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ABSTRACT: Hydration effects on a pair of methane molecules are
investigated by extensive constant-pressure (NPT) sampling using the
TIP4P model of water under 1, 1000, 2000, and 3000 atm. The
volume distributions of pure water and of methanes plus water are
determined directly as functions of methane−methane distance ξ. The
corresponding excess isothermal and adiabatic compressibilities are
estimated from the pressure-dependent methane excess volume. The
dependence of excess volume on ξ is oscillatory for small ξ. The
maxima of excess volume and compressibility are seen near the
desolvation barrier (db) of the potential of mean force (PMF). These
features may be understood by the development, near the db, of a void
volume encased by a molecular (Connolly) surface defined using a
water-sized probe. These db properties for two methanes are
consistent with well-corroborated experimental observations of
positive activation volumes for protein folding and some experiments suggesting a slightly higher compressibility for the
folding transition state than the unfolded state. At high pressures, the volumes at the PMF solvent-separated minimum and the
contact-minimum configurations are both smaller than the volume at large ξ. This trend provides a rationalization for the
compactness of pressure-denatured states of proteins. Taking the packing densities of pure nonpolar phases into consideration,
our simulation results suggest that whether the activation volume of unfolding is positive or negative hinges on the packing
compactness of the protein core. Volume change can be but is not necessarily monotonic along the folding pathway.

I. INTRODUCTION

With its unique physicochemical properties, water mediates
biomolecular interactions,1,2 and thus is crucial for life on
Earth.3 In particular, the effective attraction between nonpolar
molecules in aqueous environments is a major driving force in
protein folding and other self-assembly events in biology.4−11

For this reason, various aspects of hydrophobic interactions
have been widely studied;12−16 however, much remains to be
elucidated.
Hydrophobic interactions are modulated by aqueous solvent

conditions such as temperature, pressure, and cosolvents. An
intuitive, semiquantitative physical approach to probe the role
of hydrophobic interactions in biomolecular processes has been
to relate configurational transitions in biomolecules induced by
various changes in solvent conditions to corresponding
variations in hydrophobic effects of small, “model-compound”
molecules.17−22 Such an approach was used to study the effects
of temperature,23−27 salt,28,29 denaturants,30−33 and osmo-
lytes.34 Pressure dependence has been tackled in a similar vein,
leading to notable advances.35−43 Compared to temperature

and denaturant, however, less attention has been paid to
pressure dependence of elementary hydrophobic interactions
and its ramifications on volumetric aspects of protein folding. In
particular, few computational studies have utilized direct
simulation of volume changes associated with pertinent
hydration processes.42,44−49 The present work builds on a
study that directly simulated the volumes of a single methane in
water under pressures ranging from 1 to 3000 atm.42 Here we
develop a similar computational methodology for a two-
methane pair.50 Our main goal is to use the new findings to
gain insight into experimental data on pressure-induced protein
conformational transitions.21,51−88

Simulation of a pair of nonpolar solutes is valuable because it
provides a wealth of two-body information that cannot be
derived from experimental data on bulk hydrophobic effects or
simulation of a single nonpolar solute.89 Indeed, recent atomic
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simulations of pairwise hydrophobic interactions have provided
rationalizations for several intriguing phenomena in protein
folding, including residual intraprotein contacts at high urea
concentrations,31,90,91 that would have been puzzling from a
perspective based solely upon bulk hydrophobicity. Another
case in point is the desolvation barriers that contribute to the
rate-limiting step,92,93 cooperativity,94−96 the tremendous
diversity in experimental folding rates,97−101 and secondary
structure preference102,103 in protein folding. Desolvation
barrier is a robust feature in the two-body hydrophobic
potential of mean force (PMF),50 but by definition, it is not a
property of single-solute hydration.
Recent atomic simulations indicate further that comparisons

of pairwise hydrophobic interactions between solutes of
difference sizes can yield critical insights into folding energetics.
In this regard, water-mediated interactions between large
nonpolar solutes exhibit properties more akinthough not
identicalto bulk hydrophobicity than small-molecule-pair
hydrophobic interactions.89 For instance, at room temperature,
folding transition states of small proteins typically have a lower
heat capacity but a significantly higher enthalpy than that of the
unfolded state.104 Whereas the enthalpic barrier to folding does
not follow from the prevalent understanding of bulk hydro-
phobicity, the lower heat capacity of the folding transition state
relative to that of the unfolded state is consistent with a simple
physical picture based upon bulk hydrophobicity and the
expected lower hydrophobic exposure in the transition state
than in the unfolded state. Interestingly, the experimental
trends of enthalpy and heat capacity variation along the folding
pathway are both captured by the association of two relatively
large hydrophobic solutes in the form of polyleucine α-
helices.105 The enthalpy trend is also observed, albeit to a lesser
extent, in the association of two β-strands with large
hydrophobic side chains.103 Indeed, recent simulations suggest
that a prominent enthalpic barrier similar to that observed in
protein folding is likely a general, robust feature in the
association of large nonpolar solutes: Such a feature has been
observed not only for two α-helices simulated using the TIP4P
water model and the OPLS force field105 but also for two
graphite-like plates simulated using the SPC/E water model
and the AMBER force field.106 In contrast, the heat capacity
and enthalpy trends of protein folding are not captured by the
association of two small nonpolar solutes. The latter exhibits
only a small enthalpic barrier27,95 and a distance-dependent
heat capacity profile that attains its highest value near the
desolvation barrier position24−27rather than adopting at this
position an intermediate heat capacity value between the large-
and small-distance values, as one might expect from drawing a
naıv̈e connection to protein folding.
Despite its difference with the trend seen along folding

pathways, this hitherto unexpected behavior of simulated heat
capacity for two small nonpolar solutes provides a novel
rationalization31 for a peculiar heat capacity “retardation”
phenomenon observed in folding experiments.107 Taken
together, the contrast between simulated small- and large-
solute properties bears on the general question of length-scale
dependence of hydrophobic interactions106,108−111 and is highly
suggestive of a local−nonlocal cooperative folding mecha-
nism.100,112,113 Of particular relevance to our present effort is
that the activation volumes for the association of two
hydrophobic α-helices105 or two hydrophobic β-strands103 are
of the same order of magnitude99 as experimentally determined
activation volumes of folding.82 This finding suggests that the

void volume created when two or more large parts of a protein
chain approach one another cooperatively during folding is a
major physical origin of the experimentally observed folding
activation volume.100 Here we will compare various volumetric
signatures for the association of a pair of small nonpolar solutes
in water with the corresponding signatures for protein folding.
Pressure effects on proteins are directly relevant to biology of

the deep ocean and subseafloor sedimentary microbes114 as
well as to the study of possible conditions under which early life
might have evolved on Earth.115 More generally, pressure, like
temperature, is a basic intensive physical property that can be
used to probe biomolecular properties. Pressure and volume are
conjugate thermodynamic variables. In accordance with Le
Chatelier’s principle, increasing pressure shifts the equilibrium
of a system toward configurations with smaller volumes. It has
been known for a century that pressure can denature proteins.51

Indeed, this fact had contributed to the first recognition in the
early 1930s that protein denaturation corresponds to unfolding
of a chain molecule.116,117 Since the 1950s, pressure and
volumetric effects on protein conformations have been studied
continuously.52,53,56,57 Although interpretation of experiment is
at times controversial, a repertoire of information has been
amassed. One general trend is that the volume change of
proteins upon unfolding is small (≲ 2% of the partial molar
volume of the folded structure)55,118 and that the volume
change is mostly negative.55,60 However, the volume change
can be positive60 at low pressures, but it is invariably negative at
high pressures.74 Another typical observation is that pressure-
denatured states have residual structures58,62 and are generally
more compact than heat-denatured states.85

It has long been known, however, that the pressure-
dependent volume change upon protein unfolding is at odds
with the volume changes that accompany transfers of nonpolar
model compounds from organic solvents to water:4,119

Although the exact transfer volume depends on the model
compound and the solvent,4,120,121 volume changes for transfers
from organic solvent to water are consistently large and
negative at low pressures120−122 but positive at high
pressures.122 Hydration of hydrogen bonds123 and peptide
groups84 are also seen to have negative volume contributions to
unfolding. Therefore, unlike the success in rationalizing heat
denaturation of proteins by model compound transfer data,
there is an obvious mismatch between the mostly small
negative volume changes observed in protein unfolding and the
large negative volume changes for transfers of hydrophobic
compounds from organic solvents to water.4,119 This
discrepancy, referred to as the “protein volume paradox”,118

has largely been resolved by realizing that inasmuch as
volumetric effects are concerned, organic solvents are not a
good model for the folded protein core.124 This is clear from
the fact that folded proteins are less compressible than water,
but organic solvents are much more compressible than
water.14,122 It follows that a physical account of pressure effects
on folding must consider the void volume in the folded protein,
its compressibility, and the difference in “thermal volume”118

between the folded and unfolded states.84,87

In contrast to the difficulty in using bulk hydrophobicity to
rationalize pressure-dependent protein folding behaviors,
knowledge of pair hydrophobic interaction properties have
helped make important advances in understanding the
pressure-denatured state. In an insightful simulation study of
two- and three-methane PMFs by the SPC water model in
1998, the PMF solvent-separated minimum was found to
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deepen with pressure and become less unfavorable relative to
the contact minimum.38 This result led the authors to conclude
that “pressure denaturation corresponds to the incorporation of
water into the protein, whereas heat denaturation corresponds
to the transfer of nonpolar groups into water”.38 In this picture,
water penetration of the protein core125 increases with
pressure,38,58,126 as envisioned 80 years ago in the seminal
work on protein denaturation by Wu, who wrote that “when a
protein solution is subjected to high pressure, molecules of
water are crushed into the protein molecule and cause
denaturation”.116 Accordingly, the pressure-denatured state is
expected to be compact, with nonpolar residues solvated by a
thin layer of water. This perspective rationalizes experimental
findings that pressure-denatured states contain native and/or
nonnative secondary structures and, like cold-denatured
states,127 are compact albeit swollen compared to the native
state.58,62,68,85,128−130 The idea has since been utilized in
numerous theoretical investigations, including a procedure for
constructing a pressure-denatured state for molecular dynamics
simulation,45 simulation of low-temperature- and high-pressure-
induced swelling of a hydrophobic homopolymer131 and
computational studies of the relationship between pressure132

and cold denaturation132−135 using a two-dimensional water
model.136 Conceptually, however, it is important to recognize
that two- and three-methane PMFs do not, by themselves,
necessarily provide an adequate physical picture of pressure
denaturation because the two- and three-body contact minima
retain significant water exposure. Hence, the adequacy of these
configurations as models for the sequestered folded protein
core can be limited. Nonetheless, the pressure dependence of
two- and three-body PMFs do capture important physical
trends that have been verified by simulation of homopolymers
configured in two132 and three131 dimensions.
An important aspect of volumetric properties of protein

folding that has not been addressed much by model compound
investigations or atomic simulation is the pressure dependence
of folding/unfolding kinetics. Pressure-dependent unfolding
kinetics was quantified by turbidity measurements as early as
1960 in a study of ovalbumin and carbonylhemoglobin.53

