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Statistical mechanics of solvophobic aggregation: Additive
and cooperative effects

Seishi Shimizua) and Hue Sun Chanb)
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~Received 28 November 2000; accepted 25 May 2001!

Effects of possible non-pairwise-additive interactions on solvophobic aggregation are analyzed. A
simple lattice model of binary solution with attractive solute-solute interactions is introduced to
delineate the role of multiple-body effects in solute clustering and aggregation. Additive
~noncooperative!, cooperative, and anti-cooperative intersolute interactions are modeled by
multiple-solute potentials that are respectively equal to, more favorable than, and less favorable than
the sum of pairwise solute interactions. Under appropriate conditions, pairwise additive interactions
and even interactions with significant anti-cooperativity can lead to aggregation and demixing.
Cooperative interactions are not necessary for solute aggregation. Similarities and differences
between solute aggregation and hydrophobic collapse of proteinlike heteropolymers are
investigated. On average, heteropolymer collapse transitions as a function of solvophobic
composition are significantly less sharp than the corresponding solute aggregation transitions. This
difference is seen as a direct consequence of chain connectivity constraints. ©2001 American
Institute of Physics.@DOI: 10.1063/1.1386420#
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I. INTRODUCTION: DRIVING FORCES FOR
SOLVATION VERSUS DESOLVATION

The clustering and aggregation of chemical groups
poor solvents, especially those of the hydrophobic variety1 is
the mechanism underlying many biomolecular proces
such as membrane formation, protein folding, liga
binding,2–4 and protein misfolding.5 While the precise physi-
cal origins of the effective interactions~potentials of mean
force6! among solvophobic solutes may be complex, the
sic statistical mechanics of aggregation is believed to
straightforward: Whether solutes are dispersed in solution
demix and form aggregates is the outcome of a competi
between the configurational~mixing! entropy to be gained by
dispersion and the energetic advantage to be achieved
favorable effective intersolute interactions upon aggregat
Therefore, aggregation is less likely in a more dilute so
tion. But given a strong effective attraction among solut
aggregation is bound to occur when solute concentratio
sufficiently high.7 This simple conceptual framework applie
even to solutions of salts, for which an increasing salt c
centration generally leads to an increased degree of
pairing.8,9

Hydrophobic compounds are expected to have tend
cies to associate in water, but clustering of nonpolar solu
in water has been difficult to observe in computer simu
tions of low-concentration solutions, as is the case in an e
model solution system with 4 solutes and 339 waters of
paport and Scheraga.10 Subsequent studies have confirm
that relatively high concentration of solutes is necessary
observe aggregation in simulations.10–22The difficulty in ob-
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serving association of small hydrophobic solutes in ea
simulations and experiments has led to a long-standing
tinction between ‘‘pair’’ and ‘‘bulk’’ hydrophobic
interactions.13,14,23Pair13 or pairwise14 hydrophobic interac-
tion refers to that between two or a small number of nonpo
molecules that are well exposed to water, whereas bulk
drophobic interaction is that among ‘‘large clusters of no
polar groups as may, for instance, be found in the interior
a protein molecule.’’23 Energetics of bulk hydrophobic inter
actions are often characterized by the transfer of small
utes from water to an amorphous liquid oil phase.1,13,24–26

