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ABSTRACT: Conformational transitions of flexible molecules, especially those driven
by hydrophobic effects, tend to be hindered by desolvation barriers. For such transitions,
it is thus important to characterize and understand the interplay between solvation and
conformation. Using specialized molecular simulations, here we perform such a
characterization for a hydrophobic polymer solvated in water. We find that an external
potential, which unfavorably perturbs the polymer hydration waters, can trigger a coil-to-
globule or collapse transition, and that the relative stabilities of the collapsed and
extended states can be quantified by the strength of the requisite potential. Our results
also provide mechanistic insights into the collapse transition, highlighting that the
bottleneck to polymer collapse is the formation of a sufficiently large cluster, and the
collective dewetting of such a cluster. We also study the collapse of the hydrophobic
polymer in octane, a nonpolar solvent, and interestingly, we find that the mechanistic
details of the transition are qualitatively similar to that in water.
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1. INTRODUCTION

Aqueous or organic solutions of conformationally flexible
solutes, such as polymers or peptides, play an important role in
diverse materials' ™ and biomolecular contexts.””” Although
solvated flexible molecules can exist in a multitude of
conformations, they often display two or more distinct basins
that are separated by free energy barriers, e.g., polymers can be
in extended or collapsed states, whereas proteins can be in
their native folded structures, become denatured, or even
adopt well-defined misfolded configurations.'’~"* Molecular
simulations have been extensively used, often with the aid of
enhanced sampling methods, to characterize the conforma-
tional free energy landscapes of diverse flexible molecules,
typically as a function of solute coordinates, such as radius of
gyration or dihedral angles.g’13

In characterizing such landscapes, solvent degrees of
freedom are usually integrated out. When solvent degrees of
freedom equilibrate rapidly with respect to the solute
coordinates, such integration does not lead to any loss of
mechanistic information into conformational transitions."*
However, certain transitions, such as those driven by
hydrophobic effects, tend to feature slow solvent degrees of
freedom, which relax on time scales that are comparable to, or
even longer than, the relaxation times of the solute
coordinates.">™*° In particular, both theoretical and simulation
studies have highlighted the importance of slow solvent
degrees of freedom in the coil-to-globule transition of nonpolar

. 15,16,21—2
polymers in water. ™"~ 3
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For transitions featuring slow solvent degrees of freedom,
attempts to integrate out the solvent coordinates can lead to
hysteresis in the sampling of the solute coordinates and make it
challenging to accurately estimate the conformational free
energy landscape.”* Importantly, the resulting loss of
mechanistic information can also obfuscate how the conforma-
tional landscape might respond to changes in the solvent, e.g.,
due to the introduction of cosolutes™ >* or proximity to
interfaces.”” > Thus, characterizing the interplay between
conformation and solvation, e.g, through a free energy
landscape that is a function of both solute and solvent
coordinates, can be valuable, particularly for systems that are
expected to feature slow solvent degrees of freedom.''**
However, the enhanced sampling of solvent coordinates, which
must be performed to obtain such a landscape, can be
challenging because the solvation shell of a flexible solute is
inherently dynamic and changes along with the conformation
of the solute.

To address this challenge, we recently introduced a method
for sampling the number of solvent molecules, N,, in a
dynamical volume, v, which evolves with, and continuously
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conforms to, the shape of a flexible solute of interest.>* Here,
we use this method to study the coil-to-globule or collapse
transition of a flexible hydrophobic polymer solvated in water.
We find that polymer collapse can be triggered by an
unfavorable potential, N, that perturbs the polymer
hydration waters,>>>® and that the potential strength, ¢,
needed to trigger the transition can serve as a measure of the
relative stabilities of the collapsed and extended states. We also
characterize the free energy landscape as a function of both the
radius of gyration of the polymer (solute coordinate), and the
number of waters, N, in its hydration shell (solvent
coordinate), and use this characterization to uncover
mechanistic insights into the collapse transition. We find that
the bottleneck to polymer collapse is the formation of a
sufficiently large nonpolar cluster, which must undergo
dewetting for the collapse transition to proceed.">'® We also
study the collapse of the hydrophobic polymer in the nonpolar
solvent, octane, and find that it is remarkably similar to the
collapse of the polymer in water.

