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Anti-cooperativity in hydrophobic interactions: A simulation study
of spatial dependence of three-body effects and beyond

Seishi Shimizu and Hue Sun Chana)

Department of Biochemistry and Department of Medical Genetics and Microbiology, Faculty of Medicine,
University of Toronto, Toronto, Ontario, M5S 1A8, Canada

~Received 9 March 2001; accepted 25 April 2001!

To better understand the energetics of hydrophobic core formation in protein folding under ambient
conditions, the potential of mean force~PMF! for different three-methane configurations in an
aqueous environment is computed by constant-pressure Monte Carlo sampling using the TIP4P
model of water at 25 °C under atmospheric pressure. Whether the hydrophobic interaction is
additive, cooperative oranti-cooperative is determined by whether the directly simulated
three-methane PMF is equal to, more favorable, or less favorable than the sum of two-methane
PMFs. To ensure that comparisons between PMFs are physically meaningful, a test-particle
insertion technique is employed to provide unequivocal correspondence between zero PMF value
and the nonexistent inter-methane interaction~zero reference-state free energy! experienced by a
pair of methanes infinitely far apart. Substantial deviations from pairwise additivity are observed.
Significantly, a majority of the three-methane configurations investigated exhibit anti-cooperativity.
Previously simulated three-methane PMFs were defined along only one single coordinate. In
contrast, our technique enables efficient computation of a three-methane PMF that depends on two
independent position variables. The new results show that the magnitude and sign of nonadditivity
exhibit a prominent angular dependence, highlighting the complexity of multiple-body hydrophobic
interactions. Packing consideration of crystal-like constructs of an infinite number of methanes and
analysis of methane sublimation and hydration data suggest that anti-cooperativity may be a
prevalent feature in hydrophobic interactions. Ramifications for protein folding are discussed.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1379765#
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I. INTRODUCTION

The hydrophobic effect is one of the major drivin
forces in protein folding.1–3 Typically, many nonpolar amino
acid side chains cluster together to form the hydropho
cores of native proteins. To understand the physical princ
of hydrophobic core formation as well as the role of nonp
lar interactions in maintaining relatively compact protein d
natured states,4–8 it is natural and necessary to decipher t
energetics of multiple-body hydrophobic interactions.9 Here
we take an incremental step toward this goal by first focus
on a model system of three methane molecules in water

The principal complexity of multiple-body hydrophob
interactions is that they may not be amenable to a descrip
in terms of simple pairwise sums of two-body fre
energies.10,11 The qualitative distinction between many-bod
and two-body associations of nonpolar chemical groups
long been known, and has sometimes been referred t
‘‘bulk’’ versus ‘‘pair’’ hydrophobic interactions.9 In the
present work, we define additivity, cooperativity or an
cooperativity of multiple-body hydrophobic interactions b
whether the total free energy of association among a setN
solutes (N.2) is equal to, more favorable, or less favorab
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than the sum of free energies of association of allN(N
21)/2 possible pairings of the solutes computed one pai
a time at the two solutes’ given positions while ignoring t
effects of allN22 other solutes.

Elucidation of many-body hydrophobic interactions is
central importance to gaining insight into many remarka
properties of proteins. For instance, it has recently b
shown that within the framework of self-contained he
eropolymer chain models, additive hydrophobic effects alo
are not sufficient to account for the experimentally observ
calorimetric two-state behavior of many small proteins.12,13

This raises the question as to what degree current ‘‘b
picture’’ conceptions of balance of forces in proteins are
equate for rationalizing generic protein properties,14 necessi-
tating research into the role of cooperative interactions
protein thermodynamics12,15 and folding kinetics.16

A number of researchers have investigated whet
multiple-body hydrophobic interactions are additive. From
comparison between second and third virial coefficien
Kozak et al.17 reported that three-body hydrophobic intera
tions are anti-cooperative. In other words, they are wea
~less favorable to association! than the sum of their pairwise
hydrophobic interaction components. However, a vir
coefficient9,17 is a spatial integral of a function of the poten
tial of mean force~PMF, or effective interaction free energy!
over solute configurations. PMF can take both favora
~negative! and unfavorable~positive! values depending on
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the configuration of the hydrophobic solutes. Therefo
virial coefficients alone cannot tell us whether the effect
interaction among a set of hydrophobic solutes in a spec
configuration is additive or not.18 Currently, this information
can only be inferred from model simulations.

