JOURNAL OF CHEMICAL PHYSICS VOLUME 113, NUMBER 11 15 SEPTEMBER 2000
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Temperature-dependent properties of hydrophobic interactions are investigated by simulating the
potential of mean force(PMF) between two methane-like solutes in TIP4P model water.
Independent results from test particle insertion and free energy perturbation are compared to ensure
that zero-PMF baselines are accurate. PMFs are computed under atmospheric pressure at five
temperatures from 5 to 95 °C using constant-pressure simulations. The temperature dependence we
observe does not agree with previous results from constant-volume simulations, highlighting the
important effects of temperature-dependent water density on PMFs. Heat capacity changes upon
association of two solutes are estimated at the PMF contact minimum, desolvation barrier, and the
solvent (waten-separated minimum. The magnitude of the heat capacity change upon contact
formation is much smaller than that predicted by the solvent accessible surfag€A8®. More
surprisingly, the heat capacity change upon bringing two methanes from infinity to the desolvation
barrier is large and positive. This implies that the thermodynamic signatures of the free energy
barrier to desolvation have signs opposite to desolvation itself. This feature is not predicted by either
SASA or a volume-based solvent exclusion model. The implications of these and other observations
on implicit-solvent model potentials are discussed. Formulations based on thermodynamic
perturbation and Widom'’s potential distribution theory are developed to relate PMF and hydration
mean forces to the underlying structural properties of aqueous solutions. In particular, we provide
a theoretical perspective to understand PMF in terms of local water density and the occurrences of
configurations with highly unfavorable solute—solvent repulsive interactions20@ American
Institute of Physicg.S0021-9606800)51435-4

I. INTRODUCTION heat-denatured states are actually quite compa¢tMore-

Hydrophobic interaction has long been hypothesized fver conventional approacH&sissume that the heat capac-

be one of the dominant driving forces in biomolecular pro_|ty gain upon protein denaturation arises almost exclusively

cesses such as protein foldiig A defining thermodynamic 10M Solvation effects. However, recent nqclear.mziggetlc
signature of hydrophobic interaction is a large increase if€S0Nance experlmgﬁfsand theoretical .c0n5|derat|cfﬁs .
heat capacity when a nonpolar group is exposed to water; dpdicate that a _S|gn|f|cant _fracthn of this change may arise
equivalently, a large negative heat capacity change upon g&rom conformational transitions in the denatured ensemble.
solvation, as when a nonpolar solute is transferred from wa- N the quest for tractable models to study complex
ter to an oil solvent or to a gas phdsé.Inasmuch as hydro- biomolecular processes, implicit-solvent effective po-
phobic interaction is a major contributor to protein stability, tential$**" have been constructed to circumvent the need to
and the unfolding process may be viewed as a summation gyerform computationally intensive simulations with a large
solvation or transfer processes involving small constituenfilimber of explicit water molecules. These approaches seek
groups, heat capacity changes observed from small-molecute approximate solventwate)-mediated interactions by
experiments provide a plausible rationalization of the largesimple functional forms that depend on each chemical
positive heat capacity change that accompanies protei@roup’s exposure to water. A number of measures have been
unfolding?®~*?and the related phenomenon of heat and coldused to quantify exposure. These include conventional sur-
denaturatiort®~’ face area methoffs’ and volume-based solvent-exclusion
The small-solute transfer approach has been concept@pproache$>?*among others. The interaction parameters in
ally useful, but many issues remain to be clarified. For in-these models are often obtained from small-solute transfer
stance, analyses based on this approach have often dependegeriments®2
on the use of random-coil-like chains to calculate denatured However, experimental measurements have demon-
state propertie¥ but experimental evidence indicates thatstrated that the relationship between “bulk hydrophobic in-
teraction” [exposure of hydrophobic residues from its pure

dAuthor to whom correspondence should be addressed; electronic maip_hase to watdrand “pair_ hydrOthbiC interacgion’[poten-
chan@arrhenius.med.toronto.edu tial of mean force(PMF) in water is complex?® Computa-
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tionally, it has been shown that the simple solvent accessiblthe assertion of Ldemannet al®® that the density depen-
surface area approach fails to account accurately for the spdence of PMF is negligible. Hydrophobic hydration has been
tial dependence of PM#3'and that water-mediated inter- shown to be density dependéfitand PMFs have been
actions not only depend on the exposed surface area, but asown to be pressure depend&t® Moreover, a theoretical
sensitive also to solute size and the curvature of the exposamnsideratioft and an analysis of experimental d&tahow
surface®?~% |n view of these, while recognizing the desir- that the difference between enthalpy measurements made at
ability of implicit-solvent effective potentials, it is important constant pressure versus that at constant volume can be of
to delineate their strengths and limitations. the same order of magnitude as the enthalpies themselves.
To address some of these issues, we undertake to invellsing a polarizable water model, Rick and Bertgave con-
tigate the temperature dependence of hydrophobic PMFs beluctedN PT PMF simulations at three temperatures, and ob-
tween two small methane-like solutes. Recently, Leral®’  served a significant difference between constant-volume and
proposed that hydrophobic mechanisms can depend drastienstant-pressure enthalpies of hydrophobic interaction.
cally on the collective sizes of nonpolar groups involved; and The total number of moleculds, pressureP, and tempera-
they envisioned a novel “drying” mechanism for the attrac- ture T are kept constant in aNPT ensemblg. Therefore,
tive interactions between hydrophobic surfaces with ared®ased on these results, we expect significant differences in
greater than~100 A%, We do not address this issue in this temperature dependence between PMFs obtained from
paper. As a necessary first step, we focus here on two smaibnstant-volume (constant-densily versus that from
solutes. constant-pressure simulations. To test these ideas, we calcu-
Insight into hydrophobic interaction has been gained bylated PMFs at five temperatures NPT ensembles.
extensive experimental measurements of virial coefficients, The work presented in this paper is not limited to the
Kirkwood—Buff integrals, and related spatially integratedcalculation of model PMFs. We also seek to understand
quantities>?8*8-40However, the spatial dependence of PMF PMFs in terms of structural properties of water around the
itself is currently inaccessible to direct experimental determisolutes. Detailed aspects of this type of calculation are likely
nation. Computer simulation is therefore an indispensabléo depend somewhat on the water model téékherefore, it
tool. Over the past 2 decades, a large number of publicationis imperative that efforts should be made to use model simu-
have been devoted to PMF calculatidhé!-5°Among these, lation as a vehicle to explore and infer general physical prin-
however, relatively fe#f#8°0:51.5haye tackled the tempera- ciples.
ture dependence of PMFs; and some of the key results from In their seminal work, Pratt and Chandféemployed
different groups appear to be contradictoisee below.  the Ornstein—Zernike equation and a perturbation approxi-
Temperature dependence of hydrophobic effects has alsoation to predict solute—solute PMFs from experimental
been investigated by Skippgt,who simulated a methane water—water distribution functions. Their theory relates
solution (four methanes in 256 water moleculest afixed PMFs to the structure gfure water. In the present work, on
water density, and concluded that the tendency of metharthe other hand, we are interested in developing formulations
molecules to aggregate increases with temperature from 27#bat relate PMFs to structural properties of watethe pres-
to 317 K. This was followed by more extensive studie® ence of the solutesrevious approaches in this general di-
using similar systems of semiconcentrated methane soluection include Geigeet al,%* who related structural proper-
tions. However, these results are not straightforward to interties of water clathrates to the heat capacity of hydrophobic
pret in terms of two-methane interactions, because effectmteractions. Recently, systematic model simulations by
observed in these systems might have arisen from three- ¢tead-GordofP confirmed the existence of various forms of
four-methane interactions as well as solute configurationalvater clathrates around hydrophobic solutes, and elucidated
entropy. how their properties depend on the configuration of a solute
Dand'® calculated two-methane PMFs at two different pair. Studies by Pangadit al** and zichi and RossK{ pre-
temperature$300 and 330 K Different water densities were sented useful structural functions. These studies have been
used for the two temperatures, presumably to maintain thexstrumental in relating the excess heat capacity and excess
two systems at essentially the sataemosphericpressure®  enthalpy of hydrophobic interaction to the structure of water.
In contrast to Skippet® Dang reported very little tempera- However, they did not attempt to quantitatively rationalize
ture dependence, and suggested that the discrepancy mighe PMF's spatial dependence. More recently, a new infor-
be caused by Skipper’s use of a temperature-independent waration theory of hydrophobic interactidh,which may be
ter density. Subsequently, Hamannet al>>®! calculated viewed as an extensibhof scaled particle theo}f~"°was
two-methane PMFs from 250 to 500 K in &V T ensemble  successful in reproducing the PMF curves between two cavi-
(at a fixed water densifyand reported a significant tempera- ties or hard-sphere solutes, and solute—solvent attraction has
ture dependence at the contact minimyfrhe total number been incorporated by perturbative approximation. But a di-
of moleculesN, volumeV, and temperatur@ are kept con- rect relationship between PMF and the structure of water
stant in arNVT ensemblg.They also compared two PMFs at around the solute pair has not been investigated in this
the same temperature but with different water densities. Ifiramework.
contrast to Dang® they found no substantial pressure ef- The organization of the rest of this paper is as follows.
fects. In view of these disagreements, it is necessary to reeX¥e first introduce the necessary theory and computational
amine the issue of density dependence more carefully. methods in Secs. Il and IIl. Results of our systematic calcu-
Other studies in the literature do not appear to supportation of temperature-dependent PMFs are given in Sec. IV.
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Their ramifications for protein folding are discussed in Sec. water
V. We present a physical perspective to rationalize some of
our results in terms of hydration mean forces and local water
density in Sec. VI. This is followed by a discussion of the
relation between PMFs and potential distributions in Sec.
VII. Section VIl explores the correlation between local wa-
ter density and hydrogen bonding among water molecules.
Finally, we conclude by summarizing our key findings in
Sec. IX.

