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Anti-cooperativity in hydrophobic interactions: A simulation study
of spatial dependence of three-body effects and beyond
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To better understand the energetics of hydrophobic core formation in protein folding under ambient
conditions, the potential of mean for¢®MF) for different three-methane configurations in an
agueous 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-cooperativeis 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 interactipero reference-state free energxperienced 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 Physic§DOI: 10.1063/1.1379765

I. INTRODUCTION than the sum of free energies of association of N{N

The hydrophobic effect is one of the major driving ~1)/2 POssible pairings of the solutes computed one pair at
forces in protein foldind:2 Typically, many nonpolar amino & time at the two solutes’ given positions while ignoring the
acid side chains cluster together to form the hydrophobi&ffects of allN—2 other solutes. o o
cores of native proteins. To understand the physical principle ~ Elucidation of many-body hydrophobic interactions is of
of hydrophobic core formation as well as the role of nonpo-central importance to gaining insight into many remarkable
lar interactions in maintaining relatively compact protein de-properties of proteins. For instance, it has recently been
natured state$;8 it is natural and necessary to decipher theshown that within the framework of self-contained het-
energetics of multiple-body hydrophobic interactidridere  eropolymer chain models, additive hydrophobic effects alone
we take an incremental step toward this goal by first focusingire not sufficient to account for the experimentally observed
on a model system of three methane molecules in water. calorimetric two-state behavior of many small proteihs