Computer simulations of nonpolar solutes in water sh
that aggregation occurs only when solute concentration
sufficiently high.19–22 But it is not straightforward to ascer
tain from these simulations whether hydrophobic interacti
themselves are pairwise additive. This is because hydrop
bic aggregation in these model solutions, in which solu
are free to take up any configuration, is driven not only
the favorable effective interactions among the solutes
also by the lowered entropic cost of demixing at higher s
ute concentrations. In their insightful and systematic study
concentration dependent aggregation, the term ‘‘coopera
ity’’ has been used by Tsaiet al.22 to describe hydrophobic
association. For the sake of clarity, it is important to emp
size here that the Tsaiet al. ‘‘cooperativity’’ is not defined by
a comparison between actual and hypothetical effective
teraction strengths among the same number of hydroph
solutes. Rather it refers to the more favorable total effec
interactions among a larger cluster than that among a sm
cluster of hydrophobic solutes, a feature necessary for so
aggregation. As such, the meaning of the Tsaiet al.
‘‘cooperativity’’ 22 is different from the present definition. I
principle, aggregation at high solute concentrations can
cur not only with cooperative~present meaning! and additive
effective interactions but also with mildly anti-cooperati
effective interactions among the solutes.23 Therefore, the ob-
servation of aggregationper sedoes not tell us whether th
interactions among solutes are cooperative~present meaning!
or not. The usage of the term cooperativity in the pres
article is identical to that of Czaplewskiet al.24

Two recent studies directly addressed the issue of co
erativity in multiple-body hydrophobic interactions. Unfortu
nately, their results disagree. Using free energy perturba
~FEP!, Rank and Baker25 compared three-methane an
multiple-methane PMFs with two-methane PMF and fou
that when the methanes are in contact, the effective inte
tions are anti-cooperative~see their Figs. 4 and 6!. On the
other hand, a subsequent investigation by Czaplewskiet al.24

using the weighted histogram analysis method~WHAM !
concluded that there are small cooperative effects for
three-methane effective interaction at the contact PMF m
mum ~see their Figs. 7 and 8!. Adding to this puzzling con-
tradiction are attempts to rationalize these results using
ferent theoretical approaches. On one hand, Humm26

developed a modified PMF expansion of hydration free
ergy that successfully reproduced theanti-cooperative14-
methane PMF of Rank and Baker.25 On the other hand
Czaplewskiet al.24 stated that theircooperativethree-body
PMF is consistent with molecular surface area consid
ations.

As far as simulation techniques are concerned, WHA
is often considered to be a method superior to FEP bec
errors do not accumulate with increasing solute–so
separation.27 Both of these seminal studies, however, we
based on somewhat arbitrary assumptions that PMFs or
Downloaded 15 Apr 2004 to 144.32.128.73. Redistribution subject to AIP
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ferences between PMF values converge to zero at a ce
finite separation between methanes. Specifically, Rank
Baker25 assumed that all PMFs converge to zero wh
methane–methane separation is at 12.0 Å. Czaplew
et al.24 assumed that their cooperativity term, i.e., the diffe
ence between three-methane PMF and its hypothe
additivity-based counterpart, becomes zero at around 7.
to 8.5 Å. Assumptions such as these regarding what con
tutes a zero-PMF baseline are not well justified, but they
probably unavoidable in the context of the methodolog
used. We have recently overcome this problem by adoptin
test-particle insertion technique, and have demonstrated
inaccurate treatments of zero-PMF baselines can lead
large errors.28,29 In the course of our investigation, we hav
also highlighted the fact that in order to meaningfullycom-
pare different PMFs~e.g., in calculating entropy and hea
capacity from free energy as well as the additivity consid
ation here!, an accurate determination of zero-PMF baselin
is imperative.28,30 Here we apply the test-particle insertio
technique to the computation of three-methane PMFs.

Three-methane PMFs have previously been simula
for two classes of methane configurations:~1! a single meth-
ane approaching a fixed methane dimer along a direc
perpendicular to the axis connecting the centers of the t
methanes making up the dimer,24,25and~2! three methanes a
the vertices of an equilateral triangle approaching one
other symmetrically.24 Methane configurations in either clas
~1! or ~2! are controlled by only one coordinate. Thus t
configurational variation studied so far is quite limited. T
test-particle insertion protocol employed in the present w
not only provides an unequivocal determination of zero-PM
baselines, it also allows for a broader coverage of the th
methane free energy landscape. Here we study an exten
of class~1!, allowing one methane to take up positions oth
than that on the plane perpendicular to the methane di
axis. This gives rise to a three-methane PMF that depend
two position variables, for one of the methanes may situat
any direction relative to the dimer axis. The correspond
angular variation of nonadditivity is reported below.