A number of researchers have examined the relations
between pair and bulk hydrophobic interactions.10–23,27How-
ever, even the most basic question of whether there is a
vorable driving force for two small nonpolar solutes to ass
ciate has been controversial. For instance, observing tha
association among the nonpolar solutes in their comp
simulations is less than that predicted by random mixi
Watanabe and Andersen11 advanced the provocative idea o
‘‘hydrophobic repulsion,’’ stating that water molecules act
ally serve to keep nonpolar solutes apart.11,16 In a similar
vein, Wood and Thompson13 interpreted experimental os
motic second virial coefficients to mean that pair hydroph
bic interaction weakens nonpolar solutes’ mutual attract
relative to that in the gas phase. However, Blokzijl a
Engberts14 have questioned whether the sampling in the
lution simulations were sufficient. More fundamental
Lüdemannet al.22 pointed out that the virial-coefficient ar
gument for the unfavorability of hydrophobic associati
was probably flawed because it did not take into account
spatial dependence of the potential of mean force, wh
invariably exhibits a minimum favoring pairwise hydroph
bic contacts between small nonpolar solutes.
4 © 2001 American Institute of Physics
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Many-body effects in hydrophobic interactions can
complex.28 The pair versus bulk question is essentially ab
whether hydrophobic interactions are pairwise additive
there are significant multiple-body cooperative or an
cooperative effects. A pertinent observation is that althou
the favorability of pairwise hydrophobic interaction in dilu
aqueous solution was called into question, clustering and
gregation have been observed in Wallqvist’s18–20 simulation
using a higher concentration of nonpolar solutes~18
Lennard-Jones solutes with 107 waters!. This raises the pos
sibility that hydrophobic aggregation may require cooper
ivity and multiple-body effects, since isolated solute pa
appear to prefer water-separated configurations.18–20 Based
on an extensive set of careful simulations with different no
polar solute concentrations and a novel method for coun
hydrophobic contacts, Tsaiet al.12 have also observed solut
clustering at high concentrations, and concluded that hyd
phobic aggregation is ‘‘cooperative.’’@The definition of co-
operativity by Tsaiet al. is different from the one used her
~later in this work!.# The idea that hydrophobic interaction
25 °C and 1 atm is cooperative is not supported by poten
of mean force simulations of Rank and Baker21 showing that
the contact interaction free energies among multiple non
lar solutes are slightly anti-cooperative~see their Figs. 4 and
6!. A subsequent investigation of Czaplewskiet al.29 com-
paring three-methane and two-methane potentials of m
force indicates a small cooperative effect~see their Figs. 7
and 8!. But our recent simulation indicates that an
cooperativity prevails over an extended range of meth
configurations under ambient conditions.30

In view of these seemingly conflicting results and inte
pretations, it is useful to reexamine the idea that coopera
ity is required for solvophobic aggregation, and delineate
general role of multiple-body, nonadditive interactions
clustering and aggregation. We provide a brief outline of
pertinent basic formulation in Sec. II. It should be noted
the present context that Wertheim’s theory of solu
associations31 has been applied to ion triplet formation.9 But
this method is based on a pairwise additive assumption
therefore does not address the issue of interaction coop
ivity being considered here. Integral equation approache
solvation provide molecular details. As a result, their form
lation for three-body effects are complex.32 Our aim here is
not to address molecular details of hydrophobic interactio
~Our recent effort in that regard is reported elsewhere27!
Rather, the main goal of the present work is to elucidate
basic principles governing interaction cooperativity and
gregation. Following a long tradition of lattice statistical m
chanics models of solvation that have been proven usef33

we adopt a simple two-dimensional square-lattice mode
binary solution for this effort~Sec. III!.

As mentioned earlier, a prominent motivation for stud
ing small-solute solvation and aggregation has been their
plications on polymer collapse34 and protein folding.12 How-
ever, often only a heuristic discussion is provided for t
relationship between aggregation of individual solutes a
chain monomers constrained to be spatially close to one
other to begin with.12 Here we attempt to inject additiona
quantitative elements into such discussions. To this end
Downloaded 15 Apr 2004 to 144.32.128.73. Redistribution subject to AIP
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compare in Sec. IV the present lattice solution model wit
closely related lattice chain model to clarify the similaritie
or lack thereof, between solute aggregation and the colla
of heteropolymer chains in poor solvents. Finally, a br
summary of our findings is given in Sec. V.

II. ADDITIVE AND COOPERATIVE INTERACTIONS:
DEFINITIONS

We first set up an analytical framework to facilitate su
sequent developments. Using standard McMillan–Ma
theory,35–37 the osmotic pressureP of a binary ~two-
component! solution may be written as the virial expansio

P

RT
5r1B2* r21B3* r31•••, ~1!

whereRT is gas constant times absolute temperature andr is
the average number density of solute molecules~the other
component is termed ‘‘solvent’’!. B2* , B3* , . . . are osmotic
virial coefficients, which are determined by the potential
mean force among the solute molecules. In particular,
second and third virial coefficients are

B2* 52
1

2E dr12~e2W(2)(r12)/RT21!,

~2!

B3* 52
1

3E dr12E dr13~e2W(3)(r12 ,r13)/RT

2e2[W(2)(r12)1W(2)(r13)1W(2)(r23)]/RT!

2
1

3E dr12E dr13~e2W(2)(r12)/RT21!