The principal complexity of multiple-body hydrophobic This raises the question as to what degree current “big-
interactions is that they may not be amenable to a descriptiopicture” conceptions of balance of forces in proteins are ad-
in terms of simple pairwise sums of two-body free equate for rationalizing generic protein propertiéagcessi-
energies’! The qualitative distinction between many-body tating research into the role of cooperative interactions in
and two-body associations of nonpolar chemical groups hagrotein thermodynami¢$!®and folding kinetics®
long been known, and has sometimes been referred to as A number of researchers have investigated whether
“bulk” versus “pair” hydrophobic interactions. In the  muyltiple-body hydrophobic interactions are additive. From a
present work, we define additivity, cooperativity or anti- comparison between second and third virial coefficients,
cooperativity of multiple-body hydrophobic interactions by kgozak et all? reported that three-body hydrophobic interac-
whether the total free energy of association among a st of {jons are anti-cooperative. In other words, they are weaker
solutes (N>2) is equal to, more favorable, or less favorable jegs fayorable to associatipthan the sum of their pairwise
hydrophobic interaction components. However, a Vvirial
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the configuration of the hydrophobic solutes. Thereforeferences between PMF values converge to zero at a certain
virial coefficients alone cannot tell us whether the effectivefinite separation between methanes. Specifically, Rank and
interaction among a set of hydrophobic solutes in a specifiBake® assumed that all PMFs converge to zero when
configuration is additive or nd€ Currently, this information methane—methane separation is at 12.0 A. Czaplewski
can only be inferred from model simulations. et al?* assumed that their cooperativity term, i.e., the differ-
Computer simulations of nonpolar solutes in water showence between three-methane PMF and its hypothetical
that aggregation occurs only when solute concentration igdditivity-based counterpart, becomes zero at around 7.5 A
sufficiently high'®=22But it is not straightforward to ascer- to 8.5 A. Assumptions such as these regarding what consti-
tain from these simulations whether hydrophobic interactiongutes a zero-PMF baseline are not well justified, but they are
themselves are pairwise additive. This is because hydrophgrobably unavoidable in the context of the methodologies
bic aggregation in these model solutions, in which solutesised. We have recently overcome this problem by adopting a
are free to take up any configuration, is driven not only bytest-particle insertion technique, and have demonstrated that
the favorable effective interactions among the solutes buihaccurate treatments of zero-PMF baselines can lead to
also by the lowered entropic cost of demixing at higher sollarge errors®?In the course of our investigation, we have
ute concentrations. In their insightful and systematic study oflso highlighted the fact that in order to meaningfutiym-
concentration dependent aggregation, the term “cooperativare different PMFs(e.g., in calculating entropy and heat
ity” has been used by Tsait al?? to describe hydrophobic capacity from free energy as well as the additivity consider-
association. For the sake of clarity, it is important to emphaation herg, an accurate determination of zero-PMF baselines
size here that the Tsat al. “cooperativity” is notdefined by ~ is imperative?®*° Here we apply the test-particle insertion
a comparison between actual and hypothetical effective intechnique to the computation of three-methane PMFs.
teraction strengths among the same number of hydrophobic Three-methane PMFs have previously been simulated
solutes. Rather it refers to the more favorable total effectivdor two classes of methane configuratio(®s: a single meth-
interactions among a larger cluster than that among a small@ne approaching a fixed methane dimer along a direction
cluster of hydrophobic solutes, a feature necessary for solut@erpendicular to the axis connecting the centers of the two-
aggregation_ As such, the meaning of the Tsdial. methanes making up the dlm?érz,Sand(Z) three methanes at
“cooperativity” 2 is different from the present definition. In the vertices of an equilateral triangle approaching one an-
princip'e, aggregation at h|gh solute concentrations can O(cher Symmetl’icall)% Methane Conﬁgurations in either class
cur not only with cooperativépresent meaningand additive (1) or (2) are controlled by only one coordinate. Thus the
effective interactions but also with mildly anti-cooperative configurational variation studied so far is quite limited. The
effective interactions among the solufégherefore, the ob- test-particle insertion protocol employed in the present work
servation of aggregatioper sedoes not tell us whether the NOt only prqvides an unequivocal determination of zero-PMF
interactions among solutes are cooperatpresent meaning baselines, it also allows for a broader coverage of the thre_e—
or not. The usage of the term cooperativity in the presen{nethane free energy landscape. Here we study an extension
article is identical to that of Czaplewskt al2 of class(1), allowing one methane to take up positions other
Two recent studies directly addressed the issue of cooghan that on the plane perpendicular to the methane dimer
erativity in multiple-body hydrophobic interactions. Unfortu- Xis- This gives rise to a three-methane PMF that depends on
nately, their results disagree. Using free energy perturbatiofV0 Position variables, for one of the methanes may situate at
(FEP, Rank and Bakéf compared three-methane and 2" dwecuo_n _relatlve to the_ .dllme.r axis. The corresponding
multiple-methane PMFs with two-methane PMF and foung@ngular variation of nonadditivity is reported below.
that when the methanes are in contact, the effective interac-
tions are anti-COOperatiV@ee their FlgS 4 and).GOn the II. COMPUTATIONAL METHODS
other hand, a subsequent investigation by Czaplewtsi* ) .
using the weighted histogram analysis methaiHAM) A Calculation of potentials of mean force
concluded that there are small cooperative effects for thgY test-particle insertion
three-methane effective interaction at the contact PMF mini-  All results in this work are obtained by constant-
mum (see their Figs. 7 and)8Adding to this puzzling con- pressure, constant-temperatyiPT) Monte Carlo simula-
tradiction are attempts to rationalize these results using diftions of 396 TIP4P water molecules at 25298.15 K
ferent theoretical approaches. On one hand, Hurffimer under atmospheric pressure in a box with periodic boundary
developed a modified PMF expansion of hydration free eneonditions usinggoss version 4.13! We use a united-atom
ergy that successfully reproduced thati-cooperativel4-  representation for the methanes. The simulation methodol-
methane PMF of Rank and BakérOn the other hand, ogy as well as all numerical parameters used in this paper are
Czaplewskiet al?* stated that theicooperativethree-body the same as that in Shimizu and CH&m background re-
PMF is consistent with molecular surface area considerview of PMF can also be found in the same refereffce.
ations. Our model system is shown in Fig. 1. The configurations
As far as simulation techniques are concerned, WHAMconsidered in the methane trimer studies of Rank and
is often considered to be a method superior to FEP becausgakef® and the three-methanen2-m investigation of
errors do not accumulate with increasing solute—solut&Czaplewskiet al?* correspond to the special case whgn
separatiort! Both of these seminal studies, however, were= 0. To establish a connection with and help resolve the con-
based on somewhat arbitrary assumptions that PMFs or ditradiction between these prior studies, we first treat ¢he
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tions of a methane dimer plus water molecules. In each run,
at least 1.X% 10° initial passes are discarded, then coordi-
nates or snapshots of the methane dimer solution are col-
lected every 10 passes over a course oial@’ passes(In

the present simulations, 1 pass equals 396 Monte Carlo
steps). Insertions are then attempted at sjx values (¢
=nw/12,n=0,1,..,5. Here 1,000 insertions for each angu-
lar value ¢ are attempted per snapshot to estimate the en-
semble averages in E(R).