II. COMPUTATIONAL METHODS

A. Calculation of potentials of mean force
by test-particle insertion

All results in this work are obtained by constan
pressure, constant-temperature~NPT! Monte Carlo simula-
tions of 396 TIP4P water molecules at 25 °C~298.15 K!
under atmospheric pressure in a box with periodic bound
conditions usingBOSS version 4.1.31 We use a united-atom
representation for the methanes. The simulation metho
ogy as well as all numerical parameters used in this paper
the same as that in Shimizu and Chan.28 A background re-
view of PMF can also be found in the same reference.28

Our model system is shown in Fig. 1. The configuratio
considered in the methane trimer studies of Rank a
Baker25 and the three-methane 2m1m investigation of
Czaplewskiet al.24 correspond to the special case whenf
50. To establish a connection with and help resolve the c
tradiction between these prior studies, we first treat thef
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



o
be

ro

a

lc

m
an
,

e
ra
in
Th

l.

ra
d

y

ra

run,
di-
col-

arlo

u-
en-

ity
ane

at

s

he
co-
co-
d

is

ly

F.

ac-
e to
ad-

ap-
e
s-

n
e
-

e

m-
tion
ced

n

erg
s
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50 situation. Subsequently we extend our discussion t
number offÞ0 cases that have not been investigated
fore.

As in Shimizu and Chan,28 we employ a test-particle
insertion approach. Three-methane PMFs are obtained f
two independently calculated~pseudo-!chemical potentials,
viz.,

PMF5DG~j,f!5mabc* ~j,f!2ma* , ~1!

wheremabc* (j,f) is the free energy of insertion of methanea
into the aqueous environment at a locationj, f relative to
the fixed methane dimerb,c ~as defined in Fig. 1! andma* is
the reference-state free energy of inserting a single meth
molecule into pure water. The single-methanema* is obtained
independently and not affected by the three-methane ca
lation. Clearly, ma* 5 limj→`mabc* (j,f) because placing a
single methane in water at a position infinitely far away fro
a methane dimer should lead to the same free energy ch
as placing the single methane into pure water. Therefore
the formulation given by Eq.~1!, the PMF between a singl
methane and a methane dimer infinitely far apart is gua
teed to be zero, as it should. This procedure thus determ
zero-PMF baselines accurately and unambiguously.
reference-state single-methane hydration free energyma* in
pure water has been determined to be 2.3460.05 kcal/mol at
25 °C under atmospheric pressure for the present mode28

The three-methane quantitymabc* (j,f) is obtained by
using the relation

mabc* ~j,f!52kT lnF ^V exp$2b@Ua1Uabc~j,f!#%&N,bc

^V&N,bc
G ,
~2!

wherekT is Boltzmann’s constant times absolute tempe
ture, V is the total volume of the model system, an
^ . . . &N,bc denotes averaging in the ensemble ofN5396 wa-
ter molecules with the methane dimerb,c. Ua is the inter-
action energy between methanea and all the water mol-
ecules, whereasUabc(j,f) is the direct interaction energ
between methanea and the methane dimerb,c @cf. Eq. ~35!
in Shimizu and Chan28#. To calculate Eq.~2! by Monte Carlo
simulation, we first generate a large collection of configu

FIG. 1. Variables used in the present investigation to define the positio
one methane~a! relative to the fixed methane dimer~b!, ~c!. Methanes are
represented by shaded spheres; water molecules are not depicted. En
and geometric parameters of the model methane and water molecule
identical to that of Shimizu and Chan~Ref. 28!.
Downloaded 15 Apr 2004 to 144.32.128.73. Redistribution subject to AIP
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tions of a methane dimer plus water molecules. In each
at least 1.33105 initial passes are discarded, then coor
nates or snapshots of the methane dimer solution are
lected every 10 passes over a course of 6.43107 passes.~In
the present simulations, 1 pass equals 396 Monte C
steps.! Insertions are then attempted at sixf values ~f
5np/12, n50,1,...,5!. Here 1,000 insertions for each ang
lar valuef are attempted per snapshot to estimate the
semble averages in Eq.~2!.

B. Nonadditivity of three-methane potentials
of mean force

The sign and magnitude of the deviation from additiv
are determined by comparing the simulated three-meth
PMF @Eq. ~1!# with thehypotheticalpotential of mean force,

DGadd~j,f!5DG2~j1!1DG2~j2!, ~3!

calculated by assuming pairwise additivity. HereDG2(j1) or
DG2(j2) is the two-methane PMF for a pair of methanes
a distancej1 or j2 apart ~see Fig. 1!. We have determined
DG2 previously using test-particle insertion techniques~Fig.
2 in Shimizu and Chan28!. We define the cooperative term a
the actually simulated three-methane PMF in Eq.~1! minus
the pairwise-additivity-based hypothetical PMF, viz.,

cooperative term5DG~j,f!2DGadd~j,f!. ~4!

