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Weak Interactions in Protein Folding:
Hydrophobic Free Energy, van der Waals
Interactions, Peptide Hydrogen Bonds,
and Peptide Solvation

Robert L. Baldwin

6.1
Introduction

Hydrophobic free energy has been widely accepted as a major force driving protein
folding [1, 2], although a dispute over its proper definition earlier made this issue
controversial. When a hydrocarbon solute is transferred from water to a nonaqu-
eous solvent, or a nonpolar side chain of a protein is buried in its hydrophobic
core through folding, the transfer free energy is referred to as hydrophobic free en-
ergy. The earlier dispute concerns whether the transfer free energy can be legiti-
mately separated into two parts and the free energy of hydrophobic hydration
treated separately from the overall free energy change [3-5]. If the hydrophobic
free energy is defined as the entire transfer free energy [5], then there is general
agreement that transfer of the nonpolar solute (or side chain) out of water and
into a nonaqueous environment drives folding in a major way. A related concern
has come forward, however, and scientists increasingly question whether the ener-
getics of forming the hydrophobic core of a protein should be attributed chiefly to
packing interactions (van der Waals interactions, or dispersion forces) rather than
to burial of nonpolar surface area. This question is closely related to the issue of
whether the hydrophobic free energy in protein folding should be modeled by
liquid-liquid transfer experiments or by gas-liquid transfer experiments.

The energetic role of peptide hydrogen bonds (H-bonds) was studied as long ago
as 1955 [6] but the subject has made slow progress since then, chiefly because of
difficulty in determining how water interacts with the peptide group both in the
unfolded and folded forms of a protein. Peptide H-bonds are likely to make a sig-
nificant contribution to the energetics of folding because there are so many of
them: about two-thirds of the residues in folded proteins make peptide H-bonds
[7]. Peptide backbone solvation can be predicted from electrostatic algorithms but
experimental measurements of peptide solvation are limited to amides as models
for the peptide group.

This chapter gives a brief historical introduction to the “weak interactions in pro-
tein folding” and then discusses current issues. It is not a comprehensive review
and only selected references are given. The term “weak interaction” is somewhat
misleading because these interactions are chiefly responsible for the folded struc-
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6 Weak Interactions in Protein Folding

tures of proteins. The problem of evaluating them quantitatively lies at the heart of
the structure prediction problem. Although there are methods such as homology
modeling for predicting protein structures that bypass evaluation of the weak inter-
actions, de novo methods of structure prediction generally rely entirely on evaluat-
ing them. Thus, the problem of analyzing the weak interactions will continue to be
a central focus of protein folding research until it is fully solved.

6.2
Hydrophobic Free Energy, Burial of Nonpolar Surface and van der Waals Interactions

6.2.1
History

The prediction in 1959 by Walter Kauzmann [1] that hydrophobic free energy
would prove to be a main factor in protein folding was both a major advance and
a remarkable prophecy. No protein structure had been determined in 1959 and
the role of hydrophobic free energy in structure formation could not be deduced
by examining protein structures. The first protein structure, that of sperm whale
myoglobin, was solved at 2 A resolution only in 1960 [8]. On the other hand, the
predicted structure of the a-helix [9] given by Pauling and coworkers in 1951,
which was widely accepted, suggested that peptide H-bonds would prove to be the
central interaction governing protein folding. Peptide H-bonds satisfied the intu-
itive belief of protein scientists that the interactions governing protein folding
should be bonds with defined bond lengths and angles. This is not a property of
hydrophobic free energy.

Kauzmann [1] used the ambitious term “hydrophobic bonds,” probably aiming
to coax protein scientists into crediting their importance, while Tanford [10] intro-
duced the cautious term “the hydrophobic effect.” “Hydrophobic interaction” has
often been used because a factor that drives the folding process should be an inter-
action. However, hydrophobic interaction is also used with a different meaning
than removal of nonpolar surface from contact with water, namely the direct inter-
action of nonpolar side chains with each other. The latter topic is discussed under
the heading “van der Waals interactions.” The term ‘“hydrophobic free energy” is
used here to signify that nonpolar groups help to drive the folding process. Tanford
[10] points out that a hydrophobic molecule has both poor solubility in water and
good solubility in nonpolar solvents. Thus, mercury is not hydrophobic because it
is insoluble in both solvents. Early work leading to the modern view of hydropho-
bic free energy is summarized by Tanford [11] and a recent discussion by Southall
et al. [12] provides a valuable perspective.

