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Formation of salt bridges entails desolvation, and whether they stabilize protein structures is an open question.
In this paper, the role of three Arg-Asp salt bridges in barnase was studied by extensive continuum-
electrostatics calculations. Twelve mutations of the salt bridges were built on the X-ray structure of barnase.
The electrostatic component,∆∆Gel, of the mutations’ effects on the folding stability was found to make the
protein less stable by 0.5-5.4 kcal/mol. These agreed well with experimental results of Fersht and co-workers
for the mutations’ overall effects,∆∆G, on the folding stability (RMS deviation) 1.0 kcal/mol). The coupling
energy for the Arg69-Asp93 salt bridge,-3.2 kcal/mol, was reproduced. Apparently, the three salt bridges
stabilize the structure of barnase because the electrostatic interactions involving the ionic partners overcome
the desolvating costs. We suggest that earlier work of Tidor and co-workers indicating a destabilizing role
for salt bridges is based on a protocol that significantly overestimates desolvation costs. That protocol also
tends to give unreasonably large coupling energies for salt bridges and predicts a-7.7 kcal/mol coupling
energy for the Arg69-Asp93 salt bridge.

Introduction

Recent continuum-electrostatics studies by Tidor and others1-3

have indicated that salt bridges may destabilize protein struc-
tures. The argument is that there is a high cost for desolvating
the two ionic partners of a salt bridge when they are brought
from the solvent to the protein environment in the folding
process. On the other hand, experiments on various proteins4-8

show that the folding stability is decreased when salt bridges
are replaced by neutral pairs. On the outset, one cannot
unequivocally subscribe the origin of the apparent stabilization
by the salt bridges to the electrostatic interactions involving their
ionic partners, since the mutations may also have perturbed other
factors, such as protein conformation, packing, and hydrophobic
interactions. This paper aims to isolate electrostatic effects when
salt bridges are replaced by neutral pairs and address the
question of whether or how much of the apparent stabilization
by three salt bridges of barnase has an electrostatic origin.

Our tool is continuum electrostatics. The three salt bridges
of barnase were chosen because they had been subjected to
systematic experimental studies by Fersht and co-workers.7,9 The
plan is to compare continuum-electrostatic predictions directly
with experimental results on the differences in folding stability
between wild-type barnase and 12 mutants on the three salt
bridges. We minimized perturbations other than the change in
charges when an ionic residue was replaced by a neutral one.
Charge and radius parameters were taken from well-known force
fields without adjustments. Of critical importance is how the
boundary between the protein dielectric and the solvent dielectric
is defined. The choice for the boundary in two widely used
software packages10,11 is the solvent-exclusion (SE) surface
(consisting of contact an reentrant parts,12 sometimes referred
to as the molecular surface). In earlier work,13,14we have used
the van der Waals (vdW) surface of the protein as the dielectric
boundary. Here the two different choices were compared and
tested against experimental results.

Of the two choices for the dielectric boundary, the SE surface
leads to significantly lower solvent exposure for the ionic side
chains and, consequently, a much higher desolvation cost for
forming a salt bridge. At the same time, as the salt bridge is
formed in a much less solvated environment, the coupling
energy (measuring the strength of electrostatic interaction
between the ionic partners) is much higher than the prediction
by the vdW surface. We found that the measured decreases in
folding stability by the 12 mutations on the three salt bridges
of barnase can be reproduced quite well by the calculated
electrostatic contributions if the vdW surface is used as the
dielectric boundary. Furthermore, the vdW surface yielded a
coupling energy for a salt bridge that agrees with the experi-
mental result, but the SE surface gave a value that is higher by
2.4-fold.

It should be noted that modeling of protein electrostatic
interactions by continuum electrostatics is phenomenological
and approximate. The model contains undefined parameters such
as the partial charges and radii of protein atoms and the protein
dielectric constantεp, as well as the undetermined choice for
the dielectric boundary. In this work, we did not attempt to study
the dependence on the parameters. Rather, we focus on the
choice of the dielectric boundary. A priori, there is no
“preferred” choice for the dielectric boundary. Ultimately, the
justification for a particular choice must be based on the fact
the experimental results are reproduced well.