If this term is zero for a particularj, f, the three-methane
interaction is additive at the given position. Otherwise t
three-methane interaction is nonadditive, then it is either
operative or anti-cooperative depending on whether the
operative term in Eq.~4! is negative or positive. As state
above, the present definition of the cooperative term
equivalent to that of Scheraga and co-workers24 @see their
Eq. ~15!#.

III. RESULTS AND DISCUSSION

A. Anti-cooperativity for fÄ0

Figure 2 shows thef50 three-methane PMF. For near
all positions shown (j,13 Å!, we find that the three-body
PMF lies higher than the additivity-based hypothetical PM
In other words, three-body interactions along af50 path of
approach are mostly anti-cooperative, meaning that the
tual interactions among the methanes are less favorabl
hydrophobic association than that predicted by pairwise
ditivity.

The depth of the three-methane contact minimum is
proximately 21.2 kcal/mol, which is shallower than th
value of'21.35 kcal/mol by assuming additivity. The de
olvation barrier is atj'5.5 Å, slightly larger than the
additivity-predictedj55.4 Å. The height of the desolvatio
barrier ('10.56 kcal/mol) is significantly higher than th
additivity prediction of'10.42 kcal/mol. The first solvent
separated minimum from our simulation (j'7 Å) is very
shallow at '20.05 kcal/mol, in sharp contrast with th
much deeper value of20.24 kcal/mol if additivity were ap-
plicable. To ensure accuracy of our simulations, Fig. 2 co
pares the PMF deduced from the complete set of simula
data we have obtained and the corresponding PMF dedu
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from half of the simulation data. The agreement is excelle
with deviations less than 0.005 kcal/mol. This lends supp
to the reliability of the nonadditivity effects observed in Fi
2 as reproducible predictions of the model.

The present observation of anti-cooperativity at the c
tact minimum agrees qualitatively with the prediction
Rank and Baker25 but disagrees with the prediction of coo
erativity by Czaplewskiet al.24 Our three-methane contac
minimum of '21.2 kcal/mol is close to that of Rank an
Baker25 ('21.1 kcal/mol). In contrast, the contact min
mum of Czaplewski et al.24 is much deeper
('21.5 kcal/mol). At larger methane separationj, the
present simulation result differs from both previous studi
The height of the three-methane desolvation barrier obta
by Czaplewskiet al.24 is '10.2 kcal/mol, which is signifi-
cantly lower than our value of'10.56 kcal/mol. Figure 2
shows substantial anti-cooperativity at the solvent-separ
minimum ~see above!, but Rank and Baker25 predicted a
slight cooperativity for the same position. Their three-bo
PMF at the solvent-separated minimum is abo
20.3 kcal/mol, which is significantly lower than our value
'20.05 kcal/mol in Fig. 2.

Figure 2 indicates significant anti-cooperativity
;0.15– 0.2 kcal/mol fromj'5.5– 11.5 Å, covering the des
olvation barrier and the first and second solvent-separ
minima region of the hypothetical additivity-based PM
This prediction differs significantly with both Rank an
Baker25 and Czaplewskiet al.,24 as both have reported nea

FIG. 2. Three-body PMF for bringing a single methane from infinity alo
a f50 direction to a finite distancej away from the fixed methane dime
computed using the test-particle insertion method described in the text@solid
curve, Eq. ~1! in Sec. II#. The hypothetical PMF@Eq. ~3!# obtained by
assuming additivity is given by the dashed curve. We assess the accura
this calculation by comparing the final full-simulation result~averaged over
6.43107 passes; solid curve! with the half-simulation result~averaged over
3.23107 passes; dotted curve!. It is noteworthy that at positions wher
nonadditivity is substantial, the differences between the full- and h
simulation results are much smaller than the nonadditivity observed~differ-
ences between the solid and dashed curves!. The present distance variablej
is equivalent to the variabled in Rank and Baker~Ref. 25! whereas the
m–m distance in Czaplewskiet al. ~Ref. 24! is equivalent toj1 ~5j2 for
f50; see Fig. 1!.
Downloaded 15 Apr 2004 to 144.32.128.73. Redistribution subject to AIP
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additivity for this region. Interestingly, the destablization
the first solvent-separated minimum in Fig. 2 and the rat
long spatial range of anti-cooperative effects associated w
it are reminiscent of the results from a prior investigation
the effects of a nonpolar wall on a neon atom in water32

Using a test-particle insertion method and the SPC wa
model, Forsman and Jo¨nsson showed that the first solven
separated minimum between two neon atoms is sligh
stable (PMF,0), but the solvent-separated minimum b
tween a neon and a nonpolar wall, as well as an exten
region with larger neon–wall separations, have posit
PMFs.32 At a most intuitive level of consideration, one ma
expect the interaction of a methane dimer with a single me
ane at af50 position sufficiently far away would be
slightly more similar to the interaction between a nonpo
wall and a single methane in comparison with the interact
between a methane pair separated by the same distan
seems reasonable, therefore, to suspect an intriguing con
tion between the effect observed by Forsman and Jo¨nsson32

and the extendedj.5.5 Å anti-cooperativity region in Fig. 2
that includes part of the desolvation barrier and beyond.

