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ABSTRACT
Free energies of pairwise hydrophobic association are simulated in aqueous solutions of urea at concentrations ranging from 0 – 8 M.
Consistent with the expectation that hydrophobic
interactions are weakened by urea, the association
of relatively large nonpolar solutes is destabilized
by urea. However, the association of two small
methane-sized nonpolar solutes in water has the
opposite tendency of being slightly strengthened by
the addition of urea. Such size effects and the
dependence of urea-induced stability changes on
the configuration of nonpolar solutes are not predicted by solvent accessible surface area approaches
based on energetic parameters derived from bulkphase solubilities of model compounds. Thus, to
understand hydrophobic interactions in proteins, it
is not sufficient to rely solely on transfer experiment
data that effectively characterize a single nonpolar
solute in an aqueous environment but not the solvent-mediated interactions among two or more nonpolar solutes. We find that the m-values for the rate
of change of two-methane association free energy
with respect to urea concentration is a dramatically
nonmonotonic function of the spatial separation
between the two methanes, with a distance-dependent profile similar to the corresponding twomethane heat capacity of association in pure water.
Our results rationalize the persistence of residual
hydrophobic contacts in some proteins at high urea
concentrations and explain why the heat capacity
signature (⌬CP) of a compact denatured state can be
similar to ⌬CP values calculated by assuming an
open random-coil-like unfolded state. Proteins 2002;
49:560 –566. © 2002 Wiley-Liss, Inc.
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cal group is related to its solvent exposure calculated using
“fractional exposure” paramaters2,5 or geometric measures such as solvent accessible surface area (SASA).11
From these analyses, it has been recognized early on that
the denaturing action of urea involves both the amino acid
side-groups and the main-chain peptide groups of a protein.5,9,11–14 The scope of the present investigation is
limited to urea’s effects on hydrophobicity.
Physical pictures based on transfer free energies are
useful but far from complete. For instance, although in
such perspectives chemically denatured states of proteins
are often assumed to be open and random-coil-like,2,5,11,15
there is mounting evidence that the urea-denatured states
of some proteins are incompletely disordered, with residual hydrophobic clustering16 –19 and even elements of
native-like topology20 (see also refs. 21 and 22). Contrary
to the expectation that increasing concentration of chemical denaturants leads to a general nonspecific weakening
of hydrophobic interactions5,23 and thus should always
render protein conformations less compact, small-angle
X-ray scattering (SAXS) indicates no significant postdenaturational expansion of the urea- or GuHCl-denatured
states of several proteins with further addition of denaturant.24 Certain nonlocal structural elements of ⌬131⌬ also
show little variation when urea concentration is increased
from 0 to 8 M.20
To put these puzzles in an appropriate perspective, it is
crucial to realize that transfer experiments parameterize
“bulk” but not “pair” hydrophobic interactions.25 They
effectively compare a single model compound solute in (1)
an aqueous solvent versus in (2) a nonpolar solvent such as
liquid alkanes or octanol. These situations presumably
correspond to the model compound being (1) part of an
open denatured state and (2) completely buried in the
hydrophobic core of a folded protein.26 As such, these
measurements are intrinsically ill-equipped to tackle interactions in compact denatured states, which likely involve
contacting hydrophobic groups that are at the same time
partially solvated. Free energies for such interactions,

INTRODUCTION
The denaturing property of urea is exploited routinely to
study protein energetics.1– 4 A long-standing approach to
quantitate its effects is through transfer free energies
deduced from solubility measurements of amino acid derivatives and related model compounds.5–10 Group additivity is often assumed, whereby the contribution of a chemi©
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which are not directly probed by transfer experiments, are
nonetheless often modeled using transfer data by assuming simple proportionality relations between solvation free
energy and SASA or other geometric measures. Understandably, skepticism toward such treatments was
raised27,28 soon after the seminal theory of Pratt and
Chandler29 in 1977 on the potential of mean force (PMF)
between two nonpolar solutes because SASA does not
predict the PMF’s spatial dependence. Size dependence30,31
deserves closer examination as well: While the solubilities
of larger hydrophobic amino acids such as leucine and
phenylalanine increase with urea concentration, the solubility of alanine, which has a small nonpolar group, shows
the opposite trend.5 It follows that presupposing a generic
diminishing of hydrophobic interactions by urea may not
be adequate. We address these questions below by investigating solubilities and pairwise PMFs of nonpolar solutes
in aqueous urea solvents.
