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ABSTRACT: Statistical thermodynamic theory has recently been developed to account for the stabilities of 
globular proteins. Here we extend that work to predict the dependence on temperature. Folding is assumed 
to be driven by solvophobic interactions and opposed by the conformational entropy. The temperature 
dependence of the solvophobic interaction is taken from the transfer experiments on amino acids by Tanford 
and Nozaki and on model solutes by Gill and Wadso. One long-standing puzzle has been why proteins 
denature upon heating, since the solvophobic force to fold strengthens with increasing temperature. This 
is resolved by the theory, which predicts two first-order phase transitions. “Cold denaturation” is driven 
principally by the weakening of the solvophobic interaction, but normal denaturation is driven principally 
by the gain of conformational entropy of the chain. Predictions of the thermodynamic state functions are  
in reasonable agreement with the calorimetric experiments of Privalov and Khechinashvili. Comparison 
of the theory with experiments suggests that there may be an additional enthalpic driving force toward folding 
which is not due to the solvophobic interaction. 

A principal driving force for the folding of globular proteins 
is the solvophobic interaction (Kauzmann, 1959). This force 
alone, however, cannot account for the temperature depen- 
dence of protein folding (Ben-Naim, 1980; Creighton, 1985; 
Tanford, 1962) since proteins denature upon heating even 
though the solvophobic effect strengthens with temperature 
(Ben-Naim, 1980; Edsall & McKenzie, 1983; Gill & Wadso, 
1976; Gill et al., 1976). This raises the question: what other 
forces are important for folding? 

We develop mean-field statistical thermodynamic theory 
for the temperature dependence of folding of globular proteins. 
This treatment shows the importance of two factors: (i) the 
conformational entropy of the chain and (ii) the heat capacity 
change of the solvophobic effect. A simple thermodynamic 
argument shows how the conformational entropy influences 
the thermal stability (Brandts, 1964). If folding is driven by 
a negative free energy change of clustering of the solvophobic 
residues into a globular structure (h4) and is opposed by a 
positive free energy change due to loss of conformational 
entropy upon folding (conf) 

AFfold = u h +  + AFconf (1) 

then the temperature dependence of the total free energy of 
folding will be 

The strengthening of the solvophobic effect with temperature 
implies that the transfer of solvophobic residues from water 
to a solvophobic medium is characterized by dAFh,/dT < 0. 
The loss of a large conformational entropy upon folding (awd 
<< 0) implies that dAFWnf/dT >> 0, and this conformational 
entropy contribution can dominate the solvophobic contribu- 
tion, giving an overall decrease in the stability of the protein 
with increase in temperature (8AFfold/dT > 0). 
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This and recent related arguments (Baldwin, 1986; Becktel 
& Schellman, 1987) based on thermodynamics do not attempt 
a quantitative microscopic prediction of the temperature de- 
pendence of folding. We develop here a microscopic theory 
for thermal stability based on a recent statistical thermody- 
namic treatment of the balance of solvophobic and confor- 
mational forces in protein folding (Dill, 1985). 

We note an important caveat in the use of the terms 
“hydrophobicity” and “solvophobicity” here. These terms have 
generally been applied to at least three situations: (i) transfer 
processes of nonpolar solutes between nonpolar media and 
aqueous solutions; (ii) the unusual temperature dependence 
whereby nonpolar molecules in a water solvent associate more 
strongly with increasing temperature; (iii) the ordering of water 
around nonpolar molecules. Some confusion arises since these 
three meanings are not the same. For example, recent argu- 
ments (Privalov & Gill, 1988) are persuasive that situation 
iii is not the principal driving force to expel nonpolar solutes 
from water at temperatures higher than 30 OC. Moreover, 
transfer processes (i) are quite general; they need not have the 
temperature dependence (ii) and may be driven by the full 
range of types of interaction, including van der Waals, elec- 
trostatics, hydrogen bonding, and others. Here we use the term 
solvophobicity to describe the experimental transfer process 
(i), for situations in which the temperature dependence (ii) 
is observed. We do not ascribe its microscopic origins to any 
particular specific type of interaction. We suppose only that 
these interactions arise from contact or near contact of non- 
polar solutes (amino acid side chains) in aqueous media and 
that they are dominated by short-ranged forces. 

THEORY 
We first briefly summarize the basic model. The free energy 

change upon folding of the protein is to be calculated as a 
function of temperature. Because only state functions are of 
interest, we are at liberty to choose fictitious pathways from 
the unfolded to the folded state. We construct the two 
pathways (Dill, 1985) depicted in Figure 1: (I) from the 
unfolded state to a state of ”random condensation”, wherein 
solvophobic and solvophilic residues are randomly distributed 
throughout a condensed globular structure; then (11), a process 
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FIGURE 1: Folding model, AFfold = AFI(p) + AFII(0). 

in which residues in the condensed state are reconfigured so 
that solvophilic residues largely surround a core of solvophobic 
residues. Along path I, the thermodynamic functions depend 
only on “density” p,  the mean volume fraction of space oc- 
cupied by the chain segments. Along path 11, they depend only 
on “ordering” 8, described below, which accounts for the 
segregation of solvophilic and solvophobic segments into inside 
and outside regions of the protein. u f o l d  is the sum of these 
free energy changes over the two paths. 