While our continuum-dielectric results are based on detailed
protein shape and atom charge distribution, we first would like
to present a qualitative understanding of the electrostatic
contribution of a salt bridge to the folding stability based on a
simple model shown in Figure 1. Here the ionic partners are
represented by a small sphere with a radius ofa ) 2.6 Å, with
a point charge+e or -e at the center. They are fully exposed
to the solvent in the unfolded state of the protein and have a
distance ofd ) 3.3 Å in the folded protein, which is represented
by a large sphere with a radiusR ) 16 Å. Suppose that both
the ionic and the protein interiors are a low dielectric with a
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dielectric constant ofεp ) 4 and that the solvent has a dielectric
constant ofεs ) 78. Then in the unfolded state, the solvation
energy of the two ions is15

Operationally,Gsolv
U represents the free energy change upon

bringing the ions from a low dielectric with dielectric constant
εp to the solvent, while physically, it measures the favorable
interaction between the solvent and the ions (see Figure 2). In
the folded state, if both ions are fully buried in the protein, with
a distancer between the ionic and protein centers (r e R - a),
the solvation energy of the two ions is16

When the ions are just beneath the protein surface, i.e.,r ) R

- a ) 13.4 Å, eq 2 givesGsolv
F ) -8.0 kcal/mol. The

desolvation cost is then∆Gsolv ) Gsolv
F - Gsolv

U ) 22.3 kcal/
mol. This result shows that the desolvation cost for a fully buried
salt bridge is indeed very high and rationalizes the rarity of
buried salt bridges in proteins.

When the salt bridge gets more exposed to the solvent, the
magnitude of its solvation energyGsolv

F increases rapidly. For
the model shown in Figure 1 with both ions centering on the
protein surface (i.e.,r ) 16 Å), each ion in the protein
environment has only a 45% surface exposure to the solvent,
but the solvation energy now becomesGsolv

F ) -24.7 kcal/
mol.17 The desolvation cost is thus reduced to∆Gsolv ) 5.6
kcal/mol. This will be compensated by the electrostatic interac-
tion between the ionic partners. The energetic contribution of
the interaction would beGbrdg,coul) -e2/εpd ) -25.2 kcal/mol
if the protein dielectric extended to infinity. The solvent screens
the interaction and reduces the strength of the interaction by
Gbrdg,solv) 17.9 kcal/mol. The electrostatic interaction between
the ionic partners in the protein environment thus gives rise to
a free energyGbrdg ) Gbrdg,coul + Gbrdg,solv ) -7.3 kcal/mol
(see Figure 2). The net contribution of the salt bridge to the
folding stability of the protein is∆∆Gel ) ∆Gsolv + Gbrdg )
-1.7 kcal/mol. In short, the calculation based on the model of
Figure 1 shows that a salt bridge that is 55% buried will by
itself contribute 1.7 kcal/mol to the folding stability of the
protein. This contribution increases as the salt bridge gets further
exposed. In addition, the salt bridge can further stabilize the
protein structure by favorable interactions with the rest of the
protein (see Figure 2).18

In this paper, we calculated the electrostatic component,
∆∆Gel, of the effects of 12 barnase mutations on the folding
stability of the protein. In these mutations, one or both ionic
partners of the Arg69-Asp93, Arg83-Asp75, and Arg110-
Asp12 salt bridges were replaced. Their overall effects,∆∆G,
on the folding stability have been measured by Fersht and co-
workers.7,9 We directly compared∆∆Gel(calc) against∆∆G(expt),
which necessarily involves nonelectrostatic effects such as those
due to conformational changes and hydrophobic interactions.
Using the vdW surface as the dielectric boundary, we found
∆∆Gel(calc) to agree with∆∆G(expt) quite well. The root-
mean-square (RMS) deviation was 1.0 kcal/mol, relative to a
range of∆∆Gel(calc) from 0.5 to 5.4 kcal/mol. This suggests
that for these mutations, electrostatic effects are dominant.

The most reliable measurement of electrostatic effects is that
on the interaction between the ionic partners of a salt bridge,
made through a double-mutant cycle.19 The resulting coupling
energy,∆∆Gint, for a salt bridge thus provides the best test on
electrostatic calculations. For the Arg69-Asp93 salt bridge,
∆∆Gint was measured to be-3.2 kcal/mol by Fersht and co-
workers.7 Using the vdW surface as the dielectric boundary,
we foundGint ) -3.1 kcal/mol. In contrast,Gint ) -7.7 kcal/
mol when the SE surface was used.

Methods

Generation of Mutant Structures. The locations of the three
salt bridges studied are shown in Figure 3. The structures of
the 12 mutants were built on the X-ray structure of wild-type
(wt) barnase,20 to which all hydrogen atoms were added by using
the program InsightII (Molecular Simulations, Inc.). To allow
for maximal cancellation of numerical errors, each mutant
structure had minimal difference from the wt one. Specifically,
when a side chain was replaced, only atoms beyond Câ were
allowed to optimize their positions by energy minimization. The
AMBER force field21 was used for the minimization.