FIG. 1. Geometry of the model system. Each meth@iaded spheyds
represented by a united atom. The parametetg)(in the Lennard-Jones
potential 4[ (a/r)*2—(a/r)®], in units of ( A, kcal/mol), for water—water,

W deri " tatistical hanical f lati methane—methane, and water—methane interactions are (3.15365,0.1550),
€ now derive two statistical mechanical Tormulations 3 73 g 294, and (3.44183,0.2135), respectively. The chaaean hy-

to connect local density of water to hydrophobic PMFs. TheYgrogen atom is equal to 0.62whereeis the electronic chargiefs. 84 and
are based oifA) a mean force anB) a potential distribu- 113 This figure is drawn to scale. The radii of the spheres correspond to
tion approach. They account for the “indirect” or hydration the molecules’ van der Waals radii. The positions of the chatgesll

. . ircles in the TIP4P wat depicted ding to th le.
part of the PMF, which we denote a%3;,. The full PMFis ' e9 in the watter are cepicied according fo the same scale
the sum of AG,, and the direct solute—solute interaction.

(The latter is modeled here by a Lennard-Jones pot¢néial g and theith water molecule. This means that the above
connection between hydrogen bonding and local water denntegral can be written as a sum Nfterms. Since the water

Il. THEORY

S|ty iS Out”ned at the end Of th|S Section. mo'ecu'es are indistinguishab'e,
dlnZ

A. The hydration mean force kTﬂ—a;(g)

1. Relationship between water distribution and the gy

average force exerted on a solute == f drla_g

Consider a system dfl water molecules at positions,
r,, ..., ry, and two methanedabeleda andb) separated %
by a distance&. The change in hydration Gibbs free energy
incurred by changes in solute—water interactions upon

Ju
changingé from &, to &, equals = —f drl&—glp(ra,rl), (4)

@)
— | dr-dra---dr e_BUNe_BUa(ra)e—BUb
Zan(€) 273 N

AGL=G(&1)—Gp(&g)=— kTFldgiln Zao(€), (1)  Wwherep(rgy,ry) is the distribution functioinumber density
& ¢ of water molecules at position in the presence of solute

wherekT is Boltzmann constant times absolute temperaturet fa and soluteb at the origin. Using the fact that=|r|,
Here the partition function gy IUgy I JUgy

9E ar 9E  or

cosé, )

Zab(f): f drl dr2. . .drNe*ﬁUNe*BUa(ra)e*BUb, (2) ) ]
wherer is the distance between solweand water 1, and

where B=1kT, Uy, U,(r,), and U, are the interaction is_ the_ angle between the intersolute vecJtQHa_ and the_

energy among all solverftvatep molecules, between solute directionr,—r, from solutea to water 1; see Fig. 1. This

a and all water molecules, and between solugand all water leads to the following connection between local water den-

molecules, respectively. We place solbtat the origin, and ~ Sity and the hydration mean force induced by one solute on

solutea at positionr,. Uy, U,, andU,, are functions of,,  the other:

r,, ..., ry, whereU, depends om, as well. As the two 9G ou

. . . h al

solutes are in a homogeneous solvefy, is a function of — a—gz —f drlp(ra,rl)Tcosa. (6)

E=|ry]. It follows that the component of Boltzmann-

averaged force or thmean forcé' exerted by the water mol- According to Eq.(6), the hydration mean force is generated

ecules on soluta along the direction of , is given by by “collisions” between a solute and the water molecules
around it, each water exerting a force-efdu,,/dr) on the
aInZp(€) 1 e .
kT = drydr,---dry solute along the direction,—r;. As noted above, the distri-
23 Zan(€) bution functionp(r,,r,) in the integrand is théocal water

density—which is a property of thevater structurearound
e AUng AUalrde=AYb. (3)  the solute’? Here it tells us on average how many water
molecules at positionm; are available to collide with the
If the interactions between the soluteand the water mol-  solute. The net hydration mean force is obtained by summing
ecules are additive, as they are in the model used h&re, the force components in the, direction (hence the cog
=Ei'\':1uai(ra,ri), whereu,; is the potential energy between factor) from all local contributions. Equatior{6) has been

[ Ya
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used previousl$*’*to calculate PMFs from simulated local ot
water density. Naturally, dominant contributions are ex- © ”a:J drydry---dry
pected to come from water molecules very close to saute

owing to the large magnitude of (du,,/dr) at smallr. e AlUntUa) su
Therefore, in this view, penetration of water molecules into fdrydr,---drye AUn*Ua :

the core of soluta is the most significant process that con- 172 N

tributes to the hydration mean force. =(eYa)\a, (10

which requires averaging exglJ,) over water configura-

tionsin the presence of the soluté&/idom>’® showed that

this averaging can be performed by first defining a distribu-
In a spherical coordinate system that centers at the postion function

tion of solutea,

2. Angular dependence of the hydration mean force

Jdrydr,---dryd(e—U,e PUne Al

G °° ™ Ju €)= 11
- &—;:—wao drfO dér?sin ap(ra,rl)TalcosH 9al€) fdrydr,- - -drye #Une AYa (3
. of the potential energy between solutea and all water
_ _Wf drfwdarzsin 20p(&,1,0) IUa1 (7) molecules. § is the Dirac delta function.Then
0 O L 1 ar 1
see Fig. 1. In this equation, the factar?sin 26d6 is the eﬁ“aZJ deg,(e)ePe. (12

product of the projection cason the intersolute axis, and
the circular area element sin¢(rdé) at 6. Since sinZis A similar potential distribution function
maximum (minimum) when 29= /2 (3w/2), for a given N B B
local densityp at a small, the strongest contributions to the ¢ ¢ Jdrydry-- -dryd(e—Uy)e e Pae P
hydration mean force are from the directiofts /4 (which o Jdrydry,- - -drye PUne Alag=Alb

favors dissociation of the soluteand 3#/4 (which favors (13
association of the solutes

is defined for the hydration part of the two-solyé,(¢£) to
yield

B. A potential distribution approach %
P PP eﬁ[#ab(f)fuab(f)] = f degab(e; g)eﬁf_ (14)

1. Potential distribution theory for PMFs It follows from Egs.(8), (12), and(14) that

The mean force formulation above accounts for diee
rivative of PMF. We now use potential distribution AGh(§)=kT|nf deg,y(€;&)ePe
theory®>®to relate PMF directly to structural properties of
water. To this end, the full PMF is expressed as a difference

PMF=AG(&) = p35(€) — 13 (8
between twdpseudd’) chemical potentials of solute Here ~ Of, equivalently,
AG(E)=AG(&)+U,p(é), whereU,, is the direct interac- q . evafe
tion between the two solutegy,(£) corresponds to insert- eBAGH(§) — M (16)
ing a at a fixed positior¢ apart from a soluté that is already Jdeg,(e)ePe

in the aqueous solution, whereas; describes a fixed- . . :
position insertion into pure water. In the canonical ensembIeThe hydration part of PMF is now seen to be determined by

: the change in the Boltzmann average of gs)(upon intro-
*
#a May be calculated by the standard relation ducing the second solute Because this factor depends ex-

ponentially on+ €, dominant contributions to these averages
arise from configurations with high values, when there are
strong repulsive interactions between solatand the sur-

—kTIn f deg,(e)e?, (15

e‘ﬁf‘zzf drydr,---dry

% e Fn o BUa rounding water molecules. In other words, as far as its hy-
fdrydry---drye AUn dration part is concerned, PMF is determined by the shift in
the degree of water penetration into solatapon the intro-
=(e a)y, (9 duction ofb. The relation

which is the average of exp(BU,) in pure water. This is the .

basis of the test-particle insertion approach to computing eﬁAGh(f)—lze*'B“aJ' de[gap(€:é) —gale)]e?s, (17
chemical potential&~8 On the other hand, if one is inter-

ested in a relationship betwegrf and the structure of water which is readily obtained from Eqg8), (12), and (14),
around the solutes rather than that of pure water, one maghows thatAG,(¢) has the same sign as the integral of
rewrite Eq.(9) as (Jab—9a)EXPBe).
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2. Generalization to constant-pressure NPT 3. Shape of potential energy distributions

/i . .
ensembles Now that a connection has been established between

The potential distribution approach introduced above folPMF and potential distribution functions, it is useful to know
canonical NVT ensembles can be readily extended toto what extent these functions can be approximated by Gaus-
constant-pressure ensembles by usingNHET expressions sians. The motivation is simple: If thegdunctions are well
of Shing and Chunf§8! approximated by Gaussians, the first two terms in the cumu-

lant expansion
fdvfdr,dr,---drye AUne APV

e.BIU'a: , ﬁ
fdvfdrdr,- - -dryVe PUne Alag= APV AGR(&)=((Ua)nab—(Ualn,a) T E(<AU§>N,ab
(18)
eB(#abeab) _<AU521>N,a) +-- (22)
fdv/fdrdr,---drye #Une AUbe APV of Eg. (15 would be sufficient to reproduce key features of

the hydration part of PMF. The average solute—water ener-

- ~BUng~FUag~ AUbg~ APV’
JdVJdrydry. - -dryVe Pive "ag Mee gies in this expansion are given by

where P is the (constant pressure and/ is the (variable
volume of the system, ang, and u,;, are full chemical <Ua>N,abEf de[ €gan(€: 61,

potentials. In general, a full chemical potentiais related to (23)
its corresponding pseudochemical potenjidl by u= u* (UL EJ de[ €ga(e)]:

+KkTIn p, wherep is the number density of the solute, and a/N.a Gale)l;

kTIn p is the “liberation” term that accounts for the center- corresponding variances in energy are
of-mass translational freedom of the sol{fteThis implies
that the pseudochemical potentiagl§ and %, can be ob-
tained from the above expressions ag+kTIn(V)y, and
Hapt KTIN(V)y ap, Where

<AU621>N,abE f de[€—(Ua)an)’Gan( € €),

(24)
2 —

JAVVSdry dry- - - drye PUne lsg APV <Aua>”'a=f dele~(Ualal'ga(e).