3~e2W(2)(r13)/RT21!~e2W(2)(r23)/RT21!,

respectively, wherer i j [r j2r i , andr i is the position of the
i th solute. W(k)(r1 ,r2 , . . . ,r k)5W(k)(r12,r13, . . . ,r1k) is
the potential of mean force amongk solutes, andW(k) is
assumed to depend only on the solutes’ relative positio
The k-solute interaction is additive if

W(k)~r1 ,r2 , . . . ,r k!5(
i 51

k

(
j 5 i 11

k

W(2)~r i j !. ~3!

The system is entirely additive if this holds for allk.2. For
attractiveW(2)(r i j ),0, thek-solute interaction is cooperativ
if W(k),( i , j

k W(2)(r i j ), whereas W(k).( i , j
k W(2)(r i j )

means that the interaction is anti-cooperative~or, equiva-
lently, negatively cooperative!. It is possible for an interac-
tion to be cooperative for certain solute configurations~sets
of r i j ’s! but anti-cooperative for other solute configuration

In general, the homogeneous mixture~nonaggregated!
phase is stable when]P/]r>0 ~Ref. 38!. Therefore, as a
first approximation, the spinodal condition

]P

]r U
r5ra

5112B2* ra13B3* ra
21•••50 ~4!

may be used to estimate the critical~transition! concentration
ra at the onset of aggregation and phase separation.
intuitively obvious from this formulation that cooperativ
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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multiple-solute interactions can shift the equilibrium in fav
of aggregation. For example, a cooperative three-body po
tial of mean forceW(3)(r12,r13) , W(2)(r12)1W(2)(r13)
1W(2)(r23) implies thatB3* is smaller~more negative! than
when the interactions are additive@Eq. ~2!#; and Eq.~4! in-
dicates that a shift ofB3* in the negative direction is likely to
shift ra to a smaller value.

III. A LATTICE MODEL OF AGGREGATION
IN A BINARY SOLUTION

Consider a lattice model of binary solution withn sol-
utes andN2n solvents. The solute and solvent are of t
same size and each occupies a single position in a c
pletely filled lattice ofN sites~with no free volume!; hencer
is equal to solute mole fractionX5n/N here. Excluded-
volume-violating configurations are forbidden, i.e., each
tice site can only accommodate one solute or one solvent
start with the pairwise additive~noncooperative! case by as-
signing a two-solute contact energy~potential of mean
force!, viz., W(2)(r i j )5E<0 whenr i j is one of thez vectors
between two nearest-neighbor lattice sites,W(2)51` when
r i j 50 ~because of excluded volume!, and W(2)50 other-
wise. z is the lattice coordination number;z54 for the
square lattice used here. Boltzmann averages are comp
from the partition function

Q5(
h

gs~h!e2Eh/RT, ~5!

where h50,1,2, . . . is the total number of solute-solu
nearest-neighbor lattice contacts, and the density of st
gs(h) is the number of solution configurations withh such
contacts. Solute association is monitored by using Mo
Carlo sampling~see later in this work! to estimate the aver
age number of solute-solute contact^h&5]A/]E, whereA
[2RT ln Q. Physically, we expect that there are more co
figurations @larger gs(h)# when the solutes are disperse
@smaller h# than when they are aggregated@i.e., largeh’s
tend to be associated with smallgs’s#.

Additivity of solvent-mediated forces can have at lea
two closely related but not necessarily identical meanin
Multiple-solute potentials of mean force are well appro
mated by~i! the sum of pairwise potentials of mean force,
defined by Eq.~3!, or ~ii ! a linear function of one of few
conventional surface-area measures of the solutes’ sol
accessibility.39 For ~ii !, the deviation from additivity depend
on the definition of the area measure.21,27 Because geometri
cally the total buried surface area~area made solvent inac
cessible! of a multiple-solute system often~though not al-
ways! corresponds roughly to the sum of surface areas of
solute buried by another solute considered one pair at a t
a correlation between the conformity to the two definitions
additivity is expected. For simplicity, we do not distinguis
them in this work. The two definitions are identical for th
additive lattice model here provided that the ‘‘solvent acc
sible area’’ of a solute is identified with the number of sid
~out of z) of its lattice site that are in contact with a solve
site.
Downloaded 15 Apr 2004 to 144.32.128.73. Redistribution subject to AIP
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We consider also a simple augmentation to this mode
explore the ramifications of interaction cooperativity on a
gregation: For every connected cluster ofk.3 solutes, we
assign a

cooperative energy5Ecoop~k22!. ~6!

