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Oil and water do not mix. The disaffinity of oil for water, with its unusual temperature dependence, is called
the hydrophobic effect. It is important to understand the factors underlying the hydrophobic effect because
they appear to play key roles in membrane and micelle formation, protein folding, ligand-protein and-protein
protein binding, chromatographic retention, possibly nucleic acid interactions, and the partitioning of drugs,
metabolites, and toxins throughout the environment and living systems. Here, we survey experimental and
theoretical studies of nonpolar solute partitioning into water. We note that the hydrophobic effect is not just
due to “water ordering” and not merely due to small size effects of water. The properties vary substantially
with temperature and solute shape. Also, we discuss the limitations of using oil/water partitioning as the

basis for some thermodynamic models in chemistry and biology.

I. Introduction it was defined rather differently than it currently is: “applied
to a hydrosol that readily forms a precipitate and on evaporation
or cooling gives a solid that cannot readily be converted back
into a sol”.

It became apparent that the disaffinity of oil for water drives
many different types of noncovalent association in biology and
chemistry. In 1898, Meyer and Overton observed a direct
proportionality between oil/water partition coefficients and the
anesthetic potencies of certain dridgs?*In 1920, J.W. McBain
and C.S. Salmon demonstrated reversible formation of micelles
in soap solutiond® In 1925, Gorter and Grendel proposed that

Possibly the first published oil/water experiments were those lipid molecules from red blood cells could form “bilayers”, i.e.,
of Benjamin Franklin in 1773, who put a drop of oil on the @ pair of opposed monolayers, based on careful Langmuir trough
pond at Clapham Common to test the idea, known since Pliny €xperiments that showed twice the surface concentrations of
the Elder in the first century A.D., that when oil is poured onto Surfactant molecules as in monolayer experiméhta. 1935,
water, it stills the wave8.In 1890, Lord Rayleigh repeated ~Davson and Danielli proposed that proteins associate with
Franklin’s experimen?.Knowing the volume of a spoonful of ~ bilayer membranes through nonpolar interactibhi 1941,
oil and the surface area of the body of water, and assumingHenry Bulf® noted that “proteins contain a large number of
that oil forms a monolayer film on water, Rayleigh made one Nonpolar groups and it might be that upon denaturation these
of the first experimental determinations of the size of a molecule, hydrophobic groups are exposed”. By 1945, X-ray experiments
at a time when the existence of atoms and molecules was stilland structural studies had firmly established that polar groups
in doubt. are localized at micellar surfaces and nonpolar groups form the

As early as 1891, Traube appreciated that amphiphilic interic?r.19 The first X-ray structures of proteins appeared in 1958,
molecules-molecules having both hydrophobic and hydrophilic  Showing cores of buried hydrophobic amino acids similar to
parts, such as soaps and protein@re concentrated at the air the structures of n_mcelle@. These_examples showed that the
water interface due to a disaffinity between hydrocarbon and Structures of chemical and biological complexes are organized
waterl® In 1892, Agnes Pockels developed what later came to @nd driven, at least in part, by the avoidance of oily groups for
be called the Langmuir trough and began the first quantitative Water-
studies of films of oil and surfactants on water. Irving Langmuir ~ This work raised the question of whether the disaffinity of
developed his well-known adsorption equation in 1841 The oil for water might be driven by either an affinity of oil for oll

word “hydrophobic" appeared at least as ear]y as 19ikhere or an afflnlty of water for water. Either would lead to the
separation of oil from water. In early models, micelle formation

* Graduate Group in Biophysics. was assumed to be driven by an oil/oil attractiof or even
* Department of Pharmaceutical Chemistry. by charge interactior®.In contrast, Hartley’s 1936 monograph

The hydrophobic effect has been widely studied because of
its central role in chemistry and biolody® There remains
considerable debate about its molecular origin. Here, we give
our view of current experimental results, and we review recent
interpretations in terms of water structure. We do not attempt,
nor does space permit, an exhaustive review of all aspects of
hydrophobicity.

II. Historical Background
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Figure 1. Partitioning is a balance. Hydrophobicity is measured by B
oil/water partitioning of solutes. At equilibrium, the chemical potentials 20
in the two phases, 1 and 2, are equah- RTIn C; = 45 + RTIn C,.
Measuring the solute concentratiocksandc? in the two phases give
the difference in chemical affinities between phages; = —RT In
Cl/Cz. - 0
had proposed that nonpolar molecules avoid water because they g Tas?
are unable to compete with the strong attraction of water for - Ape
itself 24 The latter view now prevails, that the disaffinity of oil S P omemmmmmemea-
for water is predominantly due to watewater hydrogen Ah
bonding, and that water interactions are stronger than the
intermolecular dispersion interactions that attract oil to oil.
In 1954, Walter Kauzmann coined the term “hydrophobic - 40, =0 100
bonding” to refer to the tendency of oils to associate in aqueous Temperature ("C)

solutions? Although he emphasized that the driving force was ) _ .
the avoidance of the aqueous phase by the oil, his terminomgy!:lgure 2. Hydrophobic Effect is the anomalous mixing thermodynam-
drew criticism. Joel Hildebrand objected to the term “bonding’” ics of nonpolar solutes with water. (A) The transfer of neopentane from

which h referred to r e for valent interactién its own neat phase into water, and (B) a regular solution: the transfer
¢ € preferred 1o reserve for covale eractions. ¢ neopentane from the gas phase into a neopentane neat phise.

Hildebrand also objected to the term “hydrophobic” on the the temperature where the entropy of transfer is Zerds where the
grounds that oil has a favorable enthalpy of interaction with enthalpy of transfer is zero. Data adapted from LeeBBpolymers
water?” However, the alternative view has ultimately pre- 1991 31, 993.

vailed#?82°namely (1) that it is the free energies, not enthalpies,

that define affinities, (2) that “bond” is a term that is widely enthalpyAh®, an entropyAs’(whereAu® = Ah® — TAs®), and
accepted to also refer to certain types of noncovalent inter- sometimes also a heat capacity, calculated from the slope of
actions, and (3) that it is useful to have a word for the types of the enthalpy,AC, = dAh°/dT. The quantityAs® represents

interactions between nonpolar molecules and wW¥térR excesntropies that are not included in the translational entropy
“Hydrophobic” has now become common usage. term, kT In c.
A. Temperature Dependence of the Hydrophobic Effect. Figure 2 compares the transfer of a hydrophobic solute,

The hydrophobic effect is defined by the notable thermodynam- negpentane, from gas into neopentane, and from neopentane
ics of mixing oils with water. The solubilities of oil in water  inio water® For a simple system such as neopentane in
were first studied by Valentiner in the 1928sThe temperature  heopentaneTAs® is small, Ah° is the dominant component of
dependence of these solubilities was used in the 1930s to obtainAﬂo, and both the enthalpy and the entropy are relatively
entropies and enthalpié.*" In light of the expectation from jnqependent of temperature. Figure 2 shows how the mixing of
Regular Solution Theory that liquidiquid disaffinities are | and water is different than solvation in simpler solutions.
usually enthalpié®-4the conclusion that oil/water disaffinities (1) The free energy of transferring nonpolar molecules from
were dominated by large unfavorable entropies was regardedy| into water is positive and largeA@® > 0) compared to

as §urprising.h h dard i . ¢ oilf simpler systems such as neopentane in neopentane. (2) In cold
Figure 1 shows the standard interpretation of ol/water \\aier (around room temperature), the disaffinity of oil for water
partitioning equilibria. A solute has some chemical affinity, is due mainly to entropy«TAs® > 0, Ah® ~ 0). (3) In hot

for each phase, oil or water. The solute also has a translational
entropy in each phase, representediyn c, wherec is some
measure of the solute concentration in that phase. (There ha
been considerable discussion of appropriate measures o
concentratiort!*2 but they will not concern us here.) The solute
partitioning between the two phases reaches equilibrium when
the difference of chemical affinities balances the difference of
concentrationAu® = — KT In cy/c;. If the ratio of concentra-
tions, c/c; depends on temperature, thesi depends on
temperature, and this is expressed in termiﬁof a molar transfer AC,= _szAﬂo/de (1)

water (around the boiling temperature), the disaffinity of oil
for water is mainly enthalpicXh® > 0, — TAs® ~ 0). (4) Over

he full temperature range for liquid water, from the melting
point to the boiling point, there is a large positive heat capacity
change upon transfer of nonpolar solutes into water. The
curvature of the free energy with temperature can be expressed
in terms of this heat capaci#xCp
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and it accounts for the strong temperature dependence of the 750 =7
entropy and enthalpy 5