B. Nonadditivity of three-methane potentials
of mean force

FIG. 1. Variables used in the present investigation to define the position of . . .. o
one methanea) relative to the fixed methane dimé), (c). Methanes are The sign and magn'tUde of the deviation from add|t|V|ty

represented by shaded spheres; water molecules are not depicted. Energ@l€ determined by comparing the simulated three-methane
and geometric parameters of the model methane and water molecules apEMF [Eq. (1)] with the hypotheticalpotential of mean force,

identical to that of Shimizu and ChaRef. 28.
AGud &, 0)=AGy(£1) +AG,(§)), ©)

calculated by assuming pairwise additivity. H&&,(&,) or
=0 situation. Subsequently we extend our discussion to AG,(&,) is the two-methane PMF for a pair of methanes at
number of¢#0 cases that have not been investigated bea distancef; or &, apart(see Fig. 1L We have determined
fore. AG, previously using test-particle insertion techniquUes.
As in Shimizu and Chaff we employ a test-particle 2 in Shimizu and Chafl). We define the cooperative term as
insertion approach. Three-methane PMFs are obtained fromhe actually simulated three-methane PMF in Eg.minus
two independently calculate@pbseudo)chemical potentials, the pairwise-additivity-based hypothetical PMF, viz.,

viz, cooperative terrr AG(&,¢) —AG qd &, d). 4

— — % *

PMF=AG(£, ¢) = tapd &, 4) ~ 1a @ If this term is zero for a particulag, ¢, the three-methane
whereu}, (&, ¢) is the free energy of insertion of methame interaction is additive at the given position. Otherwise the
into the aqueous environment at a locati§ng relative to  three-methane interaction is nonadditive, then it is either co-
the fixed methane dimér,c (as defined in Fig. landx} is  operative or anti-cooperative depending on whether the co-
the reference-state free energy of inserting a single metharaperative term in Eq(4) is negative or positive. As stated
molecule into pure water. The single-methauieis obtained above, the present definition of the cooperative term is
independently and not affected by the three-methane calcequivalent to that of Scheraga and co-workefsee their
lation. Clearly, u} =lim;_..uz,{(£,¢) because placing a Eq.(15)].
single methane in water at a position infinitely far away from
a methane dimer should lead to the same free energy change RESULTS AND DISCUSSION
as placing the single methane into pure water. Therefore, i
the formulation given by Eq(1), the PMF between a single
methane and a methane dimer infinitely far apart is guaran- Figure 2 shows the=0 three-methane PMF. For nearly
teed to be zero, as it should. This procedure thus determinesdl positions shown §<13A), we find that the three-body
zero-PMF baselines accurately and unambiguously. Th@MF lies higher than the additivity-based hypothetical PMF.
reference-state single-methane hydration free engifjyin In other words, three-body interactions alongp&0 path of
pure water has been determined to be 2.84€5kcal/mol at  approach are mostly anti-cooperative, meaning that the ac-
25°C under atmospheric pressure for the present nfSdel. tual interactions among the methanes are less favorable to

The three-methane quantity}, (£, ¢) is obtained by hydrophobic association than that predicted by pairwise ad-
using the relation ditivity.

The depth of the three-methane contact minimum is ap-

(Vexp = BlUa+ Uand & h) [Dn.be ' proximately — 1.2 kcal/mol, which is shallower than the
(MINbe value of~ —1.35 kcal/mol by assuming additivity. The des-

2) olvation barrier is até~5.5A, slightly larger than the
wherekT is Boltzmann’s constant times absolute tempera-additivity-predictedé=5.4 A. The height of the desolvation
ture, V is the total volume of the model system, and barrier (=+0.56 kcal/mol) is significantly higher than the
(...)npc denotes averaging in the ensembleNof 396 wa-  additivity prediction of~ +0.42 kcal/mol. The first solvent-
ter molecules with the methane dimieyc. U, is the inter-  separated minimum from our simulatiog~7 A) is very
action energy between methaaeand all the water mol- shallow at ~—0.05kcal/mol, in sharp contrast with the
ecules, whereatl ,,(&,¢) is the direct interaction energy much deeper value of 0.24 kcal/mol if additivity were ap-
between methana and the methane dimé,c [cf. Eq. (35) plicable. To ensure accuracy of our simulations, Fig. 2 com-
in Shimizu and Cha]. To calculate Eq(2) by Monte Carlo  pares the PMF deduced from the complete set of simulation
simulation, we first generate a large collection of configura-data we have obtained and the corresponding PMF deduced