Figure 1. Spherical model for illustrating the formation of a salt bridge
upon the folding of a protein. The “+” or “ -” sign inside a small
circle represents an ion, and the hash represents the solvent dielectric.

Figure 2. Electrostatic interactions in the folding of a protein. Though
in our modeling the ionic partners of a salt bridge have partial charges
distributed throughout the D and R residues, for simplicity, we still
use a “+” or “ -” sign inside a small circle to represent them. The
three back dots represent partials charges in other residues of the protein.
(a) The folding of the protein. In the unfolded state, the thick black
curve represents the backbone; in the folded state, the surface of the
protein is represented by a thin closed curve. (b) The desolvation cost
for the positive ion. The corresponding quantity for the negative ion is
illustrated by the same diagram but with the sign inside the small circle
changed to “-” and the circle in the folded state moved to the location
of the negative ion. The sum of the two quantities is the desolvation
cost ∆Gsolv for the salt bridge. (c) The free energy arising from the
electrostatic interactions of the bridge partners. The dotted line connects
the interaction partners. (d) The free energy arising from the electrostatic
interactions between the positive ion and the other partial charges in
the protein (not including those on the negative ion). An analogous
quantity exists for the negative ion. The sum of the two is∆Gb-prt′. (e)
The free energy arising from the electrostatic interactions among the
partial charges other than those in the salt bridge.
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Electrostatic Model. The electrostatic model for our calcula-
tions is a generalization of the one shown in Figure 1 and is
illustrated in Figure 2. First, each protein atom, in addition to
those forming the salt bridge, was assigned a partial charge.
These charges added up to-e for Asp and Glu residues and
the C terminal and+e for Arg and Lys residues and the N
terminal. All other residues had a zero net charge. The total
charge of wt barnase was+2e. Second, the dielectric boundary
between the protein and the solvent was determined by the vdW
radii of the protein atoms. A main conclusion of the paper is
that the vdW surface of the protein should be used for the
boundary (as opposed to the conventionally used SE surface).
The latter surface consists of contact and re-entrant parts as
defined by a 1.4 Å solvent probe.12 Finally, the screening effect
of mobile salt ions in the solvent was taken into consideration
by using the linearized Poisson-Boltzmann equation. The
screening was turned on 2 Å away from the protein vdW surface.
The gap was equivalent to the radius of a salt ion. All
calculations were done at an ionic strength ofI ) 100 mM.

Electrostatic Component of Folding Free Energy and
Effect of Mutation. Given a protein structure and its atomic
charges (qi) and radii, the electrostatic free energy,Gel

F, was
obtained by numerically solving for the electrostatic potential
φi at the locations of the atoms. One has

in which the infinite self-energy of each charge is excluded. A
similar calculation was needed for the unfolded state, and the
resulting electrostatic free energy,Gel

U, had to be obtained. The
electrostatic component,∆Gel, of the folding free energy is then
given byGel

F - Gel
U.

Our focus is on the change,∆∆Gel, brought by a single or
double mutation. In practice, we assumed in the unfolded state
that (1) the electrostatic free energy of the rest of the protein
[i.e., other than the residue(s) to be mutated] is identical in the
wt and the mutant and (2) the free energy arising from the
electrostatic interactions between the residue(s) to be mutated
and the rest of the protein is either zero or not affected or by
the mutation. Then for the unfolded state, we only had to be
concerned with the electrostatic free energies of the residue(s)
to be mutated and its (their) replacement(s). To allow for
maximal error cancellation, we assumed that these residues in
the unfolded state adopted the same conformations as they did
in the folded state (see an exception below). Furthermore, these

residues were assumed to be individually solvated.22 We also
tested a slightly different model for the unfolded state in which
only the side chain of a mutated residue was “carved” out from
the folded protein structure and put in the solvent.

In the case of Arg110, the C-terminal residue, it is likely
that the close proximity between the side chain and the C
terminal will allow them to interact in the unfolded state. There
is experimental evidence that indicates residual interactions
involving carboxyl groups of barnase.23 We therefore modeled
the C-terminal Arg110 in the unfolded state as forming a salt
bridge between the side chain and the terminal carboxyl (Nε-O
and Nη2-O distances were 2.8 and 2.9 Å, respectively).