6.2.2
Liquid-Liquid Transfer Model

Kauzmann [1] proposed the liquid-liquid transfer model for quantitating hydro-
phobic free energy. His proposal was straightforward. Hydrophobic molecules
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prefer to be in a nonpolar environment rather than an aqueous one and the free
energy difference corresponding to this preference should be measurable by parti-
tioning hydrocarbons between water and a nonaqueous solvent. Nozaki and Tan-
ford [13] undertook a major program of using the liquid-liquid transfer model to
measure the contributions of nonpolar and partially nonpolar side chains to the
energetics of folding. They measured the solubilities of amino acids with free -
COO™ and «-NH3" groups, while Fauchére and Pliska [14] later studied amino
acids with blocked end groups, because ionized end groups interfere with the
validity of assuming additive free energies of various groups. They measured parti-
tioning of solutes between water and n-octanol (saturated with water), which is less
polar than the two semi-polar solvents, ethanol and dioxane, used by Nozaki and
Tanford [13]. Wimley et al. [15] used a pentapeptide host to redetermine the parti-
tion coefficients of the amino acid side chains between water and water-saturated
n-octanol and they obtained significantly different results from those of Fauchére
and Pliska. They emphasize the effect of neighboring side chains (“occlusion”) in
reducing the exposure of a given side chain to water. Radzicka and Wolfenden [16]
studied a completely nonpolar solvent, cyclohexane, and observed that the transfer
free energies of hydrocarbons are quite different when cyclohexane is the non-
aqueous solvent as compared to n-octanol.

In Figure 6.1 the transfer free energies of model compounds for nonpolar amino
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Fig. 6.1. Transfer free energies from cyclo- shown on the plot. Note that the transfer free
hexane to water compared with ones from energies between cyclohexane and n-octanol

cyclohexane to water-saturated n-octanol (data are more than half as large as those from
from Ref. [16]). The model solutes undergoing  cyclohexane to water.
transfer represent the amino acid side chains
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acid side chains are compared using either cyclohexane or n-octanol as the nonaqu-
eous solvent [16]. If different nonaqueous solvents may be used equally well to
model the hydrophobic core of a protein, then the transfer free energies of hydro-
carbons from cyclohexane to n-octanol should be small compared with the transfer
free energies from cyclohexane to water. Figure 6.1 shows this is not the case: the
transfer free energies measured between cyclohexane and n-octanol are more than
half as large as the ones between cyclohexane and water. Thus, these results pose
the first serious question about the use of the liquid-liquid transfer model: which
nonaqueous solvent should be used to model the hydrophobic core and how valid
are the results if no single solvent is a reliable model?

6.2.3
Relation between Hydrophobic Free Energy and Molecular Surface Area

A second important step in quantifying hydrophobic free energy was taken when
several authors independently observed that the transfer free energy of a nonpolar
solute is nearly proportional to the solute’s surface area for a homologous series of
solutes [17-19]. This observation agrees with the intuitive notion that the transfer
free energy of a solute between two immiscible solvents should be proportional to
the number of contacts made between solute and solvent (however, see Section
6.2.6). Lee and Richards [20] in 1971 developed an automated algorithm for mea-
suring the water-accessible surface area (ASA) of a solute by rolling a spherical
probe, with a radius equivalent to that of a water molecule (1.4 A) (10A = 1 nm),
over its surface. Their work showed how to make use of the surface area of a solute
to analyze its hydrophobicity. Proportionality between transfer free energy and
ASA does not apply to model compounds containing polar side chains because po-
lar groups interact strongly and specifically with water.