SIMULATION METHODS AND RATIONALE
Hydrophobic PMFs cannot be directly determined by
current experimental techniques. Computer simulations
are thus essential.32–38 Two-methane PMF in aqueous
urea was first calculated at 6 M by Wallqvist et al.,39 who
concluded that urea stabilizes hydrophobic association.
This conclusion was subsequently corroborated by 7-M
simulations of Ikeguchi et al.40 Building on these pioneering studies, we now consider a wider range of urea
concentrations systematically. Starting with configurations we obtained from appropriate preequilibration runs,
constant-pressure (NPT) Monte Carlo simulations are
performed here at 298 K under atmospheric pressure in
periodic boxes of size ⬇ 23 ⫻ 23 ⫻ 23 Å3 containing 396
solvent molecules (unless otherwise specified) using the
software BOSS Version 4.1.41 The urea concentrations and
the number of all-atom model urea molecules and TIP4P
waters in our simulations (first and second entries in curly
brackets, respectively) are: 0 M {0, 396}, 2 M {15, 381}, 4 M
{32, 364}, 5.5 M {45, 351}, 6 M {51, 345}, and 8 M {73, 323}.
Interactions are truncated at 9.0 Å, as in Wallqvist et al.,39
except for the interactions between solvent molecules and
neopentane-like nonpolar solutes (referred to as “neopentanes” below) that we truncate at 12.0 Å. Neopentane is
studied here as an example of larger hydrophobic groups.
It is modeled by a Lennard–Jones sphere with size and
interaction parameters defined by Kuharski and Rossky.42
The single-methane solvation free energies in Figure
1(A) are calculated by the test-particle insertion
method.36,37,43 Aqueous urea solvents are first equilibrated over 1.3 ⫻ 105 Monte Carlo passes. Snapshots of
coordinates are then collected every 100 passes over the
next 4.0 ⫻ 106 passes for all urea concentrations studied
except 6.2 ⫻ 107 passes are used for the 0-M (pure water)
case.44 Then, 10,000 attempted solute insertions are
performed per snapshot. Methane–methane (Fig. 2) and
neopentane–methane PMFs [Fig. 3(A)] are also computed by the test-particle method. In either case, a
methane or neopentane is placed at the center of the
solvent box. Snapshots of the coordinates are taken

Fig. 1. Solvation free energy of a single (A) methane and (B)
neopentane as functions of aqueous urea concentration. Present results
(solid diamonds) are obtained by (A) test-particle insertion and (B) free
energy perturbation, as illustrated by the inset cartoons wherein shaded
circles represent methane or neopentane and V shapes represent the
aqueous urea solvent. Free energies of transfer from pure water to
aqueous urea (left scales) are the differences between the computed
absolute solvation free energies (vacuum to aqueous urea, right scales)
and the computed vacuum to water free energy (dotted horizontal lines).
Error bars are for absolute solvation free energies. Direct experimental
measurement data from Wetlaufer et al.,6 experimental estimates from
refs. 5 and 9, and previous theoretical predictions from refs. 40 and 45 for
water to aqueous urea transfer free energies under the same conditions
(symbols labeled respectively by “Wetlaufer,” “Nozaki,” “Nandi,” “Smith,”
and “Ikeguchi”) are included for comparison. (A) The continuous curve
through our simulated data points is a guide for the eye. Error bars show
the range between the minimum and maximum values observed among
the last 50 cumulative averages taken at interval of 19,200 passes during
the simulation.37 The uncertainty of methane hydration free energy in pure
water so determined is ⫾0.006 kcal/mol. (B) Neopentane free energies
are obtained by perturbatively converting a methane into a neopentane.
Ten perturbation steps are used, each consisting of no less than 2.0 ⫻ 104
equilibration passes followed by at least 2.0 ⫻ 106 sampling passes. Error
bars correspond to the sum, over all perturbation steps, of standard
deviations of block averages covering 1.26 ⫻ 103 passes each.

every 100 passes during equilibrium sampling. Subsequently, 20,000 attempts to insert a methane at different positions are made per snapshot.36,44 Because of
neopentane’s relatively large size, the test-particle
method is not practical for the determination of singleneopentane solvation free energies [Fig. 1(B)] and twoneopentane PMFs [Fig. 3(B)]. These quantitites are
calculated by free energy perturbation approaches that
either convert a methane into a neopentane or translate
a neopentane spatially.