Path I Random Condensation. Consider a protein with 
n residues, nh of which are solvophobic and np of which are 
solvophilic. The fractional solvophobicity is given by @ = nh/n. 
At all densities p the molecule is taken to be spherical with 
radius r, where p and r are related by 

(3) 

As p increases, there are fewer conformations available to the 
chain, largely because of the volume excluded by other seg- 
ments, and this contributes to an entropy which disfavors 
collapse. However as p increases there are more contacts 
among the solvophobic residues, and this interaction favors 
collapse. The solvophobic and conformational contributions 
to the free energy difference per residue between the randomly 
condensed state ( p  = 1) and the unfolded state ( p  = p * )  are 
(see Appendix eq A27; Dill, 1985) 

AFh# I -- nkT - -x(T)@2a + af)(l - p * )  (4) 

7 2 
2n -[pO2l3 - ( P ~ / P * ) ~ ’ ~ ]  - ; In P* ( 5 )  

where kT is Boltzmann’s constant multiplied by absolute 
temperature, (1 - CT) is the fractional contact of a surface 
residue with the solvent, andA(r) andf,(r) are the fractions 
of the spherical volume in the unfolded state which correspond 
to interior and exterior sites, respectively (see Appendix). The 
reference-state density is po = [ 19/(27n)]’I2 (Dill, 1985). The 
strength of the solvophobic interaction is characterized by 
x(T), which is the negative logarithm of the solubility of 
isolated solvophobic amino acid side chains in water. It is 
described in detail in the Appendix. The change in free energy 
along path I is given by the sum of these two contributions: 

(6) AFI = AFhgI + AFconfI 

The equilibrium density ( p * )  of the unfolded state is calculated 

by finding the minimum in free energy by solving the equation 

O =  

Path 11: Chain Reconfguration. From the randomly 
condensed state, an even greater number of favorable solvo- 
phobic contacts will be made if the chain is free to reconfigure 
so that solvophilic residues are largely on the outside of the 
molecule surrounding a core of solvophobic residues. However, 
this process must compete with the decrease in entropy due 
to ordering, which arises from segregating the two classes of 
residues into the two spatial regions of the molecule. The 
variables characterizing this process are 8, which is the fraction 
of surface sites occupied by solvophobic residues, and x, which 
is the fraction of core sites occupied by solvophobic residues. 
They are constrained by the condition that 

The contact and conformational contributions to the free en- 
ergy change of reconfiguration are (Appendix eq A39; Dill, 
1985) 

eh + x~ = (8) 

aFh# I1 
= - x ( ~ v ; ( ~ *  - a2) + .f,(e* - @*)I (9) 

nkT 

- =A[ x* In + (1 - x*) In - 1 - @  -“*I + 
w” I1 X* 

nkT 

.[e* In e* + (1 - e*) In - -“‘I (10) 1 -9  

and the change in free energy along path I1 is 
AFII = AFh411 + U c o n f I I  (1 1) 

The equilibrium values of the “order parameters”, x* and e*, 
are obtained by simultaneous solution of the constraint con- 
dition, eq 8, and 

(12) 

The total free energy of folding is the sum of the free en- 
ergies from the two pathways, eq 6 and 11: 

u f o l d  = A F I  + MI1 

Temperature Dependence of the Solvophobic Interaction. 
The theory above depends on a quantity x(T), which char- 
acterizes the strength of the elementary interaction of amino 
acids with each other and with the solvent. Its temperature 
dependence was not explicitly considered in the earlier 
treatment (Dill, 1985); here we use the data of Nozaki and 
Tanford (1971) and the equation of state of Gill and Wadso 
(1976) to estimate x( T). 

It is observed that the transfer from the pure liquid or solid 
to water of a wide variety of solvophobic compounds is 
characterized by a large heat capacity change, which is rela- 
tively independent of temperature at least up to about 100 “C 
(Edsall & McKenzie, 1983; Frank & Evans, 1945; Gill et al., 
1976; Privalov & Gill, 1988). Therefore 

(13) 

1.4 
kT 

x(T) = -[AHo + ACp(T-  To) - 
TIASO + ACp In ( T / T o ) ] ]  (14) 

where AHo and ASo are the enthalpy and entropy, respec- 
tively, of the exchange process at T = To. The factor of 1.4 
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accounts for the number of amino acids per lattice segment 
(Dill, 1985). We choose To = 298 K. To characterize the 
temperature dependence of the elementary transfer process 
of the amino acids requires values for the constants, W ,  AS", 
and AC,, for typical solvophobic amino acids. The free energy 
of transfer of an average solvophobic side chain from the pure 
state to water, kTx(298 K), is taken to be 2.0 kcal mol-'. 
Although this value differs depending on which of the many 
available solvophobicity scales is used, on which amino acids 
are considered solvophobic, and on the different possible solvent 
reference states, the differences among most of the choices are 
relatively small. We have arbitrarily adopted the set of Nozaki 
and Tanford [Table 13-1 of Tanford (1980); Nozaki & 
Tanford, 19711 of tryptophan, norleucine, phenylalanine, 
tyrosine, leucine, valine, methionine, and alanine as being 
solvophobic. [If isoleucine is substituted for norleucine, and 
cysteine is substituted for tyrosine, then this set is also the 
collection of the most hydrophobic amino acids observed in 
cyclohexane/water partitioning experiments (Radzicka & 
Wolfenden, 1988).] Their average free energy of transfer to 
water from ethanol or dioxane has been measured by Tanford 
and Nozaki to be 1.988 kcal mol-', hence the value chosen 
above. Gill et al. (Gill & Wadso, 1976; Gill et al., 1976) have 
shown that the enthalpy of transfer at 298 K from the pure 
state to water is approximately 0 for a wide range of hydro- 
carbons, Le., AH(298 K) = AH" = 0. We assume this value 
for the transfer of an average solvophobic side chain. Taken 
together, these values for the free energy and enthalpy specify 
that the average entropy of transfer of an amino acid side chain 
from the pure state to water is AS(298 K) = AS" = -6.7 cal 
K-' mol-'. 