A plot of transfer free energy versus ASA is shown in Figure 6.2 for linear
alkanes. The slope of the line for linear (including branched) hydrocarbons is 31
cal mol~' A=2 (1.30 ] mol~! nm~?) when partition coefficients on the mole fraction
scale [21] are used. Earlier data for the solubilities of liquid hydrocarbons in water
are used to provide the transfer free energies. In Figure 6.2 the transfer free energy
is nearly proportional to the ASA of the solute. The line does not pass through
(0,0), but deviation from strict proportionality is not surprising for small solutes
[22].

Hermann [22] points out that linear hydrocarbons exist in a broad range of con-
figurations in solution and each configuration has a different accessible surface
area. He also points out [17] that the transfer free energy arises from a modest dif-
ference between the unfavorable work of making a cavity in a liquid and the favor-
able van der Waals interaction between solute and solvent. Consequently, a moder-
ate change in the van der Waals interaction can cause a large change in the transfer
free energy. Tanford [10] analyzes the plot of transfer free energy versus the num-
ber of carbon atoms for hydrocarbons of various types, and discusses data for the
different slopes of these plots.
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Fig. 6.2. Transfer free energies of linear molarity scale and are corrected for the ratio of
alkanes (from 1 to 10 carbon atoms) from molecular volumes, solute/solvent, according
liquid alkane to water, measured from to Sharp et al. [21]. The data here and in Figure
hydrocarbon solubility in water. They are 6.3 are given in kcal mol~' to conform with the
plotted against water-accessible surface area literature on this subject. Note that the plots
(ASA in A?). Data are from Ref. [21]. The do not pass through 0,0 and note the larger
uncorrected transfer free energies (filled slope (47 cal mol~" A=2) of the corrected plot
circles) refer to the mole fraction scale while versus the uncorrected plot (31 cal mol~' A~2).

the corrected values (open circles) refer to the

6.2.4
Quasi-experimental Estimates of the Work of Making a Cavity in Water or
in Liquid Alkane

In modern solution chemistry, the solvation free energy of a solute is defined as its
transfer free energy from the gas phase into the solvent, when the appropriate
standard state concentration (1 M) is used in each phase, as specified by Ben-
Naim and Marcus [23]. Gas-liquid transfer free energies are used to analyze the
nature of liquid-liquid transfer free energies. The reason for adopting the 1 M
standard state concentration in both the gas and liquid phases is to ensure that
the density of the solute is the same in both phases at the standard state concentra-
tion. Then the transfer free energy gives the free energy change for transferring
the solute from a fixed position in the gas phase to a fixed position in the liquid
phase [23]. The solute in the gas phase can be treated as an ideal gas [24, 25]
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and the nonideal behavior of real gases at 1 M concentration can be omitted from
consideration.

Modern theories of solvation indicate that the gas—liquid transfer process can be
formally divided into two steps of an insertion model of solvation: see discussion
by Lee [24, 25] and basic theory by Widom [26]. In step 1 thermal fluctuations cre-
ate a cavity in the liquid with a size and shape appropriate for containing the sol-
ute. The structure of the liquid undergoes reorganization to make the cavity [24].
In step 2 the solute is inserted into the cavity, van der Waals interactions occur
between the solute and the solvent, and the solvent structure undergoes further re-
organization at the surface of the cavity. Lee [24] determines quasi-experimental
values for the entropy and enthalpy changes in the two steps of the insertion
model: (1) making a cavity in the liquid, and (2) inserting the solute into the cavity.
Experimental transfer data are used for each of five alkanes undergoing transfer
from the gas phase to the liquid phase, either to water or to neat liquid alkane.
The transfer thermodynamics then are combined with literature estimates for the
van der Waals interaction energies, obtained by Jorgensen and coworkers [27] from
Monte-Carlo simulations. The results give quasi-experimental estimates of the en-
thalpy and entropy changes in each step of the insertion model. Table 6.1 gives
these values for the free energy cost of making a cavity to contain the alkane solute
both in water and in liquid alkane. The 1977 theory of hydrophobic solvation by
Pratt and Chandler [28] divides the process of solvation into the two steps of cavity
formation and solute insertion, and the authors consider the rules for separating
the solvation process into these two steps. The two steps of dissolving an alkane
in water have also been simulated by molecular dynamics and the results analyzed
by the free energy perturbation method [29].