A major source of uncertainty in the studies of Rank a
Baker25 and Czaplewskiet al.24 is the absence of a well
justified means to established zero-PMF baselines. T
problem has been recognized by both groups, and Rank
Baker25 have stated that their results are subjected to a p
sible zeroing error of 0.2–0.3 kcal/mol. The zero-PMF ba
line uncertainty is essentially eliminated by the test-parti
insertion technique employed here.28 Our results also indi-
cate that assumptions previously used for PMF zeroing
not generally valid. For example, Czaplewskiet al.24 posited
that nonadditivity vanishes at relatively small separations
j157.5 to 8.5 Å. ~The correspondingj values are even
smaller, becausej1.j for f50; see Fig. 1.! However, this
presumption is not supported by the present analysis. Fig
2 shows that substantial nonadditivity persists to much lar
separations untilj'12– 13 Å, thus casting doubt on th
Czaplewski et al.24 method of ascertaining cooperativ
effects.

In addition to the zero-PMF baseline issue, there
probably other reasons for the discrepancies among
simulation results as well, though other sources of disag
ment are less apparent. One possibility is that there is a
dency for errors to accumulate in the FEP method used
Rank and Baker,25 especially at relatively low simulation
temperatures;25°C.28 Rank and Baker25 have reported
convergence problems in the FEP computation of their
methane cluster, and larger random errors at larger metha
methane separations in their two- and three-body PMF
culations. Possible correlations in PMF errors at spa
positions close to one another may affect the accuracy
FEP ~which relies on an integration pathway! and WHAM
~which relies on overlap analyses!. The present test-particle
insertion technique should be more accurate not only
cause it offers justifiable zero-PMF baselines but also
cause it determines PMF values at different methan
methane separations independently.
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B. Angular dependence of potential of mean force

We now extend our discussion tofÞ0. Clearly, by sym-
metry, af ~in radian! position is equivalent to positions a
2f, p2f, andf2p. So only the range 0<f<p/2 needs
to be considered to cover all possible methane configurat
in Fig. 1.

Figure 3 shows PMFs forf5np/12 ~n51, 2, 3, 4 and
5, and then50 case in Fig. 2 is included for comparison!.
For each value off considered, PMF is calculated from
test-particle insertions on the surface of a cone~which re-
duces to a plane forn50!. PMF for f5p/2 is not provided
in the present work because it entails test-particle insert
along a line instead of on a surface. This reduces samp
and causes difficulties in achieving convergence of res
for f5p/2.

Figure 3 shows that nonadditivity of three-methane PM
depends strongly on the direction of approachf. In particu-
lar, the anti-cooperativity of the contact minimum decrea
asf is increased from 0 top/12; and the interaction at th
contact minimum becomes cooperative atp/6, changes to
essentially additive atp/4, and then back to being ant
cooperative whenf is further increased top/3 and 5p/12.
Remarkably, for allf investigated, anti-cooperativity of vari
ous degree is observed at the solvent-separated minimu
j57 – 9 Å ~position depends onf!. This suggests that th
extended region of anti-cooperativity observed for all ang
considered in Fig. 3 may arise from similar physics~see
above for thef50 case!, the microscopic origins of which
however, remain to be elucidated. The desolvation barrie
anti-cooperative as well for nearly allf studied except that i
is cooperative atf55p/12.

FIG. 3. Angular dependence of potential of mean force. PMFs~solid, dotted
curves! are computed along sixf directions as indicated@Eq. ~1!#, and
compared to hypothetical PMFs obtained by assuming additivity@dashed
curve, Eq.~3!#. Line styles have the same meaning as that in Fig. 2. Am
all cases considered, the differences between the full- and half-simula
PMF results are less than 0.08 kcal/mol, which are negligible for the m
part in comparison to the nonadditivity effect observed.
Downloaded 15 Apr 2004 to 144.32.128.73. Redistribution subject to AIP
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C. Angular dependence of nonadditivity

Figure 4~A! reports the angular trend of nonadditivity o
three-methane PMF by focusing on the data in Fig. 3
three representative classes of positions:~i! contact minima,
~ii ! desolvation barriers, and~iii ! solvent-separated minima
These are, respectively, defined as the deepest minimum
highest peak value, and the first minimum encountered w
j is increased beyond the desolvation barrier in each of
PMF curves in Fig. 3.