In other words, W(k)(r1 ,r2 , . . . ,r k)5( i , j
k W(2)(r i j )

1Ecoop(k22) if the k solutes in question form a connecte
cluster but is not a part of a bigger cluster, otherwiseW(k) is
given by a sum of pairwise terms plus smaller cluster ter
that are subject to the same general rule Eq.~6!. As a first test
of principles, we make the simplifying modeling assumpti
that this cooperative energy depends only on the size of
cluster but not its geometric shape. The model is coopera
whenEcoop,0, anti-cooperative whenEcoop.0, and additive
whenEcoop50.

The model binary solution used here is anN540340
two-dimensional square lattice with periodic boundary co
ditions. In general, phase behavior depends upon sys
size.40 But we expect our simulations to capture the ba
properties of the present simple model system. Standard
tropolis Monte Carlo techniques are used to sample solu
configurations at different values ofE, Ecoop, and solute mole
fractionn/N. At each Monte Carlo step, two solutes are ra
domly chosen and an exchange of their positions is acce
or rejected according to the Metropolis criterion.41 Solute
positions are initialized randomly. In each run, the first 6
3106 to 1.03108 Monte Carlo steps are discarded to allo
for proper equilibration. The subsequent 1.03108 to 3.0
3108 steps are then used for averaging. Simulations are
formed at several temperatures. The thermodynamic pro
ties of the model change significantly with temperature,
pecially with respect to demixing. Longer equilibration ru
are required for systems that exhibit demixing. Aggregat
or demixing is monitored by

as[
^h&
n

, ~7!

where ^•••& denotes Boltzmann averaging. Clearly, 0<as

<z/2. The order parameteras characterizes the associatio
among solutes;as'z/2 signals aggregation and demixing.

Is cooperative multiple-body interactions necessary
collapse and clustering? In the protein folding context,
question as to whether hydrophobic interaction is additive
cooperative is of particular interest because it has rece
been shown that additive hydrophobic-like interaction en
gies are insufficient to account for the folding transition
high degrees ofthermodynamiccooperativity as determined
by calorimetry.42,43 Figure 1 shows that when the solut
solute ‘‘sticking’’ 2E/RT is sufficiently strong, aggregation
occurs in the absence of cooperative interactions. In th
cases (2E/RT.2.5), a sharp transition marks the com
mencement of aggregation when solute mole fractionX is
increased beyond a certain critical value. Figure 2 sho
typical configurations of the ‘‘dispersed,’’ ‘‘transition,’’ and
‘‘collapsed’’ ~aggregated! solution states that are reminisce
of the very similar pictures reported by Tsaiet al.12 for mo-
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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3427J. Chem. Phys., Vol. 115, No. 7, 15 August 2001 Statistical mechanics of solvophobic aggregation
lecular simulation of hydrophobic aggregation. Our pres
results show that cooperative intersolute interactions are
necessary for aggregation.

Results from lattice solution models may be compared
the McMillan–Mayer theory previously described. For t
lattice model in this work, B2* 5@524 exp(2E/RT)#/2
and B3* 5212 exp(22E/RT)@exp(2Ecoop/RT)21#
14@exp(2E/RT)21#21 1

3. Using Eq. ~4!, if only the first
and the second osmotic virial terms are included in the
pansion,ra521/2B2* expresses the critical solute dens
for aggregation. Figure 1 shows that this gives a reason
description of the crossover from a dispersed to an ag
gated regime: atX521/2B2* , the aggregation order param
eters are predicted to be'0.53– 0.89~out of a range of 2!
for the cases shown, andX521/2B2* more or less marks the
midpoints of the sharp transitions inas ~as a function ofX)
for systems with strong solute-solute attractions (E/RT
,2.5). However, because of its perturbative nature,
McMillan–Mayer expansion has limitations. For instance,
physical aggregation critical densityra can be found for the
additive systems in Fig. 2 if the third osmotic virial coeffi
cient term is also included in Eq.~4! @in that casera

5(B2* /3B3* )(A123B3* /(B2* )221)#, contrary to the fact tha
aggregation does occur in these models. This is becaus
Ecoop50 the above lattice expressions forB2* andB3* imply
that 3B3* .(B2* )2.