2. METHODS

To interrogate the interplay between the solvation and
conformation of flexible solutes, here we study a linear alkane
chain consisting of 45 beads that is designated as C,5. The
solvation shell, v, of the C,; chain, is defined as the union of 45
spherical subvolumes with radius, r,, which are pegged to the
C,4s monomers. Thus, the solvation shell, v, of the flexible C,;
molecule is not static but changes its shape and/or size
dynamically in response to the conformational fluctuations of
the polymer. Using the recently developed dynamic INDUS
method,®>* here we bias the coarse-grained number, NV, of
solvent heavy atoms in v; Nv is closely related to the actual
number of solvent atoms in v but is chosen to be a continuous
function of particle positions to permit biasing N, without

7

resulting in impulsive forces.””** By using harmonic biasing
potentials to sample N, over its range of interest and using the
weighted histogram analysis method (WHAM) to combine the
biased probability distributions,””~** we are able to character-
ize the free energetics, #G,(N) = —In P(N), where ' = kT
is the thermal energy, and P,(N) is the probability of observing
N solvent atoms in v. The probability, P,(N) = (§(N — N,)),,
is the ensemble average of the Dirac delta function obtained
using the unbiased Hamiltonian, H;. Once G,(N) is estimated,
we use standard reweighting techniques®® to interrogate how
biasing potentials, such as Uy = @N,, modulate polymer
solvation and determine the corresponding averages, (),
obtained using the biased Hamiltonians, H,, = H,, + U,. For
example, the free energetics in a biased ensemble,
BG?(N) = =In P/(N), can be obtained using P?(N) =
(8(N = N,)),. Finally, to characterize the two-dimensional
free energetics, pG,(N, Rg) = —In P(N, Rg), where

P(N, Rg) is the joint probability of observing N solvent

atoms in v, and the polymer with a radius of gyration, R, we
combine the joint probability distributions, observed in our
biased simulations, using the WHAM weights determined
above.”**

2.1. Simulation Details. All simulations were performed
using the GROMACS package™ (version 4.5.3), suitably
modified to perform indirect umbrella sampling (INDUS)
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. . 8 . .
using dynamic probe volumes.>**® The equations of motion

were integrated using the leapfrog algorithm with a time step of
2 fs, and periodic boundary conditions were employed in all
three dimensions. The system temperature, T, was maintained
at 298 K using the canonical velocity rescaling thermostat™
with a time constant of 0.5 ps, and the system pressure, P, was
maintained at 1 atm using the Parrinello—Rahman barostat*®
with a time constant of 1 ps. The n-alkane chain containing 45
carbons (designated as C,s) was modeled using the TraPPE-
UA (transferable potentials for phase equilibria—united atom)
force field developed by Siepmann et al.*” The TraPPE-UA
force field models individual —CH,— or —CH; units as
pseudoatoms, so that our solute is composed of 45 united-
atom beads. The C,s chain was solvated using either water or
n-octane, and Lorentz—Berthelot combination rules were used
to determine the Lennard-Jones parameters for cross-
interactions. In all cases, the simulation box was first energy
minimized using the steepest descent algorithm, followed by a
2 ns NVT simulation, and then a 4 ns NPT simulation to
equilibrate the system. The biased simulations were run for 10
ns, with either the first 2 ns (for C,s/water) or 1 ns (for C,s/
octane) being discarded for equilibration; the coarse-grained
number of solvent atoms, Nw in the polymer solvation shell, v,
and the polymer radius of gyration, Ry, were estimated every
0.1 ps. Additional details of the C,s/water and C,/octane
simulations are included below.

C,/Water. Water was modeled using the SPC/E (extended
simple point charge) model** with bonds involving hydrogen
atoms being constrained using the SETTLE algorithm.*” The
particle mesh Ewald (PME) method®® was used to compute
long-range electrostatic interactions; short-range electrostatic
and Lennard-Jones interactions were truncated at 1 nm. The
C,s chain was hydrated using 11 614 water molecules giving
rise to a roughly 7 nm cubic simulation box. Before biased
simulations were performed, a 10 ns long unbiased simulation
was performed to estimate the average number of solvent
atoms in v and ascertain the N, range that must be sampled;
the radius of the spherical subvolumes used to define v was
chosen to be r, = 0.6 nm. The biased simulations used
harmonic potentials with a spring constant of 0.0243 kJ/mol.

C,s/Octane. Octane was modeled using the TraPPE-UA
force field*” with Lennard-Jones interactions being truncated at
1.4 nm. The C,5 chain was solvated using 1000 octane
molecules. The subvolume radius used to define v was chosen
to be r, = 0.7 nm, and a spring constant of 0.033 kJ/mol was
used for the harmonic biasing potentials.