The following conclusions can be drawn from Lee’s data [24, 25]. (1) The work
of making a cavity in water is much larger than in liquid alkane and this difference

Tab. 6.1. Quasi-experimental estimates of the free energy of cavity formation and simulation-
based results for van der Waals interaction energies between solvent and solute®.

Hydrocarbon AG, (water) AG, (alkane) E,(water) E,(alkane)
Methane 20.4 9.6 -12.1 —14.7
Ethane 27.7 18.1 —20.1 —26.8
Propane 35.8 23.7 —27.6 —34.4
Isobutane 42.4 24.4 —32.7 -35.1
Neopentane 46.5 27.6 -36.0 -39.6

aValues in k] mol~!. AG, is the free energy cost of making a cavity in
the solvent to contain the hydrocarbon solute, from a study by Lee [24].
E, is the van der Waals interaction energy between solute and solvent;
values from Lee [24], based on parameters from a Monte-Carlo
simulation study by Jorgensen and coworkers [27]. For water as
solvent, conditions are 25 °C, 1 atm; for neat hydrocarbon as solvent,
either the temperature or pressure is chosen that will liquefy the
hydrocarbon.
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is the major factor determining the size of the hydrophobic free energy in liquid—
liquid transfer. For example, it costs 46.5 k] mol~! to make a cavity for neopentane
in water but only 27.6 k] mol~! in liquid neopentane. To understand hydrophobic
free energy, it is necessary first of all to understand the free energies of cavity for-
mation in water and in nonpolar liquids. The work of making a cavity in water is
large because it depends on the ratio of cavity size to solvent size [30, 31] and water
is a small molecule (see Section 6.2.7). It is more difficult to make a cavity of given
size by thermal fluctuations if the solvent molecule is small. (2) The work of mak-
ing a cavity in a liquid is chiefly entropic [24], while the van der Waals interactions
between solute and solvent are enthalpic. (3) The van der Waals interaction energy
between an alkane solute and water is nearly the same as between the alkane sol-
ute and liquid alkane (see Table 6.1). For example, the interaction energies between
neopentane and water versus neopentane and liquid neopentane are —36.0
k] mol~! and —39.6 k] mol~! [24]. Earlier, Tanford [32] used interfacial tensions
to show that the attractive force between water and hydrocarbon is approximately
equal, per unit area, to that between hydrocarbon and hydrocarbon. Scaled particle
theory predicts well the work of making a cavity either in water or in liquid alkane
[24], but it predicts only semi-quantitatively the enthalpy of solvent reorganization
for these cavities.

6.2.5
Molecular Dynamics Simulations of the Work of Making Cavities in Water

In 1977 a physico-chemical theory of hydrophobic free energy by Pratt and Chan-
dler [28] already gave good agreement between predicted and observed transfer
free energies of linear alkanes, both for gas—liquid and liquid-liquid transfer. Mo-
lecular dynamics simulations can be used to obtain the free energy cost of cavity
formation in liquids and the results are of much interest because they basically de-
pend only on the specific water model used for the simulations. It should be kept
in mind that the physical properties of water used as constraints when construct-
ing water models do not normally include surface tension, and consequently good
agreement between the predicted and known surface tension of water is not neces-
sarily to be expected. (For macroscopic cavities, the work of making a cavity equals
surface tension times the surface area of the cavity.) In 1982 Berendsen and co-
workers [33] determined the free energy of cavity formation in water for cavities of
varying size and compared the results to values predicted by scaled particle theory,
with reasonable agreement. Remarkably, the comparison with scaled particle
theory also gave a value for the surface tension of water close to the known value.
Because of the importance of the problem, simulations of cavity formation in water
by molecular dynamics continued in other laboratories (see references in [34]). An
important result is the development by Hummer and coworkers [34] of an easily
used information-theory model to represent the results for water in the cavity size
range of interest. Some applications of the information theory model are men-
tioned below.
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6.2.6
Dependence of Transfer Free Energy on the Volume of the Solute

