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Abstract

An effective free energy potential, developed originally for binding free energy calculation, is compared to calorimetric
data on protein unfolding, described by a linear combination of changes in polar and nonpolar surface areas. The
potential consists of a molecular mechanics energy term calculated for a reference medium (vapor or nonpolar liquid),
and empirical terms representing solvation and entropic effects. It is shown that, under suitable conditions, the free
energy function agrees well with the calorimetric expression. An additional result of the comparison is an independent
estimate of the side-chain entropy loss, which is shown to agree with a structure-based entropy scale. These findings
confirm that simple functions can be used to estimate the free energy change in complex systems, and that a binding
free energy evaluation model can describe the thermodynamics of protein unfolding correctly. Furthermore, it is shown
that folding and binding leave the sum of solute—solute and solute—solvent van der Waals interactions nearly invariant
and, due to this invariance, it may be advantageous to use a nonpolar liquid rather than vacuum as the reference medium.
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Calculating the free energy change in protein folding and associ-
ation is a classical problem in biophysical chemistry. In principle,
free energy differences can be obtained by molecular dynamics
and Monte Carlo simulations that allow for similar molecules to be
interconverted, and the relative free energies determined by per-
turbation or integration techniques (Mezei & Beveridge, 1986;
Reynolds et al., 1992). However, simulation methods are far too
expensive computationally for free energy calculation in confor-
mational search, docking, and design (Wilson et al., 1991). The
simplest remedy is to neglect solvation and entropic contributions
in applications, but it is well known that energy-type target func-
tions are frequently unable to distinguish between correct and in-
correct proteins folds (Novotny et al., 1988), or correct and incorrect
docked conformations (Shoichet & Kuntz, 1991). An alternative
approach is to estimate free energy by empirical methods that are
computationally viable and yet can better discriminate between
correct and incorrect structures than conformational energy alone.
A number of effective free energy functions have been proposed
during the last few years (Novotny et al., 1989; Wilson et al., 1991;
Horton & Lewis, 1992; Wesson & Eisenberg, 1992; Stouten et al.,
1993; Bohm, 1994; Smith & Honig, 1994; Vajda et al., 1994;
Holloway et al., 1995; Jackson & Sternberg, 1995; Nauchitel et al.,
1995; Verkhivker et al., 1995; Wallqvist et al., 1995; Zhang &
Koshland, 1996) and some kind of free energy calculation is quickly
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becoming the standard in computer-aided molecular design (Ajay
& Murcko, 1995).

We have developed a relatively complete empirical free energy
function, and evaluated it against a range of structural and thermo-
dynamic data (Vajda et al., 1994, 1995; Gulukota et al.,, 1996;
King et al., 1996; Weng et al., 1996). The free energy change,
AG = G, — Gy, between two states is calculated according to the
expression:

AG = AE + AG,; — TAS, + AG .1, 1)

where AE, AG,, and AS, represent the energy change, the desol-
vation free energy, and the change in conformational entropy, re-
spectively. The last term, AG,,,,.,, includes all other free energy
changes associated with translational, rotational, vibrational, cratic,
and protonation/deprotonation effects (Novotny et al., 1989; Vajda
et al., 1994).

The function has been developed originally for calculating
receptor-ligand binding free energies, and we used a number of
simplifying assumptions to calculate the free energy terms. It was
assumed that binding does not affect the conformational energy of
either molecule substantially (Novotny et al.,, 1989; Vajda et al,,
1994). Due to this assumption, the energy change AE is reduced to
the receptor-ligand interaction energy E'/, calculated in a refer-
ence medium (vacuum or nonpolar liquid). The desolvation free
energy, AG,,, is obtained by the expression AG, = AG). — AG), —
AG!,, where AGY, AG,,, and AG!,, denote the free energies of
transferring the complex, the receptor, and the ligand, respectively,
from water into the reference medium. We assumed that the protein—

1976



Empirical free energy

protein and the protein—solvent interfaces are equally well packed,
to the extent that the intermolecular van der Waals (vdW) inter-
actions in the bound state are balanced by interactions with the
solvent in the free state (Adamson, 1982; Novotny et al., 1989;
Nicholls et al., 1991; Horton & Lewis, 1992; Krystek et al., 1993,
Jackson & Sternberg, 1995; Nauchitel et al., 1995). Due to this
vdW cancellation, the vdW contributions were removed both from
the desolvation free energy AG,, and from the interaction energy
E™, thereby reducing the latter to its electrostatic component
E!j'. The term AG,,,,., was considered to be constant; i.e., inde-
pendent of the detailed structure of the potential complexes (No-
votny et al., 1989; Horton & Lewis, 1992; Vajda et al., 1994;
Jackson & Sternberg, 1995; Nauchitel et al., 1995).

The free energy function was shown to be useful in a number of
applications. The direct evaluation of the method consisted of com-
parisons against measured binding free energies for molecules that,
to a good first approximation, did not change backbone geometry
on complexation. Proteases interacting with their inhibitors fall
into this category, and we found that the average difference be-
tween calculated and measured binding free energies was approx-
imately 1.3 kcal/mol, representing an error of about 10% (Vajda
et al., 1994). The free energy has also been used as a target func-
tion for docking (King et al., 1996; Weng et al., 1996), and was
shown to discriminate between correct and incorrect docked con-
formations better than traditional selection criteria (Shoichet &
Kuntz, 1991).

