational conformations
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Figure 4. Temperature dependence of the number of trans ((N,), a)
and gauche states ((Ng>, the sum of gauche+ and gauche—, b) of a
solvated decamer at various solvent fractional densities, indicated in
the inset.

exhibit a roughly parabolic dependence on temperature
(inverted in the case of gauche states) for p; < 0.93. Folded
states significantly favor gauche states over trans: the maximally
compact (folded) oligomer (T* = 0.19) is composed of ~1
trans state vs ~6 gauche states. An increase of up to 1 trans
state is observed in the cold denatured conformations prevalent
at T* < 0.1; as expected, the thermally unfolded oligomers also
show an increase of ~1—2 trans states. At high density (p; =
0.93), an oligomer conformation composed of ~1 trans and ~6
gauche states predominates up to T* = 0.3; at higher T%,
thermal expansion leads to a slight increase in the number of
trans states (see Figure 4a for p; = 0.93). We note that (N,)
(Figure 4b) is equal to the sum of the gauche+ and gauche—
rotational conformations; both gauche states are equally likely
(the Hamiltonian is unbiased).

Figure 5 shows configurations of the hydrophobic oligomer
(shown in gray, with gray lines representing monomer—
monomer covalent bonds) obtained from the simulations with
p¢ = 0.63 (left panel, Figures Sa—c) and p; = 0.93 (right panel,
Figures Sd—f). Yellow spheres are water molecules involved in
monomer—water—monomer contacts; yellow bonds joining
water molecules, if any, represent HBs. In Figure 5 energy
(temperature) increases from top to bottom. Configurations a
and d of Figure S were obtained from the lowest energy

~
~
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i gj‘
Figure S. Renderings of representative configurations of the
hydrophobic oligomer in the lattice. Gray spheres and lines denote
monomers and monomer—monomer covalent bonds, respectively.
Yellow spheres denote water molecules involved in monomer—water—
monomer contacts (water bridges). Bonds between two waters (if
any) denote HBs. Left panel: p; = 0.63; right panel: p; = 0.93.
Configurations a and d were obtained from the lowest energy window,
b and e are representative of systems at T* & 0.2, and ¢ and f were
obtained from the highest energy window. Monomers labeled i, j, or k
are involved in trans rotational states (see text).

window in the WL simulations, which encompasses cold-
unfolded states. Configurations b and e of Figure Swere
obtained from the energy window containing the most
probable state of a canonical ensemble at T*# = 0.2 (determined
from the Boltzmann distribution, not shown) while config-
urations ¢ and f of Figure 5 were obtained from the highest
energy window, within which thermally unfolded configurations
are sampled. The oligomer conformations belonging to the
low-density system show characteristics of the cold-unfolded,
folded, and thermally unfolded states discussed above: Figure
Sb, representative of the folded state, is compact, showing a
suppression of trans states; upon cooling, it expands (note the
appearance of a trans state between residues i and i + 3 in
Figure Sa), and its hydrophobic core undergoes water
penetration; upon heating (Figure Sc) the oligomer unfolds,
increasing its trans character (note the two terminal trans states
between residues j and j + 4). Conversely, oligomer
configurations obtained from the system at p; = 0.93 are
compact and show significant water penetration. The compact-
ness of the oligomers is reflected in a predominance of gauche
states, although oligomers with trans states are also sampled, as
evident, for example, in the trans conformation involving
residues k to k + 3 shown in Figure Se.

Using the structural information of Figure 2 we have
constructed a “phase diagram” for the solvated hydrophobic
oligomer. The cold- and thermal-unfolding temperatures were
located at the point where d(R,)/dT* and d{Ny4)/dT* show
local extrema (see Supporting Information). The results are
presented in Figure 6. We first note the good agreement
between the conformational transition temperatures, as
determined from numerical differentiation of (R,) and
(Nyya), all within 0.01. Furthermore, we observe that the
transition loci are positively sloped within the range of density
studied. This observation is in agreement with the typical
observed ghenomenology at low and intermediate pressures for
proteins. Further, we note that the 2-D model of Patel et
al.”*® did not exhibit a positive slope of the thermal-unfolding
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Figure 6. p—T* “phase diagram” of a solvated hydrophobic oligomer.
The cold and thermal unfolding temperatures were estimated from
maxima in d(R;)/dT* and d{Nyyq)/dT* (see Figure 2 and Supporting
Information).