Desolvation Cost and Coupling Energy.To obtain the
desolvation cost for bringing the ionic partners of a salt bridge
into the protein environment, we calculated the electrostatic free
energies of the ionic partners individually in the protein
environment by keeping the partial charges of one partner while
removing the charges of the other partner and the rest of the
protein (see Figure 2). The sum of the corresponding free
energies in the unfolded state isGel

U. The difference between
the sum of the free energies for the two partners in the protein
environment andGel

U constitutes the desolvation cost∆Gsolv.
Our main concern is the change in the desolvation cost,∆∆Gsolv-
(RfX,DfY), when the ionic partners, R and D, are mutated
into some other residues, X and Y.

The coupling energy for a salt bridge, as obtained from a
double-mutant cycle, is given by

where∆∆G(RfX,DfY), ∆∆G(RfX), and∆∆G(DfY) are
the changes in the folding free energy brought by the double
mutation and the two single mutations. We predicted∆∆Gint

by using in eq 4 the electrostatic components of the mutational
changes in the folding free energy.

The electrostatic component∆Gel of the folding free energy
can be decomposed into four terms:∆Gsolv, the desolvation
cost; Gbrdg, the free energy arising from the electrostatic
interaction between the bridge partners;Gb-prt′, the free energy
arising from the electrostatic interactions of the bridge partners
with the rest of the protein; andGprt′, the electrostatic free energy
of the rest of the protein (see Figure 2). In the simple situation
where a mutation amounts to merely an adjustment of the partial
charges of a residue (i.e., the dielectric boundary is preserved),
one has∆∆Gsolv(RfX,DfY) ) ∆∆Gsolv(RfX) + ∆∆Gsolv-
(DfY),∆Gb-prt′(RfX,DfY) )∆Gb-prt′(RfX) +∆Gb-p′(DfY),
and∆Gprt′(RfX,DfY) ) ∆Gprt′(RfX) ) ∆Gprt′(DfY) ) 0.
Then

where Gbrdg(A-B) denotes the free energy arising from the
electrostatic interaction between A and B in the protein
environment. This was calculated viaGbrdg(A-B) ) ∑Bqiφi(A),
where the sum is over the partial charges of B and the
electrostatic potential is due to the partial charges of A. In
general, eq 5 represents the major portion of the coupling energy
∆∆Gint. A small difference between eqs 4 and 5 may exist since
the dielectric boundary is slightly perturbed by the mutations.

The contribution of an R-D salt bridge itself to the folding
stability can be assessed by assuming that the rest of the protein

Figure 3. Locations of the three salt bridges in barnase.

Gel
F )

1

2
∑

i

qiφi (3)

∆∆Gint ) ∆∆G(RfX,DfY) - ∆∆G(RfX) -
∆∆G(DfY) (4)

∆∆Gint ) ∆Gbrdg(RfX,DfY) - ∆Gbrdg(RfX) - ∆Gbrdg

(DfY) ) Gbrdg(R-D) + Gbrdg(X-Y) - Gbrdg(R-Y) -
Gbrdg(X-D) (5)
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is totally discharged. Relative to the X-Y background, this
contribution is-∆∆Gsolv(RfX,DfY) -∆∆Gbrdg(RfX,DfY).

Protocol for Numerical Solution. The Poisson-Boltzmann
equation was solved by the finite-difference method using the
UHBD program.11 The SE surface was selected as the dielectric
boundary by using the “nmap 1.5, nsph 500” option, whereas
the vdW surface was selected without this option. The electro-
static potential was calculated first by using a 100× 100 ×
100 grid with a 1.5 Å spacing centered at the geometric center
of wt barnase. This was followed by a 140× 140× 140 grid
with a 0.5 Å spacing at the same center. A final round of
focusing at the backbone N atom of a bridge partner was
implemented by using a 60× 60 × 60 grid with a 0.25 Å
spacing. To minimize numerical errors due to distributing
charges onto grid points, we calculatedGel

F was calculated as
Gel

F(εs ) 78, I ) 100 mM) - Gel
F(εs ) 4, I ) 0) + ∑ijqiqj/εprij.

The same protocol was used for the unfolded state.
Atomic Charges and Radii. Two sets of charge-radius

parameters were used. The first, involving all hydrogens, has
Amber charges21 and OPLS radii.24 The second set, involving
only polar hydrogens, has Charmm charges and radii.25 A
particular difference between the two parameter sets lies in the
radii of hydrogen atoms. These had a uniform value of 1.2 Å
in the former set but were 0.6 or 0.8 Å in the latter set. We
included the Charmm parameter set in the present study mainly
because this is what was used by Hendsch and Tidor.1

In the Charmm parameter set, the partial charges of the side
chains summed up to zero or whole charges, so it was possible
to use side chains only (as opposed to whole residues) as a
model for the unfolded state.