Characterizing Localized Solvation. To determine the
solvation state of a bead (with index i) in a particular
configuration, we estimate the (discrete) number of solvent
heavy atoms, n;, in the spherical subvolume of radius, r,
centered on the bead. We then compare n; against a fixed
threshold, 7, to determine whether bead i is well-solvated; the
bead is considered to be solvated for n, > 7, whereas it is
The threshold, 7, is
i’
and extended basins,

deemed to be desolvated for n; < 7,
defined as 7, = (7" + 7")/2, where
average values of n; in the collapsed

_E
and 7 are the

respectively. To estimate ﬁic and E.E, we use our biased
simulations that best sample the collapsed and extended basins,
respectively.
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Figure 1. (a) Simulation snapshots of the C,5 polymer (cyan, space-fill) solvated in water (red/white) are shown. Water molecules in the polymer
hydration shell, v (cyan, transparent), are highlighted. As the conformation of the polymer fluctuates, so does the shape and size of its hydration
shell; to account for such fluctuations, v is defined to be the union of 45 spherical subvolumes that are centered on the polymer beads and have

radii, r, = 0.6 nm. (b) As the strength, ¢, of a linear biasing potential, Uy = d)l\NTv, is increased, the average number of waters, (l\NTv)dj, in the hydration

shell decreases; interestingly, two sharp drops are observed in (NV)¢. (c) Correspondingly, the susceptibility, —0(1\71,)4] /0(pgp) = (ENVZ)d,, displays

two peaks at ¢p-values denoted by qbl* and 452*. (d) Simulation snapshots corresponding to three select N, -values are shown. As shown in snapshot I,

the polymer adopts an extended configuration for N, > (1\71,)4,1*, whereas snapshot II highlights that the polymer is in a collapsed configuration for

(N,) o < N, < <Nv>¢1*' As illustrated in snapshot III, the collapsed polymer is dewetted for N, < (N,) e

3. RESULTS AND DISCUSSION

3.1. How Polymer Hydration Waters Respond to
Perturbations. To characterize how the hydration of the
flexible C,s chain influences its conformation, we focus on
water molecules in its first hydration shell, v (Figure 1a, cyan/
transparent). We account for the dynamic nature of the
polymer hydration shell, i.e., changes in its size and shape, by
defining v to be the union of 45 spherical subvolumes, where
every subvolume is pegged to a polymer bead and has a radius,
r, = 0.6 nm. We then interrogate how the polymer hydration
waters respond to perturbations by employing a biasing
potential, Uy = @N,, where N, is the (coarse-grained) number
of waters in v, and ¢ is the potential strength. Such a biasing
potential provides a convenient way to modulate N,, and
thereby polymer hydration. In particular, hydration is
disfavored for ¢ > 0 with the perturbation becoming more
pronounced as ¢ is increased; conversely, polymer hydration is
favored for ¢ < 0. From a physical standpoint, a potential of
strength, ¢, decreases the effective pressure in the polymer
hydration shell by roughly ¢p,,, where p,, is the density of bulk
water.”’

The response of the C,5 hydration waters to the biasing
potential is shown in Figure 1. As expected, the average
number of hydration waters, <Nv>¢) decreases as ¢ is increased
(Figure 1b). However, the decrease in (N,), is not gradual but
is punctuated by two sharp drops. The corresponding
susceptibility, 6<Nv)¢ Jo(—=p¢) = (5sz>¢, shown in Figure
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lc, displays marked peaks at ¢p-values, which are denoted by
¢," and ¢,". The sharp drops in (N,), and the corresponding
peaks in susceptibility, suggest that the polymer undergoes
collective transitions at potential strengths, gbl* and ¢2*. To
shed light on the nature of these transitions, we include
representative snapshots of the system for select N, -values in
Figure 1d. Snapshot I suggests that the polymer is in an
extended configuration for ¢ < qﬁl*; snapshot II shows the
polymer in a collapsed but hydrated configuration for
q51* <¢p< ¢2*, and snapshot III highlights that the collapsed

polymer is dewetted for ¢p > 452*. These snapshots suggest that,
at potential strength gbl*, the polymer undergoes a collapse (or

folding) transition, whereas, at potential strength ¢2*, the
collapsed polymer dewets.