[dVfdridr,- - -drye #Une AVag—BPV ' In Seq. VI_IC,. we will use thgse formglas tq examine the
(19) potential distributions we obtain from simulations.

<V>N,a:

fdVV[dr,dr,- - -drye PUne PlVag=BlUpe= APV

fdVSdrdr,- - -drye #Une=AlagBUbg= APV C. Connection between local water density and
water—water hydrogen bonding

are the average solution volumes with one and two solutes,

respectively?? It follows that

<V>N,ab:

We have thus far connected hydration mean forces to
local water density, and the PMF to potential distribution

functions. These relations are useful as a first step toward a
. fdvfdr,dr,- - -drye #Yne APV P

eBuy = microscopic molecular understanding of hydrophobic inter-
fdV/drydr,- - -drye #Yne Alag= APV’ actions. We now take a further step by introducing formula-

(200  tions to relate local water density to hydrogen bonding prop-

B3~ Yan) erties of water. To do this, we first derive a relation between
local water density and pairwise water interaction energies.

_ [dV[drydr,- - -drye”#Une” Flbe APV This is motivated by the fact that the latter can be compared

a fdVfdr,dr,- - -drye #Une AUag=BUpg APV against certain established energetic criteria for interwater

hydrogen bondin§®
Naturally, theNPT version of the potential distributions are Consider the local density of watg(r,) at positionr,

defined as when a solute is present g{
fdVfdr,dr,---drye AUne Plag=BPVs(e—U,) (ry) Nfdrpdrg- - -drye”PUn(r2 - g™ Ala

- p(ry)= ; :
9a(e) JdVfdrydr,- - -drye fUne Alag APV fdrydr,---drye AUn(rir2. - INJg=AVa
Jan(€; ) This expression is identical to that fprin Eq. (4) except that

for simplicity we consider only one solute here. It is straight-

_ JdV[drydr,---drye #Une Flagm Flbe PPV s(e—U ) forward to generalize the present discussion to cases with
B [dVfdr,dr,- - -drye FUne AUag~AUbg APV " multiple solutes. In Eq(25), the position of water 1 is inte-

grated in the denominator but not in the numeréter, r; is
Equations(12) and(14), which form the basis of the formal a dummy integration variable in the denominatol
development above, remain valid in the pregeR{ formu-  =U;(r,) +Uy_1, WwhereU(r,) is the interaction of the wa-
lation. ter 1 with the rest of the water molecules adg _ is the
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interaction energy among the othlr—1 water molecules. U, n_1+ Uy, Whereug, = U,y(ra,ri) is the potential en-
(To simplify notation,U, andUy_,’s dependences an, r;  ergy between water 1 and solieandU, -1 is the inter-
..., Iy are not indicated.Similarly, the interactiord, be-  action between the solute and the otir1 water mol-
tween solutea and theN water molecules can be written as ecules. Using these decompositions, EXp) becomes

_ _ -1
fdrydr,---drye AUne Ala

fdrydrg- - -drye #Yn-1e7AVan-1

Nfdr,drg--- drNe_BUNf1e_Bul(rl)e_ﬁua,Nfle_ﬁual

fdrodrg---drye #Un-1g7AVan-1

p(ry)=

N 1
x 1
e~ Bhwater <e,3U:LeBUa1>a ;
1

(26)

where wyateriS the chemical potential of water in the system, Ill. COMPUTATIONAL METHODS
and(.. '>a,f1 is the Boltzmann average with the position of Al results in this work are produced b\PT Monte

water 1 fixed atr;, and the position of %)Iu.te fixed &f.  carlo simulations of 396 TIP4P water molecules in a box
This equation was ob_tglned by Widom’® Since ug; (_19_- with periodic boundary conditions. We use the software
pends only on the position of water 1 and the solute, it is N0gogs version 4.184 The cutoff distance of water—water and
affected by the(. .. ), average. Hence methane—water interactions is set to 9.0 A. Energetic param-
eters and potential functions are given in Fig. 1. A Monte
N 27 Carlo step represents an attempted move on one molecule.
efﬁﬂwate<eﬁul>avr1. For a solvent(watep molecule, such a step consists of an
attempted translational displacement as well as an attempted
Equation(27) says that, besides the contribution from therotational displacement. In our simulations, the ranges of
single-pair solute—water interaction ¢8p;(r,,r1)], local  translational and rotational displacements atd®.15 A
water density is determined by two facto(®: The contribu-  (components of the linear displacement along the three axes
tion expBuwaed Which is independent af;. When the sol-  of a fixed Cartesian framend =15°, respectively. The ro-
ute concentration is sufficiently dilute, this quantity is essentational displacement of a given water molecule is made
tially equal to the chemical potential of pure watér) The  around an axis randomly chosen among the three axes of a
contribution (exp(BUl))a,rl)*l that depends on; [because fixed Cartesian frame, whereas the translational displacement
U,=U,(ry)]. This implies that fewer occurrences of high is made in a randomly chosen direction, not restricted to the
U, values are concomitant with a larger local water densitythree Cartesian ax_@é.The solute is spherically symmetric.
Therefore’<exp(BU1)>a‘rlemerges as a determining fac- The solute translational mOV@(OO8 A) and volume move

3
tor of local water density. It is useful for subsequent analyse$ = 190-0 &) are attempted every 90 and 2,375 steps, respec-
to define a distribution function tively. (When there are a pair of solutes in the box, the sol-

utes move in tandem so that their separaas unchanged
fdrydrg---dryd(U;—E,y)e #PUNe Fla by the move).. Acceptance ratios of attempted moves are
U BU about 40%. Simulations are performed on DEC-alpl(a33
Jdrapdrs---drye e MHz) and Pentinum(350 and 450 MHg machines. Two
independent methods are employed to compute PMFs.

p(rl)eﬁual(ra 1) o

Awate Evw 1) =
(28)

of the interaction(binding) energyE,,,, between water mol- i
ecule 1 with the otheN—1 water molecules, such that A. PMF computation

1. Free energy perturbation

<e’8ul>a,r1= J dEOwatel Ew 1 1) €55, (29 The first method uses the standard free energy perturba-
tion technique’® We calculate the Gibbs free energy differ-

Because of the exponential factor egp(,,), water configu- ence
rations with high bindindi.e., unfavorablgenergies are ex- AG(&—&+Af)
pected to have dominant effects on local water density. b

In this [Z%per, we adopt an energetic criterion for hydro- =G(&+AE-G(§)
gen bondind;’ in which a pair of water molecules having an
interaction energy lower than 2.238 kcal/mol ¢ 9.364 kJ/ =—kTIn(exp{BLU(&)-U(&+AO]}), (30
mol) is defined to be hydrogen bonded. The binding energyetween the systems of intersolute separatignand ¢&;
distribution thus has a direct bearing on the number of inter+ A¢, then we integrate the Gibbs free energy difference
water hydrogen bonds. It follows that the relationship be-over ¢ to obtain the full PMF curve. In Eq30), the average
tween the effects of solutes on local water density and inter¢. . . ), is over the(unperturbeyl ensemble with intersolute
water hydrogen bonding can be studied in this framework. separationé. In our simulation, the perturbation stefpé
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=0.05 A, and double-wide sampling is employed to increasdor 298 K and 1.4 10’ passes for 278 K 10 000—30 000
sampling efficiency. For each of the perturbation steps, thansertions per snapshot are attempted to estimate the en-
initial equilibration run takes 1.26—2.50L0° passes and semble averages in E(35).

generates 5-1x 10° configurations, which are discarded.