The main goal of this paper is to further establish the validity of
the effective free energy potential (Equation 1) by comparing the
calculated free energies to thermodynamic data from calorimetric
observations. Most of the available calorimetric data describe the
temperature-induced unfolding of proteins (Murphy & Freire, 1992;
Makhatadze & Privalov, 1993; Privalov & Makhatadze, 1993).
However, we want to avoid the calculation of unfolding free en-
ergy, i.e., the free energy difference between unfolded and folded
states because, for the unfolded state, there exist neither high-
resolution structures nor well established structural models (Laza-
ridis et al., 1995; Makhatadze & Privalov, 1995; Fried & Bromberg,
1996). The calculation of the binding free energy, i.e., the free
energy change in a binding reaction, is more tractable, because one
can access high-resolution structures of both the reactants (free
receptor and ligand) and the product (receptor-ligand complex)
experimentally (Connelly, 1994).

In order to avoid the modeling of the unfolded state, required for
folding free energy calculation, we consider the effective potential
given by Equation 1, and calculate the binding free energies for a
number of protein—protein complexes. Because protein folding and
association are governed by the same physical forces, under ap-
propriate conditions, Equation 1 should also apply to folding
(Khechinashvili et al., 1995). As we will describe, the folding free
energy has been expressed as a linear combination of the changes
in apolar and polar solvent-accessible surface areas, with coeffi-
cients determined from calorimetric data. To compare this expres-
sion to the binding free energy, the latter will also be expressed in
terms of surface area changes. In spite of being written in the same
form, the two models are based on very different decomposition of
the free energy, and are parameterized on virtually nonoverlapping
data sets. Nevertheless, we will be able to show a good agreement
between them, suggesting that there exists a relatively general
empirical framework for free energy calculation, and that the va-
lidity of an empirical model may extend well beyond the particular
class of problems for which it has been developed.
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Calorimetry also provides information on some of the individual
terms in Equation 1. Because the free energies determined from the
calorimetric data by Freire and his group (Murphy & Freire, 1992)
do not include changes in conformational entropy, subtracting Equa-
tion 1 from the calorimetric expression yields the side-chain en-
tropy term TAS,.. We will show that these back-calculated entropy
values are in excellent agreement with the structure-based entropy
scale of Pickett and Sternberg (1993). Finally, we study the validity
of the assumed van der Waals cancellation, and show that near-
cancellation of van der Waals interactions can be achieved by
selecting a nonpolar or partially nonpolar liquid [e.g., hydrocarbon
or octanol (see Vajda et al., 1995)] as the reference medium.

Results

Calorimetric data

Based on the calorimetric observation of temperature-induced pro-
tein unfolding, Freire and co-workers (Murphy & Freire, 1992;
Xie & Freire, 1994a) expressed the free energy change in terms of
the changes in apolar (AA,,,) and polar (AA,,,) solvent-accessible
surface areas. At T = 25°C, this expression is given by

AG! = 49.6AA,,, — 19.1A4,,, )

(see Materials and methods for details). The subscript ¢ in AG!
indicates that the free energy expression given by Equation 2 is
based on calorimetric measurements. The tilde shows that protona-
tion/deprotonation effects have been removed by performing the
calorimetric analysis in buffer solutions, thereby compensating for
any heats of ionization of protein groups upon unfolding (Murphy
et al., 1993). Freire and co-workers also assumed that Equation 2
does not include any change in the conformational entropy. This
claim was based on the assumptions that the conformational en-
tropy is the sole contributor to the residual unfolding entropy at the
isoentropic temperature of 385.15 K, where the specific folding
entropies of various proteins tend to converge to a single value,
and that the temperature dependence of the conformational entropy
is relatively weak in the temperature interval considered. Due to
these assumptions, using S(7,,) = 385.15 K as the reference state
implies that the relative entropy S(T) — S(T,.;) does not include
any conformational contribution. As we will show, this conclusion
is strongly supported by our results. The superscript * in AG. is
used to emphasize that the equation does not include conforma-
tional entropy, and hence is not a complete free energy expression.

Free energy in terms of surface area changes

The goal of this section is to study the relationship between the
effective free energy potential given by Equation 1, and the calo-
rimetric expression given by Equation 2. In order to avoid the need
for modeling the unfolded state of proteins, we calculate the bind-
ing free energy for a number of protein—protein complexes, and
express the results in terms of the changes in apolar and polar
solvent-accessible areas. Because Equation 2 excludes conforma-
tional entropy (Murphy et al., 1993), for the comparison we cal-
culate only the first two components of Equation 1, i.e.,

AG* = E;' + AG,. 3)

As before, the superscript * and the tilde indicate that both con-
formational entropy and protonation/deprotonation effects are ex-



1978

cluded. In order to compare the calculated free energies to unfolding
data, we go one step further, and consider all ionizable side chains
neutral. As will be shown, the removal of charges is necessary
when comparing a free energy expression, based on folding, to
another expression based on binding.

