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Abstract

The multibody contribution to the potential of mean force(PMF) of hydrophobic association of four methane
molecules in water was investigated by means of umbrella-sampling molecular dynamics. Two systems were
considered:(i) a trigonal pyramid with three methane molecules at contact distance forming a fixed base, the fourth
molecule being placed on the top with variable distance from the base; and(ii) a regular uniformly expanding
tetrahedron. Methane–methane distances as far as 12.5 A, i.e. beyond the second solvent-separated minimum of the˚
PMF, were considered to address the baseline problem. In contrast to the small effect in the three-body case studied
previously(Protein Sci 9(2000) 1235), the multibody contribution was found to amount to approximately 0.2 kcaly
mol per methane–methane pair, or approximately 25% of the depth of the contact minimum in the PMF. The main
effect of the multibody contribution to the PMF is a reduction of the height of the barrier between the contact and
solvent separated minima and a narrowing of the region of its maximum, while the region of the contact minimum
is affected only weakly. The reduction of the barrier is due to four-body contributions. The cooperative contributions
to the PMF agree very well with those computed from the molecular surface of the systems under consideration,
which further supports earlier observations that the molecular surface can be used with good accuracy to describe the
energetics of hydrophobic association.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Kauzmann’s seminal review of solvent effects

� This article is dedicated to Walter Kauzmann for his
seminal contributions to bio-physical chemistry.
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E-mail address: has5@cornell.edu(H.A. Scheraga).

on the denaturation of proteinsw1x, following his
earlier statementw2x, which did not reach as wide
an audience, increased awareness of the concept
of hydrophobic interactions. Kauzmann used the
term ‘hydrophobic bonding’ to describe the ten-
dency of the non-polar groups of proteins to adhere
to one another in aqueous environment. The hydro-
phobic effect may be defined as the behavior of
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non-polar solutes in aqueous solution, and the term
usually refers to both hydrophobic hydration and
hydrophobic interactions w3–6x. Hydrophobic
hydration concerns the interactions of one non-
polar molecule with its aqueous environment, i.e.
modification of the structure and dynamics of
water due to the presence of a solute molecule,
and the resulting thermodynamic changes. Hydro-
phobic interactions, the term more commonly used
today, rather than hydrophobic bonding coined by
Kauzmann, refer to the attractive potential of mean
force (PMF) that acts between two or more non-
polar molecules in aqueous environment.
Kauzmannw1,2x has proposed that hydrophobic

interactions are one of the more important factors
stabilizing native protein structure. Since then, it
has long been accepted that the hydrophobic effect
is of fundamental importance in the molecular
mechanism of stability of various self-assembly
aggregates and biological structures in aqueous
environment. It plays an important role in many
biophysical phenomena, such as protein folding,
the formation of micelles, biological membranes
and macromolecular complexes, molecular recog-
nition, coagulation and surfactant aggregationw6–
11x. Hydrophobic interactions are the most familiar
subset of more general solvent-induced interac-
tions, i.e. indirect interactions among solutes,
caused by the presence and the particular nature
of the solvent. Solvent-induced interactions
between hydrophilic groups have not received as
much attention as hydrophobic interactions. Ben-
Naim claimed that the importance of hydrophobic
interactions is over-exaggerated based upon over-
estimates of their magnitude and that hydrophilic
effects (both solvation and correlation) might be
much more important in biochemical processes
w12,13x. Yet a closer examinationw14x of water-
bridge-induced hydrophilic interactions, which he
had proposed, did not provide sufficient evidence
for such a conclusion.
Influenced by discussions with Kauzmann and

Linderstrøm-Lang at the Carlsberg Laboratory in
1957, and by papers of Frank and Evansw15x and
Frank and Wenw16x, Nemethy and Scheraga began´
a series of statistical machanical investigations of
the thermodynamics properties of liquid water
w3,17x and aqueous solutions of hydrocarbonsw18x,

as a basis for computing the free energy, enthalpy,
entropy and heat capacity for pairwise- and multi-
body hydrophobic bonds(interactions) involving
non-polar amino acid side chains of varying size
w19x. This statistical mechanical treatment was
based on a model, the most important feature of
which was the flickering cluster(partial cage or
clathrate) picture proposed by Frank and Wen
w16x. However, subsequent Monte Carlow4,5x and
molecular dynamicsw20,21x simulations of aque-
ous solutions of inert molecules verified the valid-
ity of this model. Scheraga has recently
summarized this workw11x, including experimental
results that verified the thermodynamic parameters
that had been calculated by Nemethy and Scheraga´
w19x.
Despite tremendous effort by both experimen-

talists and theoreticians, there is still much to be
learned about the hydrophobic phenomenon on a
molecular level. Frank and Evansw15x and Neme-´
thy and Scheragaw3x demonstrated that hydration
of a small hydrophobic solute involves a large heat
capacity because the mechanism of hydration of a
small non-polar solute changes with increasing
temperature from entropic(ordering of neighbor-
ing waters) to enthalpic (breaking of hydrogen
bonds among the neighboring waters) w11,18,19x.
By contrast, water molecules hydrate a large
hydrophobic solute(the extreme example being a
planar hydrophobic surface) with rupture of the
hydrogen bonds being independent of temperature
w22–24x.
Nemethy and Scheragaw19x noticed that hydro-´