(In the present simulations, a pass equals 396 Monte Carlg Accuracy of PMFs

steps). This is followed by a production phase of<x20 We use the following heuristic procedure to optimize the
passes that generates ovex B0’ configurations or “snap- numerical reliability of the simulated PMFs by comparing
shots” for ensemble averaging. Statistical errors are evaluresults obtained by the two independent methods described
ated by the standard block average metHbahich is less  above:(1) Insofar as it is feasible, long simulation times are

than 0.003 kcal/mol for each step. used until a good agreement between the two methods over a
After these simulations, a PMF betweega3.5 A and  wide range of¢ is reached. In other words, we take the
=12 A is obtained by discretized integration degree of agreement between the two independent methods

i to be a measure of accuracy, which is intuitiy2). If good
PMF=AG(§J-)=E AG(&— &+ A&)+ (constant, ag_reement clannot. be obtamgd_ovc_er the entire rangedef
=0 spite long simulation runsgthis is likely to occur for low

(31)  temperatures we simply adopt the test-particle result, in-

where&; = &+jA¢. Ideally, the constant in the above equa- cluding its zero-PMF baseline. This is motivated by the fact

tion should be determined from the boundary condition that the PMF at every calculated from test-particle inser-
tion is independent of each other. On the other hand, free

AG(§—=)=0. (32 energy perturbation entails a summation over results at many
Practically, however, it is impossible to extend the perturbavalues of ¢ [Eq. (31)], so there is a chance for errors to
tion calculation toé—o. In previous studies accumulate. Hence, for the same given run time, we regard

test-particle PMFs at largé as more trustworthy than those

AG(&=Ejargd =0 (33 generated by free energy perturbation and assumg8an

was assumed, whegg, . is the largest intersolute separation Therefore, in these situations, we do not use &§). In-

in a given perturbation calculation: D&figand Rick and stead, we allow the free-energy perturbativ® (&jag9 to
Berne® usedé .= 8.5 A, whereas Ldemanret al®®*>'and  vary [which is equivalent to redefining the constant in Eq.
Rank and Baké?L used{arge= 12 A. However, it is possible  (31), £jage=12 A in our simulationyand determine whether
for the true PMF até= {4 to deviate from zero if the a decent match with the PMF obtained by test-particle inser-
proper baseline conditiofEq. (32)] were used. Therefore, tion is possible by settind G(§a¢9 €qual to a small offset.
instead of relying on the assumption in E§3), we deter-

mine zero-PMF baselines using the test-particle method bes potential distribution calculation

low.
The accurate calculation of,(€) andg,(e€; &) for large

2. Test-particle insertion € is indispensable for the accurate evaluation of E4g)

The second method we use to calculate PMF is based dgi'd(14), because both of these expressions contain the mul-
Eq. (8). Here we employ the test-particle insertion tiplicative factor exp{Be) in their integrands. Numerically
techniqué’ to compute? and u* (). To calculate this would not be straightforward if these quantities were to

a a :

be estimated by averaging over tiveater + solutea) sys-
(Vexp(—BUa))n tem as prescribed by E@l1), because the presence of the
(\In

Boltzmann factor expf BU,) in the numerator implies that
configurations of pure water molecules are generated usin

gigh-ua configurations are rarely sampled. However, this
NPT Monte Carlo simulations, then solugeis inserted into ifficulty can be overcome by using a special test-particle
random positions to compute the required averages. Thi

insertion technique due to Shing and GubBhwho noted
recipe is provided by Shing and Gubbffisand it accounts

at
for volume fluctuations in th& PT ensembl&?% In these fdrydry---dryé(e—U,)e #FUne Ala
simulations, the discarded initial equilibration runs take at  Ja(€)= ar-d dr e Fong FUs
least 1.%X 10° passes. These are followed by production runs Jdrydr,---drye €

ua=—kTIn

: (34

of at least 1.X 10° passes (% 10° passes for 278 K during Fdr,dr,. - -drye 9N
which configurations of pure water are recorded at every 100 = T
passes. 10000 attempted solute insertions per snapshot are Jdradry- - -drye”#-Ne” Pra

used to estimate the averages in the above equation. For

Jdrydry---dryd(e—U,)e AN
(Vexp{—B[UatUan(E)1)n,b X

wi(€)=—kTIn ) , (35) fdrydry---drye #Un
N,b _ BUpa— AU
configurations of one methane plus water molecules are first % Jdrydrp---dryd(e—Ug)e ne 7
generated. As before, 2AL0° initial passes are discarded, fdrydry---dryd(e—U,)e AN
then coordinates of the one-methane solution are collected N
every 100 passes for at least 2.60° passes (& 10 passes =ePragP(e)e P, (36)
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FIG. 2. Two-methane PMFs under the safhetm pressure at four differ- 1. 3. Temperature dependence of the association of two methanes, simu-
ent temperatures are calculated by two independent methods: test-partiglgo by the test-particle insertion techniqua) PMFs[AG(&)] at five

insertion (solid curves and free energy perturbatioflotted curves An different temperatures and 1 ati®) The corresponding two-methane cor-
offset is allowed for each dotted curve to achieve optimal matching with therelation functions are given by efkpBAG()].

solid curve. See the text for details.

whereg?(¢) is the distribution of interaction energy between lation that also used TIP4P wafErFigure 4A) indicates
a randomly inserted test partidlsolutea) andpuresolvent.  that the general trend of temperature dependence of the one-
Since the test particle is allowed to overlap freely with themethane hydration Gibbs free energhemical potentialis
water molecules$there is no exp{ 8U,) factor in gf,f], large in fair agreement with experimental data. However, the latter
€ values can be sampled sufficiently by this technique to giveshows a steeper dependence on temperature. This is most
an accurate determination gf(e). A similar consideration likely related to a well-known artifact of the TIP4P water
leads to the corresponding relation model, that its density changes more gradually with tempera-
* _ ture than real watet This can have an impact on the simu-
Gap(€) =€ Hav~Vanlgl (e)e P (37
for the two-solute potential distribution in E¢L3). We use
these two equations and test-particle insertion techniques to 3
obtaing,(e) andg,y(€) from our simulations.

IV. RESULTS: TEMPERATURE AND DENSITY
EFFECTS

free energy (kcal/mol)
nN

A. Temperature dependence of the potential of mean

force 1 :

Figure 2 shows PMFs at four different temperatures. The _ os (B) T
offset used to match free energy perturbation results to test- & peakl i E A Fe.
particle insertion results ar@n units of kcal/mo) 0.05 (368 3 0 p:sp Fom—Fm—p T T ’
K), 0.1(328 K), 0.05(313 K), and 0.1(298 K). For 278 K g
(Fig. 3, only test-particle insertion has been performed. The &-05[ % e 7
agreement of the results in Fig. 2 is reasonably good. As g L
discussed in Sec. llIA3, discrepancy increases for lower “leo 300 0 T 200
temperatures and/or at larger separation. Nevertheless, the temperature (K)

good agreement between the two methods for separagions . .

~9.0 A (Fi 2) lends credence to the overall numerical re- F_IG_. 4, Temperature dependenee of hydrophoblc hydration and hydropho-
~Y 9. - ) bic interactions under 1 atnfA) Simulated Gibbs free energy change upon
liability of the test-particle resultéFig. 3). The depth of the insertion of a single methane into pure wateémed, into a water plus one
contact pair(0.67 kcal/mol, which equals 2.80 kJ/maind methane system at the contact-p&ip) minimum, desolvation barrier

the height of the desolvation barriéd.88 kcal/mol, 3.68 (peakl, peakR and solvent-separated minimuisp positions. 1met is the
. . .&46150’53' single methane hydration Gibbs free energy. The corresponding experimen-
kJ/mo) at 298 K agree with previous studies. tal data(exp, black squargss from Morrison and Billett(Ref. 89. (B)

To establish a basis for our analysis, we first simulatedremperature dependence of PMF values. The error bar for each data point in
the insertion of a single methane into water, and obtained afft) and(B) shows the range of variation between the minimum and maxi-
hydration Gibbs free energy of 2.30.05 kcal/mol (9.79 mum values observed among 50—300 different cumulative averages taken at

. . . S, regular intervals during the summation of contributions from configurational
+0.21 kJ/mo) at 298 K[Fig. 4A)]. This is consistent with snapshots to compute the overdilhal) average. The curves are optimal fits
the value of 2.5:0.4 kcal/mol from a previoudlPT calcu-  of the overall average@s reported in Fig. 3to Eq. (38).
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Our simulation data indicate that the entropy and heat

tion. The unbracketed quantities are calculated by least-square fitting Eq:apacity effects of two-methane association are intricate and

(38), with T;=298.15 K, to the simulated single methaiieney hydration
Gibbs free energy in Fig.(4) and the two-methane results at the PMF
barrier and minima in Fig. @). Included in square brackets are estimates
from the commonly employed solvent accessible surface déred 103
(SASA) method(Ref. 104.2

Solute AHg° AS, ACp
configuration (kcal/mo) (cal/mol/K) (cal/mol/K)
Single-methane —0.562 —-9.72 40.1
hydration
Contact formatiof 0.295 3.29 1.59
(=38 A 0.292 3.28 2.93

[0.128 (0.239) [4.12] [—17.0
Desolvation peak —0.667 —2.92 40.4
(é=5.7 A [—8.39x10°% (0.0767)  [1.33 [—5.46|
Solvent-separated —1.51x 1072 0.347 —-13.3

minimum (¢=7.0 A) [—0.0263(0)] [0] [0]
#These estimates assume that thel,, AS,, and ACp of the solvent
(watep-mediated or indirect part G, of PMF are proportional to the

SASA lost by bringing two methanes to close proximity with each other.

dependent on the intersolute distar@able | and Fig. 4
For completeness, we use two definitions for the desolvation
peak: peakl is defined by the local PMF maximum around
£~5.9+0.2 A, whereas peak2 denotes PMF&t5.7 A.
When numerical uncertainties are taken into account, the two
definitions give essentially identical results. The data points
and their fitted curves in Fig.(B) are given by their corre-
sponding plots in Fig. @) minus the single-methane hydra-
tion Gibbs free energylmet in Fig. 4A)]. For the contact
pair (cp) position, we also provide an independent fit of the
PMF values themselvdthin dashed curyebut it practically
overlaps with the differencéthick dashed curve for cp in
Fig. 4B)] between the cp and 1met curves in FigAn