Figure 3 shows the expected results that coopera

FIG. 1. Solvophobic solutes with strong pairwise additive (Ecoop50) solute-
solute interactions aggregate at high concentrations.as is plotted versus
solute mole fractionX on a linear~left! and a logarithmic~right! scale. The
latter provides a better resolution for the sharp transitions inas at smallX.
Data points are from Monte Carlo simulations, withE/RT equals to~from
top to bottom! 23.6 ~circles!, 23.0 ~squares!, 22.571 ~diamonds!, 21.5
~triangles!, 20.75 ~crosses!, and 0 ~asterisks!. The solid line and curve
through the asterisks are the relationas5zX/2 predicted by random mixing
without accounting for excluded volume. Monte Carlo simulations~aster-
isks! show that solute-solute contact probabilities in theE50 athermal case
with excluded volume are also well described by this expression. The o
fitted solid lines and curves are mere guides for the eye. The dotted lin
the plot on the right mark the critical densitiesX5ra521/2B2* and ap-
proximate criticalas for solute aggregation predicted by the second osm
virial coefficients.
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inter-solute interactions (Ecoop,0) facilitate aggregation in
that they lower the critical mole fraction relative to th
Ecoop50 case, and that strong anti-cooperative intersolute
teractions prevent aggregation. The more interesting ob
vation, however, is that aggregation can occur even in
presence of a significant anti-cooperative term (Ecoop/RT
512.4) when solute mole fraction is sufficiently high. Th
is possible when favorable pairwise solute-solute interacti
are substantial~hereE/RT523.6) so that bigger clusters ar
still energetically more favorable than smaller ones. Clus
ing of hydrophobic solutes in concentrated aqueous solut
has been attributed to their ‘‘cooperative’’ multiple-body p
tentials of mean force,12,18–20and Tsaiet al.12 have discussed
the potential relevance of this idea to the minimum hyd
phobic core sizes in proteins. But Figs. 1–3 show that co
erative interactions are not necessary for solute aggrega
In fact, recent simulations by Rank and Baker21 indicate that
contact interactions among multiple hydrophobic solu
may be slightly less favorable than the corresponding p
wise sums. In other words, there may be a small a
cooperative effect in hydrophobic clustering, though th
finding has recently been disputed.29 ~See also Ref. 30.!

Notwithstanding their apparent contradiction, the resu
of Tsaiet al.12 and those of Rank and Baker21 are not neces-
sarily inconsistent. This is because the definition of ‘‘coo
erativity’’ by Tsai et al. does not refer to deviations from
either of the two meanings of additivity described above.
‘‘cooperativity,’’ Tsai et al.mean that the interaction betwee
two larger multiple-solute hydrophobic clusters is more
vorable than that between two smaller clusters.12 We do not
recommend their usage of the term ‘‘cooperativity’’ in anal
ses of solute aggregation and protein folding. The reaso
that the ‘‘cooperativity’’ of Tsaiet al. can be consistent with
the above-defined additivity~noncooperativity! or even anti-
cooperativity of the underlying microscopic interaction
Physically, the association of bigger hydrophobic clust
would most likely involve larger buried hydrophobic su
faces and therefore more favorable as a whole than the a
ciation of smaller clusters, even if the underlying interactio
themselves are additive or slightly anti-cooperative in ter
of either ~i! solute-solute interactions or~ii ! some kind of
surface area measure~see above!. Therefore, for solutes with
favorable pairwise interactions, the ‘‘cooperativity’’ of Tsa
et al. is expected to almost always hold except in cases w
very strong anti-cooperative effects (Ecoop@0 in the present
model, for example!. Since the ‘‘cooperativity’’ of Tsaiet al.
holds in almost all systems, its usage is less informative t
the definition of cooperativity adopted here. In fact, t
present definition of interaction cooperativity is one that c
incides with the commonly accepted usage in the prot
folding theory context.29,42–44