Studies on different proteins since then have shown that the
activation volume for folding is almost always posi-
tive.61,65,66,69,72,73,78−80 The activation volume for unfolding,
however, is often negative,65,69,72,78−80 though under some
conditions it can be positive for some proteins.61,72 Unlike the
clear pattern in the temperature/denaturant dependence of the
folding kinetics of single-domain proteins137,138 which is
amenable to a general rationalization in terms of desolvation
effects,95,139−141 the temperature/pressure dependence of
folding kinetics is complex. As a result, a general physical
perspective is lacking and much remains to be deciphered. In
this context, a main goal of the present study is to gain insight
into the physical origin of the folding/unfolding activation
volume by comparing and contrasting two-methane PMF
properties with experimental pressure-dependent folding
kinetics data.
In the same vein, we also aim to address the compressibility

signature of the folding/unfolding transition state. Comparison
of compressibility measurements of model compounds76,142

and of the proteins can be used to probe conformational
changes because the partial molar compressibility of a protein
depends on intrachain packing and the hydration environ-
ment.64,68,71,76,143 The core of a folded protein is well-packed
and possibly solid-like.144 Under ambient conditions, com-

pressibilities of folded proteins [∼ 3−25 × 10−6 atm−1 (refs
67,70,145,146)] are significantly smaller than that of water [45
× 10−6 atm−1 (ref 147)] or most organic liquids [22−130 ×
10−6 atm−1 (ref 145)]. Rather, they are comparable with the
compressibilities of hard polymers (12−20 × 10−6 atm−1)145

and the less compressible species among solid organic materials
including molecular crystals [6.5−40 × 10−6 atm−1 (ref 145);
∼ 30 × 10−6 atm−1 for crystalline hydrocarbon148]. On the
basis of a survey of thermodynamic data, it has been proposed
that different types of conformational transitions are charac-
terized by typical signs and magnitudes of compressibility
changes.76,149 Although less data are available for folding
kinetics than for thermodynamics, a few experimental
observations of a marked decrease in activation volume of
unfolding with pressure53 and a slightly nonlinear dependence
of logarithmic folding rate on pressure80 suggest that the
folding/unfolding transition state may be more compressible
than either of the folded and unfolded states. Building on a
previous study of compressibility of single-methane hydration
by our group,42 here we extend our effort also onto distance-
dependent compressibility of two-methane association and its
implications on the volumetric properties of the folding
transition state.

II. MODELS AND METHODS

All atomic simulation results presented in this work were
obtained by NPT Monte Carlo sampling of a system consisting
of zero, one, or two methanes embedded among N = 746
TIP4P water molecules in a box with variable box size and
periodic boundary conditions (Figure 1). As in previous studies
by our group,24,25,27,42 methane molecules were modeled by the
united-atom description of Jorgensen et al.,150 and the software
BOSS version 4.1151 was used for sampling with a cutoff
distance for Lennard-Jones interactions set to 10.0 Å.

Figure 1. Volume variations of methane plus water systems
determined by NPT simulations. Top: schematics of (from left to
right) pure water, one methane plus water, and two methanes plus
water systems investigated in this study. Water and methane molecules
are depicted, respectively, as V-shapes and filled circles. The arrows
indicate volume fluctuations during the simulations. Bottom:
distributions of volume of simulation boxes containing no methane
(pure water; dotted curve), one methane (dashed curve), and two
methanes that are at a distance ξ = 3.8 Å from each other (solid
curve). Data shown are for T = 298.15 K, P = 1 atm.
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Simulations were performed at absolute temperatures T =
278.15, 298.15, and 318.15 K (5°, 25°, and 45 °C) and at four
different pressures P = 1, 1000, 2000, and 3000 atm. Modeling
and methodological details are provided in the online
Supporting Information (SI).

III. RESULTS
A. Volume of Single Methane in Water. Using the

formulation in SI, the simulated average volume of pure water
⟨V⟩N and average volume ⟨V⟩N,a of water plus a single methane
at a fixed position are shown in Figure 2 for four different

pressures. The difference between these two quantities yields
the pressure-dependent excess volume (ΔV) data points in the
inset (the vertical scale in the inset is different from that in the
main plot). Each set of P-dependent data points in Figure 2 was
fitted to the quadratic equation eq S9 in SI. The fitted curves
were used to determine the partial molar volume Vm (dashed
curve in inset) by applying eqs S10 and S11 in SI.
It is instructive to compare the present simulated value of

isothermal compressibility κT
0 for pure water (eq S10) and Vm of

a single methane (eq S11) with experimental and simulation
results in the literature. At P = 1 atm and T = 298.15 K, our
simulated κT

0 = 4.66 × 10−5 atm−1 is within approximately 1.5%
from the experimental value of 4.5888 × 10−5 atm−1 reported
by Kell.147 In this regard, our simulated κT

0 is closer to the
experimental isothermal compressibility and is lower than
previously reported TIP4P-simulated κT

0 values (in units of 10−5

atm−1) of 5.00 (ref 36), 5.98 (ref 152) 5.13, 4.78 (ref 42), and
5.35 (ref 153). Most of the reported simulated κT

0 values
obtained using other water models are in a similar range (again
in units of 10−5 atm−1): 6.0 (ref 154) for SPC; 6.4 (ref 154) for
TIP3P; 4.20 (ref 155) and 4.67 (ref 153) for SPC/E; 4.81 (ref
156) and 4.87 (ref 152) for TIP4P/Ew; 4.71 (ref 152) and 4.69
(ref 153) for TIP4P/2005; and 4.10 (ref 152) and 5.78 (ref
153) for TIP5P.
The partial molar volume of a single methane obtain using eq

S7 and our simulated κT
0 at P = 1 atm and T = 298.15 K is 62.79

Å3. This value is within approximately 1.5% from the
experimental Vm of 61.9 Å3 reported by Masterton.120 Our
simulated Vm is in agreement with previously simulated values
of 59.7−63.10 Å3 obtained by our group.42 The corresponding
NPT-simulated excess volume ΔV at 1 atm obtained here is
60.92 ± 0.35 Å3, which is also consistent with the 58.3 ± 6.5 Å3

value computed previously using an NVT ensemble of TIP4P
water at ρ0 = 1 g cm−3 (ref 36). For protein-related
applications, it is useful to note that the partial molar volume
at 298.15 K and 1 atm of an alanine side chain estimated from
the Vm difference between alanine and glycine157 is
approximately 28 Å3 which is about one-half of the Vm of a
methane molecule.
The pressure dependence of methane Vm is shown in the

inset of Figure 2. The present simulation data show a
monotonic decrease of Vm with increasing P. This trend is
consistent with the experimental data for 28 and 35 MPa (276.3
and 345.4 atm) reported by Hneďkovsky ́ et al.,158 although the
two experimental Vm values exhibit a steeper decrease with only
a modest ∼70 atm increase in P than the more gradual trend
predicted by simulation. A similar trend of decreasing simulated
Vm of methane with increasing P has also been obtained using
the TIP3P model at T = 305 K as well as T = 478 K.159 In
contrast, a previous study by our group suggested a small
increase in Vm from P = 1 atm to P = 1000 atm. However, that
conclusion was noted as only tentative because sampling
uncertainties were large at approximately ±3.7 Å3 (ref 42).
With much more extensive sampling, the current numerical
uncertainties as estimated by block averages160 in Figure 2 are
much smaller. Thus, the present simulation data provide
conclusive support that methane Vm is monotonically
decreasing from P = 1 to 3000 atm in our TIP4P model.

B. Compressibility of Single Methane in Water. We
next consider the effect of methane on the compressibility of
various water plus methane systems (Figure 3). As described in
SI, isothermal compressibility were independently computed by

Figure 2. Pressure dependence of excess and partial molar volume of
methane in water at T = 298.15 K. Average volume is shown for N =
746 water molecules (⟨V⟩N for pure water; diamonds) and the same
number of water molecules plus one single methane at a fixed position
(⟨V⟩N,a; circles). The dashed and solid curves are best quadratic fits
[eq S9 in SI] to the respective data points. Error bars were computed
using block averages160 (see SI). Inset: simulated data points for excess
volume ΔV = ⟨V⟩N,a − ⟨V⟩N (circles) are fitted to eq S9 (solid curve).
The corresponding partial molar volume Vm [eq S7] is also shown (eq
S11, dashed curve). Experimental data from Masterton120 at 1 atm
(square) and from Hneďkovsky ́ et al.158 at 276.3 and 345.4 atm
(triangles) are included for comparison.

Figure 3. Pressure dependence of simulated partial molar and excess
isothermal compressibilities of methane in water at T = 298.15 K.
Partial molar isothermal compressibility ( T , eq S17) was computed
using the volume-fitting method in eqs S15, S18, and S20 (dashed
curve). The excess isothermal compressibility ΔκT in the quantity
ΔκT/ρ0 was computed from fitted volumes using eq S20 (solid curve)
and also from volume fluctuations using eq S19 (filled circles). Inset:
pressure dependence of isothermal compressibilities computed from
volume fluctuations (eqs S12 and S13) for pure water (κT

0 , circles) and
for methane in water (κT

N+a, squares) at the same temperature. The
corresponding isothermal compressibilities computed from fitted
volumes (eqs S10 and S14) are shown by the solid lines. Note that
the two fits are too close to be distinguishable in the scale of the
present plot. Error bars in the inset are defined in SI.
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volume fluctuation at a given pressure and also by volume
fitting over multiple pressures. The inset in Figure 3 indicates
that volume fluctuation and volume fitting give equivalent
results for isothermal compressibility within sampling un-
certainties. This plot shows that the difference between κT

0 for
pure water (circles) and κT

N+a for an aqueous solution with a
single methane (square) is small (precise definitions of κT

0 and
κT
N+a are provided in SI). This observation is not surprising
because a methane solution with mole fraction of 1/(N + 1) =
1/747 is quite dilute (our simulation box contains 746 water
molecules). Both compressibilities show a decreasing trend
with increasing P, which is expected because intuitively it
should be harder to compress a volume further when it has
already been compressed by high pressure.
Changes in the isothermal compressibility of water due to the

presence of a methane molecule at a fixed position is measured
by the excess isothermal compressibility36,42 ΔκT = −ρ0(∂ΔV/
∂P)T that involves the density of pure water ρ0 as well as the
partial molar isothermal compressibility21,76 T = −(∂Vm/∂P)T
described in SI. Our computed pressure dependence of excess
isothermal compressibility is shown in the main plot of Figure 3
for ΔκT/ρ0 calculated using volume fluctuation and also by
volume fitting. The fluctuation-calculated ΔκT/ρ0 values (filled
circles) exhibit considerable scatter, with sampling uncertainties
(not marked in the plot) larger than the maximum change in
this quantity over the studied pressure. This result indicates
that an accurate determination of compressibility by the volume
fluctuation at a single pressure is currently beyond our reach.
Sampling much more extensive than that used in the present
study will be needed for such a determination in the future.
Nonetheless, Figure 3 shows that the scatter of fluctuation-
calculated ΔκT/ρ0 values are around the solid curve
representing the ΔκT/ρ0 versus P function determined from
volume fitting, indicating that even with limited sampling, the
two methods did not produce inconsistent results. In our view,
the general trend of the solid curve in the main plot of Figure 3
for ΔκT/ρ0 should be reliable because it was obtained with
more underlying sampling from the derivative of a volume
versus pressure function fitted from multiple pressures, a
function that has small sampling uncertainties as shown by the
error bars for the ΔV values in the inset of Figure 2. Indeed, the
inset of Figure 2 demonstrates unequivocally that ΔV decreases
with increasing P, hence ΔκT/ρ0 > 0. It also shows quite
convincingly that the ΔV versus P curve concave upward, hence
ΔκT/ρ0 decreases with increasing P (Figure 3). The partial
molar isothermal compressibility T (dashed curve in Figure 3)
follows a similar trend. Because κT

