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Abstract

One of the striking results of protein thermodynamics is that the heat capacity change upon denaturation is large
and positive. This change is generally ascribed to the exposure of non-polar groups to water on denaturation, in
analogy to the large heat capacity change for the transfer of small non-polar molecules from hydrocarbons to water.
Calculations of the heat capacity based on the exposed surface area of the completely unfolded denatured state give
good agreement with experimental data. This result is difficult to reconcile with evidence that the heat denatured
state in the absence of denaturants is reasonably compact. In this work, sample conformations for the denatured
state of truncated CI2 are obtained by use of an effective energy function for proteins in solution. The energy
function gives denatured conformations that are compact with radii of gyration that are slightly larger than that of
the native state. The model is used to estimate the heat capacity, as well as that of the native state, at 300 and 350 K
via finite enthalpy differences. The calculations show that the heat capacity of denaturation can have large positive
contributions from non-covalent intraprotein interactions because these interactions change more with temperature
in non-native conformations than in the native state. Including this contribution, which has been neglected in
empirical surface area models, leads to heat capacities of unfolding for compact denatured states that are consistent
with the experimental heat capacity data. Estimates of the stability curve of CI2 made with the effective energy
function support the present model. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

One of the fundamental quantities in protein
thermodynamics is the partial molar heat capacity
change, AR.C > associated with the unfolding re-
action. The non-zero values of A?\,Cp lead to the
curvature of the stability curve (free energy of
unfolding as a function of temperature) and are
linked to important phenomena, including hyper-
thermostability and cold denaturation. Since
A?VCP can be measured by calorimetry and has
been determined for many proteins, to under-
stand its origin is of particular interest. Measure-
ments show Aﬁ,ép is typically of the order of
12-20 cal/mol K per residue [1]. The partial
molar heat capacity of native proteins increases
linearly with temperature whereas the partial
molar heat capacity of the denatured state is
somewhat non-linear, tending to level off at high
temperatures [2]. As a result, A?,@I, varies with
temperature, has a maximum near room tempera-
ture, and decreases at lower and higher tempera-
tures [1].

It is generally believed that the positive A%Ep
values arise primarily from the exposure of non-
polar groups to water [3—8]. The basis for this
conclusion is that the transfer of non-polar groups
from the gas phase or non-polar liquids into
water is also accompanied by a large positive heat
capacity change [9]. More recently, it was realized
that polar groups also make a contribution to
A’,Jvép that is smaller and of the opposite sign to
that of non-polar groups [6,10,11]. It has been
found that AI,)\,EP can be well reproduced as-
suming a fully unfolded denatured state (all
residues fully exposed to solvent [2]) if A%Ep is
taken to be proportional to the change in the
exposed surface area on unfolding. In such calcu-
lations the proportionality constants appropriate
for the amino acids are obtained from small model
compound transfer experiments [6,11-13].

Such a fully unfolded thermally induced dena-
tured state is difficult to reconcile with other
experimental evidence showing that the dena-
tured state in the absence of denaturants is rather
compact on the average and includes populations
ranging from highly compact to rather unfolded
configurations of the polypeptide chain [14,15].

Already in the work of Tanford [16], it was shown
that the heat denatured state is not as unfolded
as the chemically denatured state. Recent solu-
tion X-ray scattering [17] and CD and FTIR
[17-19] experiments on heat denatured ribonu-
clease A showed that this state is compact and
contains significant amounts of ‘residual struc-
ture’, although it is not native-like because it does
not offer significant protection from hydrogen
exchange [20]. Residual structure has also been
found in the heat denatured states of other pro-
teins [21,22]. Experiments indicating that the de-
natured state is compact have been summarized
by Shortle [23]. Theoretical work on simplified
protein models [24,25] and molecular dynamics
(MD) simulations in explicit solvent [26,27] also
suggest a relatively compact denatured state.
Residual structure and compactness implies that
a large fraction of the protein residues are inter-
acting with each other and are, at least in part,
sequestered from solvent, although the fluctua-
tions in the structures are such that little hydro-
gen exchange protection is present.