Percentage of Surface Burial of Ionic Side Chains.A
simple measure of the solvent exposure of an ionic side chain
is given by the difference in the group’s exposed surface in the
protein environment and that in the solvent. In calculating the
latter,SU, we carved out the whole residue and put that in the
solvent. The percentage burial was (1- SF/SU) × 100%. The
surface was either the vdW surface or the SE surface, defined
by the OPLS radii. The areas were calculated using the
GEPOL93 program.26

Results

Effects of Charge Mutations on Folding Stability of
Barnase. Table 1 lists the calculated effects of 12 charge

mutations on the electrostatic component of the folding stability
of barnase. Five sets of calculations were made. In two of these,
the Amber charges and OPLS radii were used, whereas in the
other three, the Charmm charges and radii were used. Either
the vdW or the SE surface was used as the dielectric boundary.
The overall performance of these calculations is indicated by
the RMS deviation from the experimental results of Fersht and
co-workers.7,9 The calculation with the Amber charge and the
vdW surface has the best performance, with an RMS deviation
of 1.0 kcal/mol. Using the SE surface always increases the
deviation from experiment. This increase is especially significant
for the calculation with the Charmm charges and radii. The
results of the calculations using either the whole residue or just
the side chain as a model for the unfolded state are similar.

In Figure 4, we show the correlations between the experi-
mental free energy difference∆∆G(expt) and the electrostatic
free energy difference∆∆Gel(calc) calculated by three proto-
cols: vdW and SE surfaces with Amber parameters and SE
surface with Charmm parameters. The last is the protocol used
by Hendsch and Tidor.1 The correlation coefficient between
∆∆G(expt) and∆∆Gel(calc) by Amber+vdW is 0.80, and the
slope of the correlation is 0.8. The correlation coefficient
decreases to 0.75 for∆∆Gel(calc) by Amber+SE (with the slope
of the correlation at 1.0). For Charmm+SE, even though the
correlation coefficient, at 0.82, is quite reasonable, the slope of
the correlation is 2.0 and thus too high. The continuum
electrostatics model is justified on the basis of the assumption
that the calculated electrostatic energy is a component of the
folding free energy. As such, one expects a slope of correlation
around 1.

Coupling Energy for Salt Bridge in Barnase.The experi-
mental value of∆∆Gint for the R69-D93 salt bridge,-3.22
kcal/mol, is reproduced by the Amber+vdW calculation [∆∆Gint-
(calc)) -3.13 kcal/mol]. The two Charmm+vdW calculations
underestimate∆∆Gint by 0.5-1.0 kcal/mol [∆∆Gint(calc) )
-2.76 kcal/mol for a whole-residue model of the unfolded state
and-2.26 kcal/mol for a side-chain model]. In contrast, both
SE calculations severely overestimate the coupling energy. The
Amber+SE calculation gives∆∆Gint ) -6.83 kcal/mol,
whereas the Charmm+SE calculation gives∆∆Gint ) -7.70
kcal/mol.

The interaction between the partners of the R69-D93 salt
bridge was further investigated by the Amber+vdW calculation.

TABLE 1: Changes in the Electrostatic Component of the Folding Free Energy of Barnase by Charge Mutations (in units of
kcal/mol)

∆∆Gel(calc)

Amber Charmm

mutation ∆∆G(expt) vdW&residuea SE&residue vdW&residue vdW&side chain SE&side chain

R69S 2.67 1.67 2.29 0.13 0.20 1.49
D93N 4.17 4.35 6.58 4.34 5.49 9.94
R69S/D93N 3.62 2.89 2.04 1.71 3.43 3.73
R69K 3.11 1.88 4.95 0.82 0.84 5.80
R69M 2.24 2.11 1.99 0.70 0.58 0.85
R83K 3.86 1.10 1.17 1.82 1.88 0.68
R83Q 2.23 2.36 1.92 1.12 1.14 0.40
D75N 4.51 4.62 5.87 4.16 5.19 8.78
R83K/D75N 5.19 5.38 5.74 5.26 6.48 6.80
R110A 0.45 1.48 1.92 -0.04 1.12 -0.78
D12A 0.95b 1.25 1.15 0.23 0.75 0.80
R110A/D12A 0.20b 0.51 -0.06 -1.18 0.50 -2.50
RMS dev 1.0 1.4 1.5 1.4 2.7

