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We probe the effects of solute length scale, attractions, and hydrostatic pressure on hydrophobic

hydration shells using extensive molecular simulations. The hydration shell compressibility and water

fluctuations both display a nonmonotonic dependence on solute size, with a minimum near molecular

solutes and enhanced fluctuations for larger ones. These results and calculations on proteins suggest that

the hydration shells of unfolded proteins are more compressible than of folded ones contributing to

pressure denaturation. More importantly, the nonmonotonicity implies a solute curvature-dependent

pressure sensitivity for interactions between hydrophobic solutes.

DOI: 10.1103/PhysRevLett.103.037803 PACS numbers: 61.20.Ja, 82.60.Lf, 87.15.A�

Hydrophobicity has emerged as a multidimensional
challenge in the space of thermodynamic conditions [1–
6] and parameters such as solute length scale [7,8] and
solute-water attractions [9,10]. Idealized hydrophobes,
hard spheres, dewet with increasing size, and the corre-
sponding crossover in their hydration thermodynamics and
structure is known [1,7,11,12]. Solute-water attractions
wet the solute surface [9,10] and, in turn, affect water-
mediated solute-solute interactions [10,13]. The (de)wet-
ting characterizes changes only in the one-particle inho-
mogeneous density of vicinal water. Higher-order corre-
lations, and correspondingly local density fluctuations, will
also be affected by solute length scale and attractions.
These fluctuations provide a direct measure of the hydra-
tion shell compressibility and characterize how the local
density responds to pressure [14]. That response is inti-
mately connected to how pressure affects conformations of
macromolecular solutes, especially proteins.

Here we use extensive molecular dynamics (MD) simu-
lations to quantify density fluctuations in and compressi-
bility of hydrophobic hydration shells over a range of
solute sizes (�0:1–2 nm), hydrostatic pressures (1—
4000 bar), and solute-water attractions. We show that the
hydration shell compressibility varies nonmonotonically
with solute size, displaying a minimum for molecular
solutes and increasing significantly for larger ones.
Although attractions increase the hydration shell density
and suppress density fluctuations, the nonmonotonic varia-
tion of compressibility with solute size persists for attrac-
tive solutes. We discuss the origins of nonmonotonicity and
show that the enhanced fluctuations near larger solutes
distinguish the hydration shell from bulk water. We also
discuss the implications of enhanced fluctuations on pres-
sure effects on proteins.

Figure 1(a) shows solute-water oxygen radial distribu-
tion functions (RDFs) for Weeks-Chandler-Anderson

(WCA) solutes. The smallest solute perturbs its environ-
ment negligibly, and the vicinal density is close to that in
bulk [also see Fig. 2(b)]. Near slightly larger solutes (R� �
0:3–0:4 nm), water packs well showing a layered structure
with clearly defined hydration shells. Further increase in
solute size causes a gradual dewetting reflected in lowering
of the first peak [Fig. 1(b)] and of average hydration shell
density at 1 bar [Fig. 2(b)]. How does the hydration shell
water respond to pressure? With increasing pressure, the
solute-water RDFs become better defined for all solutes,
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FIG. 1 (color online). (a) Solute-water RDFs for a range of
solute sizes and pressures at 300 K. The black curve is for a
solute with a radius of �1 nm. (b) The height of the first peak
near different solutes. R� is the peak location. Data are from
simulations of 8 WCA [27] solutes in SPC/E [28] water in the
(N, P, T) ensemble. The WCA potential for a Lennard-Jones
methane (�sw ¼ 0:345 nm and �sw ¼ 0:8957 kJ=mol) was
shifted horizontally by �0:25, �0:1, 0.0, 0.1, 0.3, 0.6, 1.0, and
1.4 nm to represent 8 WCA solutes. Simulations included one
solute and 1100—7250 waters depending on the solute size.
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but especially for the larger ones [Fig. 1(a)], and the height
of the first peak increases [Fig. 1(b)], indicating a positive
local compressibility. We obtained the hydration shell
compressibility �sh ¼ ð1=�shÞ½@�sh=@P�T as a function
of solute size at different pressures [Fig. 2(a)]. At 1 bar,
�sh varies nonmonotonically with solute size. Smallest
solutes cause minor perturbations to vicinal water, and
the local compressibility is bulklike. With increasing solute
size, compressibility goes through a minimum, before in-
creasing to about 4 times the bulk value near nanometer-
sized and larger solutes. Pressure squeezes water mole-
cules into the hydration shell, gradually decreasing the
ability to further accept water molecules, decreasing �sh

for all solutes, but especially for the larger ones.
Nevertheless, the nonmonotonic variation of �sh with sol-
ute size is observed at all pressures studied here. Also, with
increasing pressure, the location of the minimum shifts to
the right and is in the 0.5–1 nm size range at 4000 bar.

Do hydration shell fluctuations track the behavior of
isothermal compressibility shown above? In the thermody-
namic (N ! 1) limit, for a grand-canonical system, iso-
thermal compressibility is related to particle number

fluctuations in the system volume V as � ¼ hN2i�hNi2
hNi2

V
kT .