Evidence is discussed in Section 6.2.3 that the transfer free energy is correlated
with the surface area (ASA) of the solute. Because it is straightforward to compute
ASA [20] from the structure of a peptide or protein, this correlation provides a very
useful means of computing the change in hydrophobic free energy that accom-
panies a particular change in conformation. In recent years, evidence has grown,
however, that the transfer free energy of a nonpolar solute depends on its size and
shape for reasons that are independent of hydrophobic free energy. In 1990
DeYoung and Dill [35] brought the problem forcibly to the attention of protein
chemists by demonstrating that the transfer free energy of benzene from liquid hy-
drocarbon to water depends on the size and shape of the liquid hydrocarbon mole-
cules. Section 6.2.2 reviews evidence that liquid-liquid transfer free energies de-
pend on the polarity (and perhaps on water content) of the nonaqueous solvent.
But in the study by DeYoung and Dill [35] the size and shape of the nonaqueous
solvent molecules affect the apparent hydrophobic free energy. A large literature
has developed on this subject and recently Chan and Dill [36] have provided a com-
prehensive review.

Chandler [37] briefly discusses the reason why solvation free energy in water de-
pends on the volume of a sufficiently small nonpolar solute. This dependence can
be found in both the information-theory model [34] and the Lum-Chandler-Weeks
theory [38] of hydrophobic solvation. Effects of the size and shape of the solute are
taken into account in the Pratt and Chandler theory [28].

Stimulated by the results of DeYoung and Dill [35], Sharp and coworkers [21]
used a thermodynamic cycle and an ideal gas model to relate the ratio of sizes, sol-
ute to solvent, to the transfer free energy for gas-liquid transfer. They conclude
that the transfer free energy depends on the ratio of solute/solvent molecular vol-
umes. Their paper has generated much discussion and controversy. In 1994 Lee
[39] gave a more general derivation for the transfer free energy, based on statistical
mechanics, and considered possible assumptions that will yield the result of Sharp
et al. [21].

The Lum-Chandler-Weeks theory of hydrophobic solvation [38] predicts a cross-
over occurring between the solvation properties of macroscopic and microscopic
cavities when the cavity radius is 10A. Huang and Chandler [40] point out that
the ratio of the work of making a cavity in water to its surface area reaches a pla-
teau value for radii above 10 A, and this value agrees with the known surface ten-
sion of water at various temperatures. On the other hand, the hydrophobic free
energy found from hydrocarbon transfer experiments increases slightly with tem-
perature (see Section 6.2.9), implying that the work of making a sufficiently small
cavity in water increases with temperature. Chandler [37] explains that these
two different outcomes, which depend on solute size, arise naturally from the H-
bonding properties of water, because the sheath of water molecules that surrounds
a nonpolar solute remains fully H-bonded when the solute is sufficiently small but
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not when the solute radius exceeds a critical value. Southall and Dill [41] find that
a highly simplified model of the water molecule (the “Mercedes-Benz” model),
which reproduces several remarkable properties of water, also predicts such a tran-
sition from microscopic to macroscopic solvation behavior.

The question of interest to protein chemists is: should a transfer free energy be
corrected for the ratio of solute/solvent volumes or not? Figures 6.2 and 6.3 com-
pare the uncorrected with the volume-corrected plots of transfer free energy versus
ASA, for both liquid-liquid transfer (Figure 6.2) and gas-liquid transfer (Figure
6.3). Both correlations show good linearity. However, the hydrophobic free energy
corresponding to a given ASA value is substantially larger if the volume-corrected
transfer free energy is used (see Ref. [21]). Whether the volume correction should
be made remains controversial. Scaled particle theory emphasizes the role of sur-
face area in determining the free energy of cavity formation while the information-
theory model [34] and the Lum-Chandler-Weeks theory [38] both emphasize the
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Fig. 6.3. Transfer free energy from the gas while the corrected values (filled squares) refer
phase to liquid water for linear alkanes (from 1 to the molarity scale and are volume-corrected
to 10 carbon atoms) plotted against water- according to Ref. [21]. The slopes of the lines