0 for pure water decreases
with increasing pressure (∂κT0/∂P)T < 0), by eq S18, T
(dashed curve) is always larger than ΔκT/ρ0 (solid curve). It
should be noted that computational sampling performed for the
present work was vastly more extensive than that feasible when
the pressure-dependent compressibility results reported by our
group in ref 42 were computed. Therefore, the present general
predictions for the behavior of ΔκT/ρ0 and T , namely, that
both quantities are positive for P = 1−3000 atm and decrease
with increasing P, should supersede the tentative interpretation
in that earlier work (which were subjected to large sampling
uncertainties) that ΔκT/ρ0 and T are negative at 1 atm and
that both quantities increases with increasing pressure.42

The solid curve in Figure 3 shows that, according to our
simulation, ΔκT/ρ0 ≈ 2.8 × 10−3 Å3atm−1 at P = 1 atm and T =
298.15 K. This value is much lower than the ΔκT/ρ0 ≈ (3.3 ±

2.6) × 10−3 atm−1 × 30 Å ≈ (0.1 ± 0.08) Å3 atm−1 value
obtained by Matubayasi and Levy36 at T = 283.15 K, where the
ρ0 ≈ 1/(30)Å3 value adopted here corresponds to the water
density of 1 g cm−3 used in their calculation. Of relevance to the
present and earlier36 predictions of positive ΔκT/ρ0 values for
methane is a recent study by Sarupria and Garde using SPC/E
water around nonpolar solutes with radii ranging from ∼1 to 20
Å. These authors predicted that the isothermal compressibility
of the hydration shell around the solute varies nonmonotoni-
cally with solute radius. For P = 1, 2000, and 3000 atm,
hydration shell compressibility is higher than the compressi-
bility of bulk water for solute radius ≳5 Å but can be lower than
the compressibility of bulk water for small solute radii,43

suggesting that hydration shell compressibility is lower than
bulk compressibility for a methane-sized solute. However,
whether this result implies that the SPC/E model predicts
negative ΔκT/ρ0 and T values remains to be elucidated.
Experimental data that can be compared directly with Figure

3 are limited. The experimental Vm values for methane in the
inset of Figure 2 offer two estimates of T that differ by more
than 1 order of magnitude: The difference between the Vm
measured at 276.3 atm by Hneďkovsky ́ et al.158 and the Vm

measured at 1 atm by Masterton120 leads to T ≈ 1.2 × 10−3

Å3 atm−1 in the range of P = 1−276.3 atm (which is consistent
with our simulation results in Figure 3); however, the difference
between the two Vm values measured at 345.4 and 276.3 atm by
Hneďkovsky ́ et al.158 suggests a much higher T ≈ 21.6 × 10−3

Å3 atm−1 in the range of P = 276.3−345.4 atm. Although a ∼20-
fold increase in experimental T over ∼300 atm does not seem
to be physically reasonable, this apparent disagreement between
simulation and experiment deserves to be further investigated
in the future. Nonetheless, both experimental T estimate are
positive, which is consistent with our prediction but is in
apparent contradiction to an early argument that “ice-like”
water at a hydrophobic surface is less compressible than bulk
water.161,162 Because Figure 3 exhibits a decreasing T with
increasing P, our simulation data do not support an increasing

T with P, as suggested apparently by experimental measure-
ments of partial molar adiabatic compressibilities of hydro-
phobic amino acids163 (a trend that agrees fortuitously with an
earlier tentative result based on limited sampling;42 see above).
However, a simplistic comparison between the pressure
dependence of the partial molar adiabatic compressibilities of
hydrophobic amino acids163 with the partial molar isothermal
compressibility of methane can be problematic because
experimental and simulation data are lacking for converting
adiabatic to isothermal partial molar compressibility at high
pressures. Moreover, because of the prominent effects of the
charged groups on compressibility, it may not be straightfor-
ward to decouple the pressure dependence of such effects from
the total partial molar compressibility of the amino acid to
arrive at a pressure-dependent partial molar compressibility for
its nonpolar group.
It is instructive to compare our simulated T for methane

with experimental data on the adiabatic compressibility
contribution from an alanine side chain at P = 1 atm.
Differences between adiabatic and isothermal partial molar
compressibilities of a single methane at 1 atm can readily be
determined from experimental or simulation data. Previous
calculations by our group indicate that S ≈ T − 1.63 × 10−3

Å3 atm−1 and κS/ρ
0 ≈ κT/ρ

0 − 1.65 × 10−3 Å3 atm−1 at T =
298.15 K and 1 atm,42 which means that the single-methane S
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and κS/ρ
0 predicted by the volume-fitting data in Figure 3

under the same conditions are 1.47 × 10−3 and 1.15 × 10−3 Å3

atm−1 respectively. Experimental measurements of partial molar
adiabatic compressibility of amino acids in water are
negative142,163−166 because of electrostriction caused by the
charged amine and carboxyl groups.167 Assuming group
additivity, the contribution to partial molar adiabatic compres-
sibility of an alanine side chain at 298.15 K and 1 atm has been
estimated from the difference between the compressibilities of
alanine and glycine142,163−165 to be positive and ≈2.5 × 10−4 Å3

atm−1, which translates to a partial molar isothermal
compressibility of (2.5 × 10−4 + 1.63 × 10−3) Å3 atm−1 =
1.88 × 10−3 Å3 atm−1. This estimate for an alanine side chain is
about one-half (≈ 60%) of the T ≈ 3.1 × 10−3 Å3 atm−1 we
predicted for methane (Figure 3). Notably, for the same T,P
conditions, the partial molar volume of alanine side chain
estimated from the difference between alanine and glycine is
60.4−43.3 = 17.1 cm3 mol−1 (ref 157) or ≈ 28 Å3, which is also
about one-half (≈ 45%) of the experimental Vm ≈ 62 Å3 for
methane.120 Interestingly, the experimentally measured com-
pressibilities for valine, leucine, isoleucine, methionine, tyrosine,

phenylalanine are more negative than that for alanine,142,163−165

suggesting that compressibility contributions from multiple
methylene groups or larger nonpolar groups can be negative at
298.15 K and 1 atm.166,168 However, using an alternative Gly−
X−Gly tripeptide approach and again assuming group
additivity,166,169 the partial molar adiabatic compressibility of
an alanine side chain was estimated to be somewhat larger at
approximately 6.2 × 10−4 Å3 atm−1, which translates to a partial
molar isothermal compressibility of (6.2 × 10−4+1.63 × 10−3)
Å3 atm−1 = 2.55 × 10−3 Å3 atm−1, a value that is quite close to
(≈ 73% of) our predicted T for methane at 298.15 K and 1
atm (Figure 3). In this case, the Gly−X−Gly estimated
adiabatic compressibility contributions of larger hydrophobic
side chain were found to be positive.166

C. PMF of Methane Pairs in Water. We now proceed to
study the pressure and temperature dependence of water-
mediated interactions between two methanes (Figure 4).
Contact minimum (cm), desolvation barrier (db), and solvent
(water)-separated minimum (ssm) are salient features of
methane−methane PMFs (Figure 4a), as predicted theoret-
ically50 and verified by numerous subsequent numerical

Figure 4. Pressure dependence of water-mediated hydrophobic interactions. (a) PMF of a pair methanes at T = 298.15 K (25 °C) and four different
pressures. Direction of change in PMF value with increasing pressure P is indicated by arrows. There are small shifts in the cm, db, or ssm positions
with increasing P. (b−d) P-dependent change in PMF. For each of the cm, db, and ssm configurations, ΔPMF at a given P is the PMF value at that P
minus the corresponding PMF value at P = 1 atm and is given for (b) T = 278.15 K (5 °C), (c) 298.15 K (25 °C), and (d) 318.15 K (45 °C). (e−f)
Density maps of water near a pair of methanes in the cm, db, and ssm configurations under (e) 1 atm and (f) 2000 atm. Density is given by ρr(r,z)
defined in eq S1 in SI; the horizontal scale (z) and vertical scale (r) are distance in Å. The white half circles represent the methanes. The color code
on the right indicates relative density with unity corresponding to the bulk density for water molecules far away from the methanes.
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simulations. At cm, the van der Waals surfaces of the two
methanes overlap (white half circles in the left panels of Figure
4e,f). This configuration is favored (PMF < 0) because
exposure of nonpolar surface to water is reduced relative to
the situation when the two methanes are far apart (PMF = 0).
At db, the van der Waals surfaces of the two methanes are not
touching each other (middle panels of Figure 4e,f), thus the
favorable van der Waals interactions between the methanes are
partially lost but the space between the methanes is not large
enough to accommodate water molecules (black area between
the two methanes in the middle panels of Figure 4e,f) to make
up for the loss in favorable contact energy. As a result, the db
configuration is unfavorable (PMF > 0) relative to the cm
configuration and also to configurations in which the two
methanes are far apart. At ssm, the two methanes are just
sufficiently far apart that water molecules in contact with both
methanes can be accommodated between them (blue and red
areas between the methanes in the right panels of Figure 4e,f).
Water molecules associated with this two-methane config-
urations provide a small yet robust stabilization50 that leads to
slightly favorable PMF values at ssm.
The PMFs at 298.15 K show that as pressure increases, both

cm and ssm deepen. The stabilization of cm by pressure is
consistent with a recent scaled particle theory analysis.170 In
contrast, db becomes higher (more unfavorable) as pressure
increases. The trends for 298.15 K are shown in Figure 4c. The
corresponding trends of PMF values at cm, db, and ssm for
278.15 and 318.15 K are reported, respectively, in Figure 4b,d.
Pressure dependence of PMF is temperature sensitive. For
instance, P-variation of cm is nonmonotonic at 278.15 K (cm
increases, or destabilizes, at high P in Figure 4b), but is
monotonically decreasing (stabilized by P) for 298.15 and
318.15 K (Figure 4c,d). Another example is that db increases
monotonically from P = 1000 to 3000 atm at 278.15 and 298.15
K (Figure 4b,c) but decreases from P = 2000 to 3000 atm at
318.15 K (Figure 4d). The molecular basis for the peculiar
trends at T = 278.15, including the stabilization of ssm relative
to cm from P = 2000 to 3000 atm (not observed for 298.15 K
and 318.15K) is beyond the scope of our present investigation
and needs to be addressed in the future.
As far as our results for T = 298.15 K are concerned, they are