3.2. Interplay between Polymer Hydration and
Conformation. To characterize the free energy landscape
underpinning the collapse and dewetting transitions, we
estimate the free energetics, G,(N), of water number
fluctuations in the hydration shell of the C,s polymer (Figure
2a), as well as the corresponding two-dimensional free energy
landscape, G,(N, Rg) (Figure 2b). The conformational free
energy landscape, G,(R,), can be readily obtained from
G,(N, Rg) by integrating out N and is included in Figure S1
of the Supporting Information. Figure 2 confirms the presence

of two nearly degenerate basins, observed at low N' & 130 and

https://doi.org/10.1021/acs.jpcb.1c02191
J. Phys. Chem. B 2021, 125, 5434—5442


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.1c02191/suppl_file/jp1c02191_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c02191?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c02191?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c02191?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.1c02191?fig=fig1&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.1c02191?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry B

pubs.acs.org/JPCB

160 @ ) "
C,s/water 1.42 144
/_\120 /g 120
zZ 51.19 96
2 & 0.96 72
40 0.73 a8

C E
P\ 24

0 0.50 ‘
0 70 140 210 280 0 90 180 270
N N

Figure 2. (a) Free energetics of water number fluctuations, GV(N ), in
the dynamical hydration shell of the C,5 polymer are shown. The
basins corresponding to the collapsed (C) and extended (E) states of
the polymer are denoted with arrows. (b) To illustrate the interplay
between the hydration of the hydrophobic polymer in water and its
conformation, we plot the two-dimensional free energy landscape,
G,(N, Rg), where N is the number of waters in v, and R, is the radius
of gyration of the Cy5 polymer. The relatively sharp increase in
G,(N, Rg) at low N and R, corresponds to the free energetic cost of
dewetting the collapsed polymer globule, whereas the increase in
G,(N, Rg) at high N and R, corresponds to the unfavorable wetting of

the extended polymer.

R, ~ 0.5 nm, and at higher N ~ 200 and R, ~# 12 nm,
corresponding to the collapsed (C) and extended (E) states,
respectively. Figure 2 also suggests that the solvation and
conformational coordinates are coupled to one another across
the collapse transition, and that the transition incurs a free
energetic cost of less than 8kzT. In contrast, decreasing N
below 100 results in a sharp increase in G,(N, Rg); such a
decrease in N is not accompanied by a further decrease in R,
suggesting that it corresponds to the dewetting of the collapsed
polymer. Similarly, increasing N' above 220 also incurs a large
free energetic penalty and is not accompanied by an increase in
Ry, suggesting that it represents the unfavorable compression of
waters in the hydration shell of the extended polymer.

Although the free energy difference between the collapsed
and extended states, i.e., the folding free energy, AGg,q, is
relatively small, Figure 2a suggests that, for the hydrophobic
C,s chain in water, the collapsed state is nevertheless stable
relative to the extended state, with JAGy, 4 = —3.3. The relative
stability of the collapsed state is also evident from the fact that
the potential strength, ¢1*, corresponding to the collapse
transition is negative (Figure 1c). In fact, the two quantities are
proportional to one another, with AGyyy ~ ¢ (N — Np),
where N and N are N-values corresponding to the extended
and collapsed basins, respectively. Because the collapsed and
extended states are expected to be in coexistence with one
another in the ¢1*-ensemble, ie, G? 1*(NC) =G’ 1*(NE), and
because G?(N) equals G,(N) + N within a constant,”* we
obtain G,(No) + ¢,"Ne = G,(Ng) + ¢,"Ng. Thus, the poly-
mer folding free energy, AGyy ~ G,(Np) — G,(Np) =
¢’1*(NE — N_). For the C, polymer in water, we estimate
¢1*(NE — N.) ~ —3.47kyT, which in good agreement with
AGiyq4 obtained directly from G,(N). Thus, gbl* can serve as a
quantitative measure of AGgy.