We estimate that the change in heat capacity upon transfer 
of the side chain of an average solvophobic amino acid is AC, 
= 55 cal K-' mol-'. This value follows from two lines of 
evidence. First, Gill et al. (Gill & Wadso, 1976; Gill et al., 
1976) have shown a linear relationship between AC, and the 
number of hydrogens in a wide range of hydrocarbons. If we 
consider as solvophobic the residues listed above or if we 
consider the residues with positive "hydropathy" from the scale 
of Kyte and Doolittle (1982), then the average number of 
hydrogens in solvophobic side chains is approximately 7, and 
the average number of carbons is 3. The equation of Gill and 
Wadso leads to AC, = 55 cal K-' mol-' in that case. Second, 
heat capacities of transfer have been measured for some of 
the amino acids (Prasad & Ahluwalia, 1976; Spink & Wadso, 
1975), and they are observed to depend linearly on the number 
of carbons in the side chain. Of the amino acids for which 
measurements have been made, a reasonable choice for the 
"average* solvophobic residue is norvaline, inasmuch as its side 
chain of -CH2-CH2-CH3 has seven hydrogens and three 
carbons. The heat capacity change between norvaline and 
glycine, and thus for the side chain, is approximately 49 cal 
K-I mol-' as measured by Prasad and Ahluwalia (1976). The 
measurements by Spink and Wadso (1975) are in general 
agreement with those of Prasad and Ahluwalia. 

By use of these values, Figure 2 shows predictions for the 
temperature dependence of transfer of the average solvophobic 
amino acid side chain from water to a pure medium of other 
solvophobic residues according to eq 14. It is evident from 
Figure 2 that there is a maximum strength of the solvophobic 
effect. If solvophobicity is measured by a quantity such as 
x, the logarithm of a partition coefficient or a solubility, i.e., 
a free energy divided by kT, then the maximum solvophobicity 
will be observed to be near room temperature. This maximum 
is the point at which AH = 0. This is observed to be the case 
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FIGURE 2: Calculated temperature dependence of the elementary 
solvophobic interaction. These curves are generated with AHo = 0, 
ASo = -6.7 eu, and AC, = 55 cal/mol at 298 K in eq 14 (see text). 
The dashed curve is kTx, a free energy, and the solid line is x, a free 
energy divided by kT, per chain segment. There are 1.4 amino acids 
per model chain segment (Dill, 1985); hence, the ordinate values must 
be divided by 1.4 to give transfer per amino acid. 

for alkanes, benzene derivatives, and other hydrocarbons (Gill 
et al., 1976). On the other hand, if solvophobicity is measured 
simply as a free energy (not divided by kT), then the maximum 
solvophobicity will be observed to occur at approximately 
60-80 OC; this is the point at which AS = 0. This is consistent 
with measurements on amino acids by Brandts (1964); sim- 
ilarly for a range of hydrocarbons the maxima are very broadly 
distributed from 60 to 200 "C (Privalov & Gill, 1988). Thus 
for the amino acids, as for simpler systems, the hydrophobic 
effect strengthens with increasing temperature up to a point 
at  which, due to the large change in heat capacity, the hy- 
drophobic effect weakens with further increase in temperature 
(Ben-Naim, 1980; Edsall & McKenzie, 1983). Although the 
side-chain transfer parameters adopted here pass a critical test 
of predicting the free energy maximum observed by Brandts, 
it would be of great value to have a better experimental basis 
for estimating these quantities. Although there are many 
measurements of free energies of amino acid transfer, there 
are few measurements of the temperature dependence. These 
data would be of interest both for polar and for nonpolar amino 
acids. 

PREDICTIONS 

(i) Temperature Dependence of Folding. We substitute eq 
14, representing the temperature dependence of the elementary 
amino acid transfer process, into eq 4,7,  9, and 12 in order 
to predict the free energy of folding of the protein as a function 
of temperature. 

The predicted contributions of the contact interactions and 
conformational entropy components of stability of the protein 
are shown in Figure 3 as a function of temperature. The 
solvophobic contribution to AF& strengthens, that is, becomes 
more negative, with temperature over the full temperature 
range, in accord with the expectations expressed in the in- 
troduction of this work. It would seem puzzling that the 
solvophobic contribution to chain folding should continue to 
become more negative beyond about 70-80 "C, where the 
strength of the elementary solvophobic amino acid association 
process begins to weaken. However, this is a consequence of 
the density of the denatured state, which is also predicted to 
decrease above that temperature with a concomitant increase 
in the number of unfavorable solvent/solvophobic contacts. 
As a result the free energy of the unfolded state becomes more 
positive than if the unfolded state simply had fixed density. 
Thus the difference in free energies of the folded state relative 
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FIGURE 4: Predicted density vs temperature. Density of the state of 
lowest free energy (-); density of the unfolded reference state (--); 
ordering (fraction of solvophobic residues in the interior, n*hi/nh = 
x*J/CP) (-e-) vs temperature. Calculations were performed with the 
same quantities as in Figure 3. 

in accord with expectations expressed in the introduction, 
folding is favored by heating because the solvophobic effect 
strengthens with temperature, and cooling favors denaturation. 
Cold denaturation has been observed, or extrapolated from 
observations, for several proteins (Becktel & Schellman, 1987; 
Cho et al., 1982; Christensen, 1952; Nojima et al., 1977; Pace 
& Tanford, 1968; Pace, 1975; Privalov, 1979; Privalov et al., 
1986). 
On the other hand at high temperatures, heating is predicted 

to lead to unfolding. At these temperatures the conformational 
entropy dominates the temperature dependence, the slope of 
the solvophobic contribution being smaller. The free energy 
is reduced more by the gain in conformational freedom of the 
chain than by the gain in intrachain attraction of the nonpolar 
chain segments at high temperatures. 