AC,= dAh’/dT = TdAS’/dT @) 500}

B. A Subtle Point: T, and Ts. At what temperature is the
hydrophobic effect maximal? It depent¥On one hand, driving
forces require interpretation in terms of free energits® is
maximal at a temperature near the boiling point of water,
indicating that the oil/water interaction is least favorable at that 0
temperature. But experimental observables provide a slightly
different perspective in this case. The solubility of oil in water,
which is proportional toAu°/kT, is lowest around room - 250,
temperature. Hence, there is an important distinction between Temperature (°C)

the temperatures where:° andAu°/KT are maximal. Between Fi 3. Protein unfolding f G—G -G A
about 300 K and 380 K is the subtle and interesting region where F19ure 3. Protein unfolding free energG = G, — G, entropy,AS
and enthalpyAH, versus temperature. For proteifis,~ T,. Data on

the free t_e_nergy _b_ecomes_more pOSitive W_ith_ temperawre' yetmyoglobin from Makhatadze, G. |. and Privalov, P Biophys. Chem
the solubility of oil in water increases. This distinction motivates 1994 51, 291.
the definition of two characteristic temperatures. It is readily

2501

(kJ mol1)

100

shown using the GibbsHelmholtz equation thas® = 0 at temperaturels = 114 °C for these biomolecular processés,
the temperature whersu® is maximal. This defines a temper-  implying a resemblance between protein folding and small
ature calledTs. Similarly, Ah® = 0 at the point wheré\u°/kT molecule transfers. Murphy et & also found a single slope of

is maximal. This defines a temperatufg where the transfer ~ ASAG, for a variety of different processes, indicating the
enthalpy is zero. For small molecules such as benzene anduniversality of Ts for identifying hydrophobic processes in

neopentanely ~ 25 °C andTs ~ 113°C.A6 biomolecules. _ _ o
The full thermodynamics of solute partitioning into water can ~ However, the thermodynamics of protein unfolding is not
be expressed in terms of these two temperatures identical to that of oil partitioning into water. First, the free
. energies of protein unfolding are much smaller than for
Ah°(T) = fT hAdeTz AC(T—T,) €) transferring benzene to water, per unit nonpolar surface area.

Second, althougf}, and Ts differ by nearly 80°C for small
solutes, these two temperatures are nearly equal; T, for

.
As’(T) = erACp/TdTZ AC(TITyY (4) proteins T ~ Ts &~ 112°C for the several proteins studied by
Privalov?? andT, &~ Ts & 10 °C for T4 lysozyme*® These two
Au®(T) = AC (T — T) — TIn(T/TY)] (5) differences can be explained by the large conformational entropy

increase that accompanies protein unfolding that does not apply
provided thatAC, is independent of temperature. One of the to small solute partitioning processe®f course, other interac-
main fingerprints indicating when the hydrophobic effect is tions such as hydrogen bonding and electrostatics also contribute
involved in chemical or biological processes is a temperature to the overall free energy of folding,but distinctive thermo-

dependence that obeys these equations, particulafly &nd dynamic signatures have not yet been identified for these types
Ts have approximately the values noted above. of interactions.
[ll. The Hydrophobic Effect in Protein Folding IV. BIPSE: Modeling Biomolecule Folding, Docking, and

This form of temperature dependence is one of the main lines Partitioning Using Small Molecule Transfer Models

of evidence for the importance of the hydrophobic effect in Many oil/water partitioning experiments have been performed
folding globular proteind. Upon folding, a protein buries its  on homologous series of solutes. These experiments are usually
nonpolar amino acids into a core, away from contact with water. motivated by an interest in developing models of molecular and
Figure 3 shows that the thermal features of protein unfolding biochemical processes, such as folding, docking, assembly, and
resemble those for transferring small nonpolar molecules into partitioning processe®. >4 We call them BIPSE models. BIPSE
water. Unfolding leads to a positive free energy, and an enthalpy stands for “Break Into Pieces, Sum the Energies”. In BIPSE
and entropy with a steep slope, indicating a large positive heatmodels, the full thermodynamic quantity of interest, such as
capacity. The earliest such measurements on proteins were thehe free energy of folding or the free energy of micellization
basis for Walter Kauzmann'’s proposal for the importance of (see Figure 3), is broken down into a sum of component free
hydrophobicity in protein folding®>4” Kauzmann noted thatthe  energy quantities, such as the oil/water transfer free energies
heat capacities of protein unfolding are huge 012 cal K1 of each of the individual amino acids or individual methylene
per gram of protein, the same magnitude as the heat capacitygroups. For example, the free energy of folding is often modeled
of pure water, 1 cal K! g1, which is one of the largest known, as the sum of the partitioning free energies of that protein’s
“being approached or exceeded only by solid lithium, liquid or amino acids from water (representing the denatured conforma-
gaseous helium, solid, liquid, or gaseous hydrogen, or liquid tions of the protein) into oil (representing the core of the native
ammonia™®8 protein). The attraction of such models is that they parse a
Further insights into protein folding come from looking at complex process into simpler component quantities that can be
the two corresponding temperaturd@g,and Ts (see Figure 2). measured in independent experiments on model compounds.
Julian Sturtevant noticed that several different biomolecular BIPSE constitutes a huge class of models. Fldiyggins
processes at 25C have nearly identical values &fSAC,.44 theory is a BIPSE model that treats polymer conformational
Robert L. Baldwin found that the constancy of this ratio, taken change$? QSAR (Quantitative StructureActivity Relation-
together withT = 298 K substituted into eq 4, gives a universal ships) are BIPSE models that are used to predict drug interac-
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Figure 4. Alkane transfer free energies. For the normal alkanes g re 5. Mutational free energy depends as much on the context of
(diamonds), except methane, there is a linear correlation betweenihe amino acid replaced as the identity of the amino acid replaced.
number of carbon atoms and free energy. This relationship fails t0 change in protein stabilityAAG, from 32 mutations on fully buried
describe the cyclic alkanes (squares). From A. Ben-N&otation hydrophobic residues in staphylococcal nuclease, bacteriophage f1 gene
ThermodynamicsPlenum Press: New York, 1987. V protein, phage T4 lysozyme, and barnase. [LeePBtein Science

. . .56 1993 2, 733 and references therein] Amino acid abbreviations are
tions with protein$? BIPSE models have been used to treat ysed: | denotes isoleucine, L leucine, V valine, A alanine, and G

protein folding, micelle formation, docking, chromatographic glycine.
retention, solvation, and other processes>” 68

However, there are some obstacles that must be overcome ithydrocarbons. This gave a value of 20 to 28 cal Thél =2 for
BIPSE modeling is ultimately to become quantitative. Here, we the hydrophobic effect, the variations arising from the methods
discuss five problems. used to calculate the surface areas for the hydrocarligis.

(1) Additivity. BIPSE models assume the component free  However, surface area remains an imperfect predictor of the
energies are additive. The additivity assumption may lead to solubilities of cyclic hydrocarbons and molecules of other shapes
errors®® particularly if the groups are in close proximity. (see Figure 4 data for cyclohexane and cyclohept&n@)lt

(2) Other BIPSE Components.In addition to the oil/water costs 5.2 kJ mot to transfer cyclohexane into water from the
partitioning component, essentially every BIPSE model involves vapor phase at 298K, whereas it costs 10.7 kJ #fol hexane.
at least one unmeasurable component, usually an additionallt is difficult to rationalize this difference based only on surface
entropy that must be derived from a model of some sort. For areas.
example, protein folding requires a model of the chain entropy;  The justification for using surface area comes from (1)
micellization and bilayer formation require a model of the modeling solute insertion as the opening of a cavity, followed
translational entropy of localization of the surfactant molecules, by the insertion of the solute, and (2) the assumption that the
and a model for any entropies of chain restriction; drug binding energetics of both of these steps are dominated by properties
to proteins requires a model for orientational entropies of drug of the first shell or two of waters. Ron Levy and his colleagues
localization; and models of polymer conformations must treat have demonstrated the dominance of the first few shells of water
the collapse, confinement or stretching entropies. These extralayers around the soluf.Computer simulations find that the
contributions are seldom available from independent experi- free energy of cavity formation is proportional to surface area,
ments; they must come from models, simulations, or assump-but that the dispersion attractions of the solute for water are
tions. So it is usually not clear whether any flaws in BIPSE not8-8 hence the lack of proportionality, in some cases,
models are attributable to limitations in understanding the oil/ between surface areas and free energies of solute insertion.
water process, or in understanding the other contribufidns.  Nonpolar solvation energetics depend not only on surface area,