accessible surface area (in A?). Data are from  are 5.5 cal mol~™' A=2 (uncorrected) and 24
Ref. [21]. The uncorrected transfer free energies cal mol~' A~2 (corrected).
(filled circles) refer to the mole fraction scale
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role of molecular volume. The molecular dynamics simulations of Berendsen and
coworkers [33] were interpreted by scaled-particle theory while those of Hummer
and coworkers were interpreted by the information-theory model [34], which has
much in common with the Lum-Chandler-Weeks theory. Pohorille and Pratt [42]
give a detailed discussion of how the scaled particle interpretation [33] may be rec-
onciled with their own analysis.

6.2.7
Molecular Nature of Hydrophobic Free Energy

The molecular nature of hydrophobic free energy has been controversial for a long
time [3, 4, 11, 12]. A long-standing proposal, supported by liquid-liquid transfer
data at 25 °C [1] and by simulation results [27], is that the arrangement of water
molecules in the solvation shell around a dissolved hydrocarbon is entropically un-
favorable. Consequently the unfavorable entropy change for dissolving a hydrocar-
bon in water should provide the driving force for expelling the solute from water.
This proposal required modification when it was learned that the hydrophobic free
energy found from liquid-liquid transfer is purely entropic only at an isolated
temperature near room temperature [43]. Hydrophobic free energy becomes in-
creasingly enthalpy-driven as the temperature increases and it becomes entirely
enthalpic upon reaching its maximum value at a temperature above 100 °C (see
Section 6.2.9). The characteristic property of hydrophobic free energy that domi-
nates its temperature-dependent behavior is the large positive value of ACy, the
difference between the heat capacities of the hydrocarbon in water and in the non-
aqueous solvent.

In contradiction to the thesis developed by Kauzmann [1], Privalov and Gill |3, 4]
proposed that the hydration shell surrounding a dissolved hydrocarbon tends to
stabilize the hydrocarbon in water while the van der Waals interactions between
the hydrocarbon solute and the nonaqueous solvent account for the hydrophobicity
of the solute. They assume that the van der Waals interaction energy between sol-
ute and solvent is large in the nonaqueous solvent compared to water. However,
Lee’s data (see Table 6.1) show that the large work of making a cavity in water is
responsible for the hydrophobic free energy while a hydrocarbon solute makes
nearly equal van der Waals interactions with water and with a liquid hydrocarbon
[24]. Privalov and Gill coupled two proposals: (1) the van der Waals interactions
between nonpolar side chains drive the formation of the hydrophobic core of a pro-
tein, and (2) the hydration shell surrounding a dissolved hydrocarbon tends to sta-
bilize it in water. The latter proposal is now widely believed to be incorrect but
there is increasing interest in the first proposal.

There are restrictions both on the possible orientations of water molecules in the
solvation shell around a hydrocarbon solute and on the hydrogen bonds they form
[12]. Models suggesting how these restrictions can explain the large positive values
of AC, found for nonpolar molecules in water have been discussed as far back as
1985, in Gill's pioneering study of the problem [44]. Water-containing clathrates of
nonpolar molecules surrounded by a single shell of water molecules have been



6.2 Hydrophobic Free Energy, Burial of Nonpolar Surface and van der Waals Interactions

crystallized and their X-ray structures determined [45]. The water molecules form
interconnected 5- and 6-membered rings. Water molecules in ice I are oriented tet-
rahedrally in a lattice and the oxygen atoms form six-membered rings [45].

In 1985 Lee [30] used scaled particle theory to argue that the low solubilities of
nonpolar solutes in water, and the magnitude of hydrophobic free energy, depend
strongly on the solute/solvent size ratio, and he reviews prior literature on this sub-
ject. Rank and Baker [31] confirmed his conclusion with Monte-Carlo simulations
of the potential of mean force between two methane molecules in water. The
remarkable temperature-dependent properties of hydrophobic free energy (see Sec-
tion 6.2.9) are determined, however, chiefly by AC,, which depends on the hydro-
gen bonding properties of water according to most authors (see Ref. [46]).