(ii) Nature of the Unfolded State. A principal conclusion 
from our calculations is shown in Figure 4: thermal denatu- 
ration leads to an unfolded state which is of relatively high 
density, but it is nevertheless highly solvated. The prediction 
shown, that the density of the unfolded state is about half that 
of the folded state, is in agreement with measurements of the 
volume of the unfolded molecules by viscometry (Privalov et 
al., 1986). It is worth noting that the density of the unfolded 
state upon thermal denaturation is not necessarily the same 
as that of the unfolded state due to solvent denaturation. The 
unfolded state is important insofar as it serves as the reference 
for free energy, the stability being the difference in free en- 
ergies of folded and unfolded states. The density of the un- 
folded state makes two contributions to stability: (i) greater 
compactness reduces the conformational freedom of the chain, 
and (ii) greater compactness increases the incidence of sol- 
vophobic contacts in the ensemble of unfolded conformations. 
The density of the unfolded state is affected by external 
conditions such as temperature, in contrast to the density and 
order of the folded state, which are relatively independent of 
temperature (see Figure 4). Thus, while a principal prediction 
of the theory is that of a first-order transition between folded 
and unfolded states, and thus is consistent with a two-state 
model, nevertheless the two states, unfolded and folded, are 
of a very different nature. Whereas the unfolded “state” is 
an ensemble of microscopic conformations which changes with 
external conditions, the folded state ensemble does not, which 
is undoubtedly of value for biological function in changing 
environments. 

The considerable variation of the density, and therefore the 
radius, of gyration of the unfolded molecule with temperature 
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FIGURE 5:  Comparison of theoretical (--) and experimental (-) 
(Privalov & Khechinashvili, 1974; Privalov, 1979) free energies of 
folding as a function of temperature. Mb, metmyoglobin; €TI2, dimer 
of pancreatic trypsin inhibitor; Cyt, cytochrome c; Ct, a-chymotrypsin; 
Lys, lysozyme; Tr, @-trypsin; Rna, ribonuclease A. 

is shown in Figure 4. With increasing temperature, the radius 
decreases, becoming smallest at about 20-30 “C, and then 
increases with further increase in temperature. This tem- 
perature dependence simply follows the similar temperature 
dependence of the interaction of water with the nonpolar 
residues. Because the strength of the hydrophobic interaction 
is maximum at this temperature, the radius of the unfolded 
molecule is smallest. Only at  (experimentally unachievable) 
extremely low or high temperatures would the unfolded states 
of proteins resemble ideal (e state) random coil conformations. 
The unfolded state density will also depend on the chain 
composition. For the particular case shown in Figure 4, the 
unfolded state will be quite compact relative to random coil 
molecules and will therefore have several hydrophobic contacts 
on average. The unfolded state will have considerably less 
exposure of nonpolar residues to water than would a random 
coil molecule. The unfolded states of proteins would be very 
poorly modeled as random coils; their conformational entropy 
and heat capacity are very different, their solvent exposure 
is very different, and their dependence on temperature and 
chain composition cannot be neglected as would be done if they 
were assumed to be random coils. 

(iii) Comparison with Experiments. Figure 5 shows a 
comparison of the theoretical AFTold with the differential 
scanning calorimetry experiments of Privalov et al. on a set 
of small single-domain globular proteins (Privalov & Khe- 
chinashvili, 1974; Privalov, 1979). The experiments shown 
are results evaluated at the pH of maximum stability; i.e., they 
are often near the isoelectric point where charge effects on 
stability are minimized. For the calculations shown in the 
figure, we have adopted the values indicated above for the 
thermodynamics of amino acid transfer ( A P  = 0; ASo = -6 .7 
cal K-’ mol-’; ACp = 55 cal K-’ mol-’), and we have taken 
@ = 0.5 and n = 110 [corresponding to 154 residues, the mean 
value for this set of proteins. Note that each chain segment 
represents about 1.4 amino acids (Dill, 1985)]. The insig- 
nificant pV differences between Helmholtz and Gibbs free 
energies are neglected here. It is clear that there is consid- 
erable variability of the free energy of folding among proteins. 
Nevertheless, the theoretical prediction falls within this range 
and appears to predict well the typical temperature dependence 
of stability, including the normal and cold denaturation tem- 
peratures and temperature of maximum stability. 

TEMPERATURE O C  

FIGURE 6: Calculated denaturation curves. Fraction of native protein, 
as a function of temperature for proteins for n = 100 and @ = 0.38, 
0.40, and 0.45. The dashed line for @ = 0.40 shows the cold dena- 
turation. 
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FIGURE 7: Entropy and enthalpy of protein folding. Calculated (--) 
and experimental (-) (Privalov & Khechinashvili, 1974) entropy, 
enthalpy, and free energy of folding for metmyoglobin. 

Figure 6 shows a common alternative representation of the 
folding equilibrium, the fraction of native molecules as a 
function of temperature. This denaturation profile contains 
the same information but in a different form that that of the 
dependence of free energy on temperature. It is computed 
through use of 

exp(-AFfold/ kT) 
= 1 -k eXp(-mj,l,j/kT) (15) 

A more stringent test of the theory is the enthalpy and 
entropy of folding, as functions of temperature. Predictions 
are compared in Figure 7 with experiments of Privalov and 
Khechinashvili on myoglobin (Privalov & Khechinashvili, 
1974; Privalov, 1979). The theoretical enthalpy is simply taken 
as the enthalpic contribution to the solvophobic interaction. 
The theoretical entropy is calculated as the sum of solvophobic 
and conformational contributions. Whereas the temperature 
dependences of the enthalpy and entropy are qualitatively 
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Table I: Comparison of Theoretical and Experimental (Privalov & Khechinashvili, 1974) ACPfold's 

ACplnsxpco ld  ACp/nthcory fold 
A c p  cxp fold [cal (mol of (cal/mol of 

protein n residues 00 (cal g-' K-I) residue)-' K-I] residue) S-S bonds heme group 

a-CT 24 1 0.39 -0.12 -12.6 -18.7 5 no 
LYS 129 0.36 -0.1 1 -12.3 -15.1 4 no 

RNase 124 0.32 -0.09 -9.9 -14.7 4 no 

Mb 153 0.43 -0.15 -16.9 -14.3 0 Yes 

cyt c 104 0.3 1 -0.13 -14.5 -13.4 0 Yes 

was calculated by counting the nonpolar amino acids (A, I ,  L, V, M, F, W, and Y) in a given protein and dividing by n. 

predicted by the theory, the absolute errors are seen to be 
significantly greater at  high temperatures than those of the 
free energy, but they compensate. 