The experiments and simulation results on the
compact nature of the denatured state appear
inconsistent with the standard interpretation of
A?,Ep which assumes a fully unfolded state. To
resolve this question we generalize a recently
developed model (EEF1) that approximates the
effective energy (potential of mean force) of pro-
teins in solution [28,29] for the calculation of the
partial molar heat capacity of polypeptides and
proteins and show how to use this model to
evaluate AR C »- The native state is obtained from
the X-ray structure and the denatured state is
generated by MD simulations. We use the same
approach to estimate the stability curve, AR G of
unfolding, for both compact and extended models
for the denatured state. The system we use to
illustrate the approach is the 64-residue truncated
version of the small protein CI2, for which experi-
mental data and unfolding simulations are avail-
able.

2. Theory

The heat capacity of unfolding at constant
pressure, as determined by calorimetric experi-
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ments [30], is the difference in partial molar heat
capacity between the native (N) and denatured
(D) states and is equal to the temperature deriva-
tive of the enthalpy of unfolding (the correspond-
ing difference in partial molar enthalpy); that is,

IAR

ADE, = T — ) = (T)P M

where the overbar denotes a partial molar
property of the protein (the increment in that
property when a mole of protein is added to the
solution at constant temperature and pressure).
For simplicity we omit the constant pressure sub-
script on the derivatives in what follows. For
classical, non-polarizable Hamiltonians, such as
those used in most molecular mechanics energy
functions [31,32], and for sufficiently dilute solu-
tions so that the protein molecules do not inter-
act with each other, the partial molar enthalpy of
the N or D state can be divided into two con-
tributions: the partial molar enthalpy in an ideal
gas (ig) state at the same temperature and den-
sity, and the excess partial molar enthalpy (or
solvation enthalpy, the enthalpy change upon
transfer of the protein from the gas phase to
solution at constant 7 and P):

hO = pist) 4 pex ) K= N or D ()

The first term in the RHS contains the con-
tribution from kinetic energy and from the intra-
molecular potential energy (the Pv=RT term
can be included with %°* to bring it closer to
Ben-Naim’s standard solvation enthalpy [33]). The
partial molar heat capacity can be written

JhieK) e K
oT  t T

R = , K=NorD (3

and the heat capacity of unfolding

AT = AR h's  GAR pex )

= 9T T T )

Theoretical calculation of the gas phase con-
tribution in Eq. (3) can in principle be made with
classical mechanics. However, many components

of the intramolecular energy in proteins, such as
bond stretching terms and to a smaller extent
bond angle bending terms, are associated with
high frequency vibrations, and their contributions
to the heat capacity at room temperature are
greatly overestimated by classical mechanics [34].
For example, the contribution of a typical protein
bond to the heat capacity (frequency v = 1240
cm™!), if viewed as an independent harmonic
oscillator, is approximately 0.1 R at room temper-
ature, whereas the classical harmonic oscillator
gives R from the derivative of the potential and
kinetic energy. On the other hand, the non-
bonded interactions are associated with much
lower frequencies and can be treated classically.
For example, a typical Lennard—Jones interaction
(v=36 cm™!, from a Taylor expansion of the
potential around the minimum) gives ~ 0.998 R,
essentially the classical limit. The alternative to
classical mechanics is to perform a normal mode
analysis, calculate the frequencies of all normal
modes, and use the equations of a quantum me-
chanical harmonic oscillator to compute the ther-
modynamic properties [35,36]. However, this ap-
proach would not allow us to study the effects of
large conformational fluctuations that are not de-
scribed by the harmonic approximation and to
separate out the contribution of non-bonded in-
teractions.

In this work we follow the classical approach
and make use of molecular dynamics but neglect
the kinetic energy contribution. We also do not
include the contribution of the non-polar hydro-
gens, which are not treated explicitly in
CHARMM 19 and EEF1. This approach overesti-
mates the contribution of stiff degrees of freedom
and underestimates the contribution of soft de-
grees of freedom. The reasonable values for the
partial molar heat capacities obtained by this
method (see Section 4) must, therefore, result
from a cancellation between the two types of
errors. However, disregarding the fortuitous can-
cellation, it is the ‘difference’ in partial molar
heat capacity between N and D which is of
primary interest here. This is expected to be
reliable in the classical limit because the kinetic
energy contribution does not change and the
quantum mechanical effects involving stiff bonds
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are expected to be the same in N and D. In what
follows we write

azig,(K) &Eintra,(K)

T -7, K=NorD )

where E™™"* is the intramolecular potential en-
ergy, realizing that Eq. (5) is most accurate for
the difference between N and D; i.e. for the
calculation of A% C, as in Eq. (1).