The hydration of a single methane decreases entropy and
increases heat capacifgee above Therefore, one would
expect the entropy change upon the formation of a two-
methane contact to be positive, and the heat capacity change

The proportionality constants used in the present comparison are set by th¢egative. This is because the spatial arrangement of two
simulated single-methane hydration data listed in the table. The purelynethanes in contact minimizes their geometric exposure to
enthalpic direct Lenn_ard-.]ones interaction between the two methanes a{he aqueous environment, and thus contact formation may be
fects only theAH, estimates. . . i
bThe first entry inside a square bracket in this column is the total estimaté"ewed as a desolvation process. The large posifh&
that includes both the direct Lennard-Jones interaction between the metffom simulation results at the contact minimum is consistent
a”beslaigg ;*éea%‘tjé?tigg gloengét;lg:%nznetfti?:]atz(:eﬁ]lgs eSSASA- The latter iqyith this expectation. However, contrary to expectation, the
C?Lheu first andp secor¥d rows of contact fgrmart)ion data co.rrespond, respe(g:-omz"sp(‘mmngACP has ,a surprisingly small magnitude
tively, to the thick and thin fitted dashed curves for cp in FiB)4 (~1.59-2.93cal/mol/K, i.e.;~6.65-12.3J/mol/K amount-
ing to only ~7% of the hydration heat capacity of a single
methane; and its positive sign is opposite to what had been
) . expected.
lated hydration Gibbs free e_ner@%’he agreement between \yhen the methanes are farther apart at the desolvation
simulation gnd experiment is much better for the hydrat'orbarrier, the heat capacity is large and positive+40.4 cal/
heat capacitysee below. _ mol/K = + 169 J/mol/K. It has the same sign and essentially
To a first approximation, any Gibbs free energy chang&ne same magnitude as tiydration heat capacity of an
AG may be described by entire methane. From thAS, fits, it is also clear that at
25 °C, substantial entropic costs have to be paid to reach the
top of this barrie(Table |): 2.92 cal/mol/K (12.2 J/mol/Kif
the two methanes are approaching each other from an ini-
whereAH, andAS, are enthalpy and entropy changes, re-tially large separation, and a much higher value of 6.20 cal/
spectively, at a given reference temperatdig and the mol/K (25.9 J/mol/K if the two methanes are dissociating
constant-pressure heat capacity chang®s is assumed to from the contact minimum. Thus, remarkably, our results
be temperature independent. Equati88) has been useful indicate that the thermodynamic signatures of the two-
for analyzing experimental transfer dafs? Here we use methane desolvation barrier appositeto that of hydropho-
this equation to analyze our simulation results by leastbic desolvation itself.
square fitting it to the Gibbs free energy data in Fig. 4. The  Moving to a larger separation, we find that the PMF at
resulting thermodynamic parameters are given in Table Ithe solvent-separated minimum has a heat capacity of
The assumption here thA(C is temperature independent is ~—1.33x10 2 cal/mol/K (—5.56x10"2 J/mol/K) and a
sensible in view of the fact that simulation data are availablgositive AS;. In this case, both thermodynamic signatures
only at five temperatures, notwithstanding th®€ps of  have the signs expected of a desolvation process.
some hydrophobic processes are weakly temperature We nextturn to the relative favorability of different two-
dependent®88 methane configurations. A few salient features are notewor-
We first consider the hydration heat capacity of a singlethy in Figs. 3 and 4{i) The contact minimum deepens as

T
AG=AHo+ACH(T=To)~TAS—TACpIn =, (38)
0

methane. The best fit of our simulation result give€p
=40.1 cal/mol/K (168 J/mol/K This is in fair agreement
with the 52.0 cal/mol/K (217 J/mol/Kvalue obtained by

temperature is raised. The increase in stability is almost lin-
ear in temperature. This trend is qualitatively consistent with
the fixed-densityN VT simulations by Ldemannet al*° (ii)

using the same procedure to fit the experimental solubilityThe desolvation barrier exhibits a Gibbs free energy maxi-

datd® in Fig. 4(A), as well as Naghibet al® direct calori-
metric measurements of 53.4 cal/mol/K (223 J/mpldK298
K and 47.4 cal/mol/K (198 J/mol/Kat 313 K.

mum (i.e., a stability minimurparound 313-328 K. The top
of the barrier is seen to shift slightly toward largéras
temperature is raised. This trend is similar to that observed in
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Ludemannet al's NVT simulations®® However, the tem- 1 - - N —— :
perature dependence of their PMF desolvation baftfesir 5 os| A 368K (with density of 298K)
Figs. 3 and # indicates that it has a negative constant- 3 ol
volume heat capacityXC,,). This is of particular interest in > 368K (1atm)
light of the present results, because it suggests thah @ g 05 ¢
andAC,y of the desolvation barrier may have opposite signs. g 1|
(iii ) The solvent-separated pair exhibits a shallow minimum ™ s . . ‘ . . . .
around 313 K.(iv) As a consequence df) and (iii ), the '50 2 4 6 8 10 12 L
f;)tli\éent-separated paissp to contact pair(cp) population [ (®) N 368K (with density of 298K)
c N
L 3r
& 20— BAG() 5
_[ssp f§1d§47'r§ © (39) % 2t
o lep]  fideametePACO .1 -
368K (1atm
decreases with increasing temperature. Hgre5.5 A and o5 2 . s s 1£ 2-2 ”
&,=8.5 A, as in Rick and Bern& excepté; =6.0 A is used separation & (A)

for 368 K. The shapes of the correlation functions in Fig. _ o o
3(B) indicate that these definitions are intuitively reasonable G- 5 Density effects on methane association are significA)tPMF,

. . and (B) two-methane correlation function at 368 K at two different densi-
For the five temperatures studied hekgy= 2.2, 2.2, 2.0, e computed by test-particle insertions. Imposing a deftsityal to that
1.6, and 1.4 for 278, 298, 313, 328, and 368 K, respectivelyat 298 K under 1 atinhigher than that at 368 K under 1 atm significantly
Keqs tendency to decrease with increasing temperature iicreases the free energy difference between the contact minimum and the

consistent with Rick and Berne’s recdwP T simulation us- desolvation barrier. _The increase in the desolvation _bafrler helgh_t is pa_rtlcu—
larly noteworthy. It is almost twice the range of variation in barrier height

ing a polarizable water modgt. observed at constant presstiteatm) from 278 to 368 K(see Figs. 3 and)4
The PMF at 298 K density is computed here using\AfT ensemble.

B. Effects of average water density

Previous investigations have shown that variation inand Baket' suggested that hydrophobic PMF desolvation
overall water density has significant effects on hydrophobidarriers may be important in determining folding rates. How-
hydration®®°° especially under high pressut®®® Can the ever, results in this paper indicate that the two-methane de-
variation of water density under atmospheric pressilre Solvation barrier has a positive heat capa¢fig. 4A) and
atm) over the temperature range from 0 to 100 °C have sigTable [. Thus its sign is opposite to that of folding free
nificant effects on PMF properties? To address this questiorgnergy barriers. This implies that crossing two-methane-like
we compare two PMFs computed using the test-particle inhydrophobic desolvation barriers may not be rate limiting in
sertion method at the same temperature 368 K: one with therotein folding.

1 atm model water density at 368 K, the other with a higher =~ Some recent molecular dynamics studies of protein
density that equals to 1 atm TIP4P model water densities afinetics®**°use an extremely high temperature of 498 K to
298 K. Figure 5 shows that the two PMFs are significantlyinduce unfolding, and the simulations are conducted at an
different: The higher water density raises the desolvatiordverage water density of 0.829 gftnThis particular water
barrier dramatically and stabilizes the contact pair. density corresponds to the density ofigpotheticalunstable

Our results contradict ldemannet al,*® but are consis- state of water at 498 K under atmospheric presgtine
tent with that of Dang® who has reported a deepening of Stable state under these conditions is the vapor phakés
both the contact and solvent-separated minima at higher wa&lensity was apparently calculated by long extrapolation from
ter density. Dang'’s results indicate that a higher water dendata below 100°C using th&®s; formula provided by
sity leads to a larger Gibbs free energy difference betweeKell.'®* Practically, however, a pressure of26 atm is
the desolvation barrier and the contact minimum. This igequired® to maintain a water density of 0.829 g/&rat
qualitatively consistent with our results in Fig. 5. 498 K. These studies have provided useful insight. However,

results presented in this paper demonstrate that hydrophobic

interactions are sensitive to density and pressure at a given
V. RAMIEICATIONS EOR PROTEIN EOLDING temperaturgFig. 5), and depend on temperature at a given

pressure(Fig. 3). Figures 4, 5, and Table | show that the

The present simulation results are relevant to proteinelative Gibbs free energy differences between key points
folding. along the PMF curve can vary significantly with temperature