The calculation of the desolvation free energy AG, is based on
the atomic solvation parameter (ASP) model. Because the side
chains are now assumed neutral, the solvation model given by
Equation 17 in Materials and methods is reduced to the expression
AGy = GupuidAypor + O puldA,,;, Where AA,,, and AA,, denote
the changes in apolar and polar solvent-accessible surface areas,
and the o’s are the corresponding solvation parameters. Because
the apolar area, AA,,,,, is essentially determined by the exposed
area of C atoms (the small contribution of § is neglected), o, =
oc = 30.5 + 1.2 cal/mol/A2, where 1.2 cal/mol/A? is the stan-
dard deviation for the estimate of the solvation parameter (Vajda
et al., 1994). The polar area, AA,,, is due to the exposed N/O
atoms, and thus 0,,; = o0 = —0.9 + 2.5 cal/mol/A? (Vajda
et al., 1994). Therefore, restricting consideration to nonionized
side chains, the desolvation free energy is given by

AG, = (305 + 1.2)AA,,,, — (0.9 = 2.5)AA,,,. @)

We calculate the electrostatic interaction energy E’; for a number
of protein—protein complexes, and express the results in terms of
AA,,, and AA,,. Although 20 complexes will be used in this
paper (Table 1), at this point the analysis is restricted to the first 15
complexes that satisfy the condition of rigid-body association
relatively well. The last five complexes are left out for various
reasons: trypsinogen in 2TGP changes conformation when it
complexes with BPTI (Huber & Bode, 1978); the ligands are small
and flexible in 3CPA and IV, the insulin dimer 4INS consists of

Table 1. Protein complexes studied®

Z. Weng et al.

relatively small and flexible molecules; and in 4CPA, the binding
site includes Zn?* ions that affect the electrostatic interactions
significantly.

Table 2 shows, for the first 15 complexes, the changes in apolar
solvent-accessible area AA,,,, the changes in polar solvent-
accessible area AA,,, the desolvation free energy AG,, the elec-
trostatic interactions energy Ej', the electrostatic interactions
energy E/;' calculated with nonionized side chains, the conforma-
tional entropy change term TAS,, the calculated binding free en-
ergy AG based on Equation 1, and the measured value AG,,,,, of
the binding free energy. The origin of the constant term, AG ., =
11.2, will be discussed further in the paper. A least-squares fit to
the E/;! values yields the expression

Ej' = (16.6 £ 1.4)AA,,, — (144 £ 2.5)AA,,,. 5)

As shown in Figure 1, apart from complexes 1PPF and 2IFF, the
values provided by Equation 5 are in good agreement with the
original (coulombic) interaction energies. The correlation coeffi-
cient for all the 15 points is » = 0.94. Adding Equations 4 and 5
yields

AG™ = (47.1 £ 1.8)AA,, — (153 £ 3.5)AA,,. (©6)

Although the numbers in Equation 2 are slightly outside the error
bars of the coefficients in Equation 6, the result shows a good
agreement between our free energy model and the calorimetry-
based expression.

Side-chain entropy loss from binding data

To a good first approximation, the proteins in the first 15 com-
plexes of Table 1 do not change backbone geometry on complex-

PDB Resolution

Code (;\) Protein complexes

1ICHO 1.8 Alpha-chymotrypsin complex with turkey ovomucoid third domain (OMTKY 3)
ICSE 1.2 Subtilisin carlsberg complex with eglin-c

INCA 2.5 N9 neuraminidase—-NC41 complex with Fab

1PPF 1.8 Human leukocyte elastase complex with OMTKY?3

ITEC 22 Thermitase complex with eglin-¢

2HFL 2.65 IgG1 Fab fragment (HyHel-5) complex with lysozyme

2IFF 2.65 IgG1 Fab fragment (HyHel-5) complex with lysozyme mutant (R68K)
2KAI 2.5 Kallikrein A complex with bowine pancreatic trypsin inhibitor

2PTC 1.9 beta-trypsin complex with pancreatic trypsin inhibitor

2SEC 1.8 Subtilisin carlsberg complex with genetically-engineered N-acetyl eglin-c
2SNI 2.1 Subtilisin novo complex with chymotrypsin inhibitor 2 (CI-2)

35GB 1.8 Proteinase B from streptomyces griseus complex with OMTKY3

3TPI 1.9 Trypsin complex with BPTI and Ile-Val

4SGB 2.1 Serine proteinase B complex with the potato inhibitor PCI-1

4TPI 2.2 Trypsin complex with the Arg 15 analogue of BPTI

2TGP 1.9 Trypsinogen complex with bovine pancreatic trypsin inhibitor (BPTI)
3CPA 20 Carboxypeptidase alpha complex with glycyl-L-tyrosine

v Same as 3TPI but the binding is calculated between trypsinogen and lle-Val
4INS 1.5 Insulin dimer

4CPA 2.5 Carboxypeptidase alpha complex with potato carboxypeptidase A inhibitor

*Complexes 2TGP, 3CPA, 4CPA, 4INS, and IV were not used in the binding free energy calculation because 2TGP,
3CPA, 4INS, and 1V do not obey rigid-body assumption, whereas 4CPA has Zn?" ions in the binding site. Complexes 2HFL,
2IFF, and 1NCA were not used in the vdW calculation because the crystal structures have low resolution.
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Table 2. Free energy calculations of 15 complexes®