(3) What is the Right Measure of Contact? BIPSE but also on molecular structure and geomé&trsp.
modeling often assumes that partitioning free energies scale (4) Heterogeneity of the Medium.Another limitation of
linearly with solute surface area. It has long been recognized BIPSE modeling is that the oil phases used for small molecule
that water insolubility generally increases with the size of a partitioning, such as bulk cyclohexane or octanol, are simple,
solute moleculé®" For example, Figure 4 shows that every homogeneous, and amorphous. In contrast, chemical and
methylene unit added to a hydrocarbon chain increases the freebiochemical systems, such as the interiors of proteins or lipid
energy of transfer into water by a fixed amodrmstimated to bilayers, are complex and heterogeneous, chemically and
be between 25 cal mot A—2 and 33 cal moi! A-2, depending physically, and often at least partially structured. How transfer-
on assumptions about the oil phd3kindenburg first suggested  able are the free energies obtained from data on simple oils to
that solubility was roughly determined bolar zolumeof a more complex environments? If the protein interior were an oll
hydrocarbon, and not otherwise by molecular structéifhis droplet, mutating a valine to isoleucine, for example, would
was supported by gas chromatography studies by McAuliffe, change the protein stability by a fixed amount, no matter where
but there were large errors, and molar volumes were not in the protein core the mutation occurs. Figure 5 shows instead
predictive of the relative solubilities of methane, ethane, and a high degree of variance, depending on where the mutation
propane. Also, the aromatic hydrocarbons had a different site is located in the protefi?.Thus, the degree to which simple
dependence on molar volume than other hydrocarfbftdn uniform amorphous oils can capture the essence of interiors of
1972, Hermann proposed instead that the hydrophobic effectproteins, micelles, or bilayers may be limited.
depends on the number of water molecules that surround a (5) What Does the Oil/Water Experiment MeasureBIPSE
nonpolar solute, which is proportional to its solvent-accessible modeling relies on “hydrophobicity scaleg*2-5487-90in which
surface are# Solvent-accessible surface area was found to be solutes are rank-ordered from the most oil-like to the most water-
equally successful for predicting saturated hydrocarbon andlike. Do these scales truly measure a universal property that
aromatic hydrocarbon solubilities, and slightly better for branched could be called polarity, or do they measure something more
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Figure 6. Thought experiment: different oils might cause different
rank orderings of solutes. If so, no single hydrophobicity scale would
be universal and transferable.

Hexane

complex? And what is the most appropriate oil phase? Ethanol
water partitioning was the basis for the first hydrophobicity
scale$? Later n-octanol and cyclohexane were the oil phases
of choice for defining scale®:%!

The oil/water partition coefficient gives a simple one-
dimensional scale for rank ordering any series of solutes. Such
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in doing the model experiment at all, if there were not some
degree of generalizability from one nonpolar medium to another.
Hydrophobicity scales were first justified by Tanfditwho
showed that partitioning was relatively independent of the oil
phase. He compared the transfer of norleucine from water into
methanol, ethanol, butanol, and acetone. But since then, few
systematic and extensive studies have been performed to
determine the oil dependence of hydrophobicity scales. There
is some evidence that partitioning does depend on the oil
phasé®® Figure 7 shows a histogram of the hydrophobicities of
each of the 20 amino acids from water into various oil-like
media, according to approximately 36 different hydrophobicity
scale€ The figure shows that a given solute has very different
“polarities” depending on the media and conditions. For
example, phenylalanine is the most nonpolar amino acid
according to 6 scales, whereas it is the fifth most nonpolar
according to 3 other scales. Remarkably, 5 different amino acids
are so ambivalent that they are ranked asiesthydrophobic
by one scale antkasthydrophobic by another. These results
imply that the term “hydrophobicity” is, at best, rather loose
and nonspecific. It seems reasonably justifiable to divide solutes
into two or three categoriessolutes are oil-like, or water-like,
or ambivalent-but it is not clear that much finer distinctions
define a true polarity as a solute property, independent of its
solvent. For example, these scales will typically distinguish
leucine from isoleucine, even when the underlying physical
cause would more suitably be called “geometry” than “polarity”.

scales rest on an implicit premise that one oil is not Very pence polarity scales can depend on the oil phases used to
different than another (provided they have the same chemical yotermine them. The implication is that there may be limited

substituents). To illustrate this premise, here is a thought yansferability from model compound studies to BIPSE models

experiment. If a hexane/water partitioning experiment showed
that solute A is more oil-like than B, while a cyclohexane/water
partitioning experiment showed B more oil-like than A (Figure
6), then there would be no basis for deciding whether A or B
is the more “oil-like solute. Rather, we would be forced to
attribute differences in A and B to specific interactions with

of folding, docking, or binding.

V. Modeling the Hydrophobic Effect from Water
Structure

What properties of water structure are responsible for the

hexane or cyclohexane. “Polarity” would not be a property of hydrophobic effect? The water-ordering, or “iceberg”, model
a solute alone, independent of the solvent. Instead, it would bewas first proposed by Frank and Evé@Astrank and Evans
necessary to label any solute rank orderings the “hexaneproposed that a nonpolar solute creates a weakly clathrate-like
hydrophobicity” or the “cyclohexane hydrophobicity”. This cage of first-shell waters around the solute. They concluded that
would render the concept of a polarity scale useless because it'When a rare gas atom dissolves in water at room temperature
would then not be transferable, as would be required of a BIPSE it modifies the water structure in the direction of greater
model, to situations involving the interiors of micelles, proteins, ‘crystallinity’....”.92 In a cage structure, the water molecules do
or chromatographic stationary phases. There would be no valuenot “waste” hydrogen bonds by pointing them at the solute;
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Figure 7. Rankings of some amino acids across approximately 36 partitioning scales. Specific-seblate interactions cause hydrophobicity
rankings to vary widely between scales. Rankings are scaled from (1) most hydrophobic to (20) least hydrophobic. [D. R. Devido, Ph.D. thesis,
Florida State University (1997)]
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Jj) only 1 cal K™ mol™! for each of the approximately 20 waters
&(P- N surrounding a small nonpolar soldfeMoreover, Kauzmann
A ¢ & cold water noted that freezingicreaseghe partial molar volume of water,
e N CW vgﬁf!?ﬂ whereas inserting a nonpolar solute into watecreasest.*”
(}‘)’D He concluded that water in solvation shells around nonpolar
+ ! solutes is less ordered, and different than, ice. But so far, few
solute a.o“@"ﬂ ?3

experiments have been able to elucidate the amount of water

water B @q% hot water structuring in solvation shells.

B. Muller Model. A recent iceberg-like model of the
hydrophobic effect was developed by Norbert Mutébased
Figure 8. “Iceberg” model for the large heat capacity of transfer of on an earlier 2-state model by Gill and oth&%The model
nonpolar solutes into water. (A) At room temperature the water as generalized by Lee and Grazid@dThe Muller model

T o e erialons nvokes four state. of watewater hycrogen bonding: made
tions are fully hydrogen bonded (low energy). (B) In hot water, more or broken in the bulk, and made or broken in the first solvation

conformations become accessible (higher entropy), but at the cost ofShell. Each of the four states has an enthalpy and entropy. The
breaking hydrogen bonds (high energy). four differences in these quantities are represented by adjustable