3.3. Free Energy Landscape at the Collapse Tran-
sition. To better understand the transition of the C,5 polymer
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between its extended and collapsed states, we now focus on its
behavior in the presence of a biasing potential of strength, ¢1*,
wherein the two states are expected to be in coexistence with
one another. The corresponding free energy landscapes,

G;/)I*(N) and Gfl*(N, Rg), are shown in Figure 3. As seen in

BGY(N, Ry)

6 1.45 6.0
(a)
Cys/Water
. 1.20
g
E
0.95
3
0.70
0.45 L2
110 150 190 230 115 150 _185 220
N N

Figure 3. To better understand the coil-to-globule collapse transition
of the C,5 polymer, here we study its behavior in the ¢l*-ensemble,

that is, in the presence of the biasing potential, ¢1*1\~Tv, where

ot

are expected to be in coexistence with one another. (a) The free

= —0.0S. In such a biased ensemble, the coil and globule states

energetics, Gf’ 1*(N ), of water number fluctuations in the (ﬁl*-ensemble,
display two distinct basins that are separated by a barrier of roughly
2kgT. The basins corresponding to the collapsed (low N) and
extended (high N) states of the polymer are labeled C and E,

respectively, whereas the location of the maximum in Gf’ 1*(N) at
intermediate N is denoted by L (b) The two-dimensional free energy

landscape in the (ﬁl*—ensemble, GV(/’ 1*(N, Rg), sheds light on the

minimum free energy path that the polymer is likely to adopt as it
undergoes collapse. Representative configurations of the polymer in
the collapsed basin (C), transition regions, Iz and I, and the
extended basin (E) are also shown. In these snapshots, hydrated
polymer beads are colored blue, whereas those that are dehydrated are
colored red.

Figure 3a, GY U(N) features two basins: the low-N, collapsed
(C), and the high-N, extended (E), basins, which are in
coexistence with one another and are separated by an
intermediate-N (I) barrier of roughly 2k;T. In Figure 3b, we
plot the two-dimensional free energy landscape, Gvd’ 1*(N ) Rg),
which sheds light on the pathways that the polymer might
follow as it undergoes the collapse transition; i.e., it elucidates
the minimum free energy path in the (N, Rg) space, with N
and R, representing the polymer hydration and conformational
degrees of freedom. The G;/) 1*(N ) Rg) landscape highlights that,
in its extended state, the polymer can undergo substantial
fluctuations in R, but only small fluctuations in N. The

polymer can thus approach the saddle point in G/ (N, R,)

through a marked low-R fluctuation wherein it retains most of
its hydration waters. However, to traverse the saddle point
region, the polymer must undergo a substantive decrease in N,
losing a number of its hydration waters with only a small
decrease in R,. Upon crossing the saddle point region, the
polymer then collapses through a coordinated decrease in both
N and R,

Figure 3b also includes representative simulation snapshots
of the polymer in the extended basin (E), the transition region

https://doi.org/10.1021/acs.jpcb.1c02191
J. Phys. Chem. B 2021, 125, 5434—5442
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Figure 4. C,5 polymer solvated in octane. (a) The average number of solvent heavy atoms, (Nv>¢7 in the solvation shell, v, of the C, polymer is

shown as a function of the strength, ¢, of the linear biasing potential, U, = @N.,. For the C,; polymer solvated in both octane (red, solid line) and

in water (green, dashed line), two sharp drops in (NV)(/, are observed as ¢ is increased; the vertical line (blue) depicts ¢ = 0. (b) Correspondingly,

the susceptibility, —d(N,); /() = (51\7‘,2)(/,, displays two peaks in both cases; the locations of the peaks, ¢1* and ¢2*, are included for octane. In

contrast with C,g in water, ¢1* > 0 for C,q solvated in octane, suggesting that polymer is in its extended state at equilibrium (¢ = 0). (c) The free

energetics of solvent number fluctuations, G,(N), in the solvation shell of the C,5 polymer are shown, and the locations of the collapsed (C) and

extended (E) states of the polymer are denoted with arrows. In octane, the extended state (high N) is stable, whereas the collapsed state (low N) is
unstable. (d) The two-dimensional free energy landscape, G,(N, Rg), for the C,s polymer solvated in octane is shown. (e) The free energetics,

G'ff’l*(N ), of solvent fluctuations in the gbl*-ensemble, display two distinct basins that are separated by a barrier. (f) The two-dimensional free energy

landscape, Gv(/' " (N, Rg), shown here for the C,s polymer solvated in octane, as well as the representative configurations of the polymer, are

qualitatively similar to those for C,s in water (Figure 3b).