PDB

code AG, Er! Ej! —TAS, AG AG eas
ICHO  —25.7 -99  —176 19.0 -15.3 —14.4
1CSE —254 -96 —175 17.4 -16.5 -13.1
ICNA  -285 -50  —265 32.8 -132 -97
1PPF -27.9 -8.6 —6.3 14.7 -10.5 -13.5
ITEC -275 -86  —150 17.9 -156  —14.0
2HFL -22.7 -56 2717 26.0 -154  —142
2IFF ~23.3 -0.6  —238 26.5 -11.6 —-11.1
2KAI -21.3 -82  —223 18.6 -160  —125
2PTC -19.4 -65 =240 17.1 -17.3 -18.1
2SEC -26.3 -7.8  —160 17.3 -16.0 -14.0
2SNI -308 -11.0 —155 21.0 -16.3 -15.8
3SGB -21.4 -80 —125 13.2 -11.7 -12.7
3TPI -19.3 -70 215 16.6 -212 ~17.3
4SGB -23.6 -9.4 -85 9.4 ~13.7 -11.7
4TPI -194 -62 =255 16.5 -194  —173

2All energies are in kcal/mol.

ation. However, the surface side chains in the free reactants may
have conformational degrees of freedom that are lost upon asso-
ciation, resulting in a nonzero conformational entropy term TAS,
in the binding free energy. In the free energy function given by
Equation 1, this term has been calculated using the empirical en-
tropy scale derived by Pickett and Sternberg (1993) from the ob-
served rotamer frequencies of surface side chains.

According to Murphy et al. (1993), the calorimetric free energy
expression given by Equation 2 does not include any change in
conformational entropy. Therefore, subtracting AG.* from the mea-
sured binding free energy yields the relationship

AG - AG“:‘ = _TASL + AG(}I}wr- (7)

where AG denotes the binding free energy with neutral side chains.
This value can be obtained by adding (E};' — E;') + (AG, — AG,)
to the experimentally determined binding free energy AG, and
thereby correcting for the electrostatic and solvation effects of
side-chain charges. The side-chain entropy term, TAS,, can also be
calculated using the empirical entropy scale of Pickett and Stern-
berg (1993), based on the observed frequencies of surface side-
chain rotamers (see Materials and methods). As shown in Figure 2,
(AG — AG)) correlates very well (r = 0.97) with these values of
the side-chain entropy loss term TAS,. The line shown in Figure 2
is the result of a least-squares fit in which the slope is fixed at 1.0,
and only the intercept b is a free parameter. The fit yields b = 11.2
*+ 1.8 kcal/mol which, according to Equation 6, is an estimate of
the constant free energy term AG,, ..

Reference medium and van der Waals interactions

The desolvation term AG, to the free energy is defined in terms
of the free energies of transferring the molecule from water into a
reference state (Vajda et al., 1994). If the reference state is the
ideal gas phase, this concept of transfer free energy agrees with the
usual definition of the net solvation free energy (Ben-Naim, 1994;
Makhatadze & Privalov, 1995). In practice, the transfer free ener-
gies are determined from the partition of small organic molecules
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Fig. 1. Electrostatic interaction energy EJ', calculated with nonionized
side chains, versus the linear approximation of Erl given by 16.6AA,,, —
14.4AA,,;. Points are calculated for the first 15 complexes of Table 1. All
values are in kcal/mol.

between their vapor phase and aqueous solution (Makhatadze &
Privalov, 1993; Privalov & Makhatadze, 1993) and we will use the
notation AG,;(vw) to indicate that the desolvation term is defined
using vapor as the reference medium.

In most cases, we used Equation 1 with a nonpolar liquid as the
reference state (Vajda et al., 1994). This has clear relevance to
protein folding or binding, because desolvation in these processes
is due to moving atoms from water into the largely nonpolar en-
vironment of the protein interior. The use of a liquid for reference
state yields a differential rather than complete hydrophobic con-
tribution. In fact, the vdW interactions between the solute and a
reference liquid are almost the same as between the solute and the
water. Therefore, the desolvation free energy AG,(Iw), defined in
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Fig. 2. AG — AG; versus the entropic term (—TAS,), where AG is the
experimentally determined binding free energy corrected for neutral side
chains, AG is the free energy from the calorimetric expression by Murphy
and Freire (1992), and AS. is the side-chain entropy loss calculated ac-
cording to Vajda et al. (1994). All values are in kcal/mol.
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terms of the liquid-to-water transfer free energies, includes only a
small differential vdW component. As a first-order approximation,
we neglected this contribution, and assumed that none of the terms
in Equation 1 includes vdW contributions. The removal of vdW
interactions reduces substantially the sensitivity of the free energy
function to atomic coordinates, resulting in a relatively “smooth”
effective potential (Vajda et al., 1994).