parameters, and can then be used to calculate other properties.
rather they form a hydrogen bonded fence around the solute.For example, the increased enthalpy of breaking bulk hydrogen
Accordingly, the large entropy that opposes solute transfer into bonds with temperature gives a heat capacity of bulk water.
water arises from the cost of ordering the waters into a more The heat capacity for transferring a nonpolar solute into water
open “iceberg’-like cage structure (see Figure 8 and MB model results from the shift in the made-broken equilibrium for bhe
discussion below). water—water hydrogen bonds in the first shell of the solute.
However, Figure 2 shows that this large entropy, and therefore Using refined parameters, consistent with Raman Ydté’a
the water Ordering mechanism, only apply in the narrow range recent variant of this model prediCtS that in cold |IQUId water
of temperatures around 2%C at 1 atm pressure. In fact, (room temperature), first-shell hydrogen bonds have lower
“hydrophobicity” is strongest (i.eAu° is most positive) around ~ enthalpy and lower entropy than bulk hydrogen boHés!'4
100 °C, whereAs® ~ 0 and where the transfer process is [nwarm water, the first-shell hydrogen bonds are more broken,
dominated by an unfavorable enthalpy. Hence “water ordering” having higher enthalpy and higher entropy than in the bulk.
is not a complete description of hydrophobicity. A more general Thus, heating “melts the iceberg” around the solute. A related
perspective of what is unique about hydrophobicity, one that approach attempts to quantify the relationship of perturbations
applies over the full range of temperatures for liquid water, is in water structure to heat capacty:''®
the large heat capacity. Hydrophobicity is entropic in cold water  Although the Muller model treats the solvation heat capacities,
and enthalpic in hot water. it requires additional parameters to treat the free enetgfes.
A. Iceberg Model. The iceberg model of Frank and Evans But the Muller model considers only hydrogen bonding, which
explains the large heat capacity of nonpolar solvation; see Figureappears to be a poorer approximation for the free energy than
8. A loose explanation is based on the fundamental thermo- it is for the heat capacity (see below). Computer simulations
dynamic relationshipG = H — TS At low temperatures, show that hydrogen bonding perturbations are not wholly
thermodynamic processes are driven to lower their enthalpies,responsible for the free energy of solvation and may not even
and at high temperatures, they are driven to states of highrepresent the dominant contributi&h.
entropy. In this case, as temperature increases, first-shell waters C. Small-Size Model: Is the Disaffinity of Oil for Water
broaden their orientational distributions to gain entropy but doing Due to Water's Small Size?The Small-Size Model proposed
so breaks first shell watewater hydrogen bonds, increasing by M. Lucag!” and B. K. Led18120 js an alternative to the
the enthalpyH. According to eq 2, increasing enthalpies and iceberg model. It focuses on the free energies of solvation, rather
entropies with temperatures gives a positive heat capacity.  than on the entropy and heat capacity. In the Small-Size model
As support for the iceberg idea, Frank and Evans noted thatthe high free energy cost of inserting a nonpolar solute into
nonpolar solutes are often surrounded by clathrate water cagesvater is not due to orientational ordering of first-shell waters;
in crystalline hydrate%-102 Clathrates are well understood it comes from the difficulty of finding an appropriate cavity in
because of their commercial importance. Natural gas pipelineswater, due to the small size of water molecules. That is, the
are sometimes clogged by such hydrates, which form a slushydominant enthalpy and entropy of opening a cavity are the same
“snow” at temperatures as high as 68°F. in water as those in a liquid of Lennardones molecules of
And although Frank and Evans noted that the term “iceberg” small size. This raises two issues: (1) Why should water be as
should not be taken literally, subsequent work invoked a high simple as a Lennaredones fluid? (2) What is the effect of
degree of water ordering around nonpolar solutes. In 1958, IM molecular size on the free energy cost of creating a cavity?
Klotz proposed that the properties of proteins could be These are addressed in order below.
understood in terms of a surrounding shell of crystal-like waters, (1) Complexity. For both a LennardJones liquid and water,
that masked the chemical activity of certain groups and affected opening a cavity leads to an entropy cost, to bring together many
the cooperativity of ligand bindin§? Indeed, some waters are  small packets of free volume into a single larger cavity, and it
known to be highly ordered around proteffi$. costs an enthalpy of breaking intermolecular interactions to
Nevertheless, the current view is that the degree of water create the cavity. There are two additional contributions for
ordering in the first solvation shell around a nonpolar solute is water. Opening a cavity in water should also involve an
much smaller than the degree of ordering in 3é& Walter orientational entropy cost of ordering the waters at the surface
Kauzmann noted that the entropy of freezing of water is 5.3 of the cavity, and a corresponding reduction of the enthalpy of
cal K~1 mol~1, whereas inserting a nonpolar solute into water forming better hydrogen bonds in the first shell, relative to the
costs about 20 cal ® mol~1, which amounts to an entropy of  bulk. But Lee argued that there is an almost perfect enthalpy
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entropy compensation of these latter two contributions. He
argued that the complexity that results from water orientations
in the first solvation shell does not contribute much to the free
energy of cavity formation in watét? Some of these predictions
are confirmed by computer simulatiéf$?+127” and by experi-
ments on hydrazin&?8

(2) Small Size.Figure 9 illustrates the Small-Size idea. It
shows a distribution of sizes of free volume in two liquids. Most
cavities in liquid water are much smaller than a water molecule,
and the probability of finding a larger cavity decreases rapidly
as a function of cavity size.

This is explained by a simple qualitative argument. The free
energy for opening a spherical cavity of radR$n a liquid is
the sum of a surface term and a volume tefrry 47R2y +
4/37ReE, wherey is the surface tension ariglis a volumetric
energy density. The Boltzmann distribution law gives the
probability p(R) of finding a cavity of radiusk as

p(R) ~ exp(—f/kT) ~ exg(—4nyRe/KT — 4ERY/37kT)  (6)

which shows thap(R) should drop off rapidly with increasing
R. Figure 10 shows that cost of creating cavities in water
increases rapidly as a function of cavity size.

J. Phys. Chem. B, Vol. 106, No. 3, 200227

small. But if the solvent molecules are large, its packets of free
volume will be large. So big cavities are more likely in solvents
of big molecules. According to the small-size model, water
molecules are among the smallest of all solvent molecules, and
the free energy cost of opening a cavity of a given size is greater
in water than for other solvents. This free energy cost can be
estimated by scaled-particle thedf{119.12%-132 Some of the
limitations of these arguments are discussed below (see the
section on the MB model).

D. Information Theory Approach to Modeling Water.
Cavities in water have also been studied by computer
simulation§3121.122.133137 gnd statistical mechanical theo-
ries8119.120,131,132,138,138||-atom simulations are computationally
expensive, and reaching convergence is often difficult, particu-
larly for derivatives of the free energy such as the heat capacity.
Studying a series of temperatures and solute sizes adds more
computational expense. Integral equation methods are not yet
generally available for treating orientation-dependent inter-
actions!#? For this reason, one of the most popular strategies
has been to use models that start with experimentally obtainable
properties, such as the pair correlation function of the sol-
venf115.119.188.13%ather than beginning from an underlying
energy function based on the structure of water.

A recent and elegant descendant of scaled-particle theory is
the information theory approximation developed by the Los
Alamos group following on the work of Pohorille and Praitt
The chemical potential for creating a cavity is given by

()

wherepy is the probability of finding an empty cavity in water
of a given size and shape. The probabifityfor finding a cavity
containingnmolecules is

Aug, = —KTIn p,

8

where thel's are Lagrange multipliers that force the zeroth,
first, and second moments of the number distribution function
to agree with experimental observables such as the mean density
and pair correlation functioh.This model predicts that the
probability of finding a cavity containingh molecules is a
Gaussian function

p, = expl, -+ A,n + A,n°)

Py = [exp(—(n — M(207))/(270%) 9)
wheren is the mean number density of molecules in the solution,
ando is the standard deviation of the observed density, leading
to

_ KTp%?
20

It is found that small density fluctuations in water are well
modeled by such Gaussian distribution functié#sThe model
also successfully reproduces the transfer entropies, isotope
effects, pair hydrophobic interactions, and the salt dependence
of transfer®-141 although not the heat capacii?14t

These models all have some limitations. The Muller model
requires many parameters, including an enthalpy and entropy
for each of the 4 states of hydrogen bonding, and does not

AV/9 + .. (10)

Suppose the solvent molecules have a characteristic radiusgxplain how those properties arise from the structure of water

R;. Most of the free volume will occur in packets having a
characteristic dimensioR smaller than the radius of the solvent
molecules R < R;). Now compare two different solvents. If
solvent molecules are small, its packets of free volume will be

and the solute. The Small-Size model only attempts to explain
the free energies, and not the entropies, enthalpies, or heat
capacities, and it gives no explanation for the physical origin
of compensation. The information theory model predicts proper-
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A B iceberg model, it predicts that the hydrophobic effect in cold

water results from cage-like waters around nonpolar solutes.
Inserting a small nonpolar solute orders cold waters into low-
entropy, low-enthalpy cages. In hot water, the first-shell waters
have higher entropies and enthalpies. This model has motivated

Figure 11. MB model of water. (A) One MB water molecule: a  a Strategy for obtaining hydrogen bond strengths in (real, three-

Lennard-Jones disk with three directional hydrogen bonding arms, and dimensional) water from experimental spectrosé@‘byoand

(B) two MB water molecules that form a hydrogen bond. heat capacity data. It is found from Raman data that the breaking