in large measurethough not entirely170consistent with
those obtained by Hummer et al. using 256 SPC waters and
information theory at 298 K38 and by Ghosh et al. using a
system of 10 methanes with 508 TIP3P waters at 300 K.40 A
notable exception, however, is that although they both
predicted increasing stabilization of ssm relative to cm as
pressure increases, Figure 4c shows that cm decreases faster
than ssm between P = 2000 and 3000 atm at 298.15 K. In
Figure 5, we summarize the presently predicted temperature
and pressure dependence of the relative stabilities between db
and cm (which may be viewed as a solvation barrier), between
ssm and cm, and between db and ssm.
The density plots in Figure 4e,f show that water density is

significantly higher at the first hydration shell around the
methanes (deep red areas), especially the region in between the
two methane (yellow spots). Water density is also slightly
enhanced at the second hydration shell (faintly red areas),
whereas water density is reduced between the first and second
hydration shells (deep blue areas). These patterns are expected
from standard radial distribution function analyses.50 The
region of maximum water density (bright yellow spot) moves
progressively closer to the midpoint between the two methanes

as ξ increases from cm to db to ssm. However, even for the ssm
configuration, the region of maximum water density does not
lie along the line directly connecting the two methanes. Instead,
it is approximately 1 Å away from that line. In three
dimensions, this region takes the shape of a ring of radius ≈1
Å centered at the midpoint and perpendicular to the line
between the two methanes, as has been observed in the
simulation by Ghosh et al.41 Difference in water density
distribution between P = 1 and 2000 atm is subtle and not
clearly discernible from visual comparison of Figure 4e and
Figure 4f. We also note that Figure 4e,f does not exhibit
prominent ripple-like patterns as those featured in the
corresponding density plots for a two-dimensional water
model.171

The pressure dependence of enthalpic and entropic
contributions to two-methane PMF (Figure 6) was determined
using eq S5 in SI. Because the model methane molecules have
no internal degrees of freedom, the entropic contributions
originate entirely from the water molecules. Pressure−volume
(PΔV) contribution is negligible at P = 1 atm, but its
contribution to ΔH is appreciable at high P (Figure 6f).
Enthalpy−entropy compensation is prevalent (Figure 6a,b).
This behavior is akin to similar compensations observed before
at P = 1 atm27,105 as well as at 4000 atm.41 Overall, the general
trend of pressure-dependent enthalpic and entropic properties
in Figure 6a,b is consistent with that in the early study of Ghosh
et al.41 Figure 6c shows that db is made more unfavorable by
pressure due to entropic effects. Enthalpic effects at db is
apparently pressure-neutral between 1 and 3000 atm (Figure
6d). Further decomposition of the enthalpic contribution at db
indicates that as pressure increases, there is a compensation
between a stabilizing energy (lower ΔE near db at P = 3000
atm in Figure 6e) and a destabilizing pressure−volume term
(positive PΔV near db in Figure 6f). In contrast, Figure 6d
shows that as pressure increases, ssm is stabilized by enthalpy
whereas the entropic effects near ssm is essentially pressure-
neutral (Figure 6c). Further decomposition of the pressure-
induced decrease in ΔH around ssm indicates that ssm is
favored by both negative values of ΔE (Figure 6e) and PΔV
(Figure 6f).

Figure 5. Pressure and temperature dependence of barrier heights and
local minimum depths in the two-methane PMF. The ξ1-ξ2 notation
“db-cm” (triangles), “ssm-cm” (circles), and “db-ssm” (squares)
denotes [(PMF value at ξ1) minus (PMF value at ξ2)]. For instance,
db-cm is the PMF value at the desolvation barrier (db) minus the PMF
value at the contact minimum (cm). The dotted, solid, and dashed
lines are merely guides for the eye.
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D. Volume of Methane Pairs in Water. The average
volumes of model systems consisting of a pair of methanes
embedded in N = 746 water molecules are shown in Figure 7
for the four different pressures considered in this study. We
denote this average volume by ⟨V(ξ)⟩N,ab as its value is

dependent upon the distance ξ between the two methanes
(symbolized by a and b). Figure 7 shows that spatial
dependence is strongly oscillatory for all pressures studied
with a prominent peak near db (4.5 Å < ξ < 6 Å) and a deep
minimum near ssm (6.5 Å < ξ < 7.5 Å). The overall increase in
volume near db is related to the steric impossibility of
accommodating water molecules in the space between the two
methanes, as discussed above, leading to a void volume that
adds to the overall volume. Not surprisingly, the ξ-dependent
oscillation of volume is suppressed by pressure. For instance,
the difference between the volume at db and at ssm is 8.78 Å3

at 1 atm but only 4.30 Å3 at 3000 atm.
The average volume ⟨V(ξ)⟩N,ab at very large methane−

methane distances (ξ → ∞) is expected physically to be equal
to the volume of a box containing two isolated methanes
embedded in the same number N of water molecules, that is,
⟨V(ξ → ∞)⟩N,ab = 2⟨V⟩N,a − ⟨V⟩N. Equivalently, ⟨V(ξ →
∞)⟩N,ab may be understood as the sum of the volume of N
water molecules plus two times the excess volume ⟨V⟩N,a −
⟨V⟩N for a single methane. Now we use ⟨V(ξ → ∞)⟩N,ab as
reference volume to define a ξ-dependent excess volume of
two-methane association, viz. (Figure 8a)

ξ ξ ξΔ ≡ ⟨ ⟩ − ⟨ → ∞ ⟩V V V( ) ( ) ( )N ab N ab, , (1)

In Figure 8a, even at the largest methane−methane distance
simulated (14 Å), the methanes are not sufficiently far apart to
mimic infinite separation. But this lack of convergence [i.e.,
ΔV(ξ = 14 Å) ≠ 0 ] is not expected to affect the accuracy of the
ΔV(ξ) values at smaller ξ because each ΔV(ξ) data point was
computed independently and even at ξ = 10 Å, a spatial
separation of ≳24 Å or more than eight layers of water
molecules are available to screen a methane from the periodic-
boundary-conditions effect of the other methane.
Figure 8b shows a clear trend of ΔV reduction near db with

increasing Pthis applies to the db position at P = 1 atm as
well as the positions for peak ΔV values at various Ps, indicating
positive excess compressibility around the db configuration. In
line with intuition, this observation suggests that the db-
associated void volume between the two methanes decreases
with increasing pressure. However, surprisingly, ΔV near ssm
including the ssm position at P = 1 atm as well as the positions
for the first local minimum ΔV values at various Psincreases
with increasing pressure. This observation implies that, relative
to configurations with the two methanes far apart, the system at
methane−methane distances between 6.5 and 7.5 Å packs even
more tightly at low pressures than at higher pressures. Figure
8b shows further that at high pressure, system volume at cm is
smaller than that at large ξ and also smaller than that at ssm.
This finding suggests that in the TIP4P water model, the cm-
type of partially exposed two-methane configurations are more
favorable at high pressure (2000−3000 atm) than the ssm-type
of more water-exposed configurations. Notable changes in ΔV
are also observed at distances corresponding to the second
solvent-separated configuration (i.e., distances where approx-
imately two layers of water molecules are separating the two
methanes). The volume at these configurations decreases with
increasing pressure and becomes smaller than the reference ξ
→ ∞ volume for P > 2000 atm.
As discussed above, an intuitively physical origin for the ΔV

peak near db is the void volume created by the two methanes at
distances between ∼4−6 Å. Here we examine this idea
quantitatively by comparing the explicit-water-simulated
volume peaks with analytically determined volumes encased

Figure 6. Pressure dependence of the enthalpic and entropic
components of two-methane PMF at T = 298.15 K. Shaded vertical
bands show the ranges of cm, db, and ssm positions for the range of P
we simulated (see Figure 4a). (a,b) PMF (thick solid curves) and its
enthalpic component (ΔH, dashed curves) and entropic component
(−TΔS, thin solid curves) at pressure P = 1 atm (a) and 3000 atm (b).
(c,d) Comparison of the entropic (c) and enthalpic (d) PMF
components at these two pressures. Data for P = 1 and 3000 atm are
shown by the filled and open symbols, respectively. (e,f) The enthalpic
PMF components ΔH are further decomposed into their respective
energetic [ΔE, (e)] and pressure−volume [PΔV, (f)] contributions.
Data for P = 1 and 3000 atm are shown by the solid and dashed curves,
respectively. The PΔV contribution at 1 atm is so small that its
deviation from zero is indiscernible in (f).

Figure 7. Average volume (⟨V(ξ)⟩N,ab) at T = 298.15 K of the two
methanes plus water system as a function of methane−methane
separation ξ. Volume data points are shown with error bars
determined using block averages. Lines joining data points are merely
guides for the eye. As position references, the two-methane PMFs for
the respective pressures (continuous curves, data from Figure 4a) are
shown in an arbitrary vertical scale.
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by molecular surfaces that are defined by water probes of
various sizes (Figure 9). Molecular surface172 of a group of
molecules, also referred to as Connolly surface,173 is defined as
the union of all the contact surfaces plus all the reentrant
surfaces between a spherical probe of a given size and the group
of molecules under consideration. For a water-sized probe, the
probe radius rw is often taken to be 1.4 Å.173 Molecular surface
is related to but distinct from solvent-accessible surface.174

Because solvent-accessible surface is defined as the surface
traced by the center of a spherical probe in contact with the
group of molecules in question rather than the contact points
on the probe, the volume encased by solvent-accessible surface
is generally larger than that encased by molecular surface.
Molecular surface area (MSA) and solvent-accessible surface
area (SASA) are useful for understanding different aspects of
solvation effects.105,172 Notably, the db of pairwise methane
PMF is rationalized by a local maximum in MSA as the two
methanes approach each other (Figure 9a), but SASA decreases
monotonically with decreasing ξ and thus exhibits no local
barrier for two methanes.25,92

For two hard spheres with radius R and their centers at a
distance ξ apart, the ξ-dependent MSA defined by a probe of
radius rw relative to the corresponding MSA for two
independent hard spheres (i.e., at large ξ) is given by

Figure 8. Volume effect of methane association in water at T = 298.15
K. The distance-dependent two-methane ΔV(ξ) is defined in the text.
(a) ΔV(ξ) values for P = 1, 1000, 2000, and 3000 atm are given by the
filled circles, open triangles, filled squares, and open diamonds,
respectively. As a guide for the eye, these data points are connected by
solid, dotted, dashed, and dashed-dotted lines, respectively. The ΔV
profiles at different pressures share the prominent features of a peak, a
first minimum, and a second minimum. As position references, the cm,
db, and ssm positions of the PMF at P = 1 atm are marked by vertical
dotted lines. (b) Pressure dependence of the volume change ΔV at the
peak, first minimum, and second minimum value for each of the given
pressure as well as at the cm, db, and ssm positions marked in (a).