phobic interactions between more than two solute
particles are not pairwise. Later, Lum et al.w25x
also showed that, when the local concentration of
hydrophobic units is large enough or each hydro-
phobic particle has a sufficiently large surface,
these can induce ‘drying’, which leads to strong
attractions between large non-polar objects, as
observed in surface force measurements. The struc-
ture of water near small non-polar species provides
little information about the phenomenon that dom-
inates for larger hydrophobic assemblies. Drying
is a collective phenomenon, and a pair potential
of mean force between small non-polar units can-
not characterize such an effect.
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Quite often a distinction is made between pair-
wise and bulk hydrophobic interactions, i.e.
according to the scale of the phenomenon
w6,19,25,26x. A pairwise PMF is adopted for the
interactions among small non-polar groups while
bulk hydrophobic interactions describe exposure
of hydrophobic residues from its pure phase to
water w19x. These differences are not always rec-
ognized as qualitativew27x and should rather be
regarded as extreme cases of a single phenomenon.
The change of the character of hydrophobic asso-
ciation with increasing size of the cluster must,
therefore, be a result of multibody contributions to
hydrophobic forcesw19x. Most of the studies of
hydrophobic interactions at the molecular level
characterize only the pairwise PMF for two non-
polar particles in aqueous solutionw4,21,28–30x,
and its dependence on the environmental variables,
such as temperaturew19,31,32x, pressurew33,34x
or ionic strength of the solutionw35x. For a better
understanding of complex hydrophobic phenome-
na, it is necessary to look beyond single-solute
hydration and pairwise PMF.
The first simulations of the PMF of three hydro-

phobic particles in water using the free energy
perturbation(FEP) method and the TIP4P water
model have shown that the three-body term is non-
zero w36x, but Rank and Baker were not able to
determine its value unequivocally. The errors asso-
ciated with baseline estimation, i.e. the zeroing of
the absolute free energies at long distances, were
reported to be of the same order of magnitude
(0.2–0.3 kcalymol) as the three-body term itself.
Our molecular-dynamics study of hydrophobic
association using umbrella sampling and the
weighted histogram analysis method(WHAM)
with the methane molecule as a model of a
hydrophobic solute and two water models(TIP3P
and TIP4P), showed that hydrophobic interactions
cannot be described by a pairwise potential, and
that a three-body contribution increases the
strength of hydrophobic association by approxi-
mately 10%w37x.
Shimizu and Chan presented the results of a

particle-insertion simulation of the hydrophobic
effect using the TIP4P water model, which sug-
gested that there is significant anti-cooperativity in
hydrophobic interactionsw38x, (i.e. that the devia-

tion of the free energy of hydrophobic interactions
among three particles from pairwise additivity is
positive, thereby weakening the hydrophobic inter-
actions). This result contradicted that of our molec-
ular simulation study of the hydrophobic effect,
which revealed strengthening of hydrophobic inter-
actionsw37x. The results depend critically on the
estimation of the free energy of the zero reference
state. The baseline corresponds to the value of the
free energy of hydration of a hydrophobic particle,
which Shimizu and Chan estimated by the particle-
insertion method, while in our study, we estimated
the baseline of the cooperative term in the PMF
by assuming that the cooperative term vanishes
with distance faster than the PMF itself. Shimizu
and Chan consider their method of baseline esti-
mation superior to ours.
We have criticizedw39x Shimizu and Chan for

not presenting any estimate of the errors of the
pairwise PMF used for calculating the three-body
term and for neglecting the minimum-image con-
vention, which restricts the maximum separation
of solute molecules in the simulation box to half
of the box dimension when analyzing the results
of simulations. Additionally, we studied a second
model system with methane molecules on the
vertices of an equilateral triangle(the mqmqm
system, Fig. 1, which is restrained, but not con-
strained to equilateral), and found that the three-
body term strengthens the hydrophobic interactions
w37x. Recentlyw40x, we carried out simulations of
a larger hydrophobic solute in water, constituting
the system analogous to mqmqm (Fig. 1). As in
our study of the methane trimerw37x, we found
that the three-body term increases the strength of
hydrophobic interactions. The simulations were
carried out in a 28 A periodic box with solute–˚
solute distances up to 14 A, where all PMF curves˚
become flat within the error inherent in simula-
tions, which provided for a reliable estimate of the
baseline.
In reply to our commentw39x, Shimizu and

Chanw41x presented an estimation of the numerical
uncertainties of their two-methane PMF, which
was missing in their previous paperw38x, and
agreed that the accuracy of their two-methane PMF
had to be improved in order to provide better
accuracy of the three-body term. However, they
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Fig. 1. Scheme of the methane clusters studied;j is the reaction
coordinate. See text for explanation.

concluded that, even given the limited simulation
data available to date, there is stronger support in
favor of anti-cooperativity than cooperativity for a
significant fraction of the three-methane configu-
rations that they had investigated. In their most
recent paperw42x, Shimizu and Chan presented a
full free energy landscape for a fixed methane
dimer and an approaching methane molecule. They
revised their two-methane PMF to a higher accu-
racy than the ones used in their previous study
w38x and added one additional PMF for another
three-methane system with a methane molecule
approaching the methane dimer along the line
connecting two methane molecules in the dimer
w42x. Apart from this, they used the same data for
the three-methane PMFs as in their previous paper
w38x and have not addressed the issue of edge
effect close to half of the box distance but cut all
curves at 11 A(previously, the same data were˚
presented up to the 13 A distancew38x). Their˚
two-methane PMF curve is now similar to ours
w37,39,40x and their three-body PMF curve is
shifted up by approximately 0.1 kcalymol. Shimizu