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Fig. 2. Methane–methane PMFs in five different concentrations of
aqueous urea (line styles as indicated);  is the distance between the
centers of mass of the two methanes. SASA predictions are included for
comparison (see text). For each nonzero urea concentration, at least
1.2 ⫻ 106 equilibrating passes are run before 2.9 ⫻ 107 sampling passes
are used to obtain configurations for test-particle insertions.

TRANSFER DATA DO NOT ACCURATELY
PREDICT PAIRWISE INTERACTIONS
Our simulation results in Figure 1(A) show that urea
decreases the aqueous solubility of methane. Singlemethane solvation free energy apparently has a sigmoidal
dependence on urea concentration, with most of the free
energy increase (methane becoming less soluble) taking
place around 3– 6 M. This is in good agreement with a
direct experimental measurement of methane gas solubility in 7 M urea by Wetlaufer et al.6 and the SPC/E
simulations of Smith.45 In contrast, Ikeguchi et al.’s40
TIP3P prediction is more than double the experimentally
determined value, suggesting that large errors might have
accumulated in their particle growth calculation. Figure
1(A) also shows water to aqueous urea transfer free
energies of alanine side-chain, deduced by Nozaki and
Tanford5 and Nandi and Robinson9 from solubility data of
amino acid derivatives. These contributions are based on
group additivity assumptions. Hence, they do not necessarily agree with methane solvation free energies, although it
is noteworthy that they share the same positive sign.
Solubilities of cyclic dipeptides in aqueous urea were
measured by Zou et al.10 If group additivity was assumed,
the differences between their alanine–alanine and alanine–
glycine free energy data would lead to slightly negative
contributions of ⫺0.002 to ⫺0.005 kcal/mol upon transferring an alanine side-chain from pure water to 0.5–3 M
urea.

Fig. 3. Neopentane–methane (A) and neopentane–neopentane (B)
PMFs in pure water (0 M, solid curves) and 6 M aqueous urea (broken
curves) are determined by methods outlined in the text;  is center-ofmass separation. Here, the SASA-predicted PMFs are obtained with ␥
defined as the simulated solvation free energy of a single neopentane
[Fig. 1(B)] divided by its SASA. (A) Snapshots for test-particle insertions
are collected over 1.1 ⫻ 107 and 3.7 ⫻ 107 passes, respectively, for 0 and
6 M, after 1.3 ⫻ 105 equilibration passes for each case. (B) A larger
simulation box of ⬇ 25 ⫻ 25 ⫻ 37 Å3 is used for the free energy
perturbation calculation (730 water molecules for 0 M, 636 water molecules and 94 urea molecules for 6 M), where the larger dimension is
along . The perturbative step (double-wide sampling) equals 0.05 Å
change in  and PMFs are taken to be zero at  ⫽ 10 Å. At each step,
1.2 ⫻ 106 passes are used for averaging, which are preceded by no less
than 3.0 ⫻ 104 equilibration passes.

However, the trend exhibited by methane in Figure 1(A)
is not shared by all nonpolar solutes. Figure 1(B) shows
that neopentane prefers to be in aqueous urea than in pure
water, although the free energy of transfer appears to be
insensitive to the variation of urea concentration between
2– 8 M [Fig. 1(B)]. This prediction is qualitatively consistent with the direct experiment of Wetlaufer et al.6 A
simulated neopentane tranfer free energy close to the
experimental value was reported by Ikeguchi et al.,40 but
they used a neopentane Lennard–Jones well depth of ⑀ ⫽
1.00, significantly different from the ⑀ ⫽ 0.8351 adopted
here from Kuharski and Rossky.42 The opposing trends in
Figures 1(A) and 1(B) underscores the importance46,47 of
nonpolar solute size in urea-modulated hydrophobicity.