Figure 4~A! shows that the height of the desolvation ba
rier is sensitive tof. The barrier is highest atf50 and
significantly lower at other angles. Among the angles st
ied, we find that desolvation barrier is lowest along the m
oblique angle of approach (f55p/12) that runs almost par
allel to the axis of the methane dimer. This novel observat
is suggestive of possible kinetic relevance. The role of
drophobic desolvation barriers in protein folding kinetics r
mains to be better elucidated.25,28Figure 4~A! also records an
essentially f-independent anti-cooperative effect
;10.25 kcal/mol at all solvent-separated minima, as h
been observed above for thef50 case.

Angular dependence of nonadditivity at contact minim

g
on
st

FIG. 4. Angular dependence of nonadditivity.~A! Three-methane PMF val-
ues vsf ~in units of p! from Fig. 3 at contact minima~circle, filled!,
desolvation barriers~square, filled!, and solvent-separated minima~dia-
mond, filled! @Eq. ~1!# compared with their corresponding hypothetic
additivity-based values~open symbols! @Eq. ~3!#. ~B! Distances between the
single methane and each of the two methanes of the fixed methane dim
three-methane contact minima as functions off ~see Fig. 1 and the text for
definitions!. One of these distances,j2'3.8 Å, is essentially independent o
f, whereas the other distancej1 increases approximately linearly withf.
The vertical dotted line in~A! and~B! marks the anglef5p/6 at which the
additivity-based hypothetical PMF@open circles in~A!# attains its peak
value.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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TABLE I. Anti-cooperativity in the formation of extended close-packed regular structures of methanes fro
aqueous environment.a

Close-packed methane
structure I

Close-packed methane
structure II Experimentb

Nearest-neighbor
methane–methane distance 3.8 Å 4.2 Å 4.2 Å

Interaction energy per methanec 21.89 22.46 22.70d

Hydration free energye at 25 °C 12.34 12.34 11.93
Free energy of formation of close-packed

methane structure from water 24.23 24.80 24.63
Hypotheticalfree energy of

formation assuming pairwise
additivity ~theoretical!f 27.20 25.88 25.88

aEach of the two theoretical constructs~close-packed methane structures I and II! consists of an infinite number
of methanes on a face-centered cubic lattice.

bMethane crystal structure determined by x-ray investigation at temperaturesT;17 K is face-centered cubic
with a nearest-neighbor methane–methane distance'4.2 Å ~Ref. 33!.

cAll energies and free energies in this table are on a per methane basis and in units of kcal/mol.
dSublimation data is from Syrkin and Dyatkina~Ref. 34! and Wannier~Ref. 35!.
eSimulated methane hydration free energy is from Shimizu and Chan~Ref. 28!; experimental data is from
Ben-Naim and Marcus~Ref. 36!.

fEach hypothetical free energy~bottom row! is a pairwise sum, of the test-particle simulated two-methane PM
in TIP4P water~Ref. 28!, over different methane–methane separations on the given face-centered cubic
Note that each additivity-based hypothetical free energy, which depends on the nearest-neighbor m
methane separation on the lattice, has a more negative value than the corresponding computed or expe
free energy listed above it, implying anti-cooperativity. See text for details.
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is significant. This may help explain the finding of Pellegr
et al.10 that an approximation based on PMF additivity do
not reproduce well the dihedral angle dependence of t
simulated alanine dipeptide PMF. One feature of
f-dependent contact-minima nonadditivity observed h
may be rationalized by the following consideration. Figu
4~A! shows that PMF at contact minima is a smooth, alm
monotonic function off. However, the additivity-based hy
pothetical PMF undergoes much sharper variations as a f
tion of f, and has a prominent maximum atf'p/6. This
gives rise to the cooperativity of the three-methane conta
minimum interaction atf5p/6, a feature unique among th
angles studied. The analysis in Fig. 4~B! shows that the hy-
pothetical additive PMF peak atj'p/6 results from the fact
that it is a sum of the favorable two-methane contact m
mum PMF atj2'3.8 Å on one hand and the highly unfavo
able two-methane desolvation barrier PMF atj1'5.7 Å
~horizontal dotted line in B! on the other.28 For the same
reason the highest anti-cooperativity at desolvation barr
is recorded atf5p/6 as well. These examples illustrate ho
additivity can readily break down in multiple-body hydro
phobic interactions.