2\. Anti-cooperativity for ¢=0

Kapd §,¢)=—KTIn
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1 . . . . . . additivity for this region. Interestingly, the destablization of
the first solvent-separated minimum in Fig. 2 and the rather
long spatial range of anti-cooperative effects associated with
it are reminiscent of the results from a prior investigation of
the effects of a nonpolar wall on a neon atom in water:
Using a test-particle insertion method and the SPC water
model, Forsman and deson showed that the first solvent-
separated minimum between two neon atoms is slightly
stable (PMKO0), but the solvent-separated minimum be-
-1 ] tween a neon and a nonpolar wall, as well as an extended
\Y; region with larger neon—wall separations, have positive
v PMFs22 At a most intuitive level of consideration, one may
expect the interaction of a methane dimer with a single meth-
ane at a¢=0 position sufficiently far away would be
-2 I I I 1 1 1 1 1 1 H H H H H
5 4 5 6 7 8 9 10 11 12 18 slightly morg similar to thg mteracthn betvyeen q nonpo!ar
separation & (A) wall and a single methane in comparison with the interaction
between a methane pair separated by the same distance. It
FIG. 2. Three-body PMF for bringing a single methane from infinity along seems reasonable. therefore. to suspect an intriguing connec-
a ¢=0 direction to a finite distancé away from the fixed methane dimer, . ’ ’ - s]melz
computed using the test-particle insertion method described in thestaixt tion between the effect Obs?rved by F_Orsman_ ar@ ]
curve, Eq.(1) in Sec. Il. The hypothetical PMHEq. (3)] obtained by  and the extendeé> 55A anti-cooperativity region in Fig. 2
assuming additivity is given by the dashed curve. We assess the accuracy fiat includes part of the desolvation barrier and beyond.
this calculation by comparing the final full-simulation res@tveraged over A . f tainty in the studi f Rank and
6.4x 10" passes; solid curyawith the half-simulation resultaveraged over rgajor source o ur?cer g:ln.y In the studies of Rank an
3.2x10" passes; dotted curielt is noteworthy that at positions where Bakef® and Czaplewskiet al=" is the absence of a well-
nonadditivity is substantial, the differences between the full- and half-justified means to established zero-PMF baselines. This
simulation results are much smaller than the nonadditivity obse(diéfer- :
ences between the solid and dashed curvidse present distance varialde problegn has been reCOgmze,d by both group§, and Rank and
is equivalent to the variabld in Rank and BakeXRef. 29 whereas the Baker® have stated that their results are subjected to a pos-
m-m distance in Czaplewskit al. (Ref. 24 is equivalent tog, (=&, for sible zeroing error of 0.2—0.3 kcal/mol. The zero-PMF base-
$=0; see Fig. 1 line uncertainty is essentially eliminated by the test-particle
insertion technique employed héfeOur results also indi-
cate that assumptions previously used for PMF zeroing are
from half of the simulation data. The agreement is excellentpot generally valid. For example, Czaplewskial ** posited
with deviations less than 0.005 kcal/mol. This lends supporthat nonadditivity vanishes at relatively small separations of
to the reliability of the nonadditivity effects observed in Fig. £,=7.5 to 8.5A. (The corresponding values are even
2 as reproducible predictions of the model. smaller, becausé,; > ¢ for ¢=0; see Fig. 1.However, this
The present observation of anti-cooperativity at the conpresumption is not supported by the present analysis. Figure
tact minimum agrees qualitatively with the prediction by 2 shows that substantial nonadditivity persists to much larger
Ran_k_and Bakér but dls_,agreztis with the prediction of coop- separations untilé~12—13A, thus casting doubt on the
erativity by Czaplewskiet al”™ Our three-methane contact Czaplewski et al?* method of ascertaining cooperative
minimum of ~ — 1.2 kcal/mol is close to that of Rank and gffects.
5 (0 _ ini ” L
Bakef® (~—1.1 kcal/mol). In (:zantrgst, the contact mini- In addition to the zero-PMF baseline issue, there are
mum of Czaplewski etal™ is much —deeper ohaply other reasons for the discrepancies among the
(~—1.5kcal/mol). At larger methane separatign the g ation results as well, though other sources of disagree-
present_ simulation result differs from bOth previous stud|_es ent are less apparent. One possibility is that there is a ten-
The height of the three-methane desolvation barrier obtalnegenCy for errors to accumulate in the FEP method used by