a In this row, vdW (or SE) means that the vdW (or SE) surface is used as the dielectric boundary, and residue (or side chain) means that the
whole residue (or just the side chain) is used as a model for the unfolded state. For the last column, the protocol is the same as what was used by
Hendsch and Tidor.1 b Corrected for the difference in helix-forming propensity between D12 and A12 (which occur in the middle of anR-helix
in the folded protein) according to Spek et al.8
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The interaction amounted to an free energy ofGbrdg(R-D) )
-4.54 kcal/mol. In the double mutant S69-N93, the interaction
energy diminished toGbrdg(S-N) ) -0.02 kcal/mol. In the two
single mutants S69 and N93, the interactions with the remaining
partner gave rise toGbrdg(S-D) ) 0.1 kcal/mol andGbrdg(R-
N) ) -1.34 kcal/mol. According to eq 5, the coupling energy
for the R69-D93 bridge would be∆∆Gint ) -3.32 kcal/mol.
The close agreement with the result of-3.13 kcal/mol calculated
using eq 4 confirms that eq 5 represents the major portion of
the coupling energy.

The experimental value of the coupling energy for the R83-
D75 salt bridge is complicated by the fact that the double-mutant
cycle used by Fersht and co-workers involved replacing R83
by K, a residue with the same charge. From a purely electrostatic
point of view, one expects such a double-mutant cycle to yield
a small coupling energy. This is indeed the result from the three
vdW calculations (∆∆Gint ) -0.34, -0.72, and-0.59 kcal/
mol). The two SE calculations gave a higher coupling energy
(-1.30 and-2.66 kcal/mol), mainly due to overestimating the
destabilizing effect of the D75f N single mutation. We
attribute the coupling energy of-3.18 kcal/mol obtained by
the particular measurement of Fersht and co-workers to a
nonelectrostatic origin. This view is supported by the fact that
they found the R83f K mutation to result in a larger decrease
in the folding free energy than a mutation to Q. Using Q and N
as substitutes of R83 and D75, respectively, we predicted the
coupling energy to be-4.52 kcal/mol by the Amber+vdW
calculation.

The experimental coupling energy for the R110-D12 salt
bridge,-1.20 kcal/mol, is reasonably reproduced by the three
vdW calculations (∆∆Gint ) -2.22,-1.37,-1.37 kcal/mol).
The two SE calculations give higher estimates (∆∆Gint ) -3.13
and-2.52 kcal/mol).

Desolvation Cost.The overestimate of∆∆Gint by the SE
calculations is accompanied by a high desolvation cost. Relative
to the S69-N93 background, the Amber+SE and Charmm+SE
calculations predict desolvation costs of 8.23 and 10.4 kcal/
mol for the R69-D93 salt bridge. In contrast, the Amber+vdW
calculation predicts a desolvation cost of merely 2.86 kcal/mol.

If the rest of the protein is totally discharged, the Amber+vdW
calculation predicts that the R69-D93 salt bridge, relative to
the S69-N93 background, stabilizes the protein by|∆∆Gsolv-
(RfX,DfY) + ∆∆Gbrdg(RfX,DfY)| ) 1.66 kcal/mol. Ac-
cording to the two SE calculations, this salt bridge either
marginally stabilizes or actually destabilizes the protein structure
[-∆∆Gsolv(RfX,DfY) -∆∆Gbrdg(RfX,DfY) ) -0.22 and
+1.37 kcal/mol].

Percentage of Surface Burial of Ionic Side Chains.The
difference in calculated desolvation costs between using vdW
and SE surfaces parallels the difference in surface burial
percentages of the ionic side chains. In terms of the vdW surface,
Arg69, Arg83, and Arg110 had 15%, 7%, and 12% of their
side chains buried by the protein, while Asp93, Asp75, and
Asp12 had 17%, 15%, and 9% of their side chains buried. In
contrast, in terms of the SE surface, Arg69, Arg83, and Arg110
had 87%, 75%, and 65% of their side chains buried by the
protein, while Asp93, Asp75, and Asp12 had 52%, 100%, and
33% of their side chains buried.

Discussion

Use of vdW Surface in Continuum-Electrostatics Calcula-
tions. We have studied the effects of 12 charge mutations on
the folding stability of barnase by continuum-electrostatics
calculations and directly compared them with the experimental
results of Fersht and co-workers. By using the vdW surface of
the protein as the dielectric boundary, we found good overall
agreement between calculated and experimental changes of the
folding free energy by the charge mutations. In addition, we
reproduced the experimental coupling energy for a salt bridge,
which is least likely to be contaminated by nonelectrostatic
effects and thus provides the most reliable measurement of
electrostatic effects. If the SE surface is used as the dielectric
boundary, the overall deviation of calculation from experiment
increases significantly, and the coupling energy is overestimated
severely. We thus raise the contention that the common practice
of using the SE surface should be changed to that of using the
vdW surface.