. . . . of a water-water hydrogen bond in the bulk givess = 480

ties c_)f water from_other properties of water (pair correlation cal moFL, AH = 1.9 kcal mot™, and ASk = 2.4, and it is

function and density), rather tha_n from the structure of water predicted that in the first shell around argahG = 620 cal

and solute. The MB mpdel, descrlbgq below, aims to qlrcumvent mol-L, AH = 2.4 kcal mot?, andASk = 3.022 These results

some of these limitations by providing a microscopic theory,

but it does so at the expense of atomic detail and a simplified

energy function.

provide both a quantitative measure of the degree of water
organization in water cages around nonpolar solutes, and a
E. MB Model. In the MB model, each water molecule is a testable prediction about the microscopic reorganization of water

2-dimensional circular disk that interacts with other molecules by a solute. o
through: (1) a LennardJones 6-12 interaction, and (2) through The MB model has been used to study how hydrophobicity
three hydrogen bonding arms arranged like the Mercedes-Benzdeépends on solute radi&sin cold water, growing the radius
logo, hence the narfie 111.112.143 14¢see Figure 11). This model ~ Of @ small spherical solute (smaller than a water molecule)
has been studied in (N,P,T) Monte Carlo simulations. It predicts increases the free energy by increasing the structure of the cage,
qualitatively the volume anomalies of water and the thermo- lowering the enthalpy and entropy and increasing the heat
dynamic signatures of the hydrophobic effect (see Figures 12 capacity. But inserting krge solute (at least twice the diameter
and 13). This model has been used to seek a structural basi®f water) into either hot or cold water increases the free energy
for the hydrophobic effect and to test some of the model by a different mechanism, namely by breaking hydrogen bonds
assumptions and approximations described above. As in thein the cage, increasing the enthalpy but with little effect on the

MB Model Experiments
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Figure 12. MB model predictions versus experiments for molar volume (V), thermal expansion coeffizgjehe@t capacity (Cp), and isothermal
compressibility £) versus temperature. Experimental data are replotted from D. Eisenberg and W. KauZimar8tructure and Properties of
Water, Oxford University Press: Oxford, 1969. Simulated quantities are in reduced units, relative to the engrgnd length Iys) of a hydrogen
bond in the MB model T* = kgT/ews, V¥ = V/IZ,).
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MB Model Experiments
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Figure 13. MB model predictions for nonpolar solvation, versus experiments on the transfer of gaseous argon into water, taken from A. Ben-
Naim, Solkation Thermodynami¢lenum Press, New York, 1987. The experimental molar volume data was taken from A. H. Harvey, J. M. H.
L. Sengers, and J. C. Tangdr,Phys. Chem1991, 95, 932.

entropy or heat capacity (see Figure 14). The latter mechanism Tests have also been made of the information theory model.
arises because water is geometrically unable to form its maximalMB model tests have shown that the IT model predicts
number of hydrogen bonds to other waters in the vicinity of a qualitatively but not quantitatively the dependence of hydro-
large inert surface, so it wastes hydrogen bonds by pointing phobic heat capacity on temperature, a key signature of the
them at the nonpolar surfaé®:146 This changeover in mech-  hydrophobic effect*? Adding additional moments does not
anism explair® a long-standing puzzle about why it costs only  improve the calculatiof Second, it is now clear that large cavity
about 25 cal mol* A2 to transfer small oil molecules into  fluctuations in water are much more probable (by several orders
water, while it costs about 75 cal m8IA~2 to create planar  of magnitude) than the IT model Gaussian distribution pre-
oil water interfaceg?-2%145147 |n short, small solutes order  (jcts27.158

neighboring waters, leading to an entropy cost, whereas large 1o Gaussian distribution assumption in the IT model applies
solutes break watewater hydrogen bonds’ leading to an to small fluctuations in water, but not to the creation of large
enthalpy cost. .And the latter free energy is 3-fold grea.ter than cavities. There are two cavity costs (see eq 6): a surface term
the former. This model also accounts for why planar oil/water and a volume term. Most of the cost of creating small cavities

Lgtegfzﬁgshaggiéhfggﬂg dmﬁéfniséénl'lgrl:&gfgsﬂﬁr ﬁ:ltjr:g:r?atlhan comes from the volume term. The cost of creating large cavities
yerop y ' P és dominated by the surface ted#:15°

behavior is also seen in other large-curvature systems, such a . ) . . o .
micelles and inclusion systerk& 157 Fluids with a vapot-liquid transition exhibit two mechanisms

of creating cavities; the free energies of both are well described

The MB model has also been used to study the enthalpy by a polynomial equation with a volume term, a surface term,

entropy compensation assumption underlying the Small-Size . . .
modeli?’ For small solutes at room temperature, MB model ©!¢: (S€€ €d 6). Small cavity free energies are dominated by a

studies confirm that free energies are well-modeled by simple large yolume term (where the pressure coeffici_ent is related to
hard disk fluids. But it also shows that the enthakgntropy hard disk pressure), but large cavity fre.e energies have a small
compensation assumption is quite limited. Enthaipgitropy volume term (where the pressure coefficient is related_ to ambient
compensation applies only when nonpolar solutes are small; onlyPressure) and a large surface téfffirhe latter mechanism may
applies approximately with temperature; and only applies to free have important implications for protein folding and the behavior
energies, not to enthalpies, entropies, or heat capacities. Fof large system#:®:169

example, inserting a large nonpolar solute breaks wateter Analysis of the full, angle-dependent multiparticle correlations
hydrogen bonds, whicincreasesthe enthalpy, and involves in the MB model show that the entropy contribution to the
no compensating entropy. Hence, while the energetic and hydrophobic effec¢f'is the sum of two terms of opposite sign:
entropic complexities of water may cancel in the transfer free a pairwise-additive, highly ordering, term of the fogrin g,
energies of small solutes in cold water, water’s complexities and a nondecomposable three- and higher-body term which is
appear to be important in most other circumstances. disordering especially in cold water. The differing temperature
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Figure 14. Dependence of the hydrophobic effect in the MB model on the size of the nonpolar solute. (A) Transfer thermodynamics and experimental
surface tension of water (inset box), (B) angular orientations of first-shell waters, (C) histograms of the numbers of hydrogen bonds among first-
shell waters, and (D) the most probable structure of a water adjacent to a hydrophobic solute for a series of solutes, sized (from left to right) 1.07,
1.5, and 2.0l¢;g) and a plane. As solutes grow in the MB model, transfer thermodynamics change from (A) being entropically unfavorable at low
temperatures to enthalpically unfavorable at low temperatures, which correlates with (B) a disordering of first shell waters, and (C) a decrease in
the number of fully hydrogen bonded shell waters.

dependences of these two terms give rise to the richness of themolecules are separated by a molecule of water. States that are
hydrophobic effect. intermediate between these two, having less than one full water
F. Pairwise Hydrophobic Interactions. The term “hydro- layer between the two solutes, are unfavorable. Computer
phobic effect” refers to inserting a single nonpolar solute into simulations show that the contact between two methanes is
water. “Hydrophobic interaction” refers to the association of favored by entropy and disfavored by enthalpy at room
two nonpolar moieties in water. In the simplest view, two temperaturd®® With increasing temperature, the contact pair
nonpolar solutes are driven to associate in water by the reductionbecomes enthalpically favorable and entropically unfavorable,
in surface area of solute-water cont&&t? This macroscopic ~ whereas the overall free energy changes l#ifelhis thermo-
continuum explanation assumes that the free energy cost ofdynamic signature is readily explained by the surface-area-
creating cavities in water depends only on cavity surface areareduction model, where opening cages is entropically unfavor-
and not otherwise on cavity geometry. This explanation neglectsable and enthalpically favorable, the traditional hydrophobic
detailed water structure, which, at least in some instances, mayeffect.
not be warranted¢3.164 However, this surface-area argument does not explain recent
The pair interaction of two nonpolar solutes in water is simulation results on heat capacities of pairtht16° Surface-
described by gotential of mean forcépmf). Figure 15 shows  area arguments would predict a large decrease in heat capacity
how the pmf depends on solute separation. The two prominentwhen two nonpolar molecules come into contact in water.
minima in this figure indicate two favored states: (1) the Instead, extensive computer simulations find nearly zero change
“contact pair”, where the two nonpolar solutes are in contact, in the heat capacities. The contact pair of nonpolar solutes has
and (2) the “solvent-separated pair”, where the two solute the same heat capacity as the infinite dilution pP&irThe
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the molar volume of the folded state does not change. At the

p same time, increased pressure compresses the unfolded protein
g 1k state, and the volume of unfolding becomes increasingly
= @Q 99 negative. For hydrophobic transfer, the oil phase is more
< gg g@ compressible than water, and the volume of transfer into water
~ becomes positive with increasing pressure.
% /-\ o Pressure also affects protein folding kinetigs8in a way
a © that mimics its effect on hydrophobic interactici§é173174n
§ @2@2@ particular, increasing pressure slows folding, raising the free
] @@ 9@ @aeoe energy barrier, in a manner that would be consistent with
% @gge pressure-induced dissociation of nonpolar contacts.
-1 - L
0 4 8 VI. Conclusions
Radius (A) We have surveyed some aspects of the hydrophobic effect.