The various classical intramolecular terms in
the energy function, such as the covalent (bond
stretching and bending, etc.) and non-covalent
(van der Waals and electrostatic) interactions, can
be assumed to be approximately independent of
temperature, so that E™"* varies with tempera-
ture primarily through the change in the distribu-
tion of conformations:

intra,(K)
(aE— —0, K=NorD ©)

5T )p(q)‘K)

where q is a set of variables describing the con-
formation of the protein and p(q)'* is the con-
formational distribution of the protein in the state
K. The solvation term in Eq. (4) has two contribu-
tions, one from the change in solvation enthalpy
with temperature at constant p(q), and another
from the change in the distribution of conforma-
tions with temperature. Thus, the partial molar
heat capacity of state K can be written:

C — SEMa k) 07P(‘1)(K)d
_/ Sp(q)(K) aT q

( a%ex,(K) )
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where the derivatives with respect to p(q) are
functional derivatives [37].

Since the denatured state is a collection of
basins (local minima) on the effective energy sur-
face, its heat capacity will contain one contribu-

tion from the protein conformational relaxation
within each basin and another from the redis-
tribution of the protein population among the
basins as the temperature is changed. In this work
we calculate only the first contribution. Estima-
tion of the second contribution requires sampling
of a large number of denatured basins and calcu-
lation of how their statistical weights change with
temperature [38-40]. The native state can be
viewed as occupying a single basin on the effec-
tive energy hypersurface. Therefore, there is no
summation over basins and no contribution to the
heat capacity from redistribution among basins.
Reasonable estimates of the thermodynamic
properties of protein native states, including the
heat capacity, can be made by use of the har-
monic approximation [35], although multiple con-
formers of sidechains make a small additional
contribution [41,42].

Empirical models for the calculation of the
heat capacity account for the terms in Eq. (7) in
different ways. Models which use data for the
transfer of model compounds from non-polar lig-
uids to water [8,11] implicitly account for the
non-covalent contributions in the first term and
for the second term; i.e. the interactions of the
model compound in the non-polar liquid are as-
sumed to mimic the interactions of similar groups
in the protein interior. Most such models neglect
the contribution of covalent intramolecular inter-
actions to Aﬁ,ép. Models which use data for the
transfer of model compounds from the gas phase
to water [1] estimate the second term based on
accessible surface area and the first term by dif-
ference from the experimental value [1,7,43]; in
the latter, a covalent contribution is included
implicitly. Because all models to date use a single,
fixed conformation as a description for the dena-
tured state (a fully extended chain or the surface
area of Gly-X-Gly tripeptides), none of them
accounts for the last term in Eq. (7), which is due
to changes in the conformational distribution of
the denatured polypeptide chain.

3. Methods

In this paper we estimate A% C, using Eq. (7)
for N and D. We perform molecular dynamics
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simulations at different temperatures and use the
resulting structures to calculate the enthalpy [Eq.
(1)] and estimate the various contributions to
A’f\,ép by finite differences. The simulations are
performed with the implicit solvent model em-
bodied in EEF1 [29], a recently proposed effective
energy function consisting of the CHARMM polar
hydrogen energy function [32,44] and an implicit
solvation term [28,29]. EEF1 has been shown to
give stable native structures in room temperature
MD simulation [29], reasonable energies for un-
folded and misfolded conformations [29] and un-
folding pathways in agreement with explicit water
simulations [28]. As pointed out in [29], the same
implicit solvation model can be used to calculate
solvation enthalpies by substituting solvation en-
thalpy group contributions [45] for solvation free
energy group contributions. The method was ap-
plied to estimate the unfolding enthalpy of he-
lices [29].