The coupling energies for salt bridges have predominantly
an electrostatic origin and have been measured on various
proteins4-8,27 to be in the range of-1 to -5 kcal/mol. The
coupling energies calculated using the vdW surface for the three
salt bridges of barnase are all within this range. On the other
hand, the coupling energy calculated using the SE surface for
the R69-D93 salt bridge has a significantly larger magnitude.
In the work of Hendsch and Tidor in which 21 salt bridges from
nine proteins were studied using the SE surface, eight had
coupling energies with magnitudes greater than 6 kcal/mol, and
the three highest magnitudes were even above 10 kcal/mol.

It is very relevant to note that the use of the SE surface in
continuum-electrostatics calculations has already run into
problem in the context ofpKa predictions. We found in the
present study that the SE surface gives rise to substantial
overestimate of the interaction energy between ions. The
overestimate would lead to overly perturbedpKa values (relative
to those of model compounds), and indeed this is what happens.
To counter the over perturbation of predictedpKa values, Gilson
et al.28 had to artificially weaken the interaction between ions

Figure 4. Correlations of calculated and experimental changes in
folding free energy. The circles, squares, and triangles represent
calculated results by the Amber+vdW, Amber+SE, and Charmm+SE
protocols, respectively. For clarity, the calculated results for the latter
two protocols were shifted upward by 5 and 10 kcal/mol, respectively.
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by using a high value of 20 for the protein dielectric constant.
The use of the vdW surface should alleviate this problem. In
this context, we note that there is some evidence indicating that
a more physical dielectric constant of 4 for the protein can be
used inpKa calculations when sampling of side chain rotamer
conformations is allowed for.29 We thus caution that the use of
the vdW surface should not be considered as the only “fix” for
making continuum electrostatics an accurate modeling tool.

From a molecular point of view, it may be argued that the
vdW surface represents a better picture of protein solvation than
the SE surface. According to the vdW surface, the side chains
of the three salt bridges in barnase have 9-17% burial. The
burial is 33-100% if the SE surface is used. Hydrogen exchange
experiments demonstrate that different parts of a folded protein
are highly accessible to the solvent. Perhaps such solvent
exposure is better modeled by the low burial of the vdW surface.
Molecular dynamics simulations of water molecules around ions
show that the hydrogen and oxygen atoms of a water molecule
can penetrate the vdW surface of an ion.30 This suggests that,
in reality, the crevice between two protein atoms with overlap-
ping vdW spheres will be accessed by water molecules.

The desolvation cost for forming a salt bridge calculated by
using the vdW surface as the dielectric boundary is lower than
that calculated using the SE surface by several fold. The reduced
desolvation cost may reverse the role of the salt bridge from a
destabilizing one to a stabilizing one. This is the case for the
R69-D93 salt bridge in barnase when the interactions with the
rest of protein are not considered.

Proper Measure of Energetic Contribution of Salt Bridge.
There appear to be three different measures of the energetic
contribution of a salt bridge. The first is provided by-∆∆Gel-
(RfX,DfY), the difference in the electrostatic component of
the folding free energy between a protein with an R-D salt
bridge and the variant with an X-Y neutral pair. The second
is given by the coupling energy∆∆Gint. The third is-∆∆Gsolv-
(RfX,DfY) - ∆∆Gbrdg(RfX,DfY), the contribution of the
salt bridge to the folding stability if the rest of the protein is
totally discharged. As far as the folding stability of a protein is
concerned, we suggest using-∆∆Gel(RfX,DfY) as the
measure. One drawback with∆∆Gint is that it may to a large
extent be offset by the desolvation cost for forming the bridge
so the net contribution to the folding stability could be small.
A problem with-∆∆Gsolv(RfX,DfY) - ∆Gbrdg(RfX,DfY)
is that it does not take into consideration the interactions of the
bridge partners with the rest of the protein, which often can be
quite favorable.17

The positive values of calculated∆∆Gel(RfX,DfY) and
experimental∆∆G(RfX,DfY) show an agreement that the
three salt bridges all stabilize the folded structure of barnase.
Though it is not clear a priori how much of the experimentally
measured∆∆G(RfX,DfY) comes from the electrostatic
contribution ∆∆Gel(RfX,DfY), the general agreement be-
tween the values of experimental∆∆G(RfX,DfY) and
calculated∆∆Gel(RfX,DfY) indicates that the stabilization
effects of the salt bridges mostly have an electrostatic origin.