Figure 2(c) shows normalized hydration shell water num-
ber fluctuations as a function of solute size and hydrostatic
pressure. Indeed, the fluctuations display a nonmonotonic
variation with solute size similar to that of compressibility
in Fig. 2(a). With increasing pressure, the fluctuations are
suppressed, with most significant change occurring over
the 1–1000 bar window. What is the origin of the minimum
in �sh? In the V ! 0 limit, the scaled particle theory (SPT)

[15] gives pð0Þ ¼ 1� �V and pð1Þ ¼ �V, where pðiÞ is
the probability of observing i particles in volume V. Thus,
for small volumes, normalized fluctuations will decrease
with increasing volume (with slope ��): ðhN2i �
hNi2Þ=hNi ¼ 1� �V, which is indeed observed in the
hydration shell as well as in similarly shaped volumes in
bulk water. In fact, in bulk water, the normalized fluc-
tuations decrease and asymptotically approach a limiting
value expected from bulk compressibility [Fig. 2(d)]. In
hydration shells, near V ¼ 0, increasing pressure decreases
fluctuations at a faster rate as expected from the SPT
[Fig. 2(c)]. Near larger solutes, however, vicinal water
correlations are affected, and the fluctuations are enhanced,
a behavior that is distinct from that in the bulk. Bratko et al.
[16] have reported enhanced fluctuations for water con-
fined between hydrophobic plates, which are suppressed by
pressure. Mittal and Hummer [17] also observed enhance-
ment of fluctuations with increasing solute size. Because
their smallest solute lies close to the location of our com-
pressibility minimum and they explore the negative pres-
sure range, they do not observe the nonmonotonic behavior
of fluctuations.
How does the presence of a solute affect water-

water correlations in its hydration shell? The two-particle
correlation conditioned on the presence of the solute,

�ð2Þðr1; r2jrSÞ, is related to lower order correlations by

�ð2Þðr1;r2jrSÞ¼�ð1Þðr1jrSÞ�ð1Þðr2jrSÞgð2Þðr1;r2jrSÞ, where

�ð1ÞðrjrSÞ ¼ �bgswðrÞ. For hydration shell water, we ap-

proximate gð2Þðr1; r2jrSÞ � gshwwðrÞ. Thus, �ð2Þðr1; r2jrSÞ �
�2
bgswðr1Þgswðr2ÞgshwwðrÞ. We obtain gshwwðrÞ by normalizing

the frequency of observing two hydration shell water oxy-
gens in a given separation window by the frequency of an
ideal gas particle pair in that window. We generated posi-
tions of ideal gas particles separately in the hydration shell
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FIG. 3 (color online). (a) Water-water pair correlations gshwwðrÞ
at 1 bar, in the hydration shell of small (r0 � 0:3 nm, red) and
large (r0 � 1:7 nm, blue) solutes. Bulk water RDF (black) is also
shown. Panels (b) and (c) zoom into two regions of interest.
(d) Normalized fluctuations measured from MD simulations
compared to predictions of compressibility equation using differ-
ent gshwwðrÞ: measured gshww (red); gshww � gbulkww (blue); and gshww
from the shell of the largest solute (LS) (magenta).
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FIG. 2 (color online). (a) Hydration shell compressibility.
Hydration shell is defined using solute-water RDF at 1 bar.
The inner radius r0, such that � ln½gswðr0Þ� ¼ 5, quantifies the
solute cavity radius. The outer radius is the location of the first
minimum in gswðrÞ. (b) Average hydration shell density normal-
ized by the bulk value. (c) Normalized water number fluctuations
in the shell. Open symbols in (c) are data at 250, 500, and
750 bar. (d) The same as in (c) for 1 bar. Open symbols in (d) are
fluctuations in hydration-shell-shaped volumes centered at an
arbitrary point in bulk water.
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volume for each solute, such that the solute-ideal gas RDF
is identical to the solute-water RDF.

Figure 3(a) shows gshwwðrÞ profiles in the hydration shell
of a small and a large solute, which are subtly different
from each other and different from bulk RDF. Specifically,
relative to bulk RDF, (i) the short range features, including
the first and second peaks and the first minimum, are
somewhat enhanced, and (ii) the locations of the first
minimum, the second peak, and subsequent features are
moved outwards by �0:05 nm, possibly suggesting an
increase in the range of correlations in the solute vicinity.
Experimental data for water correlations in hydration
shells are not available. Simulations of water at the
alkane-water liquid-liquid or water vapor-liquid (V-L) in-
terface or water under tension suggest a similar enhance-
ment of RDF peaks [18,19]. A large correlation length at
V-L interface is well known [20,21]. The soft, fluctu-
ating, V-L-like picture of a large hydrophobic solute-water
interface [17] is consistent with the correlation length
being higher than in bulk. The finiteness of the hydration
shell, however, puts a clear upper bound on that length.
Thus, it is interesting that water correlations in the hydra-
tion shell are subtly different from those in the bulk and
display characteristics of water in low density or interfacial
environments.