To obtain models for the denatured state, we
started from a fully extended chain and per-
formed three simulations (D1, D2, D3) with dif-
ferent initial velocities. The simulations lasted
1.15 ns (100 ps at 600 K and 1050 ps at 300 K),
during which the chain collapsed to a compact
conformation. Starting from the three models ob-
tained at the end of these simulations, we did
20-ps MD simulations at 280 and 320 K; the last 2
ps of the simulations were used for calculating
averages. For D1 the simulations were extended
to 50 ps and averaged over the last 6 ps; the
results were very similar. The native protein was
also subjected to 20-ps MD simulations at 280
and 320 K; these simulations started from an
equilibrated structure of native CI2 after 50 ps of
MD at 300 K. The contributions of internal (cova-
lent and non-covalent) interactions and of solva-
tion to the enthalpy are readily obtained from the
simulations with the EEF1 model and enthalpy
parameters. The group solvation free energies at
temperatures other than 300 K are calculated
from the experimental estimates of the group
solvation enthalpies and heat capacities [29].
Temperature-independent group heat capacities
at 298 K were used in this calculation [7].

The heat capacity was also estimated at 350 K.

The native and the three denatured conforma-
tions were first simulated at 350 K for 50 ps. Each
of the resulting structures was simulated at 330
and 370 K for 20 ps, as above, and the last 2 ps
were used in calculating averages. This calcula-
tion accounts for the change in conformational
distribution within individual basins on the effec-
tive energy hypersurface but not for the possible
redistribution of the protein population among
basins (see above). Thus, the calculation is ex-
pected to underestimate the heat capacity of the
denatured state.

To provide an additional criterion for the valid-
ity of the model, we use it to estimate the stability
of the protein as a function of temperature. The
standard free energy of unfolding (the difference
in the chemical potential of the denatured and
native forms) is

AG = AW ) — TAS"]

— A<Eintra> + A<AG31L!> _ TAsconf (8)

where A(W ) is the change in the average effec-
tive energy, ACAG*!") is the change in the aver-
age solvation free energy and AS°°"/ is the change
in conformational entropy upon unfolding. The
value of W is obtained from EEF1 [29]. For the
calculation we take A(E"Y and AS" to be
independent of temperature. This is not strictly
true, but the two terms compensate each other to
a large extent in the free energy of unfolding
(both increase with temperature). Consequently,
the T factor in the conformational entropy term
and the temperature dependence of the solvation
free energy should yield a qualitatively correct
stability curve with the present model. For each
structure of the denatured state (D1, D2, D3 and
completely extended, E), we calculate A{E™")
and A(AG*") at 300 K and determine AS<"/ by
fitting the experimental AG at that temperature;
the value used (7 kcal/mol) is that given by
Jackson and Fersht [46]. Then, we keep A(E™")
and AS° constant, as indicated above, and
determine A{AG*") as a function of tempera-
ture from the implicit solvation model.
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4. Results and discussion

All three simulations starting from the fully
extended chain resulted in a relatively compact
structure. The energetic and structural character-
istics of the three compact denatured conforma-
tions, designated D1, D2, and D3, are shown in
Table 1 and compared with the native state. The
effective energies of the three denatured states
are between 38 and 65 kcal /mol higher than that
of the native state. This is a reasonable differ-
ence, considering the experimental protein stabil-
ity and the estimated change in conformational
entropy [29]. The radius of gyration (R,) of the
denatured conformations is only 12-18% greater
than that of the N state; this is in agreement with
the experimental data cited in the introduction.
Nevertheless, the root mean square deviation
(RMSD) of all backbone atoms from the crystal
structure and between the three denatured states
is more than 10 A; the RMSD of the native state
simulation from the crystal structure is 1.46 A.
The ‘hydrophobic collapse’ from the extended
state found in the MD simulations is accom-
panied by formation of a large number of pro-
tein—protein hydrogen bonds; the number of hy-
drogen bonds in the denatured forms is only
slightly smaller than that in the native state but
very few are native-like. Moreover, the three de-
natured conformations have almost no native
contacts (pairs of atoms more than three residues
apart in sequence that are within 4 A from each

Table 1
Characteristics of native and denatured conformations?®

other in the crystal structure [28]). D1 has one
native hydrogen bond between the B4 and B6
strands (58N-500) within 1.5 times the distance
in the crystal structure, D3 has no native con-
tacts, and D2 has the 13 CG2-51 CG1 hy-
drophobic contact within twice the native dis-
tance. Thus, the three structures correspond to a
reasonable, though limited, sample of the dena-
tured ensemble.