6.2.8
Simulation of Hydrophobic Clusters

Formation of the hydrophobic core of a protein during folding must proceed by di-
rect interaction between nonpolar side chains. Yet direct interaction between two
hydrocarbon molecules in water is known to be extremely weak (compare Ref.
[28]). Benzene dimers or complexes between benzene and phenol in water are
barely detectable [47]. Raschke, Tsai and Levitt used molecular dynamics to simu-
late the formation of hydrophobic clusters, starting from a collection of isolated hy-
drocarbon molecules in water [48]. Their results give an interesting picture of the
thermodynamics of the process. The gain in negative free energy from adding a
hydrocarbon molecule to a hydrocarbon cluster in water increases with the size of
the cluster until limiting behavior is reached for large clusters. The simulations
of cluster formation yield a proportionality between transfer free energy and burial
of nonpolar surface area that is similar to the one found from liquid-liquid trans-
fer experiments [48]. The simulation results make the important point that a stan-
dard molecular force field is able to simulate the thermodynamics of hydrophobic
free energy when a hydrophobic cluster is formed in water [48]. Rank and Baker
[49] found that solvent-separated hydrocarbon clusters precede the desolvated
clusters found in the interior of large hydrocarbon clusters. Thus, a hydrocarbon
desolvation barrier may be important in the kinetics of protein folding [49]. In
both simulation studies [48, 49], the authors find that the molecular surface area
(defined by Richards [50]) is more useful than water-accessible surface area in ana-
lyzing cluster formation.

6.2.9
AC, and the Temperature-dependent Thermodynamics of Hydrophobic Free Energy

Although the gas—liquid transfer model is now often used instead of the liquid—
liquid transfer model to analyze hydrophobic free energy, nevertheless thermo-
dynamic data for the transfer of liquid hydrocarbons to water are remarkably
successful in capturing basic thermodynamic properties of hydrophobic free en-
ergy in protein folding. Figure 6.4A shows AH versus temperature for the process
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Fig. 6.4. (A) Enthalpy of transfer plotted liquid hydrocarbon to water. Data are from Ref.
against temperature for three liquid [57]. Note that the plots are straight lines in
hydrocarbons (benzene (filled circles), this temperature range, where AC, = constant,
ethylbenzene (open circles) and cyclohexane and AH passes through 0 near room tem-
(filled squares)) undergoing transfer from perature.

of transferring three hydrocarbon solutes from neat liquid hydrocarbon to water,
taken from the calorimetric study by Gill and coworkers [51]. These results illus-
trate the large positive values of AC, found when nonpolar molecules are dissolved
in water, a property discovered by Edsall [52] in 1935. Although AH depends
strongly on temperature, AC, (the slope of AH versus T) is nearly constant in the
temperature range 15-50 °C (see figure 12 of Ref. [3]). AC, decreases perceptibly
at temperatures above 50 °C [3, 4].

The following thermodynamic expressions take a simple form when AC, is con-
stant. A strong dependence of AH on temperature must be accompanied by a
strong dependence of AS® on temperature. When AC, is constant, then:

AH(T,) = AH(Ty) + ACy(Ty — Ty) (1)
ASO(Tz) = ASO(Tl) + ACpTZ ln(Tz/Tl) (2)

Figure 6.4B compares AH, TAS® and AG® as functions of temperature for the
transfer of benzene from liquid benzene to water. (The behavior of a liquid alkane,
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Fig. 6.4. (B) Transfer free energy and the contribution to AG (open squares) from AH
contributions to free energy from AH (filled increases with temperature while the
circles) and TAS (filled squares), plotted contribution of TAS decreases, and AG
against temperature, for the transfer of increases only slightly with temperature. The
benzene from liquid benzene to water. Data plots illustrate how entropy—enthalpy
are from Ref. [43]. Note that the relative compensation affects hydrophobic free energy.

pentane, is fairly similar to that of the aromatic hydrocarbon benzene, see figure 12
of Ref. [3].) Substituting Eqs (1) and (2) into the standard relation

AG® =