The compressibility equation relates water correlations
gshwwðrÞ to the hydration shell fluctuations:

½hN2i � hNi2�=hNi ¼ 1þ 1=�v�
Z
v

Z
v
½�ð2Þðr1; r2jrsÞ

� �ð1Þðr1jrsÞ�ð1Þðr2jrsÞ�dr1dr2:

Figure 3(b) shows that water number fluctuations pre-

dicted by the above equation using �ð2Þðr1; r2jrSÞ �
�2
bgswðr1Þgswðr2ÞgshwwðrÞ with gshwwðrÞ measured for each

solute are in quantitative agreement with values from
MD simulations. In contrast, using gshwwðrÞ obtained either
near a large solute or in bulk water as gshwwðrÞ for all solutes
predicts the solute-size dependence of fluctuations poorly,
indicating that subtle changes in the inhomogeneous two-
particle correlations are indeed important.

Figure 4 shows the effects of solute-water attractions
on hydration shell structure and fluctuations. Figures 4(a)–
4(c) collectively show that adding attractions increases
local water density, with the effect being more prominent
for larger solutes. Further, for all solutes, and especially for
the larger ones, the compressibility decreases and fluctua-
tions are correspondingly suppressed with increasing at-
tractions. Suppression of fluctuations with external electric
fields [22] or near charged side chains of proteins [23] is
known. For attractive hydrophobic solutes, we note that
both the hydration shell compressibility and fluctuations
display a nonmonotonic variation with solute size over a
range of attractions, indicating that the trends observed
here are not limited to idealized hydrophobic solutes.

Experiments show that many globular proteins unfold
reversibly at pressures of several kilobars [24]. Corre-
spondingly, the partial molar volume of unfolded states is
lower than of folded ones [24]. How hydration shells
respond to pressure makes an important contribution to
the volume change but is difficult to isolate from experi-
mental data. Dadarlat and Post [23] show that hydration
shell compressibilities near protein side chains decrease
with increasing attractions, as in hydrophobic> polar>
charged groups, as also seen in our results. Thus, hydration
shells of unfolded states with their larger exposure of
hydrophobic residues will be more compressible. To test
this, we performed MD simulations of the protein staph
nuclease in folded and unfolded states over a range of
pressures [25]. Figure 5 shows that normalized hydration
shell fluctuations are indeed higher for unfolded states at
all pressures. Also, the difference in fluctuations near
folded and unfolded states reduces with increasing pres-
sure, consistent with the suppression of fluctuations by
pressure observed above.
The higher hydration shell compressibility near hydro-

phobic solutes implies that hydrophobic interactions will,
in general, weaken with increasing pressure, consistent
with the predictions of Hummer et al. [6]. More impor-
tantly, the nonmonotonic variation of compressibility with
solute size implies a curvature-dependent pressure sensi-
tivity of hydrophobic interactions, not anticipated by those
previous studies. We predict that hydrophobic contacts of
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FIG. 4 (color online). Effects of solute-water attractions on
solute-water RDFs [(a),(b)], on GðR�Þ [(c)], on fluctuations [(d)],
and on hydration shell compressibility [(e)]. Panels (a) and (b)
are for a methane-sized and for a larger solute with ro � 1:5 nm,
respectively. To add attractions, the WCA part for a methane-
sized solute is shifted down by �� and connected smoothly to the
attractive part �uLJðrÞ at the minimum. This potential is shifted
horizontally (as in Fig. 1) to study 8 different solutes. Four
values of � are shown: 0.0 (WCA, black), 0.5 (red), 1.0 (blue),
and 2.0 (magenta).
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low curvature surfaces would be more pressure sensitive.
This principle is also likely at work in the pressure disso-
ciation of multimeric protein complexes or of protein
aggregates in inclusion bodies [26].

We have shown that hydration shell fluctuations and
compressibility display a nonmonotonic dependence on
the size of hydrophobic solutes. The suppression of fluc-
tuations with increasing attractions suggests that the extent
of fluctuations may serve as a sensitive measure of hydro-
phobicity or -philicity. Fluctuations in shells of hydropho-
bic residues can contribute significantly to protein
hydration shell compressibility thereby affecting their
pressure sensitivity. How it manipulates protein stability
and interactions quantitatively presents an important future
direction to pursue.
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FIG. 5 (color online). Water number fluctuations in hydration
shells of folded (F) and unfolded (U) states of staph nuclease
(pdb-id: 1EY0) at different pressures. Unfolded states were
generated using a water insertion algorithm [25]. Hydration shell
waters are within 0.5 nm of protein. Data are from MD simula-
tions of one protein solvated in 10 684 SPC/E water molecules in
the (N, P, T) ensemble. Snapshots of folded and unfolded
configurations are shown: hydrophobic residues (gray), others
(blue), and water (not shown).
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