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Configuration-Dependent Heat Capacity of Pairwise PMFs are computed by inserting hard spheres to pure water and
Hydrophobic Interactions to water containing one methane. Hard-sphérard-sphere PMFs

. N are calculated as follows. For each temperature, after an initial
Seishi Shimizu and Hue Sun Chan . . equilibration run of pure water configurations for x3L(P passes,

Department of Biochemistry and  snapshots are collected from at least £.20° passes (1.% 107

Department of Medical Genetics and Microbiology  passes for 278 K) at an interval of once every 100 passes. Then

Faculty of Medicine, Uniersity of Toronto 44 00g-400 000 hard-sphere insertions are attempted per snap-

Toronto, Ontario, MSS 1A8, Canada gt it the insertion of the first hard sphere has been successful,

. Receied September 20, 2000 20 000 subsequent insertions of the second hard sphere are
Revised Manuscript Receed January 9, 2001 gttempted.

Hydrophobicity is of central importance to many branches of ~ The PMFs at the eight temperatures are fitted to the relation
chemistry, ranging from the low aqueous solubilities of hydro- _ _ _ _
carbons to properties of polymer solutions, encompassing a broadPMF = AG(S) = AH(S) + ACHE)(T = To)
range of physicochemical and biomolecular phenomena such as TAS(E) — TACKE) In(T/Ty) (1)
the formation of colloid, molecular aggregates, micelles, vesicles, where AHy(&) and AS(E) are enthalpy and entropy changes,
and biological membranes, as well as protein folding and many respectively, at the reference temperatilise The simplifying
other self-organization processe$Recently, much of the interest  assumption here thatCs is T-independent is not unreasonable
in hydrophobic interaction®? including their modulation by  because experiments suggest that temperature dependences of
cosolvents, has been motivated by the energetics of proteins and nonpolar hydration heat capacties are w&akhe viability of
other biomolecules. One of the defining thermodynamic signaturesthe present method is supported by two observations: (i) In
of hydrophobicity is the large and positive heat capacity changes previous “brute-force” studies, single-methane hydration heat
that accompany transfers of nonpolar solutes from pure or capacity was estimated to be approximately 63 cal/mol/K (264
nonpolar phases into wateFor example, because the unfolding  J/mol/K)® and 40 cal/mol/K (168 J/mol/K: in fair agreement
of a protein exposes numerous nonpolar groups to water, it haswith experimental values of 4753 cal/mol/K (198-223 J/mol/
been widely assumed that the positive heat capacity changesk).1112(ji) The present results for methanmethane, methane
associated with it are closely akin to that of small nonpolar solute hard-sphere, and hard-spheteard-sphere pairs are very similar
hydration3*>¢ Characterization of elemental heat capacity effects (see below), lending credence to the robustness of our approach.
is thus essential to ascertaining the role of hydrophobic interac-  Figure 1 shows that: (i) The peak value ACHE) at the
tions in more complex phenomena. As “bulk” hydrophobic desolvation free energy barriéiis approximately 46 cal/mol/K
interactions and the interactions among small nonpolar groups in (192 J/mol/K);—TeAS also peaks in the same region. (ii) At the
water can be significantly differerito better understand complex  contact minimum-ToAS is large and negative. (iii\Cs at the
hydrophobic phenomena it is necessary to look beyond single- contact minimum & = 3.8 A) and solvent-separated minimum
solute hydration and solute transfers between bulk phases. Hergé ~ 7.0 A) are slightly positive and slightly negative, respec-
we report theoretical calculations of heat capacity effects betweentively, but are both close to zero. Observation (iii) underscores
pairs of nonpolar solutes, obtained by extensive constant-pressureéhe complex relationship between bulk and pair hydrophobic
(NPT) Monte Carlo simulations of TIP4P wateunder atmo-  interactions’:1*13While our results agree with experimental data
spheric pressure. Using data from eight simulation temperaturesof positive ACy's for nonpolar hydration (see above), Figure 1A
(278 K, 298 K, 313 K, 328 K, 338 K, 348 K, 368 K, and 388 K), contradicts the simplistic expectation based on bulk-phase oil/
we determine the constant-pressure heat capacity cha@ge  water transfer data(see below) that bringing two small nonpolar
upon bringing a pair of nonpolar solutes from infinity to  solutes together in water would always result in a significant
separations §) close to each other. We find th&Cpq(&) is negativeACp.
significantly nonmonotonic. In particular, at the position of the OurNPT-simulatedAS, at 3.8 A is similar in value to ithl\VT
desolvation free energy barrieé ¢ 5.7 A) of the two-body  counterpartd3!*but is about one-third of that from two studiet$
potential of mean force (PMFACH(E) has a prominent maximum  that considered only three temperatures and set PMF to zéro at
as high as the hydration heat capacity of an entire methane. =8 A or 8.5 A. We believe the present results are more reliable