IV. CONNECTIVITY CONSTRAINTS ON CHAIN
COLLAPSE

Aggregation of hydrophobic solutes is often used
model and rationalize hydrophobic collapse in prote
folding.12 An obvious difference between the two kinds
systems is that while solutes can disperse freely in solutio
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FIG. 2. Solute aggregation is possible with noncooperative intersolute interactions at high concentration. Results are from Monte Carlo sampling of the lattice
solution model atE/RT523.6 andEcoop50 with ~from left to right! 4, 16, and 640 solutes for three different solute mole fractions (X). Top: Solute cluster
size distributions.~Left! The solutes are well dispersed in solution at smallX. ~Middle! At an intermediateX, the distribution is broad and bimodal, signalin
a transition from the dispersed to the collapsed phase.~Right! At high X, a minority of the solutes are dispersed, while an overwhelming majority of th
collapse to form one or a few big aggregates.~cf. Fig. 1!. TheX540% distribution at these two extremes are shown in two histograms. Cluster sizes o
their scales were not encountered in our simulations. Bottom: Snapshots of model solutions at the threeX’s. Solutes and solvents are depicted, respective
by filled ~black! and open~white! small squares.
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relative positions of the monomers of a protein are seve
restricted because the monomers are covalently conne
Therefore, to better understand the relationship between
two processes, one needs to gain insight into the constra
imposed by chain connectivity on solvophobic associati
Here we compare the collapse of an isolated chain with
gregation~as modeled earlier! by considering both processe
in a common lattice framework.

We use the standard HP~hydrophobic/polar! lattice co-
polymer chain model.45,46 Each nearest-neighbor contact b
tween two H monomers not consecutive along the seque
~i.e., an HH contact45! is assigned an energyE. All other
contacts, including ‘‘connected contacts’’ between two
quentially consecutive H monomers, are neutral~have zero
energy!. The HP model interaction is additive. The energy
a conformation withh HH contacts is equal toEh. We con-
sider all 2185262 144 HP sequences withNchain518 mono-
mers, 6349 of which have a unique lowest-energy conform
tion and are often used as model proteins.45–47 The exact
density of statesg(h), which gives the number of conforma
tions of a sequence with any given number of HH conta
is determined for all 218 sequences by enumerating th
Downloaded 15 Apr 2004 to 144.32.128.73. Redistribution subject to AIP
ly
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5 808 335 possible conformations for each sequence. On
small fraction of these densities have been determi
previously.46

For comparisons with solute aggregation, we may id
tify an H monomer with a solvophobic solute in the aggr
gation model above, and a P monomer as having the s
properties as a model solvent molecule. Hence the HP
quence as a whole may be envisioned to be solvated als
the same solvent as in the solute aggregation model.
monitor the association of thenH H monomers in a HP se
quence, two collapse order parameters similar to Eq.~7! are
defined, the first of which is

achain
0 [

^h&
nH

, ~8!

where the Boltzmann average ofh is computed using the
partition function(hg(h)exp(2Eh/RT). achain

0 counts only
HH contacts that favor collapsed conformations in the
model. It does not count the number of instances that
H’s reside next to each other along the sequence. We inc
these ‘‘connected contacts’’ in a different parameter,
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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3429J. Chem. Phys., Vol. 115, No. 7, 15 August 2001 Statistical mechanics of solvophobic aggregation
achain[achain
0 1hc /nH , ~9!

wherehc is the number of sequential consecutive HH pa
along the given HP sequence. The motivation for conside
achain is that it is directly comparable toas in Eq. ~7! because
they both measure the same geometrical property dictate
the relative positions of solvophobic chain monomers or
dependent solvophobic solutes.

We now compare how the solvophobic/hydrophob
compositions affect solute aggregation versus ch
collapse.48 Figure 4 shows a monotonic increase in avera
hydrophobic clustering~increasingachain) among the HP se
quences as their hydrophobic compositionsnH /Nchain are in-
creased. Hydrophobic clustering in HP sequences is c
comitant with chain collapse.45 The general trend in Fig. 4 is
similar to that in Fig. 1 for independent solvophobic solut
which show increasing aggregation with increasing conc
tration. The reason for this similarity is intuitive. Since co
nectivity localizes the chain monomers within a certain
fective ‘‘volume,’’ a sequence with a higher hydrophob
composition has a higher ‘‘effective concentration’’12,49 of
hydrophobic monomers. Therefore their clustering proper
resemble that of a solution with a higher solvophobic sol
concentration.

However, there are also significant differences betw
solute aggregation and chain collapse. Figure 4 shows th
chain hydrophobic compositionnH /Nchain is increased, the
degree of collapse as measured byachaindoes not exhibit any
sharp change with respect tonH /Nchain. The transition be-
tween a more ‘‘open’’ and a more ‘‘collapsed’’ compositio
regime is gradual. In contrast, for solvophobic aggregati