(Iz and Ic), and the collapsed basin (C). In addition to
depicting the conformation of the polymer, the snapshots also
highlight the localized hydration of the individual polymer
beads; hydrated beads are shown in blue, whereas dehydrated
beads are colored red. Such simulation snapshots, which are
also included in Movies S1—S4 of the Supporting Information,
further elucidate the pathways involved in polymer collapse. In
particular, as it approaches the saddle point, the polymer
adopts a partially collapsed conformation with some of its
monomers clustering together but remaining well-hydrated
(Figure 3b, snapshot I); crossing the saddle point region
requires the dehydration of such a cluster (Figure 3b, snapshot
Ic). Thus, the formation of a sufficiently large hydrophobic
cluster and its dehydration represent the barrier to polymer
collapse. These findings highlight the importance of collective
water density fluctuations in facilitating polymer collapse.
Our results also lend support to the observations of ten
Wolde and Chandler,"” who studied the collapse of a purely
repulsive, idealized hydrophobic polymer using a coarse-
grained model of water, and those of Miller et al,'® who
studied the same polymer using atomistic simulations; both
studies found that the formation of a critical nonpolar cluster
and its dewetting represent the barrier to polymer collapse.
Moreover, the agreement between these studies, performed on
ideal hydrophobic polymers, and our results, obtained using
realistic polymers, which have favorable dispersion interactions
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with water, highlight that weak polymer—water attractions do
not qualitatively alter the polymer hydration landscape.*”

3.4. Polymer Collapse in Octane. We now study the
solvation of the hydrophobic C, polymer in octane, a
nonpolar solvent, and draw comparisons to the solvation of
the polymer in water. In Figure 4a, we plot the response of the
average number of solvent heavy atoms, (NV>¢, in the polymer
solvation shell, v, to the strength, ¢, of the linear biasing
potential, U, = N,

corresponding susceptibility, —G(Nv)¢/a(ﬁ¢) = (ENVZ)(p.
Once again, two sharp drops are observed in (N,), with

and in Figure 4b, we plot the

increasing ¢, and correspondingly, two peaks are seen in
<6Nv2)¢ at ¢-values denoted by ¢1* and d’z*' The configurations
of C,s in octane, shown for three select N,-values in Figure S2
of the Supporting Information, suggest that the transitions at
(]51* and ¢2*, once again, correspond to polymer collapse and

the dewetting of the collapsed polymer. Vertical lines in Figure
4a,b (blue) correspond to ¢b = 0 and highlight that, in contrast

with C,s in water, ¢1* is positive for C,5 in octane. Thus, the
folding (or collapse) free energy, AGgy ~ ¢, (Ny — Np),
must also be positive, suggesting that, in octane, the extended

state of C,;s is stable relative to its collapsed state. Figure 4b
also shows that the dewetting of the collapsed polymer occurs
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at a lower ¢2*—Value in octane than in water; this observation
can be readily rationalized in terms of the smaller liquid—vapor
surface tension of octane, which makes it easier to form
cavities.>’

The unbiased free energy landscapes, G,(N) and G,(N, R,),

for C,5 in octane, are shown in Figure 4cd, and the
conformational free energy landscape, G,(R,), is included as
Figure S3 of the Supporting Information. Apart from the fact
that the collapsed state is metastable with respect to the
extended state, with fGgq = 4.5, the landscapes are
qualitatively similar to those for C, in water (Figure 2). The
corresponding free energy landscapes in the ¢1*—ensemble are
shown in Figure 4e,f. As with C, in water, the collapsed (C)
and extended (E) states are degenerate in the q51*-ensemble for

C,s in octane, and a barrier is observed at intermediate N and
R,. Although the barrier height is somewhat lower for Cys in

octane (relative to water), both the G/ 1*(N , R,) landscape and

representative configurations of the polymer (Figure 4f)
suggest that polymer collapse in octane proceeds through
mechanistic pathways, which are remarkably similar to those in
water (Figure 3b). In particular, as in water, the collapse of the
C,s polymer in octane also proceeds through the formation of
a sufficiently large cluster and its desolvation.

To understand these similarities, we first recognize that
polymer collapse involves the solvent-mediated assembly of
well-solvated subunits, which are smaller than 1 nm, into a
cluster that is larger than 1 nm in size.””>> According to the
Lum—Chandler—Weeks theory of hydrophobicity,”' the
solvation free energy of the former scales as their excluded
volume, whereas the solvation free energy of the latter scales as
its surface area;*°®" this interplay between solvation at small
and large length scales is responsible for the emergence of a
critical cluster, which must be nucleated for the collapse
transition to proceed.'>'® Interestingly, a solute size-depend-
ent crossover in solvation free energies has also been observed
in nonpolar solvents, such as octane.>>°! Although the
corresponding solvophobic effect, experienced by solutes in
nonpolar solvents, is expected to be weaker than the
hydrophobic effect,””®> our results suggest that it may
nevertheless be responsible for the qualitative similarities
between the polymer collapse pathways in water and in octane.