Typically, protein folding kinetics are non-Arrhenius; and pressure. Therefore, inasmuch as hydrophobic interac-
folding rates are often observed to be fastest at some intetions are important to protein folding, caution should be used
mediate temperaturé$-®’ This means that the effective free in connecting results of high temperature, high pressure un-
energy barrier to foldingdi.e., the Gibbs free energy differ- folding simulations to folding and unfolding transition
ence between the “folding transition state” and the unfoldedstated®**°?under ambient conditions.
statg has a minimum as a function of temperature, and there-  Our results may also be used to examine to what extent
fore has an effective negative heat capacity. Recently, Ranfrotein folding potentials with implicit solvent effects can
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capture microscopic details of hydrophobic interactions. One 38A 8.0A
popular approach has been to assume that the aqueous sol 5

vation contributions to heat capacity and entropy of a collec- g «10)

tion of molecules are proportional to their total solvéwa- 3 Z ]

ter) accessible surface aré8ASA).1%1%Taple | compares & 4|

SASA predictions with results from simulated PMFs. At the 0

PMF contact minimum, th& S, predicted by SASA (4.12 02 A A (B) ' C)
cal/mol/K, 17.2 J/mol/K compares reasonably well with the g o R ] ﬂ”/“‘\ ” L ]
simulated value of 3.29 cal/mol/K (13.8 J/moj/Kconfirm- B NCZIT ANAIOIy ] [
ing the conventional view that hydrophobic contacts at 25°C § e I SR e Rt
are favored by entropy. However, th&Cp predicted by =

SASA (—17.0 cal/mol/K, —71.1 J/mol/K{ is ~7 times g s A(b) o

larger in magnitude and has a sign opposite to the one esti- ¢ (@) A i \‘\,;\\ AN

mated from simulation-{ 2.3 cal/mol/K, 9.6 J/mol/K Inter- lg: 0 ""‘“‘w R %“‘w
estingly, Lazaridis and Karplus's recent solvent exclusion § R N Rt
approach, which is based on the volume integration of a i 55 o5 1o o5 1o o5 f

Gaussian functio® predicts ACp=—4.59 cal/mol/K ot ot ot
(—19.20 J/mol/K andASy=1.11 cal/mol/K (4.64 J/mol/K , , , )
Their volume-based model's error iNCo at the contact FIG. 6. Understanding PMFs in terms of the hydration mean force. The first,
o . - P second, and third columns describe results simulated by test-particle inser-
minimum is less appreciable than that of the SASA methodjons at 298 K and 1 atm fo¢=3.8, 6.5, and 8.0 A, respectively. Angular
but itsA S, error is much larger. Apparently, both models aredependenceghorizontal axes of mean forces contributed by water mol-
not capable of offering accurate representations of m ecules situated at different distaneesom solutea (cf. Fig. 1) are indicated
. . by six different line styles defined iii ) and(iii ), fromr =2.9 A (thick solid
andAS, at the two-methane contact minimum. The discrep~, " ' 39 A (thin solid line. Top row (i)(iii) The water—solute cor-
ancies at the deSOWaﬁon peak are even more serious, hekBation function is the local water densipfé,r, 6) divided by the average
the ACp and A S, predicted by both models have signs op- water density in the bulk at the given temperature and pregsiir€q. (7)].
posite to the simulated values. These comparisons suggede use the volume element within=0.05 A and ¢+ 7/120 to compute
that any implicit-solvent model that relies on monotonicp(g'r’e)' Middle row (A)—(C) Force per unit volume directed towards the
L. .. . . d;;enter of solute in units of kcal/mol/&. This is equal to the contribution
vqnauons (_)f thermodynamic sgnatgres with distance would_ p(£,1,6)(aular) from water molecules at an ¢ position. Bottom row
fail to predict the thermodynamic signatures of the desolvata—(c) Component of force in the increasirgdirection per unit solute—
tion peak. Detailed implications of this finding on the accu—wateg distancer(), applied by all water molecules atf. This is given by
racy of implicit-solvent simulations of much larger systems ~ 7 sin 20p(&r.6)(ow/ar), and plotted in units of keal/mol/ A
such as entire proteifis®*1%remain to be elucidated. The

observations here point to the fact that nonadditive effetts this shell, water—solute interactions are repulsive. Forces ex-

are significant in hydrophobi_c inte_ractions, and must be ta(_: erted by water molecules outside this shell are attractive
led before a coherent physical picture of protein energetlc'f_(aualmr)<0]’ but their contributions to the mean force

can emerge. are significantly smaller than the repulsive forces originating
from the inner shell(data not shown Hence we focus only
VI. A PHYSICAL PICTURE IN TERMS OF HYDRATION on the inner shell in the discussion below.
MEAN FORCES The angular ) dependence of the hydration mean force
Based on the formulation developed in Sec. Il A for hy- offers additional physical insight. Since the inner-shell
dration mean forces, we now analyze in more detail the hysolute—water interactions are repulsive, inner-shell water
dration partA G, of the two-methane PMF. molecules located between the solutéss@/2, “interior”
region contribute to a dissociative force, whereas those on
the other side §= w/2, “exterior” region) contribute to an
We begin by considering the PMF at 298 K. Figure 6 associative forcésee Fig. 6, bottom royv Comparison be-
shows the spatial decomposition of the hydration mean forceveen Figs. 6A), 6(B), and &C) shows that associative
at three intersolute distances. In this figure, positive forcegorces change little with¢, but dissociative forces are
push the two methanes apddissociative, i.e., tend to in- strongly¢ dependent. This is because inner-shell local water
creaseé), while negative forces are associative. Interest-density is very sensitive t§ in the < /2 interior region,
ingly, the dominant mean force contributions come from wa-but local water density at any givens not that sensitive to
ter molecules closer than the first hydration shetlaB.7 A, ¢ in the exteriord= /2 region(Fig. 6, top row.
which corresponds to the solute—water correlation peak. The two-methane PMF contact minimum is¢at 3.8 A.
While the top row in Fig. 6 shows that local water density This represents a balance between an attractive hydration
increases monotonically from=2.9 A tor=3.7 A, force mean force and a repulsive direct interaction between the
contributions(middle row) peak arr =3.3 A and decreases at two solutes.[In the current model, the methane—methane
largerr. This is because- (du,q/dr) diminishes rapidly as  Lennard-Jones force- (dU,,/d¢) is repulsive foré<4.2
increases. Results in this figure shows that dominant hydrad.] Figure @A) shows that at=3.8 A, no hydration mean
tion mean force contributions come from water molecules inforce comes from the region<06< /4, because the volume
the “inner” shell, which is defined here by<3.9 A. Within  of soluteb has excluded water molecules from this region

A. Dependence on solute—solute distance &
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FIG. 7. Same as Fig. 6, also at 1 atm, but for 278 K. FIG. 8. Same as Fig. 6, also at 1 atm, but for 368 K.

[Fig. 6(i)]. This implies a decrease in dissociative fofEe.
6(a)], the net result is an attractive mean force. broad range of angles in the exterior regiah=(w/2), result-
On the other hand, the mean force is repulgivegative  INg in a weaker associative force from this region at 278 K
PMF slopg at £=6.5 A, when the two methanes are a little [Fig. 7(c)] than that at 298 KFigure 6.
farther apart than the desolvation barrier. This results from a  On the other hand, when temperature is raised from 298
balance between a weak attractive direct intersolute forcé 368 K, the contact minimum deepens substantially and the
and a stronger repulsive hydration mean force. Figuls 6 Solvent-separated minimum becomes more shalléigs. 3
shows that dissociative hydration mean forces become largénd 4. Concomitantly, the contact minimum is shifted to a
when the two-methane separation is increased fer8.8 A slightly smaller§, which implies a stronger attractive hydra-
to ¢=6.5 A. This is clearly related to the increased inner-tion mean force a¢~3.8 A; and more gradual slopes on
shell local water density in the interior region at around Poth sides of the solvent-separated minimum¢-ai6.5 and
— /8 [Fig. 6(ii)], which leads to a maximum repulsion from 8.0 A. These more gradual slopes imply that the hydration
water molecules located in the same rquE'rg_ ac)] mean force at 368 K is not as repulsivefa:t 6.5 A and less
Further increasing to 8.0 A weakens the dissociation attractive até=8.0 A than their counterparts at 298 K.
force [Fig. 6(c)], making the net hydration mean force once ~ Again, these trends correlate with that of inner-shell lo-
again attractive. Figure (6) shows that this is primarily cal water density. Specifically, comparison between Figs. 6

caused by a decrease in inner-shell local water density in thand 8 shows that at=3.8 A (i) and 6.5 A(ii), water density
interior region relative to that &=6.5 A. is lower in the interior region at 368 K than that at 298 K.

However, até=8.0 A (iii), water density over a broad angu-
lar range in the exterior region at 368 K is lower relative to

B. Temperature dependence that at 298 K. Correspondingly, dissociative components of

Following the above reasoning, insight into the temperathe hydration mean force are reduced &3.8 A (a) and 6.5
ture dependence of the hydration mean force may also b& (b), whereas the associate component is reduced at
gained by examining how the difference in local water den-=8.0 A (c). The net effects of these are consistent with the
sity between the exterior and interior parts of the inner sheltrends of hydration mean forces noted above.
depends on temperature. This can shed some light on the
microscopic molecular basis of PMF temperature depen-
dence, although the hydration mean force, being the hydr
tion part of the PMF slopénot PMF itselj, only accounts
for PMF indirectly. Figures 9i)—iii ) shows that when overall water density

When temperature is lowered from 298 to 278 K, theis increased at constant temperatQngich requires an in-
contact minimum at~3.8 A becomes a bit more shallow. crease in pressurethere is a general increase in inner-shell
Concomitantly, the magnitude of the PMF slope around thdocal water density in excess of the already increased overall
contact minimum becomes less stg@jg. 3). Because the water density[c.f. Figs. &i)—8iii)]. This leads to much
direct interaction between the two methanes is temperaturgtronger associative as well as dissociative hydration mean
independent, this implies that the attractive hydration meafforces (Fig. 9, middle and bottom rowswhich translates
force at this configuration is weakened at 278 K relative tointo steeper PMF slopes. This general trend is consistent
that at 298 K. Figure () shows that this is caused by a slight with a deeper contact minimum and a higher desolvation
decrease in inner-shell local water density a3.3 A over a  barrier (Fig. 5).