Figure 9. Rationalization of excess volumes of two-methane
association by analytically constructed molecular surfaces. Here
simulated ΔV(ξ) for two methanes (Figure 8a) at T = 298.15 K is
compared with ξ-dependent variation of the area of the two-methane
molecular surface (ΔMSA) and of the volume ΔMSV encased by the
two-methane molecular surface. The radius of the molecular surface of
a single methane is taken to be R = 2.09 Å. (a) Molecular surfaces of a
pair of methanes at cm, db, and ssm. These positions are marked in
(b) by vertical dotted lines. The molecular surfaces in (a) are defined
by a water probe with radius rw = 1.77 Å.172,173 When a water probe
can be accommodated between the two methanes, as for the ssm, the
molecular surface is the union of the disjoint surfaces of the two
methanes (blue surfaces). When the two methanes are at closer
distances, the molecular surface is contiguous, as for the cm and db.
For these positions, the molecular surface of the methane pair consists
of the exposed blue surfaces of the methanes as well as the black
translucent surfaces between the methanes. (b) Contrasting the
simulated ξ-dependent excess volume ΔV(ξ) in Figure 8a for P = 1
atm (open circles connected by thick continuous black curve) with the
ξ-dependent molecular surface volume (ΔMSV) calculated using eqs
5−7 with water probe radius rw = 1.77 Å (thin continuous black curve)
or rw = 1.4 Å (thin continuous red curve). The corresponding ξ-
dependent molecular surface area (ΔMSA; eqs 2−4) are also included
for comparison (thin dashed black and red curves, respectively, for
ΔMSA calculated using rw = 1.77 Å and rw = 1.4 Å). Units for volume
and area are provided by the left vertical scale. Also included for
comparison is the enthalpic component ΔH of the two-methane PMF
for P = 1 atm. The units for ΔH is provided by the right vertical scale.
This plot shows that the peak position of two-methane excess volume
ΔV coincides almost exactly with the peak position of enthalpic PMF
near the db position, thus suggesting strongly that the void volume
developed between the two methanes around the db because of steric
dewetting and the associated loss of favorable intermolecular
interaction is a major origin of the enthalpic barrier.105 (c) Simulated
two-methane excess volume ΔV(ξ) for P = 1, 1000, 2000, and 3000
atm (black circles, magenta triangles, green squares, and blue
diamonds, respectively, data points connected by dashed curves in
the same color) are compared against the best-fit ΔMSV using
different optimal rw values for different pressures (continuous curves in
corresponding colors).
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1/2. The above

expression for ΔMSA(ξ) is equivalent to the quantity MA(x) −
8πRs

2 derived by Rank and Baker,92 where their variables x and
Rs correspond to our variables ξ and R, respectively.
After performing the pertinent volume integrals for the

above-defined two-sphere system, we arrived at the following
formula for the ξ-dependent volume encased by the molecular
surface relative to the total volume of two independent hard
spheres of radius R:
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The relative molecular-surface volume ΔMSV(ξ) for a pair
methane-sized hard spheres is shown in Figure 9b for two
different probe radii. The plot shows that ΔMSV(ξ) (thin solid
curves) provides a reasonable rationalization for the db-
associated explicit-water-simulated ΔV peak, even though
ΔMSV(ξ) does not account for the negative ΔV values near
ssm. For both probe radii tested, ΔMSV(ξ) peaks at ξ ≈ 4.5−
5.0 Å, essentially coinciding with the peak ΔV position at P = 1
atm. In contrast, the ΔMSA(ξ) area functions peak at a slightly
larger distance ∼6 Å which is nearer to the db position. The
enthalpy function ΔH(ξ) here (dashed black curve) is seen to
track ΔMSV(ξ) closely, achieving its peak value near the ΔV
peak at a distance ξ that is slightly smaller than that for the
PMF db peak. This behaviorial pattern may be quite general as

a similar relationship between the db position and the peak
positions of ΔH and ΔV was observed for a pair of polyalanine
α-helices.105

Notably, Figure 9b indicates that the peak ΔV value for P = 1
atm is reproduced by the ΔMSV for rw ≈ 1.77 Å (thin solid
black curve) rather than the ΔMSV for the commonly used rw
= 1.4 Å water-sized probe (thin red curve). Figure 9c shows
further that peak ΔV values simulated at different pressures can
be reproduced by ΔMSV with different probe sizes. In this
respect, it has been noted that the average separation between a
water molecule and different parts of a solute surface can vary
in general, thus the utility of using exclusively a fixed-radius
water probe can be limited.175,176 The qualitative trend of a
decreasing water probe size with increasing pressure in Figure
9c is consistent with expectation. Quantitatively, however, the
probe size derived from fitting the ΔV peak at high pressure is
probably too small to represent a real water molecule. A case in
point is that whereas density of pure water increases by only
∼10% from 1 to 3000 atm42 (hence ∼10% decrease in volume),
the best-fit rw at 3000 atm in Figure 9c is ∼1/2 that at 1 atm,
which translates to >80% decrease in volume. This mismatch
suggests that for configurations around the ΔV peak, the
relatively small peak ΔV values under high pressures likely
originate from a partial compensation of the db-associated void
by volume-decreasing effects of significantly higher-than-bulk
water densities in surrounding regions.

E. Compressibility Effects of Methane−Methane
Association in Water. The combined effect of pressure and
spatial proximity of two methanes on the overall compressibility
of the aqueous methane system is provided in Figure 10. The
plotted quantity
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ξ

ξ
∂

= −
⟨ ⟩

∂⟨ ⟩⎛
⎝⎜

⎞
⎠⎟V

V

P
( ) ( )

1
( )

( )
T N ab

N ab

N ab

T
,

,

,

(8)

is the isothermal compressibility derived from the average
volume ⟨V(ξ)⟩N,ab in Figure 7. As in our consideration above of
a single methane, two-methane compressibility at a given ξ is
estimated here using two independent methods: by volume
fluctuation at a single pressure or by differentiating the pressure
dependence of volume fitted over multiple pressures using
functions quadratic in P. The methods are basically identical to
those we used above for the compressibility of a single methane
in water, the only extension here is that we now apply the
methods for each and every methane−methane distance ξ we
consider.
Notwithstanding the large numerical uncertainties (see

discussion in SI) and thus the tentative nature of the present
compressibility results, because two independent methods were
used to estimate (κT)N,ab(ξ), there is no reason for potential
biases that afflict one method to also afflict the other method.
Moreover, because data at different ξ positions were collected
independently of one another in our approach, there is no a
priori correlation between data at different ξs. Taking these
considerations together, it is reasonable to expect that robust
features common to the (κT)N,ab(ξ) obtained by both methods
are likely valid predictions of the underlying methane plus
water model. We focus on those features below.
At each of the four pressures in Figure 10, a local maximum

in (κT)N,ab(ξ) occurs near db, and a local minimum presents
itself near ssm. This trend is reasonable because the low density
(high ΔV, see dashed curves in Figure 10) around db is likely
conducive to a higher compressibility, and conversely, the high

The Journal of Physical Chemistry B Article

dx.doi.org/10.1021/jp501935f | J. Phys. Chem. B 2014, 118, 7488−75097497



density (low ΔV, see dashed curves in Figure 10) around ssm is
suggestive of a lower compressibility. Interestingly, the two-
methane isothermal compressibilities around ssm for all four
pressures are lower than the corresponding one-methane
isothermal compressibility (marked by horizontal lines in
Figure 10). Because the immersion of a methane molecule in
water increases the isothermal compressibility of the system
(Figure 3), one might expect that introducing a second
methane would increase isothermal compressibility even
further. However, this is not the case around ssm, underscoring
the exceptionally well-packed nature of water in the vicinity of
such methane configurations.
As in our examination of ΔV(ξ) above, it is useful to consider

the isothermal compressibility of a pair of methanes at a
distance ξ in water relative to the isothermal compressibility
when the two methanes are far apart. Here we refer to this
quantity

κ ξ ρ ∂ ξ
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Δ ≡ − Δ⎛
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V
P
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( )

T
T

0

(9)

as the two-methane excess isothermal compressibility. Figure
11a shows the pressure dependence of ΔκT(ξ)/ρ0. According
to eq 9, limξ→∞ ΔκT(ξ) = 0 because limξ→∞ ΔV(ξ) = 0 (eq 1).
However, because ΔV(ξ) ≠ 0 at the largest distance ξ = 14 Å
simulated (i.e., 14 Å is not sufficiently large for ξ → ∞
behaviors; see Figure 8a), ΔκT(ξ = 14 Å) ≠ 0 (Figure 11a).
Nonetheless, for the same reasons given in the discussion of
ΔV(ξ), we do not expect the nonzero ΔκT(ξ) values at ξ = 14
Å to impact upon the accuracy of ΔκT(ξ) values at smaller ξ.
Figure 11a shows that the largest variations in simulated ξ-

dependent ΔκT(ξ)/ρ0 values at P = 1 atm are ≈ + 1.8 × 10−3

Å3 atm−1 and −1.2 × 10−3 Å3 atm−1 in the positive and negative
directions, respectively. These variations are of the same order
of magnitude as the simulated single-methane ΔκT/ρ0 ≈ 2.8 ×
10−3 Å3 atm−1 reported above for P = 1 atm. It follows that the

simulated partial molar isothermal compressibility of a pair of
methanes in water ranges approximately from (2 × 2.8−1.2) ×
10−3 = 4.4 × 10−3 Å3atm−1 to (2 × 2.8 + 1.8) × 10−3 = 7.4 ×
10−3 Å3 atm−1. These values are ≈0.86−1.45 times the
experimental partial molar isothermal compressibility of two
independent alanine side chains, which was estimated to be ≈2
× 2.55 × 10−3 = 5.1 × 10−3 Å3 atm−1 from Gly−X−Gly
tripeptide data.166 This approximate agreement is reassuring,
although it is not a direct comparison between simulation and
experiment because experimental data on the compressibility of
a pair of methanes in water are lacking.
The favorable comparison above between simulation and

experiment suggests that the present computational results on
compressibility are physically reasonable despite limited
sampling (see SI). Several salient trends in our results are
noteworthy. Figure 11 suggests that ΔκT(ξ) decreases with

increasing pressure around cm and db but increases around
ssm. As a result of a decreasing trend of ΔκT with pressure at
cm, excess isothermal compressibility at cm is seen as positive
for P ≲ 2000 atm but becomes slightly negative for P ≳ 2000
atm in Figure 11. In contrast, excess isothermal compressibility
at the ΔκT peak near db is positive for all pressures we studied,
even though ΔκT at this position also decreases with pressure.
At ssm and the local ΔκT(ξ) minimum nearby, ΔκT(ξ) is
negative for the pressures studied, but it becomes less negative
as pressure increases. A possible physical reason for these
trends is that as the water becomes more densely packed by

Figure 10. Isothermal compressibility of a pair of methanes in water at
T = 298.15 K. (κT)N,ab of the two methanes plus water system was
computed from pressure derivatives of fitted volumes [filled symbols
in (a), (c), (e), (g)] and from volume fluctuations at the given
pressure [open symbols in (b), (d), (f), (h)] for P = 1 atm (a,b), 1000
atm (c,d), 2000 atm (e,f), and 3000 atm (g,h). For comparison, the
horizontal lines provide the compressibility (κT)N,a of the single
methane plus water system computed using the method for the given
panel (data from Figure 3). The corresponding ξ-dependent average
volume is also shown as position reference (dashed curves, data from
Figure 7 plotted in arbitrary vertical scales).