On the whole, except for a small range of configuratio
where slight cooperativity or additivity is observed, o
simulation predicts anti-cooperative interactions betwee
methane dimer and a single methane at most positions w
they are in relatively close proximity (j,13 Å).

D. A generalized case of anti-cooperativity in close-
packed many-body hydrophobic interactions

To better understand the physical origin of the pres
results and to shed more light on the energetics of hydrop
bic core formation in protein folding, we now take a fir
look beyond three-body hydrophobic interactions. In this
r 2004 to 144.32.128.73. Redistribution subject to AIP
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deavor, we find that much insight can be gained by cons
ering the limiting case of an infinitely large crystal-like co
struct of methanes participating in infinitely-many-bod
interactions. As shown below, this approach is conceptu
straightforward; the required computational effort is minim
and relevant experimental data is available~Refs. 33–36! to
validate theoretical predictions.

Motivated by the fact that the two-methane PMF in w
ter has a contact minimum when the methanes are 3.
apart, we first consider a close-packed face-centered c
lattice of methanes with nearest-neighbor distance of 3.
~structure I in Table I!. Clearly, no water can penetrate insid
this lattice of methanes. So the interaction energy~cohesive
energy! of any given methane with all other methanes in t
lattice is readily calculated by using the model methan
methane Lennard-Jones potential alone and summing
all on-lattice pairwise distances. Therefore, the model in
action energy per methane of the lattice as a whole~Table I,
entries on the second row! is equal to one half the cohesiv
energy of a methane. Model interaction energy per meth
corresponds to experimentally measured heat of sublima
per methane extrapolated toT→0 K,34 because the static
theoretical lattice structures we are considering may be id
tified with aT→0 K crystal in which vibrational motions are
minimized. It follows that the theoretically predicted fre
energy change per methane of forming this close-packed
tice structure by the thermodynamic process of bringing
infinite number of methanes at a set of initial positions in
nitely far from each other~Table I, fourth row of entries! is
equal to the lattice interaction energy per methane just
culated~Table I, second row of entries! minus the simulated
hydration free energy of a single methane~Table I, third row
of entries!.

Now if the water-mediated interactions responsible
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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the formation of the methane crystal from water were pa
wise additive, the formation free energy per methane wo
be given by one half the sum of two-methane PMF values
all pairwise methane distances on the lattice. We have
formed this calculation, which entails replacing the Lenna
Jones potential in the above calculation with the simula
two-methane PMF, the latter is available for a maximu
methane–methane distance of 13 Å. The resulting hypoth
cal free energies are listed as the last row of entries in Ta
I. ~We note that in the above calculation of lattice interact
energy using the Lennard-Jones potential alone, the erro
curred by neglecting interactions between methanes tha
more than 13 Å apart is negligible. Likewise, we expect
contribution to the hypothetical free energy from metha
distances larger than 13 Å is negligible.!

A comparison between the free energy of formation
24.23 kcal/mol and the hypothetical free energy
27.20 kcal/mol based on assuming pairwise additiv
~Table I! implies that the formation of a face-centered cub
lattice with a nearest-neighbor methane distance of 3.8 Å
highly anti-cooperative. This anti-cooperative effect amou
to 24.2317.20512.97 kcal/mol per methane. The ma
reason for this observation is rather simple. Without be
surrounded by water, the model methane–methane inte
tion energy~in vacuum! has its minimum~most favorable!
energy of'20.29 kcal/mol at a separation of'4.2 Å be-
tween the methanes. The pairwise interaction free ene
minimum shifts to a separation of'3.8 Å when the
methane–methane interaction is mediated by water; and
free energy minimum of'20.67 kcal/mol for the water-
mediated interaction is significantly deeper than the co
sponding interaction in the absence of water. Because
methane–methane Lennard-Jones potential becomes le
vorable when methane–methane separation is smaller
'4.2 Å, a face-centered cubic methane crystal structure
void of water with a nearest-neighbor distance of 3.8 Å
less stable than that with a nearest-neighbor distance of 4
~structure II in Table I, which also cannot accommodate w
ter!. But at a nearest-neighbor methane distance of 3.8 Å
hypothetical interaction based on the water-mediated PM
very favorable. This gives rise to the large anti-cooperativ
effect for this configuration. The conclusion from this ge
eral consideration is consistent with the finding of Rank a
Baker25 that the PMF of their face-centered cubic 1
methane cluster is significantly anti-cooperative around
contact minimum. The above analysis also rationalizes t
result showing that the free energy minimum of their clus
occurs at a nearest-neighbor methane–methane dist
~'4.0 Å! larger than that~3.8 Å! of the two-methane PMF
contact minimum, because water molecules are exclu
from the interior of their cluster when the methanes are
close contact. In this perspective, the anti-cooperativity
served for the present three-methanef50 close-packed con
tact minimum~Fig. 2! may intuitively be viewed as the be
ginning of this general trend.