Figure 2 shows that urea does not always weaken
hydrophobic interactions. To the contrary, contact interaction between two methanes and their solvent-separated
PMF minimum are slightly stabilized by urea. These
findings are in qualitative agreement with Wallqvist et
al.39 and Ikeguchi et al.40 The SASA-predicted PMFs in
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Figures 2 and 3 are the sum of the direct Lennard–Jones
interaction between the two nonpolar solutes and a -dependent solvation contribution that equals to ␥[SASA() ⫺
(SASA)1 ⫺ (SASA)2], where SASA(), (SASA)1, and (SASA)2
are, respectively, the SASA of the two solutes and first and
second solute in isolation. For the two-methane case in
Figure 2, (SASA)1 ⫽ (SASA)2 and ␥ is equal to the
simulated single-methane solvation free energy for a given
urea concentration [Fig. 1(A)] divided by (SASA)1. Figure 2
shows that the favorability of two-methane association is
drastically overestimated by SASA.36,44
UREA ACTION DEPENDS ON THE SIZES OF
HYDROPHOBIC SOLUTES
We now consider pairwise hydrophobic interactions
involving larger nonpolar solutes. Figure 3(A) shows that
the interaction between a neopentane and a methane in
aqueous urea is similar to that between two methanes
(Fig. 2). In both cases, the contact interaction in pure
water is not destabilized by the addition of 6 M urea. Based
on a similar result, Wallqvist et al. commented that “for
these model systems urea appears to enhance the hydrophobic interaction and acts as a renaturant.”39 However,
urea-enhanced hydrophobic interactions is not a general
phenomenon for nonpolar solutes of all sizes. Figure 3(B)
indicates that, in contrast, the neopentane–neopentane
contact interaction is destabilized by ⬇ ⫹0.30 kcal/mol
when the solvent is changed from pure water to 6 M
aqueous urea. This effect is much more pronounced than
the corresponding SASA prediction based upon singleneopentane solvation data. We emphasize, however, that
because the test-particle method is not used, unlike the
calculations in Figures 2 and 3(A), the zero-PMF baselines
in Figure 3(B) may involve considerable uncertainties.36,44
To address this question, we also performed independent
perturbation calculations in 396-solvent boxes (as specified above) that convert a neopentane–methane pair [Fig.
3(A)] to a neopentane–neopentane pair at  ⫽ 6.6 Å. These
provide neopentane–neopentane contact PMF estimates
of ⬇ ⫺0.48 and ⫹0.25 kcal/mol for 0 and 6 M, respectively,
implying a destabilization of as much as ⫹0.73 kcal/mol by
6 M urea. These considerations lead us to expect the
present prediction of significant urea-induced destabilization of pairwise neopentane hydrophobic interactions to be
robust. Recalling that at the single-solute level (Fig. 1)
urea weakens the hydrophobicity of larger nonpolar solutes but enhances that of smaller nonpolar solutes,6,40,46,47
it is noteworthy that a similar heuristic trend of nonpolar
solute size dependence may hold also at the two-solute
level.
CONFIGURATION-DEPENDENT m-VALUES AND
HEAT CAPACITY
The overall trend of urea-dependent two-methane interactions is highlighted by Figure 4(A). This analysis of
-dependent m-values is useful although two-methane free
energies are not in general linear in urea concentration.
Figure 4(A) shows that a pair of contacting methanes is
stabilized by urea [m() ⬍ 0 for  ⫽ 3.8 Å; cf. Fig. 2],

Fig. 4. Configuration-dependent two-methane m-value and heat capacity. Error bars for simulation results (solid circles) are calculated by the
procedure described in Figure 1 of ref. 37. The solid curve in (B) serves as
a guide for the eye. The vertical broken lines labeled by “cp,” “peak,” and
“ssp” mark the approximate positions, respectively, of the two-methane
contact pair, desolvation barrier, and solvent-separated minimum of the
PMFs in Figure 2. (A) The urea m-value m() is obtained by fitting the
two-methane PMFs for the five urea concentrations [urea] in Figure 2 at
the given  to a linear relation A() ⫹ m()[urea], where A() ⬇ PMF in pure
water. (B) The heat capacity change ⌬CP() upon bringing two methanes
initially infinitely far apart to a separation  in pure water under atmospheric pressure is computed by simulations at eight different temperatures, as described in ref. 37. The present ⌬CP() is based on more
extensive simulation data than that used for an essentially identical result
in ref. 37. Here, 6.2 ⫻ 107 and 1.4 ⫻ 107 Monte Carlo passes are used for
298 and 278 K, respectively, and at least 4.0 ⫻ 106 passes are used for
the other six temperatures. Simulation results are compared with SASA
predictions as follows. Dotted lines: SASA predictions are based on the
average hydrophobic residue parameters derived by Myers et al.3 from
protein data (eqs. 11 and 9 in ref. 3); the long dashed line in (A) is
calculated using SASA and based on experimental tranfer data of
Wetlaufer et al. [see Fig. 1(A)]; broken lines, these m() and ⌬CP() SASA
predictions are based, respectively, on our simulated single-methane
solvation data in Figure 1 and the simulated single-methane hydration
heat capacity obtained from hydration free energies at eight different
temperatures.37

contrary to the destabilization predicted by conventional
analyses of protein stability data (dotted line). Presumably
this is because parameters in the latter analyses are
effectively derived mostly from urea effects on the mainchain and larger hydrophobic side-groups. Interestingly,
Figure 4(A) shows that to a limited degree two-methane
m()-values are accountable by single-methane transfer
data (broken and long broken lines). Here, single-methane
m-values are calculated from linear approximations of the
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Fig. 5. A physical picture of denatured proteins. (A) Schematics of a protein native structure. Solvent is
mostly excluded from its hydrophobic core. (B, C) Examples of denatured state conformations that are not
completely open but are relatively compact, with fluctuating and loosely formed hydrophobic contacts, most of
which are partially exposed to solvent.