by Czaplewskiet al.™ is ~ 0.2 kcal/mol, which |s.5|gn|f| Rank and Bake?® especially at relatively low simulation
cantly lower than our value of +0.56 kcal/mol. Figure 2 temperatures—25°C 28 Rank and Baké? have reported
shows substantial anti-cooperativity at the solvent—separateg peratures - nanka a ave reporte
minimum (see above but Rank and Bak&® predicted a convergence problems in the FEP computation of their 14-

slight cooperativity for the same position. Their three-bodymethane cluster, f"md Igrger random errors at larger methane—
PMF at the solvent-separated minimum is aboutMethane separations in their two- and three-body PMF cal-

— 0.3 kcal/mol, which is significantly lower than our value of culations. Possible correlations in PMF errors at spatial
~ —0.05 kcal/mol in Fig. 2. positions close to one another may affect the accuracy of

Figure 2 indicates significant anti-cooperativity of FEP (which relies on an integration pathwagnd WHAM
~0.15-0.2 kcal/mol froné~5.5—-11.5 A, covering the des- (Which relies on overlap analyseS'he present test-particle
olvation barrier and the first and second solvent-separatei@isertion technique should be more accurate not only be-
minima region of the hypothetical additivity-based PMF. cause it offers justifiable zero-PMF baselines but also be-
This prediction differs significantly with both Rank and cause it determines PMF values at different methane—
Baker® and Czaplewsket al,?* as both have reported near- methane separations independently.

free energy (kcal/mol)
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FIG. 3. Angular dependence of potential of mean force. PRBEd, dotted
curves are computed along si directions as indicateflEq. (1)], and
compared to hypothetical PMFs obtained by assuming additjdashed
curve, Eq.(3)]. Line styles have the same meaning as that in Fig. 2. Among 3 e ——

all cases considered, the differences between the full- and half-simulation 0 01 02 03 04 05
PMF results are less than 0.08 kcal/mol, which are negligible for the most /

part in comparison to the nonadditivity effect observed. ¢ T
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FIG. 4. Angular dependence of nonadditivith) Three-methane PMF val-
ues vs¢ (in units of ) from Fig. 3 at contact minimdcircle, filled),
desolvation barriergsquare, filledi and solvent-separated minin{dia-

B. Angular dependence of potential of mean force mond, filled [Eg. (1)] compared with their corresponding hypothetical
additivity-based valueopen symbols[Eq. (3)]. (B) Distances between the
We now extend our discussion #+ 0. Clearly, by sym-  single methane and each of the two methanes of the fixed methane dimer at

metry, a¢ (in radian position is equivalent to positions at three-methane contact minima as functionspdee Fig. 1 and the text for

definitions. One of these distances,~3.8 A, is essentially independent of
_ — — < ; : . . )
b, m d)_' and¢— . So only the_ range € ¢=< /2 n_eeds_ ¢, whereas the other distanég increases approximately linearly with.
to be considered to cover all possible methane configurationfhe vertical dotted line itA) and(B) marks the angles= /6 at which the