%. Effects of average (overall ) water density
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FIG. 9. Same as Fig. 6, now at 368 K, but with the 1 atm water density at(B) Test-particle insertion we_wpom{Eq. 42} g (.SOI'd cu_rve) and
298 K. (The pressure is therefore higher than 1 atm; c.f. Fig. 5. exp(—Be) (dotted curve are given by the left and right vertical scales,
' respectively. The inset iB) shows the variation of these two functions

over a smaller range of energies, frenl0 to + 20 kcal/mol. Results in this
figure are obtained by test-particle insertion simulation of methane hydration
D. Temperature-induced shift of the desolvation peak at 298 K and 1 atm.

The peak of the PMF desolvation barrier arouéd
=5.7-6.1A results from a balance between an attractive di-
rect intersolute force and a dissociativepulsive hydration
mean force. As temperature is raised at constant pressure dega(e)=1. (41)
from 298 to 368 K, the peak of this barrier shifts toward a_ N
larger &; see Fig. 3. Comparing the local water densitgat This means that for; to be large and positive, one has to
=6.5 A in Figs. Gii) and §ii) provides a rationalization of 'ely on large contributions from the exg) factor in the
this behavior: Inner-shell local water density in the interiorintégrand of Eq.(40). As can be seen from Eqgl3) and
region is lower at 368 K than that at 298 K. This leads to a(14), a similar condition applies to the two-methane chemical
weaker dissociative force at 368 [Figs. Gb) and 8b)],  Potentialuz, and the potential distributiogap(e).
resulting in the balance point with the attractive intersolute ~ Figure 10 is an analysis of our simulation data in this

force being shifted to a largef relative to that at 298 K.~ formulation. The potential distributiog.(e) peaks ate~
—3.8 kcal/mol (15.9 kJ/mg] as seen in Fig. X8\, but the

integration ofg,(e€) from e=—5.0 to 2.0 kcal/mol yields
VII. A PHYSICAL PICTURE IN TERMS OF POTENTIAL only 0.46[c.f. Eq. (41)]. Hence the rest of the distribution
DISTRIBUTIONS (0.54) must come from higher values ef This is consistent

The hydration mean force analysis above accounts fowith the condition above for a large and positiye . A
the slope of PMF. Here we provide a complementary perlarger hydration Gibbs free energy.e., the solute being
spective that provides rationalizations of the hydration parmore hydrophobicis associated with a distributiog, of
of PMF itself. The analysis in this section is based on thesolute—water interaction energies that has higher weights at

potential distribution formulation in Secs. 1B and IlI B. high interaction energies, where it overlaps with large val-
ues for expBe). Therefore, potential distribution theory

stipulates that hydrophobicity has its origin in the high prob-

abilities of solution configurations with strongly unfavorable
We first consider the hydration of a single methane. Assolute—water interactions. Conversely, when probabilities of

discussed in Sec. IIB, the hydration Gibbs free energy isolution configurations with strongly attractive solute—water

A. The role of high potential energy states in
hydrophobic hydration

given by attraction are increased, the normalization condition(Ed).
implies thatu} would have to be smaller. A case in point is
ur=KkTIn f deg,(€)e”s, (40)  the favorable hydration of ions, whose interactions with wa-
ter are concentrated in far lower energies than that of
wheree is the solute—water interaction energy. This relationmethang®’—1%°
is equivalent to Eq(12). It follows that, for a solute to be This perspective is consistent with that of Pratt and
“hydrophobic,” i.e., to have low solubility and hence a large Pohorille}'%!* even though they have used a very different

and positiveu) , the right hand side of Eq40) must be  approach, which is based on hard-sphere solutes instead of
large and positive. What functional form gf(e€) can lead to  the “soft” Lennard-Jones solutes studied hefk.may be
such a result? By definitiofEq. (11)], g.(€) has to satisfy more appropriate to call these “tough” spheres, because the
the normalization condition (a/r)*2 term is highly repulsive at smail] They relate hy-
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drophobicity to the structure opure water; whereas the 38A 6.0A 70A
present approach relates hydrophobicity to the structure of 1 A) ‘ 1 (B)‘ - 1 ©) ‘
water around the soluteThe conceptual difference of the
two approaches parallels that between the two different com-
putational routes represented by E(®.and(10). Pratt and
Pohorilled%!! note that “free volume is distributed in
smaller packets” in pure water, in spite of its larger free
volume fraction than organic liquids; and they identify this 0
as the origin of hydrophobicity. Using E¢36), we now -10
provide a specific connection between their perspective and <
the potential distribution formulation.

It follows from the normalization condition Eg41) that
Eq. (36) can be re-written as

05 - 05 - i 05

0.(8), 9auf®) (kealimoll ™)

0 - 0
-10 -5 0 5 -10 0
e (keal/mol)

(D)

)

o
T

|
o
(=]
=

[9,:(€)-g,(e)]e™ ([keaVmol]

wr=—KTIn f degP(e)ePe. (42 ,
50000
i . . € (kcal/mol)
This equation represents the test-particle approach to hydra-

tion. It describes the insertion of a solute into pure water, andf!G. 11. Using potential distributions to account for the hydratiodirec

: : f PMF at three solute-solute separatighsResults are from test-
states that hydration Gibbs free energy decreases moR2" °f PMF at three so
Y 9y particle insertion simulations at 298 K and 1 atA)—(C) gap(€) for &

ogomcally with increasing value of the integral of =3.8, 6.0, and 7.0 A are plotted by dotted, dashed, and long dashed lines,
g,.f(e)eXp(—Be) over all e. In other words, because of the respectively, whereas the correspondigge) are represented by solid
factor expt-Be), a largeg?(¢€) at high values of serves to  curves.(D) Plots for[gan(€) — ga(€)Jexp(Be). Line styles for different val-
reduce the integral on the right-hand sdég. 10B)]. This ues of ¢ follow that in (A)—(C). The inset shows the same plot over a
. . . Lok e smaller energy range.
in turn implies a large positive:} , i.e., low solubility, or
equivalently, hydrophobicity. Physically, larg&(€) at high
€ values must originate from significant overlaps betweergffect of potential distributions on chemical potentials is of-
the test particle and water molecules, presumably because @i, not fully apparent until the factor ex@d) is included
the fact that free volume in water is distributed in small gypjicitly in the analysis.
packets. Thus this offers a physical picture essentially  Figures 11B) and 11C) indicate that differences be-
equivalent to Pratt and Pohorille’s, and may be viewed as gyeen potential distributiong,, andg, are also difficult to
potential distribution reinterpretation of their perspective.  gpot for é=6.0 A (close to the desolvation barrjeand &
As discussed above, an alternate and equivalent perspec-7 o A (solvent-separated minimymlet alone thediffer-
tive is represented by Ed40). This view is based on a encein value of g,,—g, betweené=6.0 versus 7.0 A .
potential distributiorg,(e) obtained from averaging over an However, their very different effects on theG,, (positive at
ensemble with the solute already in solutiifg. (11) and  ¢—g 0 A but negative at=7.0 A ) are apparent in Fig.
Fig. 10/A)] instead of the test-particle potential distribution 11p). As discussed above, because of the gxpfactor,
ga(€) computed from pure water. In either views, hydropho-these effects arise from differences in probabilities, depend-
bicity requires long, higle tails in bothg, andg?, as the  ing on intersolute separation, of very rare configurations with
two distributions are intimately related through E86). very high solute—water interaction energies. FiguréDl1
shows that[g.p(€) —0ga(€)]exp(Be) peaks arounde=100
kcal/mol, and decays very slowly with increasieg with
B. Dependence of PMFs on the two-methane substantial contributions fror= 1000 kcal/mol and beyond.
separation £ Therefore, according to this view, whether a given separation
) & is favorable hinges on subtle shifts caused by the presence
. We now explore further the relation between p_otentlalof a second solute in the probabilities of highly unfavorable
distribution and thet dependence of PMF. We consider as configurations.
an example the situation at 298 K. Figure 11 shows the We have conducted similar analyses to study how the
_change in poter_wtial distri_butiorggb VS ga) when solu_teb_ s temperature dependence of PMF is related to changes in po-
introduced at different dlstances from where solatss in- tential distribution. As in the cases considered above, domi-
;erted. As has be(.an.shovyn in E47), th.e sign of the hydra- nant contributions originate from the small but nonzero
tion part of PMF is identical to the sign of the integral of population of configurations with very high solute—water in-

[gab(e)—ga(e)]exp(Be) OVer e. t ti i t t sh
PMF is large and negative &t=3.8 A (Fig. 3. By the eraction energiegdata not shown

above consideration, this means that the introduction of the ) o

second soluteb must have led to a potential distribution & Non-Gaussian nature of the potential distribution

more heavily weighted at lower values af This is not easy functions

to discern from Fig. 1¢A), since the peaks af, andg,, are Following Sec. II B 3, we test the accuracy of cumulant
close to each other. The situation becomes perfectly clear iexpansion prediction€q. (22)]. This is to ascertain whether
Fig. 11(D), however. This example shows that the resultaniGaussian approximatioh$ are viable for the potential dis-
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FIG. 12. Potential distributions are non-Gaussigk). Comparing the hy-

dration (indirecy part (AG,,) of the two-methane PMF simulated at 298 K FIG. 13. Water—water binding energies and hydrogen ba#ds:(C): Dis-

and 1 atm by test-particle insertions with the corresponding cumulant extribution of binding energy,,,, among water molecules residing within the

pansion consisting of the two terms shown in E2R). Contributions from inner shell surrounding a methane solute in the intefdmtted curve,d

the first(1st and second2nd) terms in the cumulant expansion are plotted < =/2) and exterior(solid curve,§= 7/2) regions, for a two-methane sys-

separately if(B). [Note that the vertical scale i{B) covers a smaller Gibbs tem at 298 K and 1 atm, at the three intermethane dista&idasdicated.