urea dependencies of simulated and experimental solvation free energies in Figure 1(A). Based on these, although
SASA fails to account for the positive two-methane m()values in the PMF desolvation barrier region ( ⬇ 5.7 Å),
SASA quite accurately predicts the negative m()-values
for two methanes in contact or close to being so ( ⬇ 4 Å).
This suggests that the mechanism for urea-induced stabilization of a contacting methane pair [Fig. 4(A)] may be
intimately related to the reduction of methane solubility
by urea [Fig. 1(A)].
Bulk-phase transfer data indicates that hydrophobic
burial is associated with a decrease in heat capacity (⌬CP
⬍ 0); thus, protein conformational changes are often
characterized by ⌬CP.48 For example, based on protein
stability data, Myers et al.3 estimated that ⌬CP ⬇ ⫺0.28
cal/mol/K per Å2 reduction in nonpolar SASA. An essentially identical value of ⫺0.29 cal/mol/K/Å2 can be obtained
by dividing our simulated heat capacity of a single methane (40 cal/mol/K in pure water) by its SASA. However,
Figure 4(B) shows that these presumed ⌬CP ⫺ SASA
proportionality relations fail to account for the directly
simulated two-methane heat capacity.37 When two methanes move toward each other, instead of a monotonic
decrease in heat capacity resulting from SASA reduction,
Figure 4(B) exhibits a dramatic nonmonotonic profile that
shares some similarity with the m-value profile in Figure
4(A). Contrary to conventional expectation, the heat capacity signature of two isolated methane-sized solutes in
water (⌬CP() 3 0 as  3 ⬁) is essentially indistinguishable from that when they are in contact (⌬CP() ⬇ 0 for  ⫽
3.8 Å).37
A PHYSICAL SCENARIO OF COMPACT
DENATURED STATES
Our focus here is on the subtle complexity of pairwise
hydrophobic interactions vis-à-vis the relative simplicity
of transfer-based single-solute (i.e., “bulk”; see ref. 25)
hydrophobic effects. Other interaction types important for
protein folding such as urea-modulated polar interactions5,39 and charge interactions (see, e.g., ref. 49) are not
investigated. As well, even two-solute considerations cannot offer a complete picture because solvent-mediated
interactions are known to deviate from pairwise additivity.44 Indeed, certain protein thermodynamic and kinetic
behaviors may well arise from many-body effects that
include a cooperative interplay between local and nonlocal

interactions.50 However, notwithstanding the obvious limitations of the present study, we find that several puzzling
phenomena of compact denatured states may be tentatively rationalized by an understanding of pairwise hydrophobic interactions.
The denatured states of several proteins have been
found to be relatively compact by SAXS at high temperatures or under high concentrations of urea or GuHCl.24,51,52 Their radii of gyration (Rg) are only ⬇ 2/3 of the
corresponding random-coil values from rotational isomeric
state theory for the polypeptide chains.53 Specific residual
structures and hydrophobic clustering have also been
detected in denatured states.16 –20,54,55 These observations
contributed to the recent suggestion56 that steric effects57
and local structure propensities may encode nonlocal
(long-range) protein structures. Excluded volume effects
do reduce the number of accessible conformations relative
to the hypothetical situation when all or part of such
effects are neglected.57 But, even when excluded volume
effects are fully taken into account, in the absence of
interactions that favor compactification and folding, the
number of accessible conformations still grows exponentially with chain length.58 This is most apparent from a
recent set of extensive simulations of natural proteins with
up to N ⬇ 150 amino acid residues wherein intrachain
atomistic steric effects are explicitly accounted for,59 in
which the number of main-chain (C␣) conformations is
estimated to vary approximately as N, with  ⬇ 1.3–2.9,
consistent with an earlier estimate of  ⬇ (4118/1600) ⫽
2.57.60 Together, these considerations imply that while
local steric effects are important, hydrophobic and other
compactification forces are needed to address compactness
and hydrophobic clustering in protein denatured states.