Figure 11. Excess isothermal compressibility of a pair of methanes in
water at T = 298.15 K. (a) ΔκT/ρ0 is two-methane excess
compressibility divided by the density of pure water, shown as a
function of methane−methane separation for pressure P = 1 atm
(filled circles), 1000 atm (open triangles), 2000 atm (filled squares),
and 3000 atm (open diamonds). The compressibilties used to
compute the excess compressibilities here (eq 9) were determined
using pressure derivatives of fitted volumes (Figure 10a, c, e, and g).
The cm, db, and ssm positions at P = 1 are marked by vertical dotted
lines as position references. (b) Pressure dependence of the ΔκT/ρ0
values at the cm, db, and ssm, as well as the “peak” and “1st min”
positions marked in (a). Note that the ξ coordinates for the “peak” and
“1st min” positions can be different for different pressures.
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pressure, there is less room for fluctuation in water density
around the two methanes. Such a reduction in the variation of
water density may underlie the apparent convergence of ΔκT
values, irrespective of ξ, to the same essentially zero value as
pressure increases (Figure 11b). At ssm, an increase in ΔκT, or
more precisely, a decrease in the magnitude of negative ΔκT
value with increasing pressure from 1 to 3000 atm, may also
reflect that more water can be squeezed by an increasing
pressure into the accessible yet largely unfavorable volume
directly in between the two methanes (see the rightmost ssm
panels in Figure 4e,f) and thus make the system more
compressible. Nevertheless, while we believe that this line of
reasoning is physically plausible, more extensive simulations
and in-depth analysis will be needed to elucidate the molecular
basis of the pressure dependence trends seen in Figure 11.
In view of the many experiments that measure adiabatic

(isentropic)142,163−166 rather than isothermal compressibilities,
we consider also the ξ-dependent two-methane excess adiabatic
compressibility, ΔκS(ξ), which is related to the excess
isothermal compressibility ΔκT(ξ) by
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The above equation is a straightforward extension of the
corresponding formula linking excess adiabatic and isothermal
compressibilities for a single solute.42,76,177 As in ref 42, ρ0, α0,
and CP

0 are, respectively, density, constant-pressure expansivity,
and constant-pressure heat capacity of pure water. Here,
ΔCP(ξ) is the ξ-dependent constant-pressure excess heat
capacity, and (∂ΔV(ξ)/∂T)P is proportional to the ξ-dependent
constant-pressure excess expansivity for a pair of methanes in
water. To arrive at an estimate of two-methane excess adiabatic
compressibility for T = 298.15 K and P = 1 atm (Figure 12), we
use experimental data for the pure-water quantities under these
conditions147 (summarized in Table 1 of ref 42), namely, ρ0 =
0.0553 mol cm−3, α0 = 2.57 × 10−4 K−1, and CP

0 = 75.3 J mol−1

K−1. As two-methane data are not available experimentally, to
complete the analysis, we apply the ΔCP(ξ) simulated
previously by Shimizu and Chan31 as well as a (∂ΔV(ξ)/∂T)P
function estimated from our present simulations of ξ-
dependent excess volume at three different temperatures
(Figure 12a). The resulting excess adiabatic compressibilities
ΔκS(ξ)/ρ0 in Figure 12b (dashed curves) exhibit trends that are
very similar to the corresponding excess isothermal compressi-
bilities ΔκT(ξ)/ρ0 (solid curves in Figure 12b). As for
ΔκT(ξ)/ρ0, a peak value around db and a local minimum
around ssm are salient features of the adiabatic ΔκS(ξ)/ρ0.
We view the ΔκS(ξ)/ρ0 determined by fitting multiple-P data

as more reliable than that calculated using volume fluctuation at
a single P (see discussion on single-methane compressibility
above). For this ΔκS(ξ)/ρ0 function (bottom dashed curve in
Figure 12b), the maximum ξ-dependent variations in the
positive and negative directions are ≈ + 0.8 × 10−3 and −1.1 ×
10−3 Å3 atm−1 respectively. Because the simulated excess
adiabatic compressibility ΔκS/ρ0 of a single methane is ≈1.15 ×
10−3 Å3 atm−1, the ξ-dependent values in Figure 12b imply that
the partial molar adiabatic compressibility of a pair of methanes
in water ranges approximately from 1.2 × 10−3 to 3.1 × 10−3 Å3

atm−1 (because 2 × 1.15−1.1 = 1.2 and 2 × 1.15 + 0.8 = 3.1).

These values are essentially equal to or at most 2.5 times the
experimental partial molar adiabatic compressibility of a pair of
independent alanine side chains which is estimated to be
approximately 1.2 × 10−3 Å3 atm−1 from measurements on
Gly−X−Gly tripeptides.166 Again, as in the above consideration
of isothermal compressibility, the approximate numerical
agreement between our simulated partial molar adiabatic
compressibilities of two methanes and a corresponding
experiment-based estimate lends credence to the two-methane
compressibility effects predicted here.

IV. DISCUSSION: RAMIFICATIONS FOR PROTEIN
FOLDING

In view of the biophysical significance of hydrophobic
interactions,8−10 insights into pressure-dependent protein
folding can be gleaned from computational data on pressure-
dependent pairwise hydrophobic interactions. Some progress
has already been made in this direction by incorporating

Figure 12. Excess adiabatic compressibility of a pair of methanes in
water at T = 298.15 K and P = 1 atm, where ΔκT/ρ0 = (∂ΔV(ξ)/∂P)T
and ΔV(ξ) is the two-methane excess volume provided in Figure 8a.
The cm, db, and ssm positions of the PMF are marked by vertical
dashed-dotted lines. (a) Quantities needed for converting isothermal
compressibility to adiabatic compressibility [eq 10]. Two-methane
(∂ΔV/∂T)P at 298.15 K (solid curve, left vertical scale) was derived
using a quadratic T-dependent fit of simulated two-methane excess
volume for P = 1 atm at 278.15, 298.15, and 318.15 K. Two-methane
ΔCP at 298.15 K and P = 1 atm (dashed curve, right vertical scale) was
taken from Figure 4B of Shimizu and Chan.31 (b) Excess adiabatic
compressibility divided by density of pure water (ΔκS/ρ0, dashed
curves) was derived from the simulated excess isothermal compres-
sibility divided by density of pure water (ΔκT/ρ0, solid curves, data
from Figure 10a,b) by using the factors in (a) and experimental value
for α0/ρ0CP

0 in accordance with eq 10. The same adiabatic-isothermal
shift was applied to the isothermal compressibility computed by
pressure derivatives of fitted volume [lower pair of curves in (b), data
for the lower solid curve in (b) are from Figure 10a] and to the
isothermal compressibilility determined using volume fluctuations
[upper pair of curves in (b), data for upper solid curve in (b) are from
Figure 10b].
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pressure dependence of db height and ssm depth38 in coarse-
grained protein chain models.178,179 Figure 13 provides a

panoramic view of most of our new simulation data together
with physically plausible conceptual links between two-methane
configurations and various protein conformational states.
Volumes at different pressures are compared here on an
equal footing in that all volumes are plotted relative to a
common baseline. As suggested above, as a model system, a
methane pair in water is more adequate for conformations with

fully or partially exposed nonpolar groups than folded
conformations with sequestered hydrophobics. Therefore, to
address the energetic balance between the unfolded and folded
states, rather than relying on the two-methane system alone, it
is more appropriate to compare volumes of aqueous two-
methane systems against pure-phase two-methane volumes
with packing densities mimicking those in the sequestered cores
of folded proteins. For this reason, the partial molar volumes of
a pair of methanes under various liquid-like and solid-like
packing conditions are featured in Figure 13 as well.

A. Volumes of Methane in Water versus Methane in
Pure Liquid or Solid State. We utilize two experimental
measurements of partial molar volume of methane to bracket a
range of densities for liquid-like packing: Vliquid ≈ 63 Å3 for the
liquid state at the boiling point of methane under P = 1 atm (T
= 111.7 K),180 and Vliquid ≈ 52 Å3 for the liquid state at the
melting point of solid methane under P = 3186 atm (T =
156.97 K).181 These values lead us to adopt an interval from 2
× 52 = 104 to 2 × 63 = 126 Å3 as a reasonable range of excess
volume for a pair of methanes under liquid-like packing. The
corresponding Δ1V range is determined by using the
experimental Vm at T = 298.15 K and P = 1 atm, which is
61.93 Å3 (37.3 cm3 mol−1)120 and very close to our simulated
value of 62.79 Å3. Then, by using eq S7 in SI and the
experimental κT

0 = 4.59 × 10−5 atm−1 (ref 147), the
experimental excess volume of methane is ΔV = 60.1 ≈ 60
Å3 and therefore the excess volume for a pair of methane is
2ΔV ≈ 120 Å3. Hence we arrive at a Δ1V range of [−16 Å3, +6
Å3] for liquid-like packing, that is, from 104−120 = −16 Å3 to
126−120 = 6 Å3 in Figure 13.
For solid-like packing, the single-methane partial molar

volume of solid methane at the melting temperature T = 252.5
K under a high pressure of P ≈ 9692 atm is Vsolid ≈ 45 Å3

(derived from density data of Constantino and Daniels182).
Because of the extremely high pressure under which this Vsolid is
measured, it may be viewed as an extremely low limit for solid-
like methane partial molar volume. For the solid state along the
methane melting curve under P ≲ 3000 atm, a range of partial
molar volumes from Vsolid ≈ 50 Å3 to Vsolid ≈ 54 Å3 was
reported by Cheng et al. for pressures ranging from P ∼ 0.1 atm
to P = 3186 atm (melting temperature ranging from T = 90.69
to 156.97 K).181 These values are consistent with estimates of
2.06 to 2.08 Å for the molecular radius R of methane from
exerpimental crystallographic data or quantum mechanical
calculations,183 because the corresponding molecular volume
4πR3/3 divided by the face-centered cubic packing fraction
π/√18 yields partial molar volumes from 49.5 Å3 (for R = 2.06
Å) to 50.9 Å3 (for R = 2.08 Å). From these considerations, we
take 48−54 Å3 as a reasonable range for solid-like single-
methane excess volume. Accordingly, relative to the common
baseline, the Δ1V values for solid-like packing in Figure 13
ranges from 2 × 48−120 = −24 Å3 to 2 × 54−120 = −12 Å3.