Figure 15. Methane-methane potential of mean force. Idealized EXxperiments show that for simple hydrocarbons, the disaffinity
potential of mean force between two methanes as a function of distanceof oil for water is largely entropic at room temperature, and is
in_ angstroms. Left: methanes (in black) at contact, mid(_jle: at the barrier accompanied by a large heat capacity of transfer. Oil/water
O et e o L) Spa 7 2537 pattoning is widely used in combinatin with adivity
Haymet, J. Chem. Phy4993 98, 6445, schemes (BIPSE models) to predict noncoyallent. equilibria in

chemistry and biology. However, there are limitations to other
components of these models and to underlying assumptions of
fadditivity, homogeneity of the medium, dependence on surface
area, and of the nature of polarity, that must ultimately be solved
to increase their predictive power. The underlying molecular
basis for the hydrophobic effect is that opening cavities in any
oil to water at atmospheric pressure, the partial molar volume solvent Is costly, in additi_on to water orientati_on .effects which
decreases. The solute induces first-shell waters to contractcomnbme.'[0 the thermall flngerpnnts..A key point is that qu.els
around it. For example, the partial molar volume of methane that exp!am hydr(_)phoblc free energies are of_ten not sufficient
decreases from 60 to 37.3 mL mélupon transfer from hexane to explain entropies and hea_t capacities, Wh'c.h are hallmarks
to watert’? Sinced In K/dp = —Awv/KT, it follows that applying of hydrophobicity. The physics of hydrophobic interactions
pressure drives nonpolar solutes into the water phase. Space ighanges with temperature and with solute size and shape.
filled more efficiently in water cages containing nonpolar solutes
than in the empty cages in pure water.

implication is that hydrophobic interactions depend on more
complex aspects of water structure than just surface areas o
cages.

G. Pressure Dependence of Hydrophobic Interactions and
Protein Folding. When a nonpolar solute is transferred from

Acknowledgment. We are grateful for support from NIH
s . . Grant No. GM 34993 to K.A.D., a UCSF Graduate Dean
Also, nonpolar liquids are more compressible than is water

. o . Fellowship to N.T.S., and Grant No-H429 to A.D.J.H. from
that contains nonpolar solutes. With increasing pressures, the ; ST X
. the Welch Foundation. We thank Kevin Silverstein for many
partial molar volume of transfer approaches zero and then

. . discussions on hydrophobicity.
becomes positive. At pressures of 2 kbar, applying further yarop y
pressure drives nonpolar solutes out of the water phase.
Pressures also affect the relative stabilities of contact-pairs _ _ '
vs solvent-separated pairs, but this delicate balance is not yetB_olglg)_c'glaf’\‘Afgmbg-ggszrgdeg’p%?g Ef’iﬁ;t fo(;{(m?ggg of Micelles and
. . i i .; Wiley: W , .
fully understood_. One computer S|m_ulat|on study shows that (2) stilinger, F. H.Science198q 209, 451.
low pressures dissociate contact pairs of nonpolar molecules,  (3) Ben-Naim, AHydrophobic InteractionsPlenum Press: New York,
giving a positive volume of dissociation, whereas high pressuresl%&) Dil K. A. Biochemistyl99Q 26, 7133
i (172 i i ill, K. A. Biochemisti A .
have_ little effect : In contrast, the_lnformann theory model (5) Blokzil. W.: Engberts, J. B. F. Nangew. Che., Int. Ed. Engl.
predicts a negative volume of dissociatigh.More recent 1993 32, 1545,

simulations support the IT model prediction, but show also that (6) Oas, T. G.; Toone, E. Adv. Biophys. Chem1997, 6, 1.

References and Notes

the solvent-separated state is also sensitive to pres%ure. (7) Scheraga, H. AJ. Biomolec. Struct. Dynanl998 16(2), 447.
Another series of simulations found that the solvent-separated 5 155323 ng](”g%r (13(')' ‘%’gde’ S.; Paulaitis, M. E.; Pratt, LJRPhys. Chem.
state is the most sensitive to presstifeand recent simulations (9) Tanford, C.Ben Franklin Stilled the Wes: An Informal History
appear to confirm thig’® of Pouring Oil on Water: With Reflections on the Ups and Downs of

Protein folding is also affected by pressure. Proteins often Scientific Life in GeneralDuke University Press: Durham, NC, 1989.
. - ) . (10) Traube, IAnn. Chem. Liebigd891, 265 27.
have a small negative volume of unfolding at atmospheric  (11) [ angmuir, 1.J. Am. Chem. S0d.917, 39, 1848.
pressured’®"178 As pressure increases, the volume of unfolding ~ (12) Simpson, J., Weiner, E., Ed$he Oxford English Dictionary
becomes increasingly negative. Typically, proteins can be Oxford University Press: New York, 1989, 2nd ed.

6-183 (13) Meyer, H.Arch. Exptl. Pathol. Pharmakoll899 42, 110.
unfolded by -2 kbar pressuré/ even though nonpolar (14) Overton, EStudien uber die Narkogéscher, Jena, Germany, 1901.

solu.tes are less soluble in water at these pressures. (15) McBain, J. W.; Salmon, C. S. Am. Chem. S0d.92Q 42, 426.
Differences between the transfer of model solutes and the (16) Gorter, E.; Grendel, R. Exp. Med1925 41, 439.
pressure dependence of protein folding have been used to argue 88 gsl‘lfsﬂ”vBHAgJ-ECnez'%fgl fgﬂpf(t-l)quﬂ%fi 5, 495.
. . . . , H. B. V. . , 1.
that protein unfolding is not the same as transfemng nonpolar (19) Harkins, W. D.: Mattoon, R. W.. Corrin, M. L.; Stearns, R.JS.
molecules into watet8167.172174.176,177.18However, differences  chem. Phys1945 13, 534.
in compressibilities between the oil phase and protein cores (20) Kendrew, J. C.; Bodo, G.; Dintzis, H. M.; Parrish, R. G.; Wyckoff,
appear to be partly responsible for the discrepdiéyiNonpolar H.; Phillips, D. C.Nature 195§ 181, 662.
. - . (21) Palmer, K. JJ. Phys. Cheml944 48, 12.
compounds in hydrocarbon liquids are much more compressible  (33) pebye, PAnn. N Y Acad. Scil949 51, 575.

than a native protein by a factor of 18.As pressures increase, (23) Pauling, L.J. Am. Chem. S0d.94Q 62, 2643.



532 J. Phys. Chem. B, Vol. 106, No. 3, 2002

(24) Hartley, G. SAqueous Solutions of Paraffin-chain Salts; a Study

in Micelle Formation Hermann & cie: Paris, 1936.
(25) Kauzmann, W. IThe Mechanism of Enzyme ActidfcElroy, W.

D., Glass, B., Eds.; The John Hopkins Press: Baltimore, 1954, pp 70

110.

(26) Hildebrand, J. HJ. Phys. Chem1968 72(5), 1841.

(27) Hildebrand, J. HProc. Natl. Acad. Sci. U.S.A979 76(1), 194.

(28) Namethy, G.; Scheraga, H. A.; Kauzmann, WPhys. Chenl968
72(5), 1842.

(29) Tanford, C.Proc. Natl. Acad. Sci. U.S.A979 76(9), 4175.

(30) Dill, K. A. Sciencel99Q 250, 297.

(31) Murphy, K. P.; Privalov, P. L.; Gill, S. Bciencel99Q 247, 559.

(32) Herzfeld, JSciencel991, 253 88.

(33) Valentiner, SZ. Phys.1927 42, 253.

(34) Butler, J. A. V.; Reid, W. SJ. Chem. Soc. Londol936 1171
1173.

(35) Butler, J. A. V.Trans. Faraday Socl937 33, 229.

(36) Lange, E.; Watzel, Rzeits. f. Physik. Chemi&938 A182 1.

(37) Eley, D. D.Trans. Faraday Socl939 35, 1281.

(38) Hildebrand, J. HJ. Am. Chem. S0d.929 51, 66.