FIG. 3. Effects of cooperativity and anti-cooperativity on solvophobic
gregation. The format is the same as that in Fig. 1. Data points are
Monte Carlo simulations, all withE/RT523.6, whereasEcoop equals~from
top to bottom! 23.6 ~asterisks!, 22.4 ~crosses!, 0 ~diamonds!, 12.4
~squares!, 13.6 ~circles!, and 17.2 ~triangles!. Solid lines and curves are
mere guides for the eye. The critical mole fractionX5ra521/2B2* pre-
dicted using the second osmotic coefficient is shown for theEcoop50 curve
~dotted lines!. Results in this plot clearly indicate that a negativeEcoop can
lead to a reduction of the critical mole fraction. However, this feature is
captured by the second osmotic virial coefficient becauseB2* does not ac-
count for three- and higher-body cooperative effects.
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sharp changes inas with respect to solute mole fractionX
are observed even when the strength of the pairwise fa
able solute-solute interaction~Fig. 1, E/RT,22.5) is less
than a third of that between hydrophobic chain monomers
Fig. 4 (E/RT5210.0). For binary solutions, when the so
vophobic attraction between solutes is sufficiently stro
there is a relatively well-defined criticalX value demarcating
mole fractions into a ‘‘dispersed’’ regime and an ‘‘aggr
gated’’ regime. Such sharp transitions imply that a sm
change inX in the critical region can lead to a huge chan
in the configurational entropy of the system. Obviously, t
configurational freedom of a collection of solvophob
chemical groups is much more limited when they are link
monomers along a chain than when they are detached i
pendent solutes. Because the maximum configurational
tropy of HP sequences is intrinsically limited by chain co
nectivity, they show no sharp variation in sequence-avera
hydrophobic clustering as a function of hydrophobic comp
sition.

Chain connectivity also imposes contraints on the pa
ing of the hydrophobic monomers. Hence the maximu
number of hydrophobic contacts a specific HP chain c
form is sequence dependent and cannot be deduced fro
hydrophobic composition alone. Figure 4 shows that fo
given hydrophobic composition, sequences with uniq
ground-state conformations are on average more efficien
forming hydrophobic contacts. This effect is especially d
matic for achain

0 at low hydrophobic compositions. Only se
quences withnH54 – 14 can be unique in the present mod
Hydrophobic packing efficiencies of example HP sequen
are shown in Fig. 5.

Thus there are similarities as well as significant diffe
ences between solute aggregation and chain collapse,
when both processes are driven by the same underlying

-
m

t

FIG. 4. Hydrophobic clustering amongNchain518 two-dimensional HP se-
quences atE/RT5210.0. All 218 sequences are considered. The avera
of achain and achain

0 over all sequences~squares! and unique sequence
~circle! of given hydrophobic compositionsnH /Nchain are plotted by open
and filled symbols, respectively. The dashed lines are guides for the ey
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vophobic interaction. This underscores the indispensab
of self-contained polymer models42,43 in the study of protein
energetics, and cautions against drawing simplistic conn
tions between sizes of solute aggregates and protein hy
phobic core volumes. Nevertheless, the same basic princ
of competition between configurational entropy@arising from
gs(h) or g(h)# and favorable solvophobic interactions a
plies to both processes. Aggregation or chain collapse oc
when the latter dominates over the former.

V. SUMMARY

Using a simple model, we have shown that althou
multiple-solute interaction cooperativity can enhance
thermodynamic stability of the aggregated state, they are
necessary for aggregation. Aggregation is possible with
ditive or even anti-cooperative interactions, provided that
anti-cooperativity is not too strong. The degree of aggre
tion increases with solute concentration. The calculati
presented argue against a recent claim50 that aggregation is
constrained to occur at extreme low solute concentrati
because of a presumed upper bound on excess free ene51

We have also investigated the relationship between ch
collapse and solute aggregation, an issue that is of relev
to protein folding.12 We found that the two processes c
shed light on each other, but there are significant quantita
differences between them because of the severe constr
imposed by chain connectivity on configurational freedo
and on the packing of hydrophobic cores.

FIG. 5. Sequence effects in hydrophobic clustering:achain
0 ~upper plot! and

achain ~lower plot! of six example HP sequences with~from top to bottom!
E/RT526.0, 25.0, 23.0, and21.0 are plotted. The dashed lines are on
guides for the eye. At the top of the figure, each sequence is shown in e
its unique ground-state conformation or one of its multiple ground-s
conformations. H and P monomers are represented by filled and open c

respectively. Three of the sequences shown, withnH /Nchain5
4
18,

9
18, and

12
18,

are unique. Others are not. Data for the two sequences withnH /Nchain5
2
18

are plotted with a small horizontal offset for clarity.
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