A principal thermal property of protein folding is ACp fold, 
which can be calculated from theory by dAH( T)fOld/dT. 
Comparisons of theoretical and experimental values are shown 
in Table I; the agreement is good. It should be noted that there 
is considerable variation in experimental measurements of 
ACPfold. Experimental values of ACPfold for ribonuclease A 
range from -9.9 to -24 cal (mol of residue)-' K-I (Edelhoch 
& Osborne, 1976; Freire & Biltonen, 1978), predominantly 
clustering around -16 cal (mol of residue)-' K-*. This is to 
be compared with the theoretical value of -14.7 cal (mol of 
residue)-l K-l. The theory predicts that ACPfold is relatively 
independent of temperature: the variation in the theoretical 
value of ACPfoId over the temperature range 0-80 "C is about 
7%, which is in agreement with estimates of the experimental 
variation of 5-10% (Becktel & Schellman, 1987). Above 80 
"C there is a variation of about 15% for proteins with 9 > 
0.45. 

These predictions call into question a common thermody- 
namic assumption made for the purpose of microscopic in- 
terpretation of the balance of forces in protein folding. It is 
common to divide ACPfold by n, the number of residues in the 
chain, and to assume that this heat capacity contribution per 
residue will be independent of chain length. The theory shows, 
however, that AC, fold/n will be strongly dependent on both 
n and 9 (Figure 8). This is most readily understood by 
considering how the folding process changes if the number of 
solvophobic residues is increased while the chain length is held 
constant (i.e., increasing 9 for fixed n); see either the left-hand 
or right-hand column of Figure 8. When there are few h 
residues, the unfolded state has low density (bottom-row panels 
in Figure 8), and in the folded state most of the h residues are 
in the interior core of the protein (e* is small; third-row panels 
in Figure 8). Added h residues contribute principally to further 
filling the interior of the core of the protein (x* increases, 8* 
remains small), The principal factor affecting the thermo- 
dynamic changes of AHfoldln, AC, fold/n, and AF,,, foId/n is the 
change in fractional exposure of solvophobic groups upon 
folding Au, given per residue by 

AU = -9zc f ;  + u ~ ~ ) ( i  - p * )  - ~ ( x * z  - 9 2 )  - .je(e* 2 - 9 2 )  

(16) 

(Changes in exposure are defined to be negative when h res- 
idues become increasingly buried or sequestered from solvent 
contact, in the folded state relative to the unfolded state.) This 
change in exposure and the individual pathway contributions 
to it are shown in the second-row panels in Figure 8. The 
change in heat capacity of folding, ACpfdd/n, is approximately 
equal to the change in exposure multiplied by the elementary 
amino acid transfer process at  25 OC and is shown in the 
first-row panels of Figure 8. Likewise, Ai?ff&,/n and hF&,fdd/n 
are also calculated by multiplying the appropriate elementary 
value by the change in exposure. For small @, added h residues 

U 

f 

1 0  

0 0 5  1 0 0  0 5  1 0  
0 0 

FIGURE 8: Composition dependence of ACpfo,/n, Aa (see eq 16), x*, 
and 8* (see eq 12); x* = n*bi /q = equilibrium fraction of core filled 
by h residues. 8* = n*hc/ne = fraction of surface filled by h residues, 
and p* (density of the unfolded state, see eq 7). Left column, n = 
75; right column, n = 450. 

principally contribute to added hh contacts in the folded core; 
hence, there is less h exposure to solvent upon folding, and 
ACpfOld/n becomes more negative. In short, each added h 
residue helps stabilize the molecule because it has reduced 
exposure to solvent upon folding (Le., the number of hh con- 
tacts increases upon folding); it is this change in burial of h 
residues upon folding which contributes to AHfold. 

This process changes character, however, when 9 exceeds 
a critical value, due to two physical factors: (i) change in p* 
due to addition of an h residue and (ii) the limited size of the 
core of the protein. First, beyond a certain value of a, each 
added h residue causes the density of the unfolded state to 
increase sharply (see the fourth-row panels of Figure 8), re- 
ducing the average exposure in the unfolded state, and this 
dominates path I. In short, an added h residue will reduce 
exposure in the unfolded state more than in the folded state, 
with an overall destabilizing effect on AHfoM. For short chains, 
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this physical process dominates the decrease of hydrophobic 
stability upon addition of an h residue at  high CP. Second, 
beyond a (generally different) critical value of CP, the core has 
become saturated with h residues, and subsequent h residues 
must be added to the surface of the protein (see third-row 
panels, Figure 8). This physical process dominates path I1 
and also leads to lesser relative burial (in the folded state 
relative to the unfolded state) upon addition of an h residue 
than if the core were not saturated. 

Hence, ACpfold/n is not independent of CP, nor is it inde- 
pendent of n. The dependence on n arises from the increase 
in volume-to-surface ratio of the protein with increase in n; 
a greater percentage of h residues can be accommodated in 
the cores of proteins with large n. 