Since the two-methane PMF increases rapidly
methane–methane separation increases from 3.8 Å,
cooperativity is less prominent for the corresponding clo
packed methane structure with a nearest-neighbor met
Downloaded 15 Apr 2004 to 144.32.128.73. Redistribution subject to AIP
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distance equals 4.2 Å~structure II in Table I!. Nevertheless,
the formation of such a face-centered cubic methane st
ture from water is still significantly anti-cooperative~24.80
15.88511.08 kcal/mol per methane!. Table I shows that the
present model prediction of the free energy of formati
~infinitely-many-body PMF! of a static crystal-like methane
structure from 25 °C water~24.80 kcal/mol per methane fo
structure II! agrees reasonably well with that deduced fro
experiments (24.63 kcal/mol per methane). To further asse
the physical reasonableness of these energies, it is instru
to compare them with nonatomistic empirical treatments
hydrophobic effects that employ solvent~water! accessible
surface area~SASA!.37 If the SASA of a model methane i
taken to be that of a sphere with a 3.3 Å radius25 (136.8 Å2),
the methane experimental data in Table I corresponds to
energetic favorability of 34 cal/mol/ per Å2 of SASA buried,
which is identical to that deduced from cyclohexane-wa
transfer data.38 This agreement is reassuring, though SAS
based empirical approaches are known to be insufficient
describing nonadditivity effects and the spatial depende
of hydrophobic interactions24,25,28,30

If one half of the nearest-neighbor distance betwe
methanes is taken as the radius of each methane’s van
Waals envelope,39 the packing fraction of a face-centere
cubic structure is equal top/A1850.7404. . . , which is be-
lieved to be the densest possible for equal-sized sph
~Kepler’s yet unproven conjecture!. Typical organic crystals
have packing fractions around this value. Results in Tab
are pertinent to protein energetics because the packing
tions in protein cores are similar to those in organic cryst
or even slightly higher.39,40 Therefore, our idealized packin
analysis should provide indications as to whether the hyd
phobic component of the interactions that drive protein c
formation is cooperative. Because there is little uncertai
in the experimentally measured heat of sublimation and
dration free energy, the present conclusion regarding
prevalence of anti-cooperativity in hydrophobic interactio
hinges on the accuracy of the simulated two-methane P
Obviously, further investigations should be conducted to
certain the robustness of our general predictions, by tes
their sensitivity to changes in modeling parameters, for
ample. Nonetheless, it should be pointed out that the ma
tude of our contact minimum of'20.67 kcal/mol for the
two-methane PMF at 25 °C28 is not large among the pub
lished values in the literature, and a more favorable tw
methane PMF would only lead to higher anti-cooperativi
For example, at;25 °C ~either at 298 K or 300 K!, two-
methane contact minimum has been reported to be appr
mately 21.04 kcal/mol,41 20.75 kcal/mol,24,42 20.7 kcal/
mol,25 and20.50 kcal/mol.18 Furthermore, these other stud
ies are less reliable because of their lack of certainty in ze
PMF baseline determination. These considerations h
therefore led us to believe, at least at a qualitative level,
the anti-cooperativity phenomena reported here are a rea
ably good reflection of reality.

IV. CONCLUSIONS

To summarize, we have determined the three-meth
PMF between a single methane and a methane dime
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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applying a test-particle method that provides for an accu
and unambiguous zero-PMF baseline. The present result
more reliable and extensive than those from previous inv
tigations. The three-methane PMF we obtained is a func
of two coordinates, covering trends over nearly all possi
configurations. We expect the broader view afforded by
new three-methane PMF to offer insight into the kinetics
hydrophobic association. A comparison of the present th
methane PMF with two-methane PMFs shows significant
viations from pairwise additivity. For most of the spatial a
rangements of the methanes in our study, three-meth
interactions are anti-cooperative. Their interactions are co
erative for only a narrow range of methane configuratio
Experimental data on methane crystals and hydration
theoretical considerations all suggest strongly that a
cooperativity is likely a general feature in the formation
tightly packed clusters from methane-size nonpolar solute
an aqueous environment. This may imply that a major par
the thermodynamic two-state behavior of protein foldi
originates from interactions besides hydropho
effects.12,13,15 A further effort is underway to relate th
multiple-body hydrophobic interaction properties report
here with water structure and popular implicit solvent mo
els.
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