and Chanw41,42x tried to explain this by long-
range effects in hydrophobic association. Accord-
ing to them, these long-range effects can be
captured by the test-particle-insertion method,
which provides an absolute association energy(not
directly but by taking into account the free energy
of hydration of a single hydrophobic particle as a
reference). They admittedw42x that a larger simu-
lation box should be used to prove that hydropho-
bic association is mostly anti-cooperative.
Nevertheless, the spatial range of hydrophobic
interactions is finite and the PMF must tend to
zero with increasing solute–solute distance. As
shown in Section 3 presented here, distances larger
than 10.5 A, where it is possible to observe the˚
second solvent-separated minimum, are large
enough to show that the PMF curves become flat.
The cooperativity effects in solvent-induced

forces (SIF, the negative of the PMF gradient)
have been the focus of investigations of Palma
and coworkersw43,44x. They found an inherently
strong non-additivity of SIF in water. The depar-
tures of SIF from additivity are comparable to the
SIFs themselves, and a correct account for this
requires introducing multibody contributions to the
PMF. Two more studies of multibody effects in
hydrophobic association were carried out by Levitt
and co-workersw45,46x, but their investigation
focused on the total free energy of association and
not on the distance dependence of the PMF.
Most models used thus far in theoretical studies

of protein structure oversimplify the true nature of
the hydrophobic interactions conceived of long
ago by Kauzmann and ignore their multibody
character. The importance of accounting for non-
additive effects in protein folding should be
emphasized. Purely pairwise contact potentials are
insufficient for ab initio protein-structure predic-
tion w47x. For large enough databases, the pairwise
contact approximation to the free energy cannot
stabilize all the native folds even against the
decoys obtained by gapless threadingw48,49x.
Skolnick, Kolinski and co-workersw50–52x have
studied the importance of non-pairwise multibody
interactions and derived the multibody terms on a
heuristic basis. Recently, we developed a general
method to derive multibody site–site potentials
w53x, and derived analytical expressions for the
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multibody terms pertaining to the correlation
between local and electrostatic interactions within
the polypeptide backbone. Together with hydro-
gen-bonding cooperative terms implemented ear-
lier in our united-residue(UNRES) force field
w54x, the new multibody terms enabled us to carry
out de novo predictions of protein structure with
botha-helical andb-sheet segmentsw55x. Without
the cooperative terms, the UNRES force field was
capable of recognizing only the native structure
among the decoys derived by threading from the
Protein Data Bankw56x, but was not capable of
producing correct structures in de novo
simulations.
In this study, we concentrate on the thermody-

namics of multibody hydrophobic interactions. To
investigate the PMF of many body interactions,
we simulated the formation of a trimer and a
tetramer of methane molecules in explicit water.
We carried out simulations in a larger periodic box
than before in order to address the baseline esti-
mation problem.

2. Methods

2.1. Definition of cooperativity in hydrophobic
association

In a general case ofn solute particles in a
solvent, the potential of mean force(PMF), W(j),
of their interaction depends on the vector of
variables, j, and is defined by the following
equation:

W(j)syRT lnP(j,p,T,V) (1)

whereP(j) is the conditional probability density
of the variables of interest at a given value ofj;
p, T and V are the pressure, temperature and
volume of the system, and

expyH x dVŽ Ž . .|
Vj

P j,p,T,V s (2)Ž .
expyH x dVŽ Ž . .|

V

whereH is the Hamiltonian of the system(solute

plus solvent), V is the volume of the whole
configurational space of the system, andV is thej

volume of the fraction of the configurational space
restricted toj. If P is evaluated at constant pressure
and temperature, the potential of mean force,W,
corresponds to the restricted Gibbs free energy of
the system, while for constant volume and temper-
ature it corresponds to the restricted Helmholtz
free energy. Throughout this paper, we identify the
PMF with the restricted Helmholtz free energy.
The potential of mean forceW of an n-particle

interaction can be decomposed into single-body,
pairwise and multibody terms:

n
1Ž .W 1,2,«,n sF 1,2,«,n y F iŽ . Ž . Ž .8

i
n n

2 3Ž . Ž .s dF i,j q dF i,j,kŽ . Ž .8 8
i-j i-j-k

n
lŽ .q∆q dF i,j,«Ž .8

i-j-«

nŽ .qdF i,j,«,n (3)Ž .

where F(1,2,...,n) is the shorthand forF(j ,1
j ,«,j ), j being theith reaction coordinate.2 3ny6 i

F (i) corresponds to hydrophobic hydration1( )

(serving to define the reference state), dF (i,j) is2( )

the two-body term of hydrophobic association and
dF (i,j,«) corresponds to subsequent higher-l( )

order terms. In this work, we investigate the two
lowest-order cooperative terms,dF anddF .3 4( ) ( )

The three-body termdF can be derived recur-3( )

sively from Eq.(3). Given the unnormalized total
PMF,F(r , r , r ), for the cluster of three solute12 13 23

molecules in water(r being the site–site distancesij

identified with the respective reaction coordinate),
the three-body cooperativity term,dF (r , r ,3( )

12 13

r ), can be expressed as:23

3 2( ) ( )dF (r , r , r )sF(r , r , r )ydF (r )12 13 23 12 13 23 12
2 2( ) ( )ydF (r )ydF (r )13 23
1( )y3F

1( )sF(r , r , r )y3F12 13 23
1( )w xy F(r )y2F12
1( )w xy F(r )y2F13
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1( )w xy F(r )y2F23

3( )sW (r , r , r )12 13 23
2( )wy W (r )12
2( )qW (r )13
2( ) xqW (r ) (4)23

whereF(r ) is the unnormalized total PMF for anij

isolated solute pair in water,F is the hydropho-1( )

bic hydration free energy of a single solute mole-
cule, which is an unknown constant. Computing
the differencesF(r , r , r )y3F andF(r )y1( )

12 13 23 ij

2F is equivalent to shifting the respective total1( )