free energy range than that {A).] (a)—(c): Distribution of number of hydrogen bonds-bonds per water mol-
ecule within the inner-shell volume. Dotted and solid lines represent the
interior and exterior regions, respectively. Hydrogen bonds are defined here

tributions studied here. Figure 12 shows that the expansion f&/ an upper bound on a pair of water molecule’s interaction enfexgy Ref.
. L .. 83). See the text for details.

apparently successful in qualitatively predicting the solvent-

separated minimum. However, Gaussian expansions fail to

predict the contact minimum. Instead, it predicts destabilizaoped above that relates local water density to the hydration

tion at small¢. Figure 12B) shows that this arises from the mean force as an intermediate link in our theoretical devel-

fact that at smalk the two-term expansion is dominated by opment, this line of inquiry would ultimately lead to a more

the first cumulant term. This contribution is equal to thequantitative and microscopic account of PMF in terms of

change in average solute—water interaction energy upon aiydrogen bonding patterns.

sociation of two methandgq. (22)]. It is unfavorable(posi- Using the formulation in Sec. Il C, the upper panels of

tive, ~0.17 kcal/mol=0.71 kJ/mo] at the contact minimum  Fig. 13 shows water—water binding energies at three inter-

(£=3.8 A). By itself, this is not inconsistent with the obser- methane separations. The distributions of binding energy

vation that the total change in the hydration part of the eng,,, among water molecules in the interior and exterior re-

thalpy upon contact formation is also positive:Q.24 kcal/  gions of the inner shell around a methane are given by
mol = 1.00 kJ/mol, see Table,lalthough the latter contains

. . . /2 i
not only solute—water interactions but also water—water in- gﬂf désin afr “r r2guatel Eww r1) (43
teractions andPV contributions. However, the fact that the 0 o
two-term cumulant expansion predicts neither the desolvay,q
tion barrier nor the contact minimum implies that its utility
i ies i imi m Fi1
in PMF studies is very limited. wa ,Zdasmefr Ar 12G el Euy T 1), (a4
Kt i0

VIIl. HYDROGEN BONDING AND LOCAL WATER

DENSITY respectively, wher@aie{ Eww ,r1) 1S the position-dependent

binding energy distribution in E28), and the integrations

It is intuitively obvious that many peculiar properties of from rig=2.9 A tori;=3.9 A cover the volume of the inner
water and hydrophobic interactions must arise from the hyshell. Based on these binding energy distributions, numbers
drogen bonding properties of water. Previous studies havef hydrogen bonds per water are calculatkedver panels of
elucidated the balance between entropic and enthalpic corfrig. 13).
tributions to hydrophobic effects and their relationship with At £=3.8 and 6.5 A, inner-shell binding energy distri-
the structure of water, by focusing on clathrate strucfd@s  bution for the interior region is shifted slightly toward higher
and hydrogen bond number distributions in the solvationenergies relative to that for the exterior region.##¢8.0 A,
shell around a nonpolar solute versus that in the BufR. however, an opposite shift is observed. The present observa-
However, a quantitative relationship between water hydrotion for £&=6.5 A is consistent with th&é=7.0 A results of
gen bonding pattern and PMF has yet to be established. He#chi and Rossky° who considered both the inner and outer
we take a preliminary step in that direction by exploring theshells as a whole. They reported that water binding energy
correlation between hydrogen bond numbers and local watetistribution in the interior region was shifted slightly toward
density. Our hope is that, by utilizing the formulation devel- higher energies than that in the exterior region, and attributed
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this to the reduction of number of neighboring water mol-also a lower entropyTable |). One may then speculate that a
ecules. Geigeet al® and Pangalit al*! have also calcu- higher degree of water ordering could lead to lower water
lated binding energy distributions. They focused on a commobility, which may then be translated into less water—water
parison between shell and bulk, rather than between intericand water—solute collisions. If this argument is valid, it
and exterior regions. However, as suggested by the abowgould offer a microscopic explanation for the observed
local water density considerations, we expect a comparisolower local water density and smaller dissociate mean force
between the interior and exterior regions would be more dicomponent at=3.8 A relative to that at=6.5 A in this
rectly relevant to PMFs. region. We intend to put these conjectures to the test in fu-
Figure 13 shows that the relationship between hydrogeture work.
bond numbers and local water density in the inner shell is  The above discussion does not belittle the important role
subtle; and there is no simple direct correlation between thef hydrogen bonding in water. As the most essential property
two properties. It shows that @=8.0 A, each water mol- of water, thepossibilitythat water molecules can form ener-
ecule on average forms a slightly smaller number of hydrogetically favorable hydrogen bonds has to be a dominant
gen bonds in the interior than the exterior region, whereagleterminant of water properties and hydrophobic effects.
the opposite holds foé=6.5 A. When compared with the However, this intuitive logic does not imply that any given
inner-shell water density for the sangein Figs. §ii) and  water property can be related tosample hydrogen bond
6(iii ), these observations seem to suggest a correlation beount. The reason is that statistical mechanical averages take
tween a higher number of hydrogen bonds and a higher locdhto account all configurations, both with and without a pre-
water density. However, inner-shell water density in the in-ponderance of hydrogen bonds, even though it is likely that
terior region is lower a&=3.8 A than that at=6.5 A[Figs.  the former are energetically more favored than the latter. But
6(i) and §ii)], yet Fig. 13a) shows that the average number the number of hydrogen bonds accounts mainly for low-
of hydrogen bonds per water molecule in the interior regiorenergy but not high-energy configurations. It follows that the
is higher at¢é=3.8 A than that at=6.5 A. relationship between a given water property and the number
At first sight, these observations appear to be inconsisof hydrogen bonds can be complex, as we have observed
tent with the general relation between local water density an@bove for local water density.
water-water binding energy derived above in Sec. IIC,
which states that local water densjifr,) is proportional to  IX. CONCLUDING REMARKS

((exp(BU1)a,,) ", where U, is the water—water binding ExtensiveN P T simulations have been conducted to de-
energy of a given water moleculgg. (27)]. This means that termine the temperature dependence of the two-methane
a higher local water density implies a lower average forPMF under atmospheric pressure. Temperature effects are
exp(BUy); and since hydrogen bonds are defined by Iy  found to be significant. Contrary to previous assertions, we
in the present treatment, one might expect that a higher locave demonstrated that the PMF at a given temperature de-
water density would automatically lead to a larger number ohends sensitively on overalverage water density(and
hydrogen bonds per water molecule. therefore pressuyeHence it is important to employ an over-
However, this simple-minded picture is incomplete. gl water density that is appropriate for the experimental situ-
Equation(29) implies that, because of the exgi,,,) factor  ation one aims to model.
in the integral, configurations with higtrepulsive E,s Thermodynamic signatures—enthalpy, entropy, and heat
have more dominant effects dexp(8Uy))a,, , and therefore  capacity—at the contact minimum, desolvation barrier, and
local water density(r,), than configurations with |0V, . solvent-separated minimum were estimated. We observed
High E,,,, configurations correspond to collisions among wa-nonadditivity effects. The heat capacity of the desolvation
ter molecules. But hydrogen bond number counts only stablbarrier is found to be large and positive; opposite in sign to
low-E,,, configurations. By definition, they do not account the negative heat capacity change expected of the association
for rare collisions that have high,,,s. Therefore, no direct of nonpolar groups in water. Solvent accessible surface area
correlation between hydrogen bond count and local wategives reasonable prediction for the entropy increase upon
density should be expected. formation of a methane contact pair, but it drastically over-
This points to where future efforts should be directed toestimates the concomitant decrease in heat capacity. Similar
decipher the relationship between hydrogen bonding and lacomparisons indicated that another implicit-solvent model
cal water density around hydrophobic solutes. It is evidentlso fails to provide accurate predictions for the PMF ther-
from the present result that merely counting the number ofmodynamic signatures reported here.
hydrogen bonds is insufficient. More fundamentally, one  We have presented a formulation to relate the hydration
should seek to understand how hydrogen bond network omean force exerted by water molecules on a nonpolar solute,
clathrate-like structur&&® affect probabilities of water— and found that the strength of this force correlates well with
water and water—solute collisions, as these collisions are thihe local water density residing within the inner shell sur-
principal determinants of local water density and the meamounding the solute. A potential distribution formalism for
force exerted on the solutes. For instance, Fig) thdicates dissecting energetic contributions to PMFs has also been de-
that the inner-shell waters in the interior region at the contacteloped. Both of these perspectives emphasize the impor-
minimum (£=3.8 A) are more ordered than those in the tance of high-energy molecular collisions as determining fac-
same region af=6.5 A. This follows from the fact that the tors for both the hydration mean force and the PMF itself.
former has a larger number of hydrogen bonds per water antlhis view has allowed us to make the observation that no
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