The theory predicts that for a series of proteins differing 
in composition, the curves of AHfold vs Twill have different 
slopes and will all intersect at a point, T = 25 OC, AHfold = 
0. This theoretical prediction is an immediate consequence 
of the assumption that the enthalpy of transfer of the individual 
residues of both types (h and p) is zero at that temperature, 
Le., AH(298) = 0. Spectrophotometric van't Hoff experiments 
on chymotrypsinogen and two of its chemical derivatives show 
such an intersection point at  T = 10 OC, AHfold = 0 (Shiao 
et al., 1971), in reasonable agreement with the theory. Similar 
experiments by Shortle et al. on staphylococcal nuclease 
mutants also show that if there is any convergence of AHfoM( T )  
for different mutants, then it occurs below 20 OC and small 
AH (Shortle et al., 1988). However, the calorimetric exper- 
iments of Privalov et al. (Privalov & Khechinashvili, 1974; 
Privalov, 1979) show a very different intersection point, at T 
= 110 OC, AHfold = -1.2 kcal/mol, for the series of proteins 
shown in Figure 5 (Baldwin, 1986; Privalov & Gill, 1988). 
Except for myoglobin, the Privalov data imply that there is 
an extra enthalpic driving force toward folding at  25 OC, in 
addition to the solvophobic force. This driving force must 
involve either solvophilic residues or all residues but cannot 
readily be accounted for by nonpolar residues alone. It is not 
yet clear why there is such a large discrepancy between these 
two experiments, both of which derive the enthalpies from 
experiments of changing pH. One principal difference between 
them is the use of ionization-matched buffers in the Privalov 
experiment to offset small enthalpies of ionization of the 
protein. Questions regarding the nature of this interaction have 
motivated our development here of a lattice treatment of 
sufficient generality to account for the differences in inter- 
actions among h, p, and solvent (see Appendix). However, 
we will not further explore those refinements in the present 
work nor attempt to estimate the several constants required. 
The next level of refinement required, beyond the model 
presented here based on three parameters, AI", U0, and AC' 
would require nine such parameters, the other six being for 
the polar/solvophobic and the polar/solvent interactions. We 
do not believe such an attempt would yet be justified inasmuch 
as too little experimental data are currently available on the 
temperature dependence of transfer processes of polar residues. 

Figures 9 and 10 show the effects of changing composition, 
chain length, AHo, ASo, and ACp on the temperature de- 
pendence of stability. One principal conclusion is that in- 
creased chain length (at fixed 0) is predicted to increase the 
stability at all experimentally accessible temperatures. How- 
ever, whereas the present model treats only spherical proteins, 
the dependence of stability on chain length will be substantially 
affected if the protein has the freedom to change its shape 
(Dill, 1985). For example, with increasing molecular weight, 
proteins tend to be configured into multiple domains; the free 
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FIGURE 10: Dependence of free energy of folding on the thermody- 
namic quantities AS', AH', and ACp for the elementary amino acid 
transfer process, for n = 100 and @ = 0.5. 

energy of folding is significantly dependent upon the size, 
number, and shape of domains (Dill, 1985). Currently 
available experiments cover too narrow a range of chain lengths 
to test this predicted chain-length dependence of stability. A 
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I -20 1 \ increasing n 
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T, (C7 
FIGURE 1 1 : Relationship between denaturation temperature and 
thermodynamic stability (at 25 "C) as a function of n (-) and @ 
(--). n dependence was calculated with 9 = 0.5, and 9 dependence 
was calculated with n = 100. 

second conclusion is that increasing the heat capacity increases 
the curvature of free energy with temperature. It is interesting 
that if ACp were zero, then, due to the large negative ASo from 
the solvophobic effect, proteins would not denature at higher 
temperatures. Note that small changes in any of these 
quantities lead to significant changes in most of the parameters 
characterizing stability, particularly the denaturation tem- 
peratures and free energies of folding. Relatively minor 
changes in the amino acid composition can lead to significantly 
more or less stable proteins than the native molecule. This 
implies that the requirements may not be very stringent for 
production of proteins which can function at very high (or low) 
temperatures. 

It is widely assumed that any change of structure which 
leads to increased denaturation temperature should also lead 
to increased stability (more negative AFfold at some specified 
temperature other than that of denaturation). Thermody- 
namics however does not specify any particular relationship 
between the denaturation temperature and the free energy of 
folding (at a given temperature). Becktel and Schellman 
(1 987) have explored the consequences of small perturbations 
which are assumed to offset the free energy by an additive 
constant. The limitations of this assumption, and more gen- 
erally the microscopic origins of this dependence, can only be 
explored through statistical mechanical theory. Figure 1 1 
shows the prediction of the present model that in general when 
chain length or composition are changed so as to increase the 
stability, i.e., to cause the free energy of folding to become 
more negative, then it is accompanied by an increase in the 
denaturation temperature (and a decrease in the cold dena- 
turation temperature), confirming the common expectation 
and the Becktel and Schellman assumption. However, there 
are certain circumstances in which denaturation temperature 
is predicted to increase when the stability at 25 OC decreases, 
for example, with increasing percentage of solvophobic residues 
in excess of 60%. 
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APPENDIX 
In this appendix, we use lattice methods to derive the theory 

for folding which leads to eq 4, 5, 9, and 10 in the text. This 
derivation differs from previous work (Dill, 1985) in the 
following respects. (i) In the present work we consider all the 
possible interactions of polar with solvophobic residues (xhp),  

of solvent with solvophobic residues (xh), and of solvent with 
polar residues (x,,). In previous work (Dill, 1985) we con- 
sidered the limiting approximation in which solvent and polar 
residues are of identical chemical character ( x h p  = xh and xp 
= 0). (ii) We develop the theory for pathway I1 in an al- 
ternative chemical potential formulation, which is of more 
general advantage for some applications. (iii) We simplify 
the notation and correct some insignificant errors of the earlier 
work. 