If we use a liquid-based desolvation term AG,(lw), and assume
the cancellation of van der Waals interactions, then the energy
change AF reduces to the electrostatic interaction energy E/;', and
the free energy is given by AG = EJ' + AG,(lw) — TAS, +
AG ., By contrast, using a vapor-based desolvation term AG;(vw),
the binding free energy is given by AG = E5' + EIj, +
AG,(vw) — TAS, + AG,,,,, where E/Zy is the vdW component of
the receptor-ligand interaction energy. Because AG should be in-
dependent of the reference medium, these two expressions for
binding free energy imply that

AG,(lw) — AG,(vw) = Ely. (8)

The etrors due to assuming the cancellation of vdW interactions
can be studied by calculating the terms in Equation 8. Because this
relationship does not assume rigid-body association, we can extend
the analysis to the last five complexes in Table 1. However, the
resolution of the X-ray structure is critical when vdW interactions
are taken into account, and we leave out the lowest-resolution
structures, INCA, 2HFL, and 2IFF. Due to its sensitivity to the
atomic coordinates, for each complex, the calculation of E/jy is
preceded by 200 steps of unconstrained minimization of the
CHARMm potential. This protocol helps to remove the initial
differences in resolution and in geometric parameters used by the
crystallographers. The desolvation terms AG,(/w) and AG ,(vw) are
calculated using the ASP values listed in Table 3. Figure 3 shows
AG4(lw) — AG,(vw) as a function of E[}}y. Although some points
are relatively far from the 45° line shown in the figure, the corre-
lation (r = 0.94) suggests that the cancellation of van der Waals
effects is a viable first approximation.

Discussion

Overall agreement

We considered a free energy function that includes molecular me-
chanics interaction energy and empirical terms representing desol-
vation and conformational entropy, and compared the function to
a simple expression describing calorimetric data on protein un-
folding. As described in Materials and methods, the calorimetric
data include neither protonation/deprotonation effects nor changes
in conformational entropy (Murphy et al., 1993; Xie & Freire,
1994a). We have shown that, under appropriate conditions, the
effective free energy function given by Equation 1 agrees with the
calorimetric data. The agreement confirms that very simple theo-
retical models can be used to estimate the free energy in complex
systems. This may not seem to be surprising, because many of the
effects involved in the calculations scale reasonably well with
polar and apolar areas buried. However, we have much stronger
results. In fact, transforming Equation 1 into the form of Equa-
tion 2, we were able to show not only that the free energy corre-
lates with the surface areas, but also that the two expressions have
almost identical coefficients.

The binding free energy model agrees with the calorimetric
expression based on unfolding data if and only if all ionizable side

Z. Weng et al.

Table 3. Aromic solvation parameters®

Reference states

Parameters Liquid® Vapor®

oc 305 £ 1.2 9.6 + 3.0

ON/O -09 £ 25 —-1194 = 13.1
g 10.0 =94 452 + 23.1
oo -150 =73 —187.8 + 385
oN' —38.5 £ 45 —1784 = 30.0

2All parameters are in cal/(mol AZ).

bo¢ is determined from hydrocarbon (liquid) to water transfer free
energies. All other parameters are from octonal to water transfer free en-
ergies of N-acetyl amino acid amides (Fauchere & Pliska, 1983).

‘o is determined from hydrocarbon (vapor) to water transfer free en-
ergies. All other parameters are from vapor to water transfer free energies
of amino acid side-chain analogues (Wolfenden et al., 1981).

chains are considered neutral in the binding free energy calcula-
tion. It is well known that there are not too many charged groups
in the interior of proteins, and that the few salt bridges do not play
an important role in protein folding (Dill, 1990; Tidor & Karplus,
1994; Honig & Nicholls, 1995). By contrast, salt bridges are seen
frequently and can be very important in the contact region of
complexes. It has been assumed that electrostatic interactions may
help to orient the two molecules favorably, thereby substantially
increasing the rate of association (Schreiber & Fersht, 1996).
Equation 1 includes the molecular mechanics energy change
AE. In the binding free energy calculation, we assumed that both
the receptor and the ligand are rigid, and hence the internal energy
terms (bond stretching, angle bending, torsional, and improper) do
not change upon the receptor-ligand association. According to the
results presented here, the same free energy function adequately
describes protein unfolding, indicating that, in spite of the major
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Fig. 3. The difference AG,(lw) — AG,(vw) of desolvation free energies,
based on liquid-to-water and vapor-to-water transfer data, respectively, as
a function of the van der Waals interaction energy E/;y, calculated for the
complexes of Table 1. (The the relatively low-resolution structures INCA,
2HFL, and 2IFF are omitted from the calculation.) All values are in kcal/
mol.
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conformational change, the energy terms associated with local de-
formations (i.e., bond stretching, angle bending, torsional, and im-
proper energy terms) do not contribute substantially to the process.
Indeed, it is likely that all potential “hot spots” (i.e., local distor-
tions) are removed in equilibrium, in both the folded and the
unfolded states.

Side-chain entropy change

Freire and co-workers (Murphy & Freire, 1992) assumed that the
calorimetric free energy expression given by Equation 2 does not
include any change in conformational entropy. Our results strongly
support this assumption (Fig. 2). If AG does not include confor-
mational entropy, then subtracting it from the experimentally de-
termined binding free energy AG, after correcting for the effect of
ionized side chains, should correlate with the side-chain entropy
loss TAS,.. Figure 2 not only confirms such correlation, but the
resulting slope of 1.0 shows that the absolute scale of the side-
chain entropies, adopted from the structure-based statistics of Pick-
ett and Sternberg (1993), is also correct.