in Fig. 1. additivity-based hypothetical PMFopen circles in(A)] attains its peak
Figure 3 shows PMFs fop=nm/12 (n=1, 2, 3, 4 and  Value.
5, and then=0 case in Fig. 2 is included for comparigon
For each value of$ considered, PMF is calculated from
test-particle insertions on the surface of a cgmich re-
duces to a plane far=0). PMF for ¢ = /2 is not provided Figure 4A) reports the angular trend of nonadditivity of
in the present work because it entails test-particle insertionthree-methane PMF by focusing on the data in Fig. 3 for
along a line instead of on a surface. This reduces samplinthree representative classes of positidilscontact minima,
and causes difficulties in achieving convergence of result§ii) desolvation barriers, andii) solvent-separated minima.
for ¢=m/2. These are, respectively, defined as the deepest minimum, the
Figure 3 shows that nonadditivity of three-methane PMFhighest peak value, and the first minimum encountered when
depends strongly on the direction of approaghn particu- ¢ is increased beyond the desolvation barrier in each of the
lar, the anti-cooperativity of the contact minimum decrease®MF curves in Fig. 3.
as ¢ is increased from 0 ter/12; and the interaction at the Figure 4A) shows that the height of the desolvation bar-
contact minimum becomes cooperative a6, changes to rier is sensitive to¢. The barrier is highest a$h=0 and
essentially additive atr/4, and then back to being anti- significantly lower at other angles. Among the angles stud-
cooperative wherp is further increased ter/3 and 5m/12. ied, we find that desolvation barrier is lowest along the most
Remarkably, for alkp investigated, anti-cooperativity of vari- oblique angle of approachy(=57/12) that runs almost par-
ous degree is observed at the solvent-separated minimum allel to the axis of the methane dimer. This novel observation
£=7-9 A (position depends om). This suggests that the is suggestive of possible kinetic relevance. The role of hy-
extended region of anti-cooperativity observed for all anglegirophobic desolvation barriers in protein folding kinetics re-
considered in Fig. 3 may arise from similar physisee mains to be better elucidatéd?®Figure 4A) also records an
above for thegp=0 case, the microscopic origins of which, essentially ¢-independent anti-cooperative effect of
however, remain to be elucidated. The desolvation barrier is-+0.25 kcal/mol at all solvent-separated minima, as has
anti-cooperative as well for nearly all studied except thatit been observed above for tlfe=0 case.
is cooperative ath=5m/12. Angular dependence of nonadditivity at contact minima

C. Angular dependence of nonadditivity
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TABLE |. Anti-cooperativity in the formation of extended close-packed regular structures of methanes from an
aqueous environmeft.

Close-packed methaneClose-packed methane

structure | structure Il Experimeﬁt

Nearest-neighbor

methane—methane distance 38 A 42 A 42 A
Interaction energy per methdne -1.89 —2.46 -2.7¢
Hydration free enerdyat 25 °C +2.34 +2.34 +1.93
Free energy of formation of close-packed

methane structure from water —4.23 —4.80 —4.63
Hypotheticalfree energy of

formation assuming pairwise

additivity (theoreticalf —7.20 —5.88 —5.88

@ach of the two theoretical constru¢tdose-packed methane structures | andtinsists of an infinite number

of methanes on a face-centered cubic lattice.

PMethane crystal structure determined by x-ray investigation at temperafuréd K is face-centered cubic

with a nearest-neighbor methane—methane distant® A (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 DyatkiiRef. 34 and WannierRef. 35.

fSimulated methane hydration free energy is from Shimizu and CRah 28; experimental data is from
Ben-Naim and MarcugRef. 36.

fEach hypothetical free energlyottom row is a pairwise sum, of the test-particle simulated two-methane PMFs

in TIP4P waterRef. 28, over different methane—methane separations on the given face-centered cubic lattice.
Note that each additivity-based hypothetical free energy, which depends on the nearest-neighbor methane—
methane separation on the lattice, has a more negative value than the corresponding computed or experimental
free energy listed above it, implying anti-cooperativity. See text for details.