From the average calculated enthalpy at 280
and 320 K and Eq. (1), the partial molar heat
capacity of the native protein is estimated to be
2.75 kcal /mol K. Of this, 1.725 kcal /mol K arises
from internal interactions and the rest from sol-
vation (see Table 2). Although the calculation is
highly approximate, this estimate is in the range
of the experimental results. The value for the full,
untruncated CI2 (83 residues instead of 64 con-
sidered here) at 298 K is 3.18 kcal /mol K [1]. The
internal contribution is quite close to the value
calculated for BPTI at 300 K from normal mode
calculations [35].

Most of the internal contributions to Ep, come
from the covalent interactions (1.425 out of 1.725
kcal /mol K); these correspond primarily to the
harmonic terms in the potential function. The
total heat capacity arises 52% from covalent con-
tributions, 11% from non-bonded contributions
(van der Waals and electrostatic) and 37% from
the solvation term. However, the covalent con-
tribution is likely to be overestimated because of
the classical treatment (see Section 2).

N® D1 D2 D3
Effective energy” —1970 —1931 —1905 —1932
(-vdW, -elec, -solv) (453, 1083, 607) (411, 1074, 614) (399, 1052, 626) (389, 1083, 627)
R, at 300 K 11.38 12.91 12.78 13.40
H-bonds 60 53 54 58
RMSD from crystal 1.46 13.41 12.96 11.8
RMSD from D1 10.85 13.88
RMSD from D2 12.11
R, at 350 K 11.17 12.97 12.64 13.07

aEnergles in kecal/mol, R, and RMSD in A; the RMSD refers to the backbone atoms while R, includes all atoms.
°N is the native state after 200 ps of molecular dynamics simulation at 300 K.

“After 300 steps of energy minimization.
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Table 2
Estimation of A% C, for CI2 at 300 K*

w) (Hss) CH") CHYm?) (AH™) (H) G,
Tot Int Solv

N 2.75 1.725 1.025
280 K — 1467 —815 578 —1393 -909 —1724
320K —1361 —746 635 —1381 — 868 —1614
D1 345 2.675 0.775
280 K —1449 —805 592 —1397 -928 —1733
320K —1320 —698 651 —1349 —897 —1595
D2 32 1.775 1.425
280 K —1423 ~762 583 —1345 —948 —1710
320K ~1310 —691 652 —1343 —891 —1582
D3 3.175 1.85 1.325
280 K — 1442 —779 581 —1360 —954 -1733
320K —1331 ~705 642 —1347 —901 —1606
AYc, N-D1 0.7 0.95 -0.25
AC, N - D2 0.45 0.05 0.4
AYc, N-D3 0.425 0.125 03

“Average energies over the last 2 ps of a 20-ps MD simulation at the designated temperature. N is native, D is denatured. Energies

in kcal/mol, heat capacities in kcal/mol K. W is the effective

energy, H,, the intramolecular energy, H;’’ the covalent

contribution to H,, (bonds, bond angles, dihedral, and improper dihedral angles), AH*/" the solvation enthalpy, H the total

enthalpy.

The results for the denatured conformations
are also shown in Table 2. D1 has a heat capacity
of 3.45 kcal/mol K (2.675 from internal interac-
tions), D2 of 3.2 kcal /mol K (1.775 from internal
interactions), and D3 of 3.175 kcal /mol K (1.85
from internal interactions). Comparing Tables 1
and 2, we see that the solvation contribution is
not simply related to R,. The experimental value
for denatured untruncated CI2 given by
Makhatadze and Privalov [1] at 298 K is 4.04
kcal /mol K. This is in reasonable agreement with
the calculated average value of 3.275 kcal /mol K
for the truncated version of CI2, despite the
highly approximate nature of the calculation.

The estimated heat capacity of unfolding,
AR C > varies considerably for the three models of
the denatured state. The average value is 0.525 +
0.15 kcal/mol K, compared to the experimental
value of 0.789 kcal /mol K [46] obtained with the
untruncated form of CI2. Although the dis-
ordered N-terminal segment of CI2 is expected to
contribute to the absolute heat capacity of the
native and denatured states, its contribution to