4. CONCLUSIONS AND OUTLOOK

Using the recently developed dynamic indirect umbrella
sampling (INDUS) method for sampling the number of
solvent molecules, N,
flexible solute, here we study the coil-to-globule or collapse
transition of a hydrophobic polymer solvated in water and in

the nonpolar solvent, octane. We find that an unfavorable

, in the dynamical solvation shell of a

potential, which perturbs Nv, can trigger the collapse transition,
and that the requisite potential strength quantifies the relative
stabilities of the collapsed and extended states. To understand
the interplay between polymer solvation and conformation, we
characterize the free energy landscape of the system as a
function of both the number of solvent molecules, N, in the
polymer solvation shell, and its radius of gyration, R,. We find
that the bottleneck to polymer collapse is the formation of a
critical nonpolar cluster and its desolvation. In particular,
assisted by thermal fluctuations, an extended polymer must
first adopt a relatively compact configuration, which features a
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sufficiently large nonpolar cluster; the cluster must then
undergo collective dewetting before the rest of the polymer can
collapse.

In agreement with previous studies on ideal hydrophobic
polymers,'>'® our findings thus confirm the presence of slow
solvent coordinates in the coil-to-globule transition and
highlight the importance of collective solvent density
fluctuations in overcoming the corresponding barriers. In
contrast with water, which is a poor solvent for the
hydrophobic polymer, the nonpolar solvent, octane, is
expected to be a good solvent for the polymer. Interestingly,
we find that the mechanistic details of the collapse transition in
octane are nevertheless remarkably similar to that in water.
Our results suggest that the size-dependent crossover in
solvation free energies, which has been observed not just in
water’” but also in nonpolar solvents, such as octane,”*" may
underpin the similarities in the polymer collapse pathways
observed in these two solvents.

A characterization of the free energetics of water density
fluctuations in static volumes, both in bulk water’®®> and in
the vicinity of surfaces,”* "’ has provided numerous insights
into the collective, solvent-mediated hydrophobic effects,
ranging from micelle formation and interfacial assembly, to
superhydrophobicity and protein interactions.”*””* By charac-
terizing the free energetics of solvent density fluctuations in the
dynamic solvation shells of conformationally flexible molecules,
we hope that our work will similarly pave the way for a richer
understanding of the conformational transitions’>”* and the
phase behavior’>’® of large classes of interesting solutes,
ranging from hydrocarbons and polymers, to peptides and
nucleic acids.”>”*”” Our approach is also likely to shed light
into how cosolutes (e.g., osmolytes, salts, etc.), which have a
propensity to be included or excluded from the vicinity of a
polymer, might modulate the solvation of a polymer as well as
its conformational landscape.”®™**
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Plots supporting Figures 2 and 4 (PDF)

Movie supporting Figure 3 showing a collection of 60
simulation snapshots shown for the C,5 polymer in its
extended basin, E, i.e., with its hydration waters in the
range N, € [202, 207] and its radius of gyration in the
range R, € [1.23 nm, 1.27 nm] (hydrated beads are
colored blue, whereas dehydrated beads are colored red)
(MP4)

Movie supporting Figure 3 showing a collection of 60
simulation snapshots shown for the C,5 polymer in its
transition region, I, i.e., with its hydration waters in the
range N, € [196, 202] and its radius of gyration in the
range R, € [0.89 nm, 0.93 nm] (hydrated beads are
colored blue, whereas dehydrated beads are colored red)
(MP4)

Movie supporting Figure 3 showing a collection of 60
simulation snapshots shown for the C,5 polymer in its
transition region, I, i.e., with its hydration waters in the
range N, € [172, 178] and its radius of gyration in the
range R, € [0.78 nm, 0.82 nm] (hydrated beads are
colored blue, whereas dehydrated beads are colored red)
(MP4)
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Movie supporting Figure 3 showing a collection of 60
simulation snapshots shown for the C,5 polymer in its
collapsed basin, C, ie., with its hydration waters in the
range N, € [127, 133] and its radius of gyration in the
range R, € [0.50 nm, 0.54 nm] (hydrated beads are
colored blue, whereas dehydrated beads are colored red)
(MP4)
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