The protein is assumed spherical with radius r (in units of 
amino acid diameters) and has a fraction 

A = ( y )  r - 1  

of the sites in the protein core and a fraction 

at the surface. 

configuration (11), the free energy is given by 

where (= F,,,,, = Fh+) is the solvophobic free energy 
contribution of residues and solvent in contact with their spatial 
neighbors. This free energy is the sum over all neighbor 
contacts: 

f e = l - f i  (A21 

For each of the two pathways, condensation (I) and re- 

F = Econtact - TSconf (A31 

where wU is the reversible work of bringing units of type 1 and 
j from infinite separation to contact and mu is the number of 
contacts between 1 and j species; regions are defined below. 
SWnf is the conformational entropy of the chain and is calcu- 
lated with the Boltzmann equation, Smnf = k In w,,~ 

( I )  Random Condensation 
For the purpose of computing the numbers of contacts re- 

quired to evaluate eq A4, the molecule is considered embedded 
in a spherical volume containing an interior core (i) and ex- 
terior surface shell (e), containing a first solvation layer (o), 
immediately outside the surface shell, and surrounded by bulk 
solvent (b). Except at the highest density, along path I all these 
regions may be solvated; hence, eq A4 may be expressed ex- 
plicitly as 

EIcantact = EI = Whhmhhi + Wppmppi + wssmmi + Whpmhpi + 
Whsmhsi + Wpsmpsi + Whhmhhe + wppmppe + wssmsse + 

whpmhpe + Whsmhse + Wpsmpse + Whsmhsw + Wpsmpseo -k 
Wssmsseo + wssmsso + wssmssb (AS) 

where s, h, and p represent solvent, solvophobic, and solvophilic 
residues, respectively, and eo indicates contacts which occur 
across the interface between the protein surface and the first 
solvation layer. 

Conversion from numbers of contacts to numbers of residues 
is performed according to standard lattice counting methods 
(Hill, 1960): 

V x a  = 2mxxcl  + m x y a  + m x u r  (A6) 

where nxa is defined as the number of units of species x in 
region a, mxya is the number of xy contacts in region a (x, y, 
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z = h, s, p), and q is the lattice coordination number, the 
number of neighbors of a residue or solvent molecule, e.g. 

qnhi = 2mhhi + mhpi + mhsi qnsb = 2mssb 

Using the Bragg-Williams approximation, we have 
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e.g. 
nhinpi 

mhpi = 4- 
ni 

Any residue at the surface of the protein has a fraction (1 - 
a) of its contact area exposed to solvent; that is, it makes (1 
- a)q contacts with the solvent outside the sphere occupied 
by the protein and aq contacts within the sphere; thus 

nhenpe 
mhpe = aq- 

ne 
mhsea = (1 -a)qnhe 

(A8) 
mpM = (1 - dqn, msso = qn,/2 

msseo = (1 - a)qnse 
For the present calculations we have used a = 2/3 (Dill, 1985). 

The contact free energies can be expressed more conven- 
iently in terms of dimensionless exchange free energies: 

(A91 
wxx + WYY 

x x y  = &(wxy- 2 ) 
where x and y represent h, p, or s to define Xhp, Xhs, and xp. 
With the substitutions of eq A6-A9 and division by kT, the 
contact free energy (eq A5) becomes 
E1 4 nhinpi - = -(Whhnhi + Wppnpi + wssnsi) + -Xhp + 
k T  2kT  ni 

q(1 - qawss qwss 
k T  (Whsnhe + WpSnpe + wSSnSC) + Z n S O  + - 2kTnsb 

(A 10) 
The constraints of the system are 

nhi + nhe = nh 
npi + nPe = np 

nsi + nsc + nso + nsb = ns 
nhc + ripe + nse = ne 

nhi + npi + nSi = ni 

(A1 la) 
(A l lb )  

(A1 lc) 
(A1 Id) 

(A1 le) 

ne = 40 (Allf)  
which may be used to simplify eq A10: 

nhinpi nhinsi npinsi - = -Xhp + -Xhs + -xps + k T  ni ni ni . 

9 
2kT npexps) + -(whhnh + Wppnp + wssns) (A12) 

The last term in parentheses is a constant for a given molecule. 
Since the residues have a random spatial distribution along 

path I 

We divide eq A12 by n and substitute the definitions offi',f,, 
p, and @ to obtain the following expression for the contact free 
energy along path I (see Dill, 1985): 
E1 

nkT 
- -  - cf; + afee)P[a(l - @)xhp - 

@ x h s  - (1 - @)xps] + constant (A14) 

The conformational entropy for condensation is the sum of 
an excluded volume (osmotic pressure) contribution 

sy -(1 - p )  

nk P 
In (1 - p )  - 1 ('415) - = -  

and an elastic term (Dill, 1985; Dill & Alonso, 1988) 
Selas I -7 Po 2/3 2 
- = -( -) - - In ( p / p o )  - In c (A16) nk 2n p n 

where c is a constant. 

eq A3, A14, A15, and A16: 
The total free energy for path I is obtained through use of 

- In (1 - p )  + 1 - P  
In ( p / p o )  + constant 

P 

('417) 
Equation A17 is identical with the earlier theory (Dill, 1985) 
when Xhp = Xhs x and xpS 0; whereupon, we have 

2n P 
- -cf; + a f , ) p ~ @ ~  + - In (1 - p )  + - - 1- P + FI 

nkT P 
- -  

2 - In ( p / p o )  + constant (A18) 
n 

In the earlier work the strength of the solvophobic interaction 
was represented by the quantity E ;  it is related to x by x = 

The Unfolded State. The unfolded state is that of minimum 
free energy along path I, in which the solvophobic driving force 
to condense and the conformational entropy opposing con- 
densation are balanced: 

€12. 

Hence, p* identifies the density of the molecule in the equi- 
librium unfolded state. The contact contribution to this de- 
rivative is 

[ fi + fJf, + .( + +)I 

which follow from eq 3, Al ,  and A2. The p(afi/ap)(l - a) 
term is much smaller thanfi + ofe; hence, we may use the 
approximation 
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(‘423) 
The equilibrium condition, eq A19, is determined from eq A23 
and the derivative of eq A15 and A16: 

n 
7 pO2l3 1 [ ln (;; P * )  v; + aye) - -- - - 

3 n p * 5 / 3  p* 

This leads to eq 7 when Xhp = Xhs and xps = 0. 
Change in Free Energy upon Condensation: Pathway I .  