The physical scenario we propose for compact denatured
states is illustrated by Figure 5, which may also be
partially applicable to molten-globule-like states.61 Qualitatively, the discussion above suggests that, as a part of its
denaturing action in addition to its effect on the peptide
backbone,5,39 urea disrupts [Fig. 1(B)] the packing of, or
weakens [Fig. 3(B)], the native contacts between relatively
big nonpolar groups [Fig. 5(A)]. The dissociation of wellpacked hydrophobics may be achieved by an expansion of
chain dimension such that most of the protein is at least
partially exposed to solvent. However, the denatured
protein may still be left with “residual” hydrophobic interactions involving small nonpolar contacting modules that
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are partially exposed to solvent [Figs. 5(B) and 5(C)]. Some
of these contacts are fluctuating; and, they may be between
modules that form parts of amino acid residue pairs that
are local or nonlocal along the chain sequence. Inasmuch
as the aqueous environment of these nonpolar contacts can
be typified by methane–methane and even methane–
neopentane PMFs, they would not be destabilized by urea
[Figs. 2 and 3(A)]. Hence, increasing the concentration of
urea would not lead to further significant expansion of the
urea-denatured chains. The present consideration is agnostic about whether the residual interactions are native-like
or nonnative.
The compactness of heat-denatured states may be similarly rationalized by Figure 4(B). First, because ⌬CP ⬇ 0
for a contacting methane pair, it is possible for the ⌬CP
signature of a compact denatured state with partial solvent exposure [cf. Figs. 5(B) and 5(C)] to be similar to that
of a hypothetical random-coil state with full solvent exposure. This scenario37 is apparently consistent with the
experiments of Nishii et al.,62 who determined ⌬CP as a
function of Rg for native and various denatured (nonnative) states of apomyoglobin and ferricytochrome c. They
found that when a protein’s Rg is reduced from that of its
chemical-denatured states, initially there is little change
in ⌬CP. Most of the ⌬CP change occurs as a sharp decrease
when Rg becomes sufficiently close to its native value. This
⌬CP “retardation”62 may now be understandable if the
hydrophobic interactions in partially solvated compact
denatured proteins are similar to the two-methane contact
interactions in Figure 4(B). In that case, the ⌬CP of the
protein is expected to be similar to that of a hypothetical
random-coil state until water is squeezed out at the final
formation stages of the protein’s hydrophobic core. Only at
that point would ⌬CP decrease sharply as it crosses over
from “pair” to “bulk” behavior. Size dependence may come
into play in this crossover as well, since there are indications that pairwise association of hydrophobic solutes
several times bigger than methane may have ⌬CP ⬍ 0.63
Second, ⌬CP ⬇ 0 for a methane–methane contact implies
that the enthalpy and entropy of such a pairwise interaction do not vary much with temperature. Simulations
show that the overall favorability of this pair interaction
(⌬G ⬍ 0) is the result of a stabilizing entropic component
(⌬S ⬎ 0) that overcompensates for a destabilizing enthalpic contribution (⌬H ⬎ 0).36 –38 Therefore, insofar as the
compactness of heat-denatured states are maintained by
hydrophobic interactions typified by that of methane pairs,
⌬CP ⬇ 0 of these pairwise interactions implies that an
increase in temperature T of an already heat-denatured
protein would not cause it to further expand because the
Boltzmann weight of the methane pair interaction
exp(⫺⌬G/kBT) ⫽ exp(⫺⌬H/kBT ⫹ ⌬S/kB) (where kB
is Boltzmann’s constant) does not decrease with increasing T.
CONCLUSIONS
Atomic simulations of size and spatial dependence of
pairwise nonpolar interactions presented led to a rudimentary physical picture of residual hydrophobic interactions
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in protein denatured states. This perspective rationalizes
several intriguing phenomena that are puzzling from a
bulk-phase transfer/SASA view. Inspired by earlier solventexchange64 and preferential interaction12 concepts of urea
denaturation, we also applied a Kirkwood–Buff approach65 to relate nonpolar interactions to structural
aspects of the aqueous urea solvent. Mechanisms for
urea-modulated pairwise hydrophobic effects are found to
be consistent with that of preferential interaction.12 Details of this latter investigation will be reported elsewhere.
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