Fitting a line to the data in Figure 2 with the slope of 1.0 yields
the intercept of 11.2 kcal/mol, which is the estimate of the constant
free energy term AG.,,,,, in Equation 1. In the most general case of
receptor-ligand association, AG,,,, includes translational, rota-
tional, vibrational, cratic, and protonation/deprotonation contribu-
tions (Vajda et al., 1994). Assuming an ideal gas phase, the loss of
rotational and translational entropy and energy can be calculated
using simple kinetic arguments (Finkelstein & Janin, 1989). For
complexes of proteases with protein inhibitors, the resulting en-
tropy loss is around 16 kcal/mol, with a weak dependence on size
(K. Gulukota, pers. comm.). However, about half of the rotational/
translational entropy loss will go toward increasing the vibrational
entropy upon binding (Finkelstein & Janin, 1989). The remaining
8 kcal/mol net entropy loss is in good agreement with the range of
7-11 kcal/mol, estimated for enzymatic reactions in the liquid
phase (Page & Jencks, 1971; Jencks, 1981). In addition, the loss of
dilutional or cratic entropy adds about 2 kcal/mol (Kauzmann,
1959). AG, ., also includes 1.8 kcal/mol change in energy due
to the loss of three translational and three rotational degrees of
freedom in the process of bimolecular association. Adding these
contributions yields AG,;,, =~ 11.8 kcal/mol. The intercept in
Figure 2, 11.2 kcal/mol, is clearly in excellent agreement with this
estimate.

In contrast to the other terms in Equation 1, the side-chain
entropy does not scale with polar and apolar areas buried. There-
fore, the free energy can be described by a linear expression of the
form of Equation 2 if and only if all conformational entropy con-
tributions are removed. Furthermore, if we allow for ionizable side
chains but remove conformational entropy, the binding free energy
can be expressed as a linear combination of the solvent-accessible
surface areas of five atomic groups, C, N/O, S, N*, and O~
(Fig. 4). However, this is not the case if the side-chain entropy
change is included, and a linear model fitted to the binding free
energies calculated for 15 complexes (Table 2) yields more than
15% average error.

Van der Waals cancellation

Because the empirical model does not consider solvent explicitly,
simplifying assumptions were used to describe the interaction be-
tween the protein and the surrounding solvent. We assumed that
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Fig. 4. Electrostatic interaction energy E[;', calculated by a coulombic
expression, versus the elecirostatic interaction energy approximated by
the linear expression sum X, 0;A;, where A; denotes the contact area of the
ith atom type. All energy values are in kcal/mol. From the best fit to the
E’;' data, the parameters (in cal/mol/A?) of the linear expression are as
follows: o(C) = —8.5 £ 7.4, o(N/O) = 353 £ 17.2,0(07) =519 =
32.1, o(N¥) = 85.6 £ 72.9, and o(S) = 81.0 = 80.5. The standard
deviations of the parameters are large because we estimated five param-
eters from 15 data points.

the solute~solute and solute—solvent interfaces are equally well
packed, and hence the intermolecular vdW interactions in the bound
state are balanced by interactions with the solvent in the free state.

Although this assumption of vdW cancellation works well for
complexes with known X-ray structure (Adamson, 1982; Novotny
et al., 1989; Nicholls et al.,, 1991; Horton & Lewis, 1992; Krystek
et al., 1993; Jackson & Sternberg, 1995; Nauchitel et al., 1995), it
limits both the accuracy and the range of applicability of the free
energy evaluation method. First, although empirical free energy
would be an ideal target function in docking and conformational
search calculations, the lack of an excluded volume term prevents
its direct minimization (Sezerman et al., 1996). Second, a protein—
protein interface is not always well packed. In fact, unfavorable
vdW interactions or cavities reduce binding, but do not affect the
free energy function if vdW cancellation is assumed (Eriksson
et al., 1992; Vajda et al., 1994).

In principle, the vdW effects can be taken into account by using
desolvation terms based on vapor-to-water transfer free energies,
which include vdW interactions between solute and solvent. If AG,
includes solute—solvent vdW effects, then the energy term AE
should include solute—solute vdW interactions. This model has
been used in the past, sometimes with limited success. For exam-
ple, Wilson et al. (1993) found that the protein—protein vdW con-
tributions to the free energy were extremely large and tended to
dominate the entire expression. Acceptable agreement with exper-
imentally observed free energies required the use of a small scaling
factor to reduce the contribution of vdW effects. However, the
magnitude of vdW interactions may have been overestimated due
to inadequate sampling and minimization (Wilson et al., 1993). In
fact, according to the results presented in Figure 3, the values of
receptor—ligand vdW interaction are consistent with the other free
energy terms, and can be obtained as differences between vapor-
based and liquid-based desolvation terms.
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Equation 7 implies that the ASP values should depend heavily
on the reference medium (see Table 3). For example, oc = 30.5 £
1.2 cal/mol/A? if a nonpolar liquid is used as reference. This value
is extracted from liquid-to-water transfer free energies that include
only a small differential vdW component (Vajda et al., 1995). By
contrast, the use of vapor-to-liquid transfer free energies, which
include solute-solvent vdW effects, yield oc = 9.6 = 3.0 cal/
mol/A? (Wolfenden et al., 1981; Wesson & Eisenberg, 1992). It is
frequently overlooked that the two values, 30.5 + 1.2 cal/mol/A2
and 9.6 + 3.0 cal/mol/A2, are not different estimates of the same
quantity, but represent very different physical interactions (Cum-
mings et al., 1995; Juffer et al., 1995). Similarly, oy = —~38.5 £
4.5 cal/mol/A? for liquid reference state, and oy+ = —178.4 =+
30.0 cal/mol/A? for vapor (see Table 3).