B. Two-Methane Contact Minimum May Not Be a
Good Model for Folded States. In using two-methane
simulations to address protein folding, the cm position, being
the least water-exposed among aqueous two-methane config-
urations, is often taken as a model for conformations with
properties similar to those of the folded state.24,30,38 This
approach has its utility. Nonetheless, because the methanes in
the cm position are still significantly exposed to water, the
physical correspondence between cm and folded state can be
limited. More precisely, the adequacy of such a conceptual link
depends on the issue being addressed. For instance, the heat

Figure 13. Conceptual links between two-methane volumetric
properties and pressure-dependent protein folding behaviors. The
vertical scale represents the relative volume Δ1V = Δ1V(ξ,P) (in units
of Å3), which is defined as the volume of a pair of methanes ξ apart in
water at a given pressure P minus the volume when the methanes are
infinitely separated in water under P = 1 atm at T = 298.15 K. The
Δ1V values for P = 1, 1000, 2000, and 3000 atm (solid curves) were
obtained from the simulations described above (data from Figure 7).
Each of the four horizontal dotted baselines marks the volume of a pair
of infinitely separated methanes in water for the given pressure. Thus,
although our simulations covered ξ ≤ 14 Å, each volume curve should
approach its baseline as ξ → ∞ (this expected trend is indicated
schematically by the broken dashed lines). Top: Water and methane
molecules are depicted as in Figure 1. The drawings here illustrate that
aqueous two-methane configurations near the db, ssm, and far-apart (ξ
→ ∞) positions may serve as intuitive models, respectively, for
elementary nonpolar interactions in the transition, compact unfolded,
and open unfolded states of a protein, as the nonpolar residues are
partially exposed to water in these states that are not well-packed.
However, unlike the two-methane configuration at the cm position
(vertical dotted-dashed lines) that are partially exposed to water, most
of the nonpolar solutes in the folded state are not exposed to water.
The shaded areas indicate approximate ranges of the partial molar
volumes of two methanes in liquid-like or solid-like packing relative to
the Δ1V baseline at P = 1 atm. (The two ranges overlap for ΔV1 values
spanning approximately between −12 and −16 Å3). The thick dotted
curves show hypothetical volume changes between the folded and
transition states. The folded state can have a partial molar volume
larger than that of typical liquid state [case (i)] if there is significant
void volume in the protein core. Depending on the packing of the
protein folded state and external pressure, the thick dotted curves
show that the folded state can have a partial molar volume larger [(i)
for P = 1 atm, (iii) for P = 1000 atm] or smaller [(ii) for P = 1 atm]
than that of the folding/unfolding transition state.
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capacity of a protein generally decreases upon folding, but this
trend is not universally reproduced by simulated cm properties.
Although the heat capacity at cm relative to that at large ξ is
negative for several water models,26 it is notably not negative
for TIP4P.24−26 It remains to be ascertained whether this
particular TIP4P prediction is artifactual; however, from a
physical standpoint, it is clearly more appropriate to identify the
partially water-exposed cm configuration with the nonpolar
contacts in compact denatured states31 rather than the contacts
in the well-packed cores of folded proteins.
For this reason, instead of the cm, we consider the pure-

phase liquid and solid states introduced above (Figure 13) as
putative models for the folded state. Their packing densities
showcase a physically viable range that might mimic those in
the core of a folded protein. In applying these packing densities
of pure methane under rather extreme pressure/temperature
conditions (see above) to model folded-state packing densities
under more moderate conditions studied here (T ∼ 300 K, P =
1−3000 atm), we are stipulating that at least a subset of these
packing densities is achievable in the folded protein core under
more moderate conditions because the folded state is held
together not only by van der Waals interactions among
nonpolar groups (as in the pure methane phases) but also by
covalent chain connectivity124 and other types of intraprotein
interactions such as hydrogen bonding, disulfide bonding, and
salt bridges. Indeed, it has long been known that the
compressibility of protein is solid-like144 and that nonpolar
solvents under ambient conditions are not good models for the
interior of folded proteins because packing densities of
nonpolar solvents are significantly lower than packing densities
of protein cores.118,119 By taking these experimental observa-
tions into consideration, our approach recognizes the
contributions from the many types of specific interactions to
the volumetric properties of protein folded states though we do
not directly address these interactions in the present
investigative framework.
C. Void Volume Is Critical in Determining Pressure

Dependence. We now consider the implications of various
putative folded-state packing densities in Figure 13. To explore
possible folding scenarios, we contrast the volume of two
methanes in a dense, water-free environmentwhich we
assume to correspond to the interior of a folded protein
with that of two methanes in various aqueous configurations. As
a model for real protein behaviors, it should be noted that our
two-methane volumetric accounting is drastically simplified.
For instance, in identifying the packing density of the folded
state with that of the folded core, we are neglecting size- and
curvature-sensitive contributions to pressure-dependent proper-
ties from the collective volumetric effects of nonpolar groups
that remain partially exposed in the folded structure.43

Nonetheless, as will be seen below, sufficient pertinent physics
is captured by the present approach to provide conceptual
advances and semiquantitative insights into pressure-dependent
protein folding.
We first address equilibrium stability of the folded state

relative to the unfolded state by comparing the Δ1V volumes in
Figure 13 for various putative folded states against the Δ1V
volumes for the large-ξ configurations (dotted horizontal
baselines) corresponding to open unfolded states under
different pressures. Figure 13 shows that if the core of protein
is uniformly solid-like with minimal void volume situating
within Δ1V ≲ −15 Å3 of the solid-like range (note that Δ1V ≲
−20 Å3 for a perfectly packed pure methane solid; see above),

pressure denaturation would not be possible even at P = 3000
atm, because in that case, the volume of the model folded state
has a smaller volume (lower Δ1V) than not only the large-ξ
model open unfolded state but also the lowest aqueous Δ1V at
ssm. This observation underscores the importance of
considering a water-free pure phase rather than the aqueous
cm configuration as a model for the folded state, because in this
hypothetical situation, the picture deduced originally from
analyzing aqueous PMFs alone that high pressure always
induces water to penetrate the folded core38 would not apply.
In this light, the experimental fact that many proteins do

unfold under pressure74 suggests that the packing densities of
their folded cores at P ≈ 1 atm should correspond to the
middle or upper parts of the liquid-methane range in Figure 13
with Δ1V ≳ 0 [see examples provided by the thick dotted
curves labeled (i) and (ii)]. In the context of our simple model,
this means that the model folded state should have more void
volumes than solid-state methane. This does not mean,
however, that compressibility of the folded state is similar to
that of nonpolar liquids. The reason, as emphasized above, is
that in addition to van der Waals attractions between nonpolar
groups, the folded protein is also held together by chain
connectivity and other stabilizing forces. Indeed, even if we
apply the highest compressibility in the ∼3−25 × 10−6 atm−1

range for experimentally measured compressibilities of folded
proteins67,70,145,146 to a two-methane model folded state, the
resulting ∂Δ1V/∂P ≈ 3.0 × 10−3 Å3 atm−1 and thus the folded-
state Δ1V (on the left of Figure 13) would decrease by only ≈9
Å3 over 3000 atm. This decrease is less than the ≈12.5 Å3

decrease in Δ1V for the large-ξ baseline (on the right of Figure
13) and the corresponding ≈12 Å3 decrease in Δ1V for the ssm
position. Thus, in this picture, increase in pressure would lead
to increasing destabilization of the folded state relative to both
the open unfolded and compact unfolded states.
The consideration above thus highlights the central

importance of voids, or “packing defects,” in determining
pressure-dependent protein behaviors, as has been elucidated
by recent experimental advances.86,184,185 A corollary of this
principle, as discussed above, is that if a compact, folded-like
polypeptide structure contains little void volume, it needs not
unfold by pressure. This view is consistent with a recent
experiment showing that the volume of a 21-amino-acid
alanine-based peptide decreases, rather than increases, upon
helix formation.186 Interestingly, this observation also ration-
alizes the presence of residual helical structures in pressure-
denatured proteins.187 An earlier study by Chalikian and
Macgregor also emphasizes the importance of folded-state
packing density and void volumes in pressure denaturation. By
computing Voronoi volumes of different constituent groups in
folded proteins, they concluded that peptide groups are chiefly
responsible, whereas nonpolar groups disfavor pressure
denaturation of proteins.84 This finding represents a significant
conceptual advance. However, because packing of the protein
core is a global process involving cooperative interactions
among many constituent groups, the physical implications and
predictive power of assigning specific intrinsic folded-state
volumes to individual chemical groups remain to be delineated.
Their picture of a pressure-denatured state, in contrast to that
envisioned by the water penetration model,38 is one in which
the interior is “micelle-like” with the peptide groups more
water-exposed than the nonpolar groups.84 It would be
extremely interesting to test this prediction experimentally as
well as computationally in future studies.
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D. Activation Volume and db: Transient and
Permanent Voids. Shifting our attention from thermody-
namics to kinetics, we now focus on the db-associated void
volume which has been suggested to be a physical origin of
activation volumes in protein folding.99,100,105 Here, Figure 13
shows that a volume barrier is encountered in the transition
region as the folded state (left) is approached from the
unfolded states (right). This picture is consistent with
experimental observations that activation volume of folding is
almost always positive.61,65,66,69,72,73,78−80 Our simulation
results highlight a sterically driven increase in volume whenever
two nonpolar groups come together in water, a process that is
expected at the rate-limiting step of folding. Because of its
geometric origin, this volume increase is a robust occurrence
irrespective of the void volume entrapped by the final collapsed
configurations of the nonpolar groups. In other words, we
stipulate that although the positive void volume in the protein
folded state can affect the sign of the activation volume of
unfolding (see below), it is unlikely to affect the positive sign of
the activation volume of folding because of an intrinsically
positive contribution to the activation volume of folding from
the hydrophobic collapse process. Nonetheless, activation
volumes of folding in real proteins can be highly sensitive to
mutations involving charged residues because of their effects on
local water density. For instance, a single T62K substitution in
staphylococcal nuclease (SNase) can reduce the substantial
folding activation volume of the wildtype protein to zero.82

In the unfolding direction, the relationship between db-
associated void volume and the activation volume of unfolding
is more complex. If all of the void volume is transient in that the
voids are essentially eliminated or significantly reduced when
folding is completed (as envisioned in interpretative narratives
of two-methane data that used the cm as model for the folded
state), volume change would always be positive irrespective of
whether one is going from the unfolded state or the folded state
to the transition state. For example, in the study by Hummer et
al.,38 the computed volume changes from ssm to db and from
cm to db are, respectively, ΔV‡(ssm → db) ≈ 3.8 mL mol−1

and ΔV‡(cm → db) ≈ 1.6 mL mol−1. In the present simulation
as well, the peak volume in Figure 8b is always larger than
either the cm volume or first-minimum volume. However,
because a significant void volume exists in the native structure,
the volume change from the folded to the transition state is not
necessarily positive. While recognizing that the folded state is
dynamic and thus its void volume fluctuates, we refer to the
voids in the folded state as “permanent” because its void
volume is narrowly distributed (as reflected by its low
compressibility), and thus, a well-defined average void volume
likely persists for a much longer time scale than that of the
transient voids in the transition state. During the folding
process, as transient voids are eliminated when more and more
of the folded state is formed, voids that are essentially
permanent in the folded structure may develop concomitantly.
Consequently, depending on the balance between transient and
permanent void volumes and the packing density of the folded
state, unfolding activation volume can be positive or negative.
These two different scenarios are illustrated by the dotted
curves in Figure 13 connecting the db Δ1V peak with
hypothetical folded-state Δ1V volumes. Activation volume of
unfolding is negative for a loosely packed folded state [dotted
curve (i)] but it can be positive if the folded state is more
densely packed [dotted curve (ii)]. Both possibilities have been
observed experimentally: Whereas activation volume of

unfolding of wildtype SNase at 25 °C and pH 6.0 is slightly
negative and that of some SNase mutants can be much more
negative,79 activation volume of unfolding of the wildtype
protein at 21 °C and pH 5.5 is positive.61 Activation volume of
the unfolding of cold-shock protein CspB at 25 °C and pH 7.0
is positive as well.72 The SNase example indicates further that
activation volume of unfolding is sensitive to external
conditions. In a similar vein, Figure 13 illustrates a scenario
in which the compressibility of the folded state is significantly
smaller than that of the unfolded state [Δ1V of the folded state
changes only slightly from (ii) to (iii) when P changes from 1
to 1000 atm]. In this hypothetical situation, the sign of
activation volume of unfolding can change from positive under
low pressures [dotted curve (ii)] to negative under higher
pressures [dotted curve (iii)].