is significant. This may help explain the finding of Pellegrini deavor, we find that much insight can be gained by consid-
et al1® that an approximation based on PMF additivity doesering the limiting case of an infinitely large crystal-like con-
not reproduce well the dihedral angle dependence of theistruct of methanes participating in infinitely-many-body
simulated alanine dipeptide PMF. One feature of theinteractions. As shown below, this approach is conceptually
¢-dependent contact-minima nonadditivity observed heratraightforward; the required computational effort is minimal
may be rationalized by the following consideration. Figureand relevant experimental data is availafiefs. 33—-3pto
4(A) shows that PMF at contact minima is a smooth, almostalidate theoretical predictions.
monotonic function of¢. However, the additivity-based hy- Motivated by the fact that the two-methane PMF in wa-
pothetical PMF undergoes much sharper variations as a funger has a contact minimum when the methanes are 3.8 A
tion of ¢, and has a prominent maximum @t 7/6. This  apart, we first consider a close-packed face-centered cubic
gives rise to the cooperativity of the three-methane contacttattice of methanes with nearest-neighbor distance of 3.8 A
minimum interaction at= /6, a feature unique among the (structure | in Table)l Clearly, no water can penetrate inside
angles studied. The analysis in FigB4 shows that the hy- thjs |attice of methanes. So the interaction eneighesive
pothetical additive PMF peak &t~ /6 results from the fact energy of any given methane with all other methanes in the
that it is a sum of the favorable two-methane contact miniqattice is readily calculated by using the model methane—
mum PMF até,~3.8 A on one hand and the highly unfavor- methane Lennard-Jones potential alone and summing over
able two-methane desolvation barrier PMF &t=5.7A 5 on-lattice pairwise distances. Therefore, the model inter-
(horizontal dotted line in Bon the othef® For the same  gction energy per methane of the lattice as a wiiGble I,
reason the highest anti-cooperativity at desolivation barriergniries on the second rovis equal to one half the cohesive
is recorded atp= /6 as well. These examples illustrate NOW gnergy of a methane. Model interaction energy per methane
additivity can readily break down in multiple-body hydro- ¢, resnonds to experimentally measured heat of sublimation
phobic interactions. _ _ per methane extrapolated —0 K,** because the static
On the whole, except for a small range of configurationseoretical lattice structures we are considering may be iden-
where slight cooperativity or additivity is observed, our ey with aT—0 K crystal in which vibrational motions are
simulation _predlcts anti-cooperative interactions .b-etween fhinimized. It follows that the theoretically predicted free
methane_dlmer :_;md asingle mthgne at most positions Wheé%ergy change per methane of forming this close-packed lat-
they are in relatively close proximity<13A). tice structure by the thermodynamic process of bringing an
infinite number of methanes at a set of initial positions infi-
nitely far from each othe¢Table I, fourth row of entriesis
equal to the lattice interaction energy per methane just cal-
To better understand the physical origin of the presentulated(Table |, second row of entrigsninus the simulated
results and to shed more light on the energetics of hydrophdiydration free energy of a single methaiiable I, third row
bic core formation in protein folding, we now take a first of entries.
look beyond three-body hydrophobic interactions. In this en-  Now if the water-mediated interactions responsible for