(39) Hildebrand, J. H.; Scott, R. [The Solubility of Nonelectrolytes
Reinhold Pub. Corp.: New York, 1924.

(40) Hildebrand, J. H.; Scott, R. LRegular Solution Prentice-Hall:
Englewood Cliffs, NJ, 1962.

(41) Ben-Naim, A.Sokation Thermodynami¢sPlenum Press: New
York, 1987.

(42) Sharp, K. A.; Nicholls, A.; Friedman, R.; Honig, Biochem1991
30, 9686.

(43) Chan, H. S;; Dill, K. AAnnu. Re. Biophys. Biomol. Strucfl997,
26, 425.

(44) Lee, B.Proc. Natl. Acad. Sci. U.S.A991 88, 5154.

(45) Schellman, J. ABiophys. J.1997, 73(6), 2960.

(46) Baldwin, R. L.Proc. Natl. Acad. Sci. U.S.A.986 83, 8069.

(47) Kauzmann, WAdv. Prot. Chem1959 14, 1.

(48) Kauzmann, WNature 1987, 325 763.

(49) Sturtevant, J. MProc. Natl. Acad. Sci. U.S.A977, 74, 2236 .

(50) Privalov, P. L Adv. Prot. Chem.1979 33, 228.

(51) Yang, A.; Sharp, K. A.; Honig, BJ. Mol. Biol. 1992 227, 889.

(52) Cohn, E. J., Edsall, J. T., Ed®roteins, Amino Acids and Peptides

as Dipolar lonsReinhold: New York, 1943.

(53) Tanford, CJ. Am. Chem. S0d.962 84, 4240.

(54) Namethy, G.Angew. Chem., Int. EA.967, 6(3), 195.

(55) Flory, P. J.Principles of Polymer ChemistryCornell University
Press: Ithaca, NY, 1953.

(56) Hansch, CAcc. Chem. Red.969 2, 232.

(57) Brem, R.; Chan, H. S.; Dill, K. Al. Phys. Chem. BO0Q 104(31),
7471.

(58) Goodford, P. JJ. Med. Chem1985 29, 849.

(59) DeVido, D. R.; Dorsey, J. G.; Chan, H. S.; Dill, K. A. Phys.
Chem. B199§ 102(37), 7272.

(60) Eisenberg, D.; McLachlan, A. Nature 1986 319 199.

(61) Oai, T.; Oobatake, M.; Neethy, G.; Scheraga, H. Rroc. Natl.
Acad. Sci. U.S.A1987, 84, 3086 .

(62) still, W. C.; Tempczyk, A.; Hawley, R. C.; Hendrickson,JT Am.
Chem. Soc199Q 112 6127.

(63) Cramer, C. J.; Truhlar, D. Geciencel992 256, 213.

(64) Honig, B.; Sharp, K.; Yang, A.-S. Phys. Chenil993 97(6), 1101.

(65) Schmidt, A. B.; Fine, R. MBiopolymers1995 36, 599.

(66) Jayaram, B.; Liu, Y.; Beveridge, D. . Chem. Phys1998 1094),
1465.

(67) Wagner, F.; Simonson, 7. Comput. Cheml999 20(3), 322.

(68) Lazaridis, T.; Karplus, MProt. Struct. Func. Gene1999 35, 133.

(69) Dill, K. A. J. Biol. Chem.1999 272(2), 701.

(70) Lewkowitsch, JChemical Technology and Analysis of Oils Fats

and WaxesMacmillan: London, 1921; Vol. 1.

(71) Fischer, M. H.; McLaughlin, G. D.; Hooker, M. Coaps and
Proteins. Their Colloid Chemistry in Theory and Practidehn Wiley &
Sons: New York, 1921.

(72) Chan, H. S; Dill, K. AAnnu. Re. Biophys. Chenil991 20, 447.

(73) Lindenberg, M. AC. R. Acad. Sci., Pari4956 243 2057.

(74) McAuliffe, C. Nature1963 200(4911), 1092.

(75) McAuliffe, C. J. Phys. Chem1966 70(4), 1267.

(76) Hermann, R. BJ. Phys. Cheml1972 76(19), 2754.

(77) Reynolds, J. A.; Gilbert, D. B.; Tanford, @roc. Natl. Acad. Sci.
U.S.A.1974 71(8), 2925.

(78) Hermann, R. BProc. Natl. Acad. Sci. U.S.A977, 74(10), 4144.

(79) Simonson, T.; Brunger, A. T. Phys. Chem1994 98, 4683.

(80) Matubayasi, N.; Gallicchio, E.; Levy, R. M. Chem. Physl998
109, 4864.

(81) Ashbaugh, H. S.; Kaler, E. W.; Paulaitis, M..EAm. Chem. Soc.
1999 121(39), 9243.

(82) Ashbaugh, H. S.; Garde, S.; Hummer, G.; Kaler, E. W.; Paulaitis,

M. E. Biophys. J.1999 77, 645.

Southall et al.

(83) Gallicchio, E.; Kubo, M. M.; Levy, R. MJ. Phys. Chem. B00Q
104(26), 6271.

(84) Lazaridis, T.; Karplus, MCurr. Op. Struct. Bio200Q 10(2), 139.

(85) Southall, N. T.; Dill, K. A.J. Phys. Chem. B00Q 104(6), 1326.

(86) Lee, B.Prot. Sci.1993 2, 733.

(87) Fauchee, J. L.; Pliska, VEur. J. Med. Chem1983 18(4), 369.

(88) Radzicka, A.; Wolfenden, RBBiochem.1988 27(5), 1664.

(89) Karplus, P. AProt. Sci.1997 6(6), 1302.

(90) DeVido, D. R.Biopartitioning Studies Utilizing High-Density
Reversed-Phase Liquid Chromatographic Stationary PhaBésD. Thesis,
Florida State University 1997.

(91) Smith, R. N.; Hansch, C.; Ames, M. M. Pharm. Scil975 64(4),
599.

(92) Frank, H. S.; Evans, M. WI. Chem. Phys1945 13(11), 507.

(93) Davy, H.Philos. Trans. R. Sod.811, 101, 155.

(94) Faraday, MQuart. J. Sci.1823 15, 71.

(95) de Forcrand, RComptes Renduk923 176, 355.

(96) Fowler; Loebenstein; Pall; KradsAm. Chem. So&94Q 62, 1140.

(97) von Stackelberg, M.; Gotzen, O.; Pietuchovsky, J.; Witscher, O.;

Fruhbuss, H.; Meinhold, WEortschr. Mineral.1947, 26, 122.

(98) McMullan, R.; Jeffery, G. AJ. Chem. Phys1959 31(5), 1231.

(99) Buswell, A. M.; Rodebush, W. F5ci. Am.1959 194(4), 76.

(100) Bulone, D.; Spinnato, C.; Madonia, F.; Palma, M.JJChem.
Phys.1989 91(1), 408.

(101) Sorensen, CPhysical Chemistry of Aqueous Systemsgell
House: New York, 1995, p 308.

(102) Bowron, D. T.; Filipponi, A.; Roberts, M. A.; Finney, J. Bhys.
Rev. Lett. 1998 81(19), 4164.

(103) Klotz, I. M. Sciencel958 128 815.

(104) Teeter, M. MProc. Natl. Acad. Sci. U.S.A984 81, 6014.

(105) Lipscomb, L. A.; Zhou, F. X.; Williams, L. DBiopolymersl996
38(2), 177.

(106) Muller, N.Acc. Chem. Red.99Q 23, 23.

(107) Gill, S. J.; Dec, S. F.; Olofsson, G.; Wadso,Jl.Phys. Chem.
1985 89, 3758.

(108) Lee, B.; Graziano, Gl. Am. Chem. S0d.996 118 5163.

(109) Hare, D. E.; Sorensen, C. Nl. Chem. Phys199Q 93, 25.

(110) Hare, D. E.; Sorensen, C. Nl. Chem. Phys199Q 93, 6954.

(111) Silverstein, K. A. T.; Haymet, A. D. J.; Dill, K. Al. Chem. Phys.
1999 111(17), 8000.

(112) Silverstein, K. A. T.; Haymet, A. D. J.; Dill, K. Al. Am. Chem.
Soc.2000 122(33), 8037.

(113) Haymet, A. D. J.; Silverstein, K. A. T.; Dill, K. AFaraday
Discuss.1996 103 117.

(114) Haymet, A. D. J.; Silverstein, K. A. T.; Dill, K. A. Iimternational
Symposium on Molecular Thermodynamics and Molecular Simujatiosei
University: Tokyo, Japan, 1997, pp 14352.