PMFs to zero values at infinite(practically suffi-
ciently large) distances between the solute mole-
cules and provides the normalized PMF,W (r ,3( )

12

r , r ) and W (r ), respectively. Thus,2( )
13 23 ij

dF (r , r , r ) can be determined from the3( )
12 13 23

difference between the three-body and the sum of
two-body normalized PMFs.
Similarly, the four-body termdF (r , r , r ,4( )

12 13 23

r , r , r ) can be expressed as:14 24 34

4( )dF (r , r , r , r r r )12 13 23 13 24 34
4( )sW (r , r , r , r r r )12 13 23 14 24 34

3( )wy W (r , r , r )12 13 23
3( )qW (r , r , r )12 14 24
3( )qW (r , r , r )13 14 34
3 2( ) ( )qW (r , r , r )qW (r )23 24 34 12
2 2 2( ) ( ) ( )qW (r )qW (r )qW (r )13 14 23
2 2( ) ( ) xqW (r )qW (r ) (5)24 34

The determination of the PMF of two solute
molecules in water is a one-dimensional problem,
that of the PMF of three solute molecules is a
three-dimensional one, and four solute molecules
require six dimensions. In the case of three and
four molecules, it is reasonable to study the PMF
in a selected one-dimensional subspace. In this
article, we considered the same two geometries for
the three methane molecules as in our previous
work w37x: (a) an equilateral triangle(mqmqm),
with the dimension of the triangle being the
reaction coordinatej; and(b) the three molecules
on the vertices of an isosceles triangle(2mqm),
with the distance between molecules 1 and 2

restrained to 3.9 A(the contact-minimum distance˚
between two methane molecules in water) and the
distance of the third methane molecule from the
first Fig. 1 and the second one, respectively, being
the reaction coordinate(Fig. 1). Two cluster geom-
etries were considered for four methane molecules:
(c) a trigonal pyramid with an equilateral triangle
as a base(the distance between the methane
molecules of the base being restrained to 3.9 A)˚
with the distances between the top and each of the
base methane molecules being the reaction coor-
dinate; and(d) a regular tetrahedron with the
length of its edges being the reaction coordinate,
j (Fig. 1). The mqmqm and mqmqmqm
systems correspond to uniform expansion or con-
traction of a hydrophobic cluster while the 2mq
m and 3mqm systems correspond to the approach
of an additional non-polar molecule to an already
formed hydrophobic dimer or trimer, respectively.

2.2. Calculation of the potential of mean force
(PMF)

To evaluate the PMF, we used umbrella sampling
molecular dynamics (MD) w57,58x with the
weighted histogram analysis method(WHAM)
w59,60x. In the umbrella-sampling method, a series
of restraints(usually harmonic) are imposed on
the reaction coordinate to assure that all regions
are sampled sufficiently. Each restraint defines a
sampling window.
The molecular dynamics umbrella-sampling

simulations were carried out using 19 windows
with a harmonic restraining potential:

2V(j)sk(jyd ) (6)o

with the force constantks2 kcal mol A andy1 y2˚
the ‘equilibrium’ distance for a given window,d ,o
equal to 3.5, 4.0,«, 12.5 A for windows 1–19.˚
The reaction coordinatej was chosen as the
solute–solute distance. In the case of the mqm
dimer, the mqmqm trimer and the mqmqmq
m tetramer, each infra-molecule distance was
restrained by Eq.(6) with the same force constant
and the same values ofd as above. In the case ofo

the 2mqm system, umbrella-sampling simulations
were carried out by imposing 2 kcal mol Ay1 y2˚
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Table 1
Force field parameters for the TIP3P water modelw61x and the
methane modelw62x used in this studya,b

Atom type s wAx ´ wkcalymolx q weux

methane
C4 3.730 0.294 0.0

TIP3P
HW 0.0 0.0 q0.417
OW 3.1507 0.1521 y0.834

C4 represents the methane molecule, HW and OW repre-a

sent hydrogen and oxygen atoms of the water molecule,
respectively.

The form of the pair potential isU(r)s4´ ((syr) y(syb 12

r) )qq q (4pr) .6 y1
i j

restraints on the m –m and m –m distances with1 3 2 3

d values varying as described above, and a 100o

kcal mol A restraint on the m –m distancey1 y2
1 2

˚
with d fixed at 3.9 A (the methane–methaneo

˚
contact-minimum distance in water). Similarly, in
the case of the 3mqm systems, 2 kcal moly1

A restraints were imposed on the m –m , m –y2
1 4 2

˚
m and m –m distances withd values varying4 3 4 o

as described above and 100 kcal mol Ay1 y2˚
restraints on the sides of the base equilateral
triangle with d fixed at 3.9 A. Additionally, theo

˚
internal angles of the equilateral-triangle geometry
were restrained to 608 with a harmonic force
constant of 100 kcal mol rad in all systems,y1 y2

i.e. the mqmqm trimer system, four sides of the
mqmqmqm tetrahedron and the base of the
3mqm pyramid.
Simulations with methane molecules were car-

ried out by using a cubic periodic box with a 27.6
A side, and a 9.0 A cut-off for both the non-˚ ˚
bonded and electrostatic interactions. The number
of water molecules in the box varied from 694 for
mqm to 692 for the mqmqmqm system. The
TIP3P model was used for the water molecules,
with parameters(Table 1) taken from Jorgensen et
al. w61x. Each methane molecule was modeled by
a single interaction site, with van der Waals
(VDW) parametersw62x listed in Table 1. The
VDW parameters of the oxygen–solute interaction
were calculated by using the standard Lorentz–
Berthelot mixing rulesw63x, given by:

s s(s qs )y2 (7)ij ii jj

´ s ´ ´ (8)yŽ .ij ii jj

wherei,j are two different type of atoms,s and´
correspond to VDW parameters associated with
the contact distance and the depth of the well,
respectively. The simulations were carried out in
the NVT ensemble with temperature at 298 K.
The time step in the MD simulations was 2 fs,
and a SHAKE algorithm was applied to keep the
water molecules rigidw64x. For each umbrella-
sampling window, 100 ps equilibration followed
by 2000 ps data collection simulations were carried
out. The Cartesian coordinates of the solute mol-
ecules were stored at every time step of the MD
simulation. The simulations were carried out by
using the MD module of the AMBERw65x
program.
To calculate the PMF from umbrella-sampling

simulation data, the data from all simulation win-
dows must be combined, and the contribution due
to the restraining potential must be eliminated. We
used the weighted histogram analysis method
(WHAM) w59,60x as the most advanced approach
to this problem. Umbrella-sampling combined with
WHAM gives faster convergence and more stable
results than other methodsw37x. In WHAM, the
unbiased probability density corresponding to a
given value of the reaction coordinatej is com-
puted as a weighted average over all windows.
The formulas for the weightsw59,60x were derived
based on the requirement that the sum of the
squares of the errors over allj in the calculated
distribution be minimized. For a more detailed
description of the method, the reader is referred to
our previous paperw37x and the original papers by
Kumar et al.w59,60x.
The bin dimension applied in the WHAM cal-

culations of the PMF was equal to 0.1 A for the˚
dimer systems(a one-dimensional bin) and trimer
systems(three-dimensional bins), while it had to
be increased to 0.2 A for the tetramer systems˚
(six-dimensional bins). For the 2mqm and 3mq
m systems, the bins corresponding to the distances
within the base of the isosceles triangle or of the
trigonal pyramid(3.9 A), respectively, were placed˚
in the centers of the multidimensional bins corre-
sponding to these variables. This assured that use
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was made of all data points close to the subspace
of variables considered in the calculation. All
points collected from the MD simulations, includ-
ing those not satisfying the target geometry(the
equilateral triangle, the isosceles triangle, the tri-
gonal pyramid and the regular tetrahedron, respec-
tively), were taken to calculate histograms using
WHAM. Only the histogram values of the bins
whose center positions satisfied the condition
required for the target geometry of the systems
described above were used for the calculation and
visualization of the PMF. Based on Eqs.(1) and
(2), the PMF is evaluated from the unbiased
histogram obtained from the WHAM method by
using Eq.(9).

N jŽ .
W j syRTln (9)Ž .

DV jŽ .

whereN(j) is the value of the histogram atj and
DV(j) is the volume element corresponding toj.
For the two-, three- and four-methane clusters
DV(j) are expressed by Eqs.(10)–(13),
respectively.

2DV s4pd Dd (10)2 12 12

2DV s8p d d d Dd Dd Dd (11)3 12 13 23 12 13 23

2DV s16p d d d d d d = (12)4 12 13 14 23 24 34

2 2 2 2 2 2 2 2 2 2 2 2d d d qd d d qd d d qd d dŽ 13 12 24 13 23 24 14 12 23 14 13 24
2 2 2 2 2 2 2 2 2 2 2 2qd d d qd d d qd d d qd d d13 12 34 14 12 34 34 12 24 34 13 24
2 2 2 2 2 2 2 2 2 2 2 2qd d d qd d d qd d d qd d d34 23 14 14 13 23 14 23 24 34 12 23
2 2 2 2 2 2 2 2 2yd d yd d yd d d yd d13 24 14 23 34 23 24 13 24
2 2 2 2 2 4 2 2 4yd d d yd d yd d yd d34 13 14 14 23 34 12 34 12
2 2 2yd d d14 12 24

2 2 2 y1y2yd d d Dd Dd Dd Dd Dd Dd.13 12 23 12 13 14 23 24 34

(13)

where d denotes the distance between soluteij

particlesi andj. For the specific cases of the 2mq
m, mqmqm, 3mqm and mqmqmqm systems
the volume elements are defined by Eqs.(14)–
(17), respectively.

2 2 3DV s8p dj Dj (14)2mqm

2 3 3DV s8p j Dj (15)mqmqm

2 2 2 y1y2 3 6DV s16p d(3j yd ) j Dj (16)3mqm

2 y1y2 3 6DV s16p 2 j Dj (17)mqmqmqm

whered is the length of the base of the equilateral
triangle for the 2mqm system and the edge of the
base of the trigonal pyramid for the 3mqm system
and Dj is the bin size assumed equal in all
dimensions. It should be noted that Eqs.(14)–
(17) imply that the accuracy of the histograms of
the 2mqm and 3mqm systems deteriorates with
increasingj compared to that of the mqmqm
and mqmqmqm systems, respectively. This
occurs because the volume elements for 2mqm
and 3mqm increase more slowly withj compared
to that of the mqmqm and mqmqmqm sys-
tems, respectively, which results in fewer data. For
example, with ds3.9 A the ratiosDV ymqmqm

˚
DV and DV yDV are 2.5 and2mqm mqmqmqm 3mqm

6.0, respectively.
The calculated PMFs can be identified with

W(r ), W(r , r , r ), W(r , r , r , r r ,12 12 13 23 12 13 23 14, 24

r ) of Eq. (4) for two, three and four solute34

molecules, respectively, and should, therefore, tend
to zero with increasing distance(after subtracting
the constant factor accounting for the hydrophobic-
hydration free energy of anisolated solute mole-
cule). The region 11.0–12.5 A was used as a˚
baseline to superimpose the PMFs of the trimer
and tetramer onto that of the dimer.
Based on Eqs.(4) and(5) and the symmetry of

the selected systems, we expressed the cooperative
terms per pair of interactive methane molecules
for systems 2mqm, mqmqm, 3mqm and mq
mqmqm as follows:

3 3 2( ) ( ) ( )dF j sW j y2yW j (18)Ž . Ž . Ž .2mqm 2mqm mqm

3 3 2( ) ( ) ( )dF j sW j y3yW j (19)Ž . Ž . Ž .mqmqm mqmqm mqm

3,4 4 3( ) ( ) ( )dF j sdF q3dFŽ .3mqm 3mqm 2mqm
4 2( ) ( )sW j y3yW j (20)Ž . Ž .3mqm mqm
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4 4( ) ( )dF j sW j y3Ž . Ž .3mqm 3mqm
3 2( ) ( )yW j qW j (21)Ž . Ž .2mqm mqm

3,4 4( ) ( )dF j sdFŽ .mqmqmqm mqmqmqm
3( )q4dFmqmqm

4 2( ) ( )sW j y6yW jŽ . Ž .mqmqmqm mqm

(22)

4 4( ) ( )dF j sW j y6Ž . Ž .mqmqmqm mqmqmqm

2 3( )y W jŽ .mqmqm3
2( )qW j (23)Ž .mqm

wheredF denotes the total cooperative contri-3,4( )

bution to the PMF.

2.3. Computing molecular surface and cooperative
contributions to it

The molecular surfaces of the mqm, 2mqm,
mqmqm, 3mqm and mqmqmqm systems
were calculated numerically using a standard tri-
angulation method implemented in the MOLMOL
program w66x with a radius r s2.09 A for theo

˚
methane molecule and a radius 1.4 A of the water˚
probe.
By analogy to Eqs.(18)–(23), the cooperative

contributions to the molecular surface area of
systems 2mqm, mqmqm, 3mqm and mqmq
mqm are defined by Eqs.(24)–(29), respectively:

3 3 2( ) ( ) ( )dS j sS j y2yS j (24)Ž . Ž . Ž .2mqm 2mqm mqm

3 3 2( ) ( ) ( )dS j sS j y3yS j (25)Ž . Ž . Ž .mqmqm mqmqm mqm

3,4 4 3( ) ( ) ( )dS j sdS q3dSŽ .3mqm 3mqm 2mqm
4 2( ) ( )sS j y3yS j (26)Ž . Ž .3mqm mqm

4 4( ) ( )dS j sS j y3Ž . Ž .3mqm 3mqm
3 2( ) ( )yS j qS j (27)Ž . Ž .2mqm mqm

3,4 4( ) ( )dS j sdSŽ .mqmqmqm mqmqmqm
3( )q4dSmqmqm

4 2( ) ( )sS j y6yS jŽ . Ž .mqmqmqm mqm

(28)

4 4( ) ( )S j sS j y6Ž . Ž .mqmqmqm mqmqmqm

2 3 2( ) ( )y S j qS j (29)Ž . Ž .mqmqm mqm3

wheredS denotes the total cooperative contri-3,4( )

bution to the molecular surface andS denotesn( )¯

the normalized molecular surface of the cluster of
n solute molecules.

n n( ) ( )S̄ sS ynS8 (30)

with being the molecular surface of ao 2S s4pro
single solute particle.

3. Results and discussion

3.1. Two-body PMF

Although we computed and discussed the two-
body PMF of the methane–methane interaction in
our previous workw37x, as mentioned in Section
1, in this study we extended the size of the box.
Consequently, the methane–methane distance
ranged up to 12.5 A in order to address the baseline˚
issue. The PMF is shown in Fig. 2. It can be seen
that the PMF converges very well as the number
of data increases.
The PMF has a characteristic shape with one

deep contact minimum at 3.9 A, a solvent-separat-˚
ed minimum at approximately 7 A, corresponding˚
to the distance at which precisely one water mol-
ecule can enter the space between the two solutes
w20x, and the second(very shallow) solvent-sepa-
rated minimum at approximately 10 A. The second˚
solvent-separated minimum was out of the distance
range covered in our previous studyw37x. At larger
distances the plot is almost flat. The baseline can
thus be established by averaging the PMF at
distances greater than 11 A and its estimated error˚
cannot exceed the depth of the second solvent-
separated minimum, i.e. approximately 0.05 kcaly
mol; it should be noted that this is the upper
estimate of the error and the actual error is very
likely to be much smaller. It should also be noted
that the zero baseline estimate of our earlier work
w37x corresponding to the PMF at distances close
to 9 A almost exactly matches the current zero˚
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Fig. 2. PMF curves for increasing number of data for the mqm system. The colors in the upper bar denote the duration of a run
(in picoseconds) in each window.

baseline obtained based on the PMF in a broader
range of distances(Fig. 2). Based on the fact that
the correlation functions in liquids and, conse-
quently, the corresponding PMF’s show fading and
no increasing oscillations, it is very unlikely that
the estimated baseline has a gross error. Thus, the
criticism of our approach expressed by Shimizu
and Chanw38,41x does not seem to be justified.

3.2. Three-body PMF’s and cooperative terms

As in our previous work, we considered two
systems:(i) a methane molecule approaching a

methane dimer along the symmetry axis(2mqm;
Fig. 1); and (ii) three methane molecules in an
equilateral triangle configuration(mqmqm; Fig.
1). In the first case, the reaction coordinate was
the distance of the third methane molecule from
each of the components of the dimer, the distance
between the methane molecules of the dimer being
harmonically constrained at 3.9 A, while in the˚
second case, the reaction coordinate was the side
of the triangle. The PMF curves obtained for an
increasing number of data points are shown in Fig.
3a,b, respectively.
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Fig. 3. The PMF curves for increasing number of data for the 2mqm (a) and mqmqm (b) system, respectively. The colors in
the upper bar denote the duration of a run(in picoseconds) in each window.