E. Volumetric and Enthalpic Barriers: Similarities and
Differences. As mentioned above, desolvation of nonpolar
solutes leads to transient voids because of geometric exclusion
of water, also known as steric dewetting.27,105 When similar
sterics applies, transient voids and energetic barriers can also
emerge in other contexts, such as between an amino nitrogen
and a carbonyl oxygen that are close to each other but not
hydrogen bonded.186,188 Coarse-grained models indicate that
db plays a central role in protein folding cooperativ-
ity.94,100,141,189,190 A basic underlying principle is that db
effectively restricts attractive intrachain interactions to a narrow
spatial range101 and that such narrowing has a general
enhancing effect on the cooperativity of coil−globule
transitions.191

In addition to contributing to volumetric barriers (i.e.,
activation volumes),99,100,105 transient voids also lead to
enthalpic barriers to protein folding.27,100,105 Notably, exper-
imentally observed enthalpic barriers to folding at room
temperature are much larger than the small enthalpic barrier
to three-methane association27 and the slightly positive41 or
negative24 barrier to two-methane association. In contrast, the
enthalpic barrier in the simulated association of two α-helices is
comparable to that in two-state-like protein folding. On the
basis of these findings, it was argued that large fragments of a
protein, similar in size to two helices, must come together at the
rate-limiting step of two-state-like folding.105 In view of the
present two-methane data, a similar argument may be advanced
for the activation volume of folding as well: Whereas the
folding activation volume ΔV‡ for wildtype SNase ≈55 mL
mol−1 is comparable with the computed volume peak for the
association of two polyalanine α-helices,99,105 this ΔV‡ is much
larger than the ΔV ≈ 6 Å3 (3.6 mL mol−1) at the volume peak
around db for two-methane association (Figure 8). Thus, as in
the consideration of enthalpic barriers, this comparison of
volumetric trends again suggests that large fragments of the
protein come together simultaneously at the rate limiting step
of folding.
Typically, at room temperature, the enthalpy of the folding/

unfolding transition state is higher than both the folded and the
unfolded states.104,192 Thus, the enthalpy variation accompany-
ing the folding process (unfolded → transition → folded) is
nonmonotonic. Inasmuch as the decrease in enthalpy from the
transition state to the folded state is partly accomplished by the
elimination of transient voids in the transition state to enable
tighter, energetically more favorable packing in the folded state,
one expects this void-eliminating process to lead to a
concomitant decrease in volume. However, because some of
the permanent voids in the folded state may develop after the
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transition state, the volume reduction due to the elimination of
transient voids upon folding can be compensated to a degree,
or even overcompensated, by the volume increase entailed by
the development of permanent voids. Some permanent voids
can also form at or prior to the transition state and thus
contribute together with the transient voids to the activation
volume of folding. As a result, whether the volume change
along the protein folding pathway is monotonic or non-
monotonic can vary from protein to protein. It is noteworthy
that volume variation along folding pathway has been used as a
measure of the degree of dehydration relative to the folded
state.82 The above consideration, however, suggests that
although such an interpretation of volume change can be
applicable to permanent voids, it may not apply to transient
voids. The reason is that the dewetted protein surfaces forming
part of the boundary enveloping a transient void are already
dehydrated. Thus, elimination of the transient void by tighter
packing would not lead to an increase in solvation or decrease
in dehydration.
Taken together, if the increase in permanent void over-

compensates for the decrease in transient void during the
protein’s move from the transition to the folded state, the
volumetric barrier to folding would resemble a plateau rather
than a peak, resulting in a negative activation volume of
unfolding [Figure 13, (i)] and a monotonic volume variation
along the folding pathway. Alternatively, if the increase in
permanent void compensates only partially for the decrease in
transient void, the volumetric barrier to folding, like the
enthalpic barrier, would take the form of a peak. In that case,
the activation volume of unfolding is positive [Figure 13, (ii)].
In this regard, experimental observations of nonmontonic
variation in volume along the folding pathway61,72 is consistent
with transient voids contributing to activation volume of
folding. A basic difference remains, however, between the
nonmontonic volume and enthalpy profiles: whereas folded-
state volume is generally higher than that of the unfolded
state,61,72 the reverse is true for enthalpy at room temper-
ature.104,192

F. Possible Nonzero Activation Compressibilities for
Protein Folding and Unfolding. Our simulation shows that
excess compressibility is highest near the db position (Figure
11), suggesting a positive contribution to activation compres-
sibility from the transient voids in the protein folding transition
state. Experimentally, activation compressibility in folding is
manifested by the curvature in the plot of logarithmic folding
and unfolding rates versus pressure. Such plots are often
referred to as pressure chevrons. A pressure-chevron arm (for
folding or unfolding) that concaves upward or downward
indicates, respectively, a positive or negative activation
compressibility. Early experiments by Suzuki on the pressure
denaturation of ovalbumin and carbonylhemoglobin53 suggest
that the unfolding transition state of these proteins are
significantly more compressible than their respective folded
state, that is, the unfolding activation compressibility is positive,
but those experiments did not address activation compresssi-
bility in the folding direction. More recent experimental
pressure chevron plots for other proteins,79,80 however, exhibit
largely linear folding and unfolding arms, indicating that
activation compressibility is essentially zero for both folding
and unfolding. One possible exception is the Y115W mutant of
ribonuclease A under the condition of 50 °C+30% glycerol, for
which the pressure-chevron folding arm (Figure 6 of ref 80)
shows a small upward curvature consistent with a positive

activation compressibility for folding. In the perspective
expounded above, a lack of activation compressibility of folding
suggests that the expected positive contribution to activation
compressibility from transient voids is compensated by the
concomitant development of less compressible, partially folded-
like conformational structures (possibly with permanent voids)
in the folding transition state.

G. Outlook and Concluding Remarks. It is clear from the
above discussion that, as a physical probe, pressure perturbation
has provided a wealth of information and insights into protein
folding. In view of recent experimental advances84,88,185−187,193

and growing theoretical interest in volumetric effects in peptide
and proteins simulations45,88,188 as well as in the study of
elementary, model−compound interactions,43,47,194−197 re-
searchers are taking further advantage of the pressure variable
to better understand protein conformational transitions.
By comparing the directly simulated distance-dependent

volumes of a pair of methanes in water with volumes consistent
with liquid- and solid-like packing, our work clarifies several key
concepts in the relationship between volumetric effects in
elementary hydrophobic interactions and those in protein
folding. Although the detailed relationship between volumetric
effects of small-molecule hydrophobic interactions and those of
hydrophobic interactions at larger length scales remains to be
delineated, the development of a void volume at the
desolvation barrier is a robust geometric feature across different
length scales.103,105 Consistent with recent experiments,84,88,185

our analysis points to the importance of void volumes in the
folded states as a key determinant of how protein folding
behaviors vary with pressure. Moreover, the transient void
volumes in desolvation-barrier configurations associated with
the enthalpic barriers to protein folding100 are also seen as a
likely contributor to the experimentally observed activation
volumes of folding. However, because the approach toward the
folded state often involves development of permanent voids,
the physical picture can be complex. Different scenarios for the
pressure dependence of equilibrium and kinetic properties of
protein folding may apply to different proteins or the same
protein under different conditions, hinging in large measure on
the packing density of the folded state as well as the transient
and permanent void volumes during the folding and unfolding
processes.
While our simulation study has made quantitative and

conceptual advances, the limited scope of the present work
should be noted. Our focus here is on the effects of pressure on
two-methane association as a model for hydrophobic
interactions. As such, this work did not directly tackle other
contributing driving forces in protein folding,8−10 though
covalent connectivity of the protein chain and involvement of
forces other than hydrophobicity were invoked in the
discussion of packing densities and compressibilities of folded
structures. Nonetheless, it is worth mentioning that hydrogen
bonds between backbone atoms, which could be energetically
favorable to folding,198 were not found to drive favorable
interactions between peptides in previous explicit-water
simulations,103,199 suggesting that folded-state stabilization by
hydrogen bonding is not entailed by the force fields used in
these simulations.
At the two-methane level, one obvious extension of our work

would be to study the combined effects of pressure and
temperature, as has been pursued to some degree for single-
methane solvation.42 The present study touched upon
temperature dependence but only very briefly. Indeed, as
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noted above, the molecular basis of several peculiar features of
the combined P− T dependence of PMF in Figures 4 and 5
remain to be elucidated. Typically, proteins have an elliptic
folding−unfolding phase diagram on the P−T plane.77,200 This
behavior appears to follow from basic hydrophobic interactions,
as suggested lately by an analytical theory201 and a two-
dimensional water model study.132 These phase diagrams
indicate that the folded state can have a smaller volume than
the unfolded state at high temperatures, rather than the reverse
under lower temperatures. Thermal expansivities of various
protein conformational state have long been studied70 but their
physical origins are not yet well understood. A recent
experiment on the ankyrin domain of the Notch receptor
shows that the activation volume for unfolding turns from
negative at low temperature to positive at higher temper-
ature.202 A more recent study relevant to the P−T dependence
of hydrophobic interactions involves experiments on hydro-
phobic homopolymer brushes showing that temperature and
pressure have antagonistic effects on the conformational
packing of the interfacial polymer chains: Whereas an increase
in temperature leads to a more collapsed, well-packed state, an
increase in pressure results in more open configurations. On
balance, the pressure and temperature effects on the studied
system compensate each other at an approximate rate of 100
atm/K.203 Information from future studies of combined
pressure−temperature dependence of hydrophobic interactions
should provide useful physical insights to help decipher these
intriguing experimental observations.
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