D. A generalized case of anti-cooperativity in close-
packed many-body hydrophobic interactions
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the formation of the methane crystal from water were pair-distance equals 4.2 fstructure Il in Table ). Nevertheless,
wise additive, the formation free energy per methane wouldhe formation of such a face-centered cubic methane struc-
be given by one half the sum of two-methane PMF values foture from water is still significantly anti-cooperatiye 4.80
all pairwise methane distances on the lattice. We have per5.88=+1.08 kcal/mol per methaneTable | shows that the
formed this calculation, which entails replacing the Lennardpresent model prediction of the free energy of formation
Jones potential in the above calculation with the simulatedinfinitely-many-body PMF of a static crystal-like methane
two-methane PMF, the latter is available for a maximumstructure from 25 °C watef— 4.80 kcal/mol per methane for
methane—methane distance of 13 A. The resulting hypothetstructure 1) agrees reasonably well with that deduced from
cal free energies are listed as the last row of entries in Tablexperiments { 4.63 kcal/mol per methane). To further assess
I. (We note that in the above calculation of lattice interactionthe physical reasonableness of these energies, it is instructive
energy using the Lennard-Jones potential alone, the error it® compare them with nonatomistic empirical treatments of
curred by neglecting interactions between methanes that afeydrophobic effects that employ solvefwatep accessible
more than 13 A apart is negligible. Likewise, we expect thesurface aredSASA).*" If the SASA of a model methane is
contribution to the hypothetical free energy from methanetaken to be that of a sphere with a 3.3 A radf(436.8 £?),
distances larger than 13 A is negligible. the methane experimental data in Table | corresponds to an
A comparison between the free energy of formation ofenergetic favorability of 34 cal/mol/ per?of SASA buried,
—4.23kcal/mol and the hypothetical free energy ofwhich is identical to that deduced from cyclohexane-water
—7.20kcal/mol based on assuming pairwise additivitytransfer datd® This agreement is reassuring, though SASA-
(Table ) implies that the formation of a face-centered cubicbased empirical approaches are known to be insufficient for
lattice with a nearest-neighbor methane distance of 3.8 A igescribing nonadditivity effects and the spatial dependence
highly anti-cooperative. This anti-cooperative effect amount®f hydrophobic interactiof§*>2%%
to —4.23+7.20= +2.97 kcal/mol per methane. The main If one half of the nearest-neighbor distance between
reason for this observation is rather simple. Without beingnethanes is taken as the radius of each methane’s van der
surrounded by water, the model methane—methane intera¥vaals envelopé] the packing fraction of a face-centered
tion energy(in vacuum has its minimum(most favorablg  cubic structure is equal te/\/18=0.7404. . ., which is be-
energy of~—0.29 kcal/mol at a separation ef4.2 A be- lieved to be the densest possible for equal-sized spheres
tween the methanes. The pairwise interaction free energ{Kepler’s yet unproven conjectureTypical organic crystals
minimum shifts to a separation 0&3.8A when the have packing fractions around this value. Results in Table |
methane—methane interaction is mediated by water; and tt&€ pertinent to protein energetics because the packing frac-
free energy minimum of~ —0.67 kcal/mol for the water- tions in protein cores are similar to those in organic crystals
mediated interaction is significantly deeper than the correor even slightly highe?>“* Therefore, our idealized packing
sponding interaction in the absence of water. Because thahalysis should provide indications as to whether the hydro-
methane—methane Lennard-Jones potential becomes less phiobic component of the interactions that drive protein core
vorable when methane—methane separation is smaller thd@rmation is cooperative. Because there is little uncertainty
~4.2A, aface-centered cubic methane crystal structure ddD the experimentally measured heat of sublimation and hy-
void of water with a nearest-neighbor distance of 3.8 A isdration free energy, the present conclusion regarding the
less stable than that with a nearest-neighbor distance of 4.2 A/evalence of anti-cooperativity in hydrophobic interactions
(structure Il in Table I, which also cannot accommodate walinges on the accuracy of the simulated two-methane PMF.
ter). But at a nearest-neighbor methane distance of 3.8 A th@PViously, further investigations should be conducted to as-
hypothetical interaction based on the water-mediated PMF i§ertain the robustness of our general predictions, by testing
very favorable. This gives rise to the large anti-cooperativitytn€ir sensitivity to changes in modeling parameters, for ex-
effect for this configuration. The conclusion from this gen-2mPple. Nonetheless, it should be pointed out that the magni-
eral consideration is consistent with the finding of Rank andtde of our contact minimum of- —0.67 kcal/mol for the
Bake?® that the PMF of their face-centered cubic 14- Wo-methane PMF at_25°2é|s not large among the pub-
methane cluster is significantly anti-cooperative around thdShed values in the literature, and a more favorable two-
contact minimum. The above analysis also rationalizes theiféthane PMF would only lead to higher anti-cooperativity.
result showing that the free energy minimum of their cluster 0" €xample, at-25°C (either at 298 K or 300 K two-
occurs at a nearest-neighbor methane—methane distanfithane contact minimum has been rep&rﬁgd to be approxi-
(=4.0A) larger than that3.8 A) of the two-methane PMF mately —1.04kcal/mol,™ —0.75keal/mol™™* —0.7 kcal/

25 _ 18 -
contact minimum, because water molecules are excludeﬁwl’ and 0',50 keal/mol. Furtherlmore, these qther_stud
from the interior of their cluster when the methanes are in€S are less reliable because of their lack of certainty in zero-
close contact. In this perspective, the anti-cooperativity ob?MF baseline determination. These considerations have

served for the present three-methae 0 close-packed con- therefo_re led us t_o_believe, at least at a qualitative level, that
tact minimum(Fig. 2 may intuitively be viewed as the be- the ant|-cooperat_|V|ty phen(_)mena reported here are a reason
ginning of this general trend. ably good reflection of reality.

Since the two-methane PMF increases rapidly a
methane—methane separation increases from 3.8 A, anﬁi\—/' CONCLUSIONS
cooperativity is less prominent for the corresponding close- To summarize, we have determined the three-methane
packed methane structure with a nearest-neighbor metha®MF between a single methane and a methane dimer by
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