It can be seen that the convergence is reasona-
ble, although the oscillations are larger than in the
case of the two-methane PMF. This is reasonable
because, although we still consider one reaction
coordinate, it should be kept in mind that, in
contrast to the methane–methane case, many data
points do not obey the symmetry restraints. Thus,
the number of data contributing to the PMF on the
section of the coordinate space considered is small-
er than the total number of data points. In the case
of the 2mqm system, the PMF is unstable at the
very end of the distance range; however, this is
caused by an insufficient number of data in this
region. Both the 2mqm and mqmqm PMFs

exhibit three gradually shallower minima, as in the
case of mqm PMF. Following the considerations
of the preceding section, the upper limit of the
baseline error can be estimated to be 0.05 kcaly
mol.
Curves showing the converged three- and two-

body PMFs as well asdF are presented in Fig.3( )

4a,b for the 2mqm and mqmqm system,
respectively.
In both cases, thedF curve exhibits a mini-3( )

mum at approximately 5 A. The appearance of˚
this minimum is due to the decrease in the slope
of the PMF curve to the right of the contact
minimum in the case of the 2mqm system, or to
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Fig. 3 (Continued).

the narrowing of the region of the maximum in
the case of the mqmqm system. There is some
anticooperativity near and to the left of the region
of the contact minimum in the case of the 2mqm
system; however,dF takes on significantly pos-3( )

itive values only at distances shorter than the
contact minimum. No significant anticooperativity
is observed for the mqmqm system in any
distance region. For both systems,dF exhibits3( )

slightly positive values past the maximum; how-
ever, these values are within the estimated baseline
error and we, therefore, refrain from discussing
this phenomenon in detail. The overall shape of
the dF curve is very similar to that of our3( )

previous work(Fig. 8 in Ref. w37x) and in the

latest paper of Shimizu and Chanw42x except that
their curve is shifted up by approximately 0.1
kcalymol.
As found in our previous studyw37x, both for

the 2mqm and the mqmqm system, the three-
body contribution to the PMF is small and amounts
to approximately 10% of the total PMF at the
minimum. Thus, a pairwise approximation of the
PMF seems to be almost sufficient in this case.

3.3. Four-body PMFs and cooperative terms

The convergence plots for the 3mqm and mq
mqmqm systems are displayed in Fig. 5a,b,
respectively. Due to the two-fold increase in
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Fig. 4. Curves for the PMF and the cooperative termdF for the 2mqm (a) and mqmqm (b) system, respectively. Solid lines:3( )

dimer PMF; dashed lines: trimer PMF; dotted lines: three-body contributions to the PMF.

dimensionality of the system compared to the
three-body case, we had to use a 0.2 A bin size;˚
otherwise the length of the simulation and the
amount of data stored would have to be increased
by a factor of 2s64, which is unaffordable. It6

can be seen that the convergence is very good
with little oscillation of the curves.
The four-body PMFs are plotted together with

the two-body PMFs anddF , dF and dF3 4 3,4( ) ( ) ( )

(the total cooperative contribution) in Fig. 6. It
can be seen that, the PMF curve of the mqmq
mqm system is qualitatively similar to those of
the mqm, mqmqm and 2mqm systems, with
all three (contact, solvent-separated and second
solvent-separated) minima present(Fig. 6b). In
contrast to this, the second solvent-separated min-
imum of the 3mqm system(Fig. 6a) is effectively
absent and the PMF is flat past the region of the
first solvent-separated minimum. The first solvent-

separated minimum itself is also much shallower
for the 3mqm system compared to the mqmq
mqm system.
Inspection of the plots in Fig. 6 reveals that, in

contrast to the three-body case the cooperative
effects are clearly significant. The cooperativity is
manifested as substantial lowering of the first
maximum and reduction of the slope in the region
to the left of it. The total cooperativity curve
(dF ) shows a minimum of approximately 0.23,4( )

kcalymol deep, which constitutes 25% of the depth
of the contact minimum. As in the three-body case,
the cooperativity is nearly zero at the contact
minimum and there is anticooperativity for dis-
tances less than the contact minimum. ThedF 3,4( )

curve of the 3mqm system takes slightly positive
values in the region of the solvent-separated min-
imum and to the left of it and then decays smoothly
to zero. There is no significant positive region past
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Fig. 4 (Continued).

the minimum in thedF curve for the mqmq3,4( )

mqm system. The four-body cooperativity contri-
bution, dF , is negative over the whole distance4( )

range. At distances farther than the solvent-sepa-
rated minimum, thedF curves exhibit some4( )

oscillations, which is understandable in terms of
accumulation of errors(these curves are a result
of a linear combination of the two-, three- and
four-body PMFs).
The case of the 3mqm system is different from

that of the mqmqmqm one in the region of the
solvent-separated minimum, which is shallower for
the 3mqm system than that of the mqm system
(Fig. 6a). This results in a maximum ofdF 3,4( )

and, consequently, anticooperativity in the region
of the solvent-separated minimum. Thus, the mul-
tibody contributions act to flatten the structure of
the PMF beyond the region of the contact mini-
mum. This facilitates the approach of a hydropho-
bic particle to the trimer: it will have less chance