(115) Madan, B.; Sharp, Kl. Phys. Chem1996 100, 7713.

(116) Sharp, K. A.; Madan, Bl. Phys. Chem. B997, 101, 4343.

(117) Lucas, MJ. Phys. Cheml976 80(4), 359.

(118) Lee, B.Biopolymers1985 24, 813.

(119) Lee, B.Biopolymers1991 31(8), 993.

(120) Lee, S.-H.; Rossky, P. J. Chem. Phys1994 100(4), 3334.

(121) Pohorille, A.; Pratt, L. RJ. Am. Chem. Sod.99Q 112, 5066.

(122) Pratt, L. R.; Pohorille, AProc. Natl. Acad. Sci. U.S.A992 89,
2995.

(123) Woolfson, D. N.; Cooper, A.; Harding, M. M.; Williams, D. H.;
Evans, P. AJ. Mol. Biol. 1993 229, 502.

(124) Durell, S. R.; Wallgvist, ABiophys. J.1996 71 (4), 1695.

(125) Rank, J. A.; Baker, DBiophys. Chem1998 71, 199.

(126) Lazaridis, TJ. Phys. Chem. B00Q 104(20), 4964.

(127) Southall, N. T.; Dill, K. A., in prep2001

(128) Ramadan, M. S.; Evans, D. F.; Lumry, R.Phys. Chem1983
87, 4538.

(129) Reiss, H.; Frisch, H. L.; Lebowitz, J. . Chem. Physl959 31,
369.

(130) Reiss, H.; Frisch, H. L.; Helfand, E.; LebowitzJJChem. Phys.
196Q 32, 119.

(131) Pierotti, R. AJ. Phys. Chem1965 69(1), 281.

(132) stillinger, F. HJ. Sol. Chem1973 2(2), 141.

(133) Postma, J. P. M.; Berendsen, H. J. C.; Haak, Faraday Symp.
Chem. Soc1982 17, 55.

(134) Madan, B.; Lee, BBiophys. Chem1994 51, 279.

(135) Beutler, T. C.; Bguelin, D. R.; van Gunsteren, W. B. Chem.
Phys.1995 1029), 3787.

(136) Hummer, G.; Garde, S.; GaacA. E.; Pohorille, A.; Pratt, L. R.
Proc. Natl. Acad. Sci. U.S.A996 93, 8951.

(137) Floris, F. M.; Selmi, M.; Tani, A.; Tomasi, J. Chem. Physl997,
107(16), 6353.

(138) Pratt, L. R.; Chandler, Dl. Chem. Physl977 67, 3683.

(139) Lum, K.; Chandler, D.; Weeks, J. D. Phys. Chem. B999
10322), 4570.



Feature Article

(140) Duh, D.-M.; Perera, D. N.; Haymet, A. D.J1.Chem. Physl995
102(9), 3736.

(141) Hummer, G.; Garde, S.; GaaclA. E.; Pratt, L. RChem. Phys.
200Q 258, 349.

(142) Arthur, J. W.; Haymet, A. D. Jl. Chem. Phys1999 11((12),
5873.

(143) Ben-Naim, AJ. Chem. Physl971 54(9), 3682.

(144) Silverstein, K. A. T.; Haymet, A. D. J.; Dill, K. Al. Am. Chem.
Soc.1998 120, 3166.

(145) Lee, C.Y.; McCammon, J. A.; Rossky, PJJChem. Physl984
80(9), 4448.

(146) Cheng, Y.-K.; Rossky, P. Blature 1998 392, 696.

(147) Sharp, K. A;; Nicholls, A.; Fine, R. F.; Honig, Bciencel991,
252, 106.

(148) Adams, D. JMol. Phys.1975 29(1), 307.

(149) Luzar, A.; Svetina, S.;eks B. Chem. Phys. Letfl983 96, 485.

(150) Besseling, N. A. M.; Lyklema, J. Phys. Chem. B997, 101(38),
7604.

(151) Du, Q.; Freysz, E.; Shen, Y. Bciencel994 264, 826.

(152) Aniansson, E. A. G.; Wall, S. N.; Algren, M.; Hoffmann, H.;
Kielmann, I.; Ulbricht, W.; Zana, R.; Lang, J.; Tondre, £.Phys. Chem.
1976 80(9), 905.

(153) Mazer, N. A.; Carey, M. C.; Kwasnick, R. F.; Benedek, G. B.
Biochem.1979 18(14), 3064.

(154) Missel, P. J.; Mazer, N. A.; Benedek, G. B.; Young, CJYPhys.
Chem.198Q 84(9), 1044.

(155) Ferguson, S. B.; Seward, E. M.; Diederich, F.; Sanford, E. M.;
Chou, A.; Inocencioszweda, P.; Knobler, C.BOrg. Chem1988 53(23),
5593.

(156) Smithrud, D. B.; Diederich, K. Am. Chem. So0d.99Q 112(1),
339.

(157) Smithrud, D. B.; Wyman, T. B.; Diederich, F.Am. Chem. Soc.
1991, 11314), 5420.

(158) Huang, D. M.; Chandler, ORhys. Re. E 2000 61(2), 1501.

(159) Huang, D. M.; Geissler, P. L.; Chandler, . Phys. Chem. B
2001, 10528), 6704.

(160) Huang, D. M.; Chandler, ORroc. Natl. Acad. Sci. U.S.£2000
97(15), 8324.

(161) Silverstein, K. A. T.; Dill, K. A.; Haymet, A. D. 1. Chem. Phys.
2001 114(14), 6303.

J. Phys. Chem. B, Vol. 106, No. 3, 200233

(162) Jackson, R. M.; Sternberg, M. J. [ature 1993 366, 638.

(163) Wood, R. H.; Thompson, P. Proc. Natl. Acad. Sci. U.S.A990
87, 946.

(164) Young, W. S.; Brooks, C. LJ. Chem. Physl997 106(22), 9265.

(165) Smith, D. E.; Haymet, A. D. J. Chem. Physl993 98(8), 6445.

(166) Ludemann, S.; Abseher, R.; Schreiber, H.; Steinhauser, Am.
Chem. Soc1997 11918), 4206.

(167) Rick, S. W.J. Phys. Chem. B00Q 104(29), 6884.

(168) Shimizu, S.; Chan, H. S. Chem. Phys200Q 11311), 4683.

(169) Shimizu, S.; Chan, H. S. Am. Chem. So@001, 1239), 2083.

(170) Masterson, W. LJ. Chem. Phys1954 22(11), 1830.

(171) sawamura, S.; Kitamura, K.; Taniguchi, X Phys. Cheni989
93(12), 4931.

(172) Payne, V. A.; Matubayasi, N.; Murphy, L. R.; Levy, R. NL
Phys. Chem. B997, 101, 2054.

(173) Hummer, G.; Garde, S.; GaaciA. E.; Paulaitis, M. E.; Pratt, L.
R. Proc. Natl. Acad. Sci. U.S.A.998 95, 1552.

(174) Ghosh, T.; Garfay A. E.; Garde, SJ. Am. Chem. Socsubmitted
2001.

(175) Rick, S. W.J. Phys. Chem. Bn press 2001.

(176) Brandts, J. F.; Oliveira, R. J.; Westort, Blochem.197Q 9(4),
1038.

(177) Zipp, A.; Kauzmann, WBiochem.1973 12(21), 4217.

(178) Desai, G.; Panick, G.; Zein, M.; Winter, R.; Royer, C.JAMol.
Biol. 1999 288 461.

(179) Bridgman, P. WJ. Biol. Chem1914 19, 511.

(180) Royer, C. A.; Hinck, A. P.; Loh, S. N.; Prehoda, K. E.; Peng, X.
D.; Jonas, J.; Markley, J. IBiochem.1993 32(19), 5222.

(181) Jonas, JAnnu. Re. Biophys. Biophys. Cheri994 23, 287.

(182) Vidugiras, G. J. A,; Markley, J. L.; Royer, C. Biochem.1995
34(15), 4909.

(183) Panick, G.; Malessa, R.; Winter, R.; Rapp, G.; Frye, K. J.; Royer,
C. A.J. Mol. Biol. 1998 275, 389.

(184) Harpaz, Y.; Gerstein, M.; Chothia, Structure1994 2(7), 641.

(185) Kundrot, C. E.; Richards, F. M. Mol. Biol. 1987 193 157.

(186) Sun, M. M. C.; Tolliday, N.; Vetriani, C.; Robb, F. T.; Clark, D.
S. Prot. Sci.1999 8, 1056.