The change in free energy for the collapse from the unfolded 
state, p = p * ,  to a randomly ordered compact state, p 1 ,  is 
given with eq A17: 

1 - p* 7 2 - In ( 1  - p * )  + - [ p 0 2 / 3  - (Po/P*)2’31 - ; In P* 
P* 2n 

(‘425) 
In this case, as with the equilibrium condition, the dependencies 
offe andx on p are small, contributing less than a few percent 
to the overall free energy; hence, we use the approximation 

P* (A261 
7 2 

- [p0* /3 - ( ~ ~ / p * ) ~ / ~ ]  - - In 2n n 
In the limit in which x Xhp = Xhs and xps = 0, then this 
reduces to 

1 - p *  - -x@U + rJf,)(l - p * )  - - In (1 - p * )  + AFI 
nkT P* 
- -  

P* (A271 
7 2 

- [ p 2 / 3  - ( p o / p * ) 2 / 3 ]  - - In 2n n 
eq 4 and 5 in the text. 

(11) Reconfiguration 
In this process the molecule is at  maximum density ( p  = 

1) and the free energy depends on the distribution of the h 
and p residues between the internal core and the external 
surface of the protein. For p = 1 ,  eq A4 gives 
E11 = Whpmhpi + Whhmhhi + Wppmppi + Whpmhpe + Whhmhhe + 

Wppmppc + Whsmhsco + Wpsmpaeo (A28) 
In this case all the solvent interactions occur only at the surface 
of the globular protein. 

As before, we use lattice counting methods, the Bragg- 
Williams approximation, and the substitution of x’s to give 

kT ni 2kT 2kT 
nhinpi qWhh qwpp nhenpe - Xhp- + -nhi + -npi + d x h p y  + E11 - -  

aqwhh aqw,, qWhs qwps + (1 - a)-nhe + (1 - a)-n, 2kT 2kT kT kT 
(A291 

External solvent interactions need not be accounted for ex- 
plicitly in eq A29 since they do not change as a function of 
the path variable. 

The reconfigurational entropy describes a “mixing” process 
of h- and p-type ”solutes” in internal (i) and external (e) 

-nhe + - 

regions (“solvents”). The number of configurations of the 
system (wII) is 

ni! ne! 
W I I  = -- 

nh;np$ nh,!n,! 

Subject to Stirling’s approximation and the constraints of eq 
A1 1 ,  the reconfigurational entropy becomes 
S I I / k  = In wII = 

ni ni ne ne 
nhj In - + npi In - + nhc In - + nPe In - (A31)  

nhi “pi nhc npc 

The sum of the contact and conformational contributions, 
eq A29 and A31, respectively, gives the free energy at  any 
point along path 11: 

(A32) 

In terms of the dimensionless variables, 0 = nhe/ne and x = 
nhi/ni, the free energy per residue is 

Ax In x + A ( l  - x )  In (1 - x )  +fee In 0 + 
f ( l  - 0) In (1 - e)  (A33)  

The Folded State. We can determine the equilibrium 
condensed state (the “native” state in the model) either by 
utilizing relationships among chemical potentials for h and p 
in the two “phases”, i and e, or by finding the minimum in total 
free energy. The latter approach was used in earlier work; 
we develop the chemical potential approach here. The con- 
straints in eq A1 1 can be expressed as 

dnhj = -dnhe = dn, = -dnpi 

Hence, the state of equilibrium is given by 

These chemical potentials are obtained from the appropriate 
derivatives of the free energy given in eq A32: 

qWhh 
= In x + Xhp(1 - x ) ~  + - 

kT T,nb,np,npi 2kT 

Ppi _ -  - 
kT 

PLPC 
kT 

- _ -  

Whh qWhs 
In e + aXhp(1 - + aq- + (1 - a)- 

2kT kT 

4WPP 
= In (1 - x )  + XhpXZ + - 2kT 
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Substitution of these chemical potentials into the equilibrium 
expression, eq A34, permits prediction of the equilibrium state 
of "ordering" of the residues, 8* and x*. Thus the folded state 
is described by the values 8* and x* that satisfy 
0 = Xhp[(l - 2x*) - a(1 - 28*)] + (1 - u)(xps - xhs) + 

x*(l - 8*) 
e*(i - x*) In ('436) 

and satisfy the constraint equation (eq 8) in the main text. In 
the approximation adopted earlier that Xhp = Xhs x and xps 
= 0, the state of equilibrium is predicted by 

x*(l - 8*) 
8*(1 - x*) 0 = In - 2x(x* - a8*) (A37) 

A small error appeared in the earlier treatment (Dill, 1985); 
eq 24 of Dill (1985) should read 

(which is identical with eq 12 and A37) rather than 

This error has a negligible effect on the predictions given 
earlier. 

Change in Free Energy upon Rearrangement: Pathway II.  
The difference in free energy from the randomly condensed 
state (8 = x = @) to the folded state (8 = 8*, x = x*) is 
calculated with eq A33: 

nkT nkT 
- - AFII FII@*J*) - Fll(@,@) - -  - 

XhPUIX*(l - x*) - @(l - @)I +f,a[8*(1 - 8*) - 
@(I - @)I)  + (e* - @)f,(l - a)(Xhs - xps) + 

1 - @  - " * I  + 

X *  A[ x* In m + (1 - x*) In - 

- " ] (A38) A[ 8* In + (1 - e*)  ln - 8* 
1 - @  

In the limit in which Xhp = Xhs E x and xps = 0, this reduces 
to eq 9 and 10 in the main text: 
AFII - = -xg (x*  * - @2) + ufe(8* - @2)] + 
nkT 

1 - @  -"'I + 

X* /;[ x* In + (1 - x*) ln - 

- " ] (A39) /.[ 8* In -g + (1 - e*) In - 8* 
1 - @  
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