The reference medium, and thus the definition of the solvation
free energy, also affects the perceived importance of various factors
in protein folding and association. For example, oy, = —0.9 £
2.5 cal/mol/A? with liquid reference state. If the reference is va-
por, onyo = —119.4 + 13.1 cal/mol/A2. Therefore, considering a
liquid reference state, one might conclude that the polar groups
play a relatively minor role compared to the “hydrophobic” effect,
i.e., to the contribution of apolar groups (Murphy & Freire, 1992).
By contrast, the use of vapor as the reference state gives a huge
importance to polar and charged groups relative to the hydrophobic
effect (Makhatadze & Privalov, 1995).

Calorimetric studies of protein unfolding

The good agreement between a free energy function and protein
unfolding thermodynamics is a potentially important finding. How-
ever, we should note that the experimental component in this com-
parison, i.e., the calorimetry-based free energy expression, is itself
subject to some uncertainty. Differential scanning calorimetry of
protein unfolding yields the heat capacities of denatured and folded
states as functions of the temperature, as well as the enthalpy of
transition. All other thermodynamic quantities are determined from
these data. The heat capacity, AC,, is the difference between the
heat capacities of denatured and folded states, and its determina-
tion requires extrapolation to the transition temperature. Although
extrapolation is generally not a very reliable procedure, different
groups report similar values for the parameters of the linear model
AC, = 0upoBA o + 0p01AA,,, at least at T = 25°C (Table 4).
The parameters obtained by Murphy and Freire (1992) and Spolar
et al. (1992) are based on liquid hydrocarbon/amid transfer data,

Table 4. Parameters in linear expressions for AC,
of protein unfolding

References T o Tpot

Murphy and Freire (1992)® 045 £ 0.04 —0.26 = 0.07
Spolar et al. (1992)¢ 0.33 = 0.04 —0.14 + 0.04
Makhatadze and Privalov (1995)¢ 0.38 = 0.08 -0.13 + 0.16

BAC, = O ypotDAupnt + O pAA,,. Sign convention is as used by Murphy
and Freire (1992), i.e., AAp, > 0 in protein denaturation.

bSee Materials and methods for determination of ., and .

€T qpor Was derived from liquid hydrocarbon transfer data and o, was
derived from organic amide transfer data.

4Direct fit to AC,, values, given by Makhatadze and Privalov (1995) for
T =25°C.
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whereas we derived the last row in Table 4 by fitting the linear
expression to the AC, values reported for 18 singie-domain proteins.

The calculation of other thermodynamic quantities requires as-
sumptions that generally differ from one group to another. For
example, not all groups accept that AC, can be expressed in terms
of polar and nonpolar surface areas with temperature-independent
parameters (Makhatadze & Privalov, 1995). Because the enthalpy
AH7 of unfolding at temperature T is given by AH, = AHp, +
S fm AC,(T)dT, the assumed temperature dependence of AC,, has a
substantial effect on AH,. The reference temperature 7, is an
additional parameter. Freire and co-workers (Murphy & Freire,
1992) used T,,; = 60°C in the enthalpy calculation, and assumed
that AC, is independent of the temperature. By contrast, Makhat-
adze and Privalov (1995) considered a different 7, value for each
protein (i.e., the transition temperature), assumed a significant de-
pendence of AC, on the temperature, and strongly suggested par-
titioning AC,, in terms of residue contributions rather than in terms
of polar and nonpolar surface areas.

We emphasize that the free energies calculated by Equation 1
can be compared to the calorimetric expression developed by Freire
and co-workers, but cannot be compared to the free energies of pro-
tein unfolding given by Makhatadze and Privalov (1995). The rea-
son is that the latter include substantial contributions due to the loss
of both side-chain and backbone conformational entropy. The bind-
ing free energy function allows for side-chain entropy loss, but
assumes that the backbones are essentially unchanged upon receptor—
ligand association. Thus, without introducing a backbone entropy
term, we have to restrict consideration to the calorimetric results
by Freire and co-workers (Murphy & Freire, 1992; Murphy et al.,
1993; Xie & Freire, 1994a), who tried to remove all conforma-
tional entropy contributions by selecting the isoentropic tempera-
ture 7,7, = 385.15 K as reference in the entropy calculation. Our
results strongly support the assumed removal of all conformational
entropy. This point is very important, because we have shown that
the side-chain conformational entropy change does not scale with
polar and apolar surtace areas buried. Thus, if conformational
entropy contributions are included, then the free energy of unfold-
ing can neither be expressed in terms of solvent-accessible surface
areas, nor compared to a potential that has been developed for bind-
ing free energy calculation. As shown by Privalov and Makhatadze
(1993), the simplest model should include residue-specific solva-
tion coefficients rather than a simple partition into apolar and polar
contributions.