We have taken a “brute force” approach to heat cap&dityo- because of the effective = o zero-PMF baselines usédand
body PMFs RGg(£)] of methanes and hard spheres of the same the larger number of temperatures simulated. This assessment is
effective siz&® are computed by test-particle insertions into puttressed by the observation that the contact-minini@a ~
configurations of 396 waters with periodic boundary conditions. —80 cal/mol/K reported by ref 16 is unreasonable because it is
Similar to the methane-methane césenethane-hard-sphere  more than 1 order of magnitude larger than the hydration heat
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Figure 1. (A) Heat capacityACp and (B) entropic free energy ToAS

(To = 298.15 K) of two-methane association. The bin size used in the
calculations is 0.1 A. Simulation results [thick lines connecting error bars]
are compared with predictions by solvent-accessible surface area (8&SA),
molecular surface area (MSA3and a recent Gaussian volume exclusion
model of Lazaridis and Karplus (L&K] [line styles defined in (A)]. In
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Figure 2. Heat capacityACp(&) of hydrophobic interactions between a
methane pairrfh—m, same as that in Figure 1), a methane and a hard
sphere fn—hs) and a pair of hard spheress-hs).

random-coil-like, with their amino acid residues fully exposed
to water® However, direct experimental measurements indicate
that heat-denatured states of proteins are relatively compact,
implying that some of their residues may not be fully exposed to
water and thus participate in hydrophobic contacts. It is therefore
puzzling why the heat capacity of denaturation is well ap-
proximated by calculations that assume a fully exposed denatured
state? Our predicted configuration-dependent heat capacity effects

these comparisons, the proportionality constants linking surface area andmay help resolve this paradox because Figure 1A indicates that
exclusion volume to thermodynamic quantities are set by the simulated ¢, 5 pair ofsmallnonpolar solutes, inasmuch as heat capacity is

hydration heat capacity and entropy of a single metdageror bars in
this communication are deduced as follows. First, for any gigetine
full range of PMF error &;(£) at each simulation temperatufgis defined

to be the range between the minimum and maximum PMF values among
the last 50 cumulative averages of the calculation taken at intervals of
19 200 passes. Second, least-squares fitting by eq 1 yields a set of

coefficients @'s) such thatACp(&) = 3 ai(§)[AGI(E)], where AGi(§) is
the simulated (final cumulative average) PMF valué ahd temperature
Ti. Henceo(£) = /3 ,[a(&)]%0(€)]? may be used to estimate the range
of error in the fittedACp(£). The error bars in (A) denotACp(&) +
d(&). A similar procedure determines the error bars folhAS in (B).

water results (their limitations notwithstanding) are in large

measure better reflections of microscopic features of hydrophobic
interactions than models that treat water as a continuum. On the

basis of PMF comparisori8we expect robustness of the general

trend reported here across commonly employed atomistic water
models, although model-dependent variations remain to be

investigated. Figure 1 shows that both SASA and L&K predict
monotonic decreasingCp with decreasing. The negative sign

of their predictedACp values betwee ~ 4.0 A and 6.5 A is
opposite to that of the simulated results. MSA predicts positive
ACs in this region, but the predicted magnitudes are roughly an
order of magnitude too small. The corresponding implicit-solvent
predictions for-ToAS are also inadequate. The SASA-predicted
—ToAS is quite accurate at the contact minimum, but it fails to
predict the desolvation peak. In short, all three implicit-solvent

concerned, contact formatiod £ 3.8 A) is essentially equivalent

to full exposure at large separatiors ¥ 8.5 A). Therefore, it
may be possible for an ensemble of relatively compact denatured-
state conformations with loosely formed hydrophobic contacts
to have a heat capacity signature similar to that expected of open
random-coil-like conformations.

We have compared methanmethaneACp(&) with that of
methane-hard-sphere and hard-spheterd-sphere interactions.
Substituting a methane for a hard sphere eliminates the attractive
part of solute-water interactions, leaving only hard-core solute
volume exclusion and watewater interactions. Figure 2 shows
that most salient features of the methangethaneACp persist
irrespective of whether there are attractive solw@ter interac-
tions. This finding suggests strongly that waterater interactions,

a major component of which arises from their hydrogen bonds,
are the main driving force responsible for the peculiar behavior
of the heat capacity function. Madan and SRahave applied a
random network (RN) model of hydrogen bonding to calculate
solvation heat capacities, but their method does not account for
two-body ACH(E). According to our calculatioft the RN-
predictedACp at £ = 5.7 A equals approximately 0.25 cal/mol/
K, which is more than 1 order of magnitude smaller than that in
Figure 1A. Currently, we are undertaking further efforts to
ascertain a more definitive relation between water stru¢amed

the distance-dependeniCp reported here.
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are known to fail to reproduce well-established hydrophobic
PMFs!1:18

A dramatic nhonmonotonic dependence A€r on pairwise
nonpolar solute configuration has potentially far-reaching implica-
tions on protein folding! For instance, on the basis of SASA
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