A?,g, may be small. The underestimation of
AR C, may be due to deficiencies of the hydration
model (for example the group additivity assump-
tion), to the obviously limited sampling of the
denatured state or to the neglect of transitions on
a longer time scale (see above). Covalent con-
tributions are approximately equal in the dena-
tured and native conformations and thus do not
make a significant contribution to the unfolding
heat capacity, as expected [13,39]; see also Section
2. In the case of D1, the solvation contribution is
found to be negative despite the fact that expo-
sure of non-polar groups is higher in D. This is
due to the contribution of the third term in Eq.
(7), which is included implicitly in the MD simula-
tion at different temperatures but has not been
considered in previous analyses. For example, in-
crease in temperature may increase the exposure
of polar groups in the denatured state and thus
decrease the solvation enthalpy difference
between D1 and N. Indeed, for D1 the non-polar
surface area increases by 7 A2 whereas the polar
surface area increases by 127 A? between the
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280-K and 320-K simulations. If the solvation
enthalpy at 320 K is calculated from the ensemble
of conformations generated at 280 K, the solva-
tion heat capacity of D1 [the second term in the
RHS of Eq. (7)] is calculated to be 1.225 kcal /mol
K instead of the 0.775 that results when the
change in conformational distribution is taken
into account.

The compactness of the denatured conforma-
tions does not change substantially between 300
and 350 K (Table 1). The reason is that, although
conformational entropy tends to make them more
expanded as the temperature increases, the solva-
tion free energy of both polar and non-polar
groups increases with temperature and tends to
make the protein more compact (so that the
groups are less exposed) as the temperature in-
creases. The heat capacity results at 350 K are
shown in Table 3. The heat capacity of the native
state increases from 2.75 at 300 K to 3.2 kcal /mol
K at 350 K. The value at 350 K given by
Makhatadze and Privalov [1] is 3.47 kcal /mol K.
Both the internal and solvation terms increase

Table 3
Estimation of AR C p for CI2 at 350 K*

T. Lazaridis, M. Karplus / Biophysical Chemistry 78 (1999) 207217

with temperature, although the increase in the
solvation term is larger.

The heat capacities of the three denatured
conformations behave differently with tempera-
ture. For D1, the heat capacity at 350 K is lower
than that at 300 K, but for D2 and D3 it is higher
than at 300 K. The difference in heat capacity
between N and D is smaller than at 300 K. This
is in qualitative agreement with experiment [1].

Experimental dissection of the thermodynamic
quantities of unfolding into internal and solvation
contributions would be very useful but is very
difficult. Recently, an approach was developed for
the estimation of a contribution to the protein
configurational entropy change on denaturation
based on the mobility of backbone NH vectors as
determined from NMR [47,48]. From the temper-
ature dependence of this entropy contribution,
heat capacity information could be extracted [49].
It was found that the entropy associated with
backbone NH bond vectors increases with tem-
perature more for the unfolded than for native
proteins. This means that there is significant con-

W) (H,) (H%) (AR") (H) C,
Tot Int Solv

N 3.2 1.8 14
330K —1331 ~723 653 —861 —1584

370K -1221 —651 725 —805 —1456

D1 3.275 2.525 0.75
330K —1297 —692 670 —870 —1562

370K — 1181 -591 723 —840 —1431

D2 34 L5 19
330K —1282 —669 659 —885 —1554

370K —1177 —609 733 —809 —1418

D3 35 2.65 0.85
330K —1293 —673 655 —889 —1562

370K — 1166 -567 719 - 855 -1422

AVYC, N-DI1 0.075 0.725 —0.65
AC, N-D2 02 -03 05
Ac, N- D3 03 0.85 -0.55

“Average energies over the last 2 ps of a 20-ps MD simulation at the designated temperature. N is native, D is denatured. Energies

in kcal/mol, heat capacities in kcal/mol K. W is the effective energy,

H

. the intramolecular energy, HS’' the covalent

contribution to H,, (bonds, bond angles, dihedral, and improper dihedral angles), AH*/* the solvation enthalpy, H the total

enthalpy.
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tribution to the heat capacity of unfolding from
intraprotein interactions, in accord with the re-
sults obtained here.

Calculated stability curves based on the com-
pact models and the extended chain are shown in
Fig. 1. The stability curve obtained from the ex-
perimental thermodynamic data [46] is shown in
the same figure. It exhibits a maximum at approx-
imately 270 K. The calculated temperature de-
pendence of the stability exhibits the correct qual-
itative features, such as a maximum around room
temperature, although the results do not agree
quantitatively with experiment, as expected for
the model calculations done here. The calcula-
tions based on the compact models give changes
in AG with temperature comparable to experi-
ment, whereas the calculation based on the ex-
tended chain gives variations in AG that are
significantly too large, because the calculated val-
ues of all terms in the RHS of Eq. (8) are too
large. This supports the conclusion that compact
conformations are more reasonable models for
the thermally denatured state.