to be trapped in the solvent-separated minimum
and will encounter a lower barrier on approach to
the contact minimum. A similar difference can be
observed between the PMFs of the 2mqm and
mqmqm systems; however, the flattening of the
solvent-separated minimum is small and is con-
tained within the estimated error of the simulations
(Fig. 4).
It should be noted that, in the case of the four-

methane systems, the existence of the cooperativity
in hydrophobic association can be assessed inde-
pendent of the baseline. The difference between
the contact minimum and the maximum is 0.99
kcalymol for the mqm system and decreased to
0.79 kcalymol for the 3mqm and 0.86 kcalymol
for the mqmqmqm system, respectively. Thus,
a significant decrease of the barrier between the
contact- and solvent-separated minimum due to
multibody interaction is apparent, which in turn
means that there is cooperativity in the region of
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Fig. 5. The PMF curves for increasing number of data for the 3mqm (a) and mqmqmqm (b) system, respectively. The colors
in the upper bar denote the duration of a run(in picoseconds) in each window.

this barrier. Inspection of Fig. 6 shows that low-
ering of the barrier is due to the four-body
contributions.

3.4. Comparison of the cooperative terms in the
PMFs with molecular surface area

Rank and Bakerw36x observed that the solvent
contribution to the PMF of association of two
hydrophobic solutes has a qualitatively similar
distance dependence as the molecular surface area
of the associating particles. In our previous work
w37,39x, we extended this observation to the three-
body cooperative contribution to the PMF. We,
therefore, thought it worthwhile to compare the
distance dependence of the cooperative contribu-
tions to the PMFs of the 3mqm and mqmqmq
m systems with those of the molecular surface
area of these two systems. The respective plots are

presented in Fig. 7a,b. It can be seen that, in the
case of the mqmqmqm system, both the total
multibody contribution to the surface area,dS ,3,4( )

and its components,dS and dS agree very3 4( ) ( )

well with dF , dF anddF , respectively. In3,4 3 4( ) ( ) ( )

both cases, the curve expressing the total multi-
body effect has a broad minimum approximately
5 A, the curve corresponding to three-body contri-˚
bution is shifted to the left, while the four-body
contribution has a sharper minimum at approxi-
mately 5.5 A. The curves ofdS for the 3mqm˚
system also agree with the corresponding curves
for dF; however, the agreement between the rela-
tions of the depths of the minima is not as good
as in the case of the mqmqmqm system. This
might be due to the fact that the errors are more
significant in the case of the 3mqm system,
compared to those for the mqmqmqm system
Eqs.(16) and(17).
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Fig. 5 (Continued).

4. Conclusions

The results reported in this paper show that, in
the case of the four-methane clusters, the multi-
body contribution to hydrophobic association is
significantly greater compared to the case of three-
methane clusters studied in our earlier work
w37,40x and by other authorsw36,38,42x. The coop-
erativity is manifested as a lowering of the desol-
vation barrier by 0.07 kcalymol (for the 3mqm
system) and 0.11 kcal(for the mqmqmqm
system), respectively; this lowering is due to the
four-body contributions. The distance dependence
of the multibody contributions to the PMF is in
excellent agreement with that of the molecular
surface area, which confirms the observation of
Rank and Bakerw36x that molecular surface area
provides a good description of hydrophobic
solvation.

Our results provide the answer to the criticism
of Shimizu and Chanw38x regarding the methods
used by us to study the hydrophobic effect. While
we can determine only the relative values of the
free energy by using umbrella sampling with
WHAM, extension of the distance range in this
study showed that the baseline of the PMF is well
established, and the sign of the cooperative effect
can be judged unambiguously. Any long-range
effects postulated by Shimizu and Chan seem to
be covered within the random error inherent in the
simulations, whose upper bound is estimated to be
0.05 kcalymol. Moreover, the sign of the multi-
body contribution to the PMF of hydrophobic
association of both four-methane clusters studied,
calculated as the difference between the height of
the maximum and the depth of the contact mini-
mum is independent of the choice of the baseline.
Our results show that this difference decreases by
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Fig. 6. Curves for the PMF and the cooperative termsdF , dF anddF for the 3mqm (a) and mqmqmqm (b) system,3,4 3 4( ) ( ) ( )

respectively. Black: dimer PMF; red: trimer PMF; blue: tetramer PMF; dotted green line: total cooperative contributionwdF x to3,4( )

the tetramer PMF; dotted red line: three-body contributionwdF x to the tetramer PMF; dotted blue line: four-body contribution3( )

(dF ) to the tetramer PMF.4( )
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Fig. 7. Distance dependence of the molecular surface area and its decomposition into multibody terms for the 3mqm (a) and mq
mqmqm (b) system, respectively. The color scheme is the same as for Fig. 6.

approximately 0.2 kcalymol for four-methane com-
pared to two-methane systems, which clearly indi-
cates cooperativity in hydrophobic interaction.
Furthermore, Shimizu and Chan mainly address
the value of the multibody contribution to the PMF
at the contact minimum. It should be noted that
our results show that the contribution to the PMF
at the contact minimum(3.9 A) can be slightly˚
positive, although it is most likely to be nearly
zero given the error estimate, but is negative at
distances of approximately 5 A.˚
Finally, it should be noted that four-methane

clusters provide a much better test case than
methane trimers. In our earlier workw40x, we also
demonstrated that trimers of larger solutes exhibit
greater cooperativity than methane trimers. It is
likely that yet more pronounced cooperative con-
tributions to the PMF can be captured in tetramers
of larger solutes or higher associates of methane

molecules. Also, a determination of the PMF’s of
hydrocarbons, which are parts of amino-acid side
chains, will find more application in theoretical
studies of protein folding. This is currently under
investigation in our laboratory.
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