curve because of a direct link between lattice volume and the
number of HBs (which decreases upon unfolding) in the model
formulation. The 3-D lattice model of Matysiak et al.,** upon
which this work is based, can manifest this typical slope of the
thermal unfolding curve because the total volume of the system
is not directly linked to the number of HBs.>* The slope of the
coexistence curves provides information about entropy and
volume changes upon unfolding, a link that is established by the
Clausius—Clapeyron equation. Cold-unfolding is characterized
by As < 0 and Av < 0, where s and v are the molar entropy and
volume of the system (solvent and oligomer). It is generally
accepted that the entropy of the system decreases mainly from
the exposure of hydrophobic monomers to water, and there is a
decrease in the molar volume from the better packing of water
molecules as they penetrate the hydrophobic core of the
oligomer."" On the other hand, molar entropy and volume
increase upon thermal unfolding at low (ambient) pressure
because of the thermal expansion of the solvent and the
extended conformations that the unfolded chain adopts at high
T*° Finally, we should note that, in experiments, the melting
(thermal- unfoldmg) curve becomes negatively sloped at high
pressures”®*> and that, with increasing p/density, the cold and
thermal-unfolding curves meet at a common temperature,
resulting in a characteristic dome-shaped phase diagram.>>*° In
our work, we were unable to close the phase diagram because of
the progressive broadening of the thermal denaturation
transition at densities higher than p¢ = 0.72. Nonetheless, our
data at p; = 0.93, a condition under which the oligomer is
denatured for all T*, provides indirect evidence that the phase
diagram would, indeed, close at an intermediate density
between 0.72 and 0.93.

5. SUMMARY AND CONCLUSIONS

We have presented a simulation study of a three-dimensional
lattice model of a hydrophobic oligomer in explicit water,
focusing on the effect of solvent density and temperature on the
stability of the oligomer. We find that at solvent fractional
densities on the lattice between 0.63 and 0.72, the oligomer
exhibits cold- and thermally induced unfolding transitions. The
former gives rise to a still compact but strongly water-
penetrated oligomer conformation, while the latter is
characterized by unfolding to structures resembling a random
coil. The folded state possesses a largely dry hydrophobic core
and a compact geometry where gauche rotational conforma-
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tions predominate. Results of a simulation at high solvent
density (pf = 0.93) suggest that the oligomer is pressure-
denatured, its conformation being compact and water-
penetrated for all T*. The phase diagram presented in Figure
6 shows that the model captures the typical positive slope of
both the cold- and thermal-unfolding curves with increasing
pressure, at low and intermediate density. Progressive
weakening of the conformational transition signatures at higher
density precludes us from determining whether the model
implemented would capture the correct sign of the high-
pressure branch of the melting curve, although high density
results suggest that it must.

Possible avenues for future work include a closer examination
of the folded state, particularly the presence of solvent-excluded
void volumes in the hydrophobic core, which, alongside folded
state energetics, are thought to determine native state
volumetric properties.”” While the energetic contribution to
the folded volume cannot be accounted for by our coarse-
grained protein representation, it should be possible to examine
the temperature dependence of the number of void lattice sites
within the folded hydrophobic core. To this end, longer
oligomers than considered here will have to be used to
effectively shield the hydrophobic core from the solvent. A
further direction for future inquiry involves a closer
examination of the conformational transitions undergone by
the solvated oligomer. The broad thermal unfolding transition
reported in this work suggests a second-order-like transition,
whereas the more sudden increase of the radius of gyration at
low T# suggests first-order-like behavior for cold-unfolding.
Investigation of conformational equilibria at low densities (i.e.,
where water is under tension) would also be worth pursuing. In
addition, the three-dimensional nature of the model enables the
study of protein secondary structure, through the addition of
monomer—monomer interactions. Future work along these
lines will focus on the analysis of T*-stability of helical
oligomers.
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