The maximum in AG near room temperature
results from competition between the two tem-
perature dependent terms in the present model:
there is the conformational entropy term,
TAS°"/ which increasingly favors the D state as

Kcal/mol

-2
-6

-10 1

—14 4

270 290 310 330 350 370
T

Fig. 1. Stability curves for CI2: experimental (thick solid line),
based on D1 (thin solid line), based on D2 (thin dashed line),
based on D3 (dotted line), and based on the extended chain
(thick dashed line). The curves are fitted to the experimental
value at 300 K (see text).

10

0_

-104 -~

-20 1

Kcal/mol

-30

-40 -

270 290 310 330 350 370
T

Fig. 2. Free energy of unfolding as a function of temperature
(solid line), the conformational entropy contribution (dotted
line), and the solvation free energy contribution (dashed line).
These are based on the D1 model; the results for the other
denatured conformations D2 and D3 are similar.

T increases, and the solvation term which in-
creasingly favors the D state as T decreases (Fig.
2). Possible increases in AS°"/ with temperature,
which are neglected in the present calculations,
would increase the curvature of the calculated
stability curves and bring them in closer agree-
ment with experiment. In terms of Eq. (8), denat-
uration is due to conformational entropy at high
temperature and solvation free energy (A(AG*"))
at low temperatures. In A(AG*"V), the solvation
free energy becomes less positive for non-polar
groups and more negative for polar groups as
temperature decreases. This makes exposure of
non-polar groups less unfavorable and exposure
of polar groups more favorable so that, as sug-
gested by Makhatadze and Privalov [50], both
polar and non-polar groups contribute to cold
denaturation.

5. Conclusions

A method for estimating the heat capacity of
proteins has been presented. The basis of the
calculation is a model for the solvation free en-
ergy, enthalpy and heat capacity whose parame-
ters were obtained from experimental data on the
solvation of small molecules. This method differs
from purely empirical approaches in that it does
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not assume a fixed conformation for the dena-
tured state but uses averages over conformations
obtained from molecular dynamics simulations.
Also, it includes the contribution from changes in
the conformational distribution of the protein
with temperature in the calculation of the heat
capacity; this is neglected in other approaches.
Although the calculation of the absolute partial
molar heat capacities is highly approximate due
to the use of classical mechanics, the results are
of the correct order of magnitude. The heat ca-
pacity of unfolding should be less affected by the
classical approximation.

The exposure of non-polar groups to water
makes a large positive contribution to the heat
capacity of unfolding in the present model, as
well as in more empirical analyses. However, the
results presented here suggest that a significant
contribution to the heat capacity of denaturation
comes from protein—protein non-bonded interac-
tions. The denatured state is compact but more
labile than the native state so that temperature
can break interactions in D more easily than in
N. This means that the enthalpy of D increases
with temperature more than that of N and con-
tributes significantly to ALK,EP. The same effect
has been found to be important in lattice models
for proteins that use temperature-independent
interaction parameters [51]. The results demon-
strate that relatively compact denatured states
are consistent with the calorimetric data. The
smaller contribution of hydrophobic group expo-
sure to the heat capacity in this model for the
denatured state is compensated by the contribu-
tion of non-covalent protein interactions.

The picture that emerges from the present
study is considerably more complex than that
derived from simple models that assume that all
of the denaturation heat capacity arises from
exposure of polar and non-polar surface area. It
is reasonable that some correlation should exist
between denaturation heat capacity and amount
of buried non-polar surface area. However, this
does not necessarily mean that all of this area will
be fully exposed in the denatured state and sug-
gests that the success of heat capacity calculations
with simple surface accessibility models, which

use a fully extended denatured state, may be
fortuitous, in part.

The results presented here pertain to the ther-
mally denatured state in the absence of denatu-
rants and agree with experimental and simulation
estimates concerning its compact nature. In solu-
tions of urea or Gdn HCI, the solvation free
energy of both polar and non-polar groups is
more favorable [52] and a more expanded dena-
tured state is expected.
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