Materials and methods

Calorimetry of protein unfolding

Freire and co-workers (Murphy & Freire, 1992; Xie & Freire,
1994a) expressed the heat capacity difference, AC,, between folded
and unfolded states of a protein in terms of the changes in apolar
(AA,,,;) and polar (AA,,,) solvent-accessible surface areas. If the

areas are in A°, AC, (in cal/mol) is given by
AC, = (0.45 = 0.04)AA,,., — (0.26 + 0.07)AA,,,;. 9

The apolar contribution coefficient, 0.45 cal/mol/Az, is based on
the measured heat capacity increments of apolar atoms from crys-
talline amino acids into water (Murphy et al., 1990). The polar
contribution coefficient, —0.26 cal/mol/A?, is based on the thermo-
dynamics of aqueous dissolution of solid cyclic dipeptides (Mur-
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phy et al., 1990). The analysis of the specific heat capacity
increments upon protein unfolding yields similar contribution co-
efficients (Ooi et al., 1987; Spolar et al., 1992; Khechinashvili
et al., 1995; Makhatadze & Privalov, 1995).

The enthalpy change for protein folding/unfolding has also been
expressed as a linear combination of the changes in apolar and
polar solvent-accessible areas (Murphy & Freire, 1992; Xie &
Freire, 1994a). An analysis of calorimetric data for a variety of
proteins, extrapolating all values to T = 60 °C, yields

AHqy = 31.4A4,,, — 8.44AA,,,. 10)

Equation 10 provides estimates of AHgp, with an average error of
6% (Xie & Freire, 1994a, 1994b). Equations 9 and 10 permit
calculation of the enthalpy change at any other temperature by
means of the standard thermodynamic relationship:

AHy = AHg, + AC,(T — 60). an

Taking into account that in condensed phases the enthalpy and
conformational energy are essentially identical, at T = 25°C:

AE = 15.6AA,,, + 0.7A4,,. (12)
The entropy change in protein folding/unfolding can be written as
AS = AS{I + AS( + ASUIher» (13)

where AS,; and AS, denote the desolvation entropy and the con-
formational entropy, respectively (Vajda et al.,, 1994). These two
terms contribute more than 95% of the total entropy of unfolding
(Murphy & Freire, 1992), with a remaining small term, AS,,,,., due
to some vibrational and cratic effects (Murphy & Freire, 1992; Xie
& Freire, 1994a). The conformational entropy change, AS,, is due
to the change in the conformational degrees of freedom for the side
chains and possibly for the the backbone (Creamer & Rose, 1992;
Murphy et al., 1993; Pickett & Sternberg, 1993; Lee et al., 1994;
Stites & Pranata, 1995). Based on the general expression

,
AC,/TdT, (14)
’

ref

Freire and co-workers (Murphy & Freire, 1992; Xie & Freire,
1994a) selected the isoentropic temperature, 385.15 K, as T, for
the entropy. At the isoentropic temperature, the specific folding
entropies of various proteins converge to a single value. They
assumed that, at 385.15 K, after correction for protonation effects,
the total entropy of protein unfolding is very close to the confor-
mational entropy change, and thus have AS; ~ 0 (Murphy &
Freire, 1992; Xie & Freire, 1994a). They also assumed that the
temperature dependence of the conformational entropy can be ne-
glected. Based on Equation 13 and neglecting AS,,;,.,, the two
assumptions imply that AS — ASy_ is the desolvation entropy.
Thus, by Equation 14

AS, = AC,In(7/385.15). (15)

Using Equation 9 to express AC, in terms of surface areas, at T =
25°C, Equation 15 yields

~TAS, = 343AA,,, — 19.8A4,,,. (16)

Finally, adding Equations 12 and 16, we have the free energy
expression given as Equation 2 earlier in the paper.
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Free energy calculation

Assuming rigid-body association and the cancellation of van der
Waals interactions, the energy change AE in Equation 1 is reduced
to the electrostatic interaction energy, EZ;' (Vajda et al., 1994). The
E;! values were calculated using version 19 of the CHARMm
force field (Brooks et al., 1983) with a distance-dependent dielec-
tric coefficient € = 4r, and nonbonded cutoff of 17 A. Only polar
hydrogens were used. To refine the complexes before free energy
evaluation (i.e., to remove potential van der Waals clashes or
substantial flexible deformations), we performed 200 steps of min-
imization using the CHARMm potential with mass-weighted har-
monic constraints (force constant, 20 kcal/mol/A2), applied to all
non-hydrogen atoms.

The desolvation free energy AG, in Equation 1 was obtained
from the free energies of transferring the reactants and the products
of the binding reaction from water into a reference medium (Vajda
et al.,, 1994). Each transfer free energy was calculated using the
simple ASP model:

AG, = S o,A4, (17

where AA; denotes the solvent-accessible surface area of the ith
atomic group, and o; is the corresponding ASP (Eisenberg &
McLachlan, 1986). The ASP values given in Table 3 were used
(Vajda et al., 1994).

The maximum conformational entropy S, of each side chain was
calculated by the classical expression S, = —R 3, p; In(p;), where
p: denotes the probability of the ith rotamer (Pickett & Sternberg,
1993). In the binding free energy calculation by Equation 1, we
assumed that, upon association, the entire side-chain entropy is
lost, i.e., AS, = S, if the change AA, in the total solvent-accessible
surface area of the side chain is more than 60% of the standard
side-chain surface area A;". Otherwise, the entropy loss was scaled
according to AS, = aS,, where & = AA,/(0.6A). It is important to
note that, although the entropy losses depend on changes in side-
chain surface surface areas, the proportionality coefficients are
side-chain specific, and thus the side-chain entropy loss does not
simply scale with polar and apolar areas buried.
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