Experimental Determination of Salt Bridge’s Electrostatic
Contribution. The electrostatic component∆∆Gel of a salt
bridge’s contribution to the folding free energy can be isolated
experimentally by measuringpKa shifts.4 Consider a salt bridge
between R and D in a protein. The pKa change,∆pKa(D), of D
upon protein folding can be calculated via13

where kBT is the product of Boltzmann’s constant and the
absolute temperature, D0 is the neutral (i.e., protonated) form
of D, and ∆∆Gel(DfD0) is the change in the electrostatic
component of the folding free energy upon “mutating” D to
D0. Using eq 6 and the Amber+vdW protocol, we found∆pKa-
(D) ) -3.1 for D93. This is in good agreement with the
measured pKa value of 0.7 in the folded state,23 if a value of 4
is assumed for the unfolded state.

A similar expression exists for the pKa change of D when R
is mutated to a neutral residue X. The difference in pKa change
between the Rf X mutant and wt gives the coupling energy
for the salt bridge

In this definition of the coupling energy, the neutral analogues
of R and D are X and D0, respectively. By the Amber+vdW
protocol, we found that∆pKa(D) for D93 changed from-3.1
to -1.0 when R69 was mutated to S. Thus,∆∆Gint from this
estimate is-2.9 kcal/mol, which is close to the calculated result
(-3.1 kcal/mol) by the double mutant cycle. Equation 7 suggests
another route for experimentally determining the coupling
energies of slat bridges. An analogous expression for the
coupling energy can be written in terms of the difference in the
pKa changes of R between the Df Y mutant and wt.

Fully Buried Salt Bridges. We have emphasized the differ-
ence in solvent exposure and desolvation cost between using
the vdW and SE surfaces. However, for a truly buried salt
bridge, i.e., one that is 100% buried regardless of whether the
vdW or the SE surface is used, our calculation based on the
model in Figure 1 indicates a destabilizing role. A salt bridge
formed between K and the C terminal of a pentapeptide Ac-
WLLKLL -COO- in octanol, studied recently by Wimpley et
al.,31 may be viewed as infinitely buried (assuming that octanol
has the same dielectric properties as proteins). Using the neutral
analogue Ac-WLLSLL-COOH as reference, K and COO-

were found to favor being separately solvated by water over
forming a salt bridge in octanol by 3.03 kcal/mol. This result
can be rationalized within the model in Figure 1 with an infinite
radius for the protein, which predicts the free energy change
on going from K and COO- being separately solvated by water
to forming a salt bridge in octanol asGbrdg, coul - Gsolv

U )
(-25.2 + 30.3), i.e., 5.1 kcal/mol.

Do Salt Bridges Stabilize Protein Structures in General?
In proteins, fully buried salt bridges are rare exceptions. Most
salt bridges have solvent exposure similar to that found for the
three salt bridges in barnase, i.e., 10-20% burial according to
the vdW surface (Vijayakumar & Zhou, unpublished result).
The results of the present study lead us to believe that,
electrostatically, most of the salt bridges will be stabilizing to
the folded protein structures. This is opposite to the conclusion
of Tidor and co-workers based on using the SE surface.1, 2

The question of whether the overall effect of a salt bridge
relative to a neutral pair is stabilizing cannot be completely
addressed by studies like this one or those of Tidor and co-
workers that are based on electrostatic calculations alone. The
neutral pair may have a more favorable nonelectrostatic
contribution (see, e.g., Waldburger et al.27). For the three salt

∆pKa(D) ) - 1
kBT ln 10

{[Gel
F(R - D0) - Gel

F(R - D)] -

[Gel
U(D0) - Gel

U(D)]} ) - 1
kBT ln 10

∆∆Gel(DfD0) (6)

∆∆Gint ) -(kBT ln 10)∆∆pKa(D) (7)
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bridges studied here, we can say that such nonelectrostatic
contributions appear to be of less importance than the electro-
static ones.

While our calculations regarding the stabilizing effect of salt
bridges based on using the vdW surface contrast sharply with
the study of Tidor and co-workers based on using the SE surface,
they agree to a large extent with a recent study32 in which free
energies were calculated by a combination of molecular dynam-
ics simulations and the generalized Born solvation model. This
agreement is heartening since it indicates that electrostatic effects
can be understood from complementary approaches.

A Kinetic Role for Salt Bridge? In the case of protein-
protein association, it has been well established that the ionic
partners of interfacial salt bridges, by the long-range nature of
their electrostatic interactions, can enhance the diffusional
encounter between two proteins and thus speed up the associa-
tion process.14 It is logical to suggest that the ionic partners of
a salt bridge may enhance the diffusional encounter between
structural elements of a protein and thus speed up the folding
process.
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