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ABSTRACT: Single site mutations that reverse or neutralize a surface charge were made at 22 ionizable
residues in staphylococcal nuclease. Unfolding free energies were obtained by guanidine hydrochloride
denaturation. These data, in conjunction with previously obtained stabilities of the corresponding alanine
mutants, unequivocally show that the dominant contribution to stability for virtually all of the wild-type
side chains examined is the electrostatic effect associated with each residue’s charged group. With only
a few exceptions, these charges stabilize the native state, with an average loss of 0.5 kcal/mol of stability
upon neutralization of a charge. When the charge is reversed, the average destabilization is doubled.
Structure-based calculations of electrostatic free energy with the continuum method based on the finite
difference solution to the linearized Poisson-Boltzmann equation reproduce the observed energetics when
the polarizability in the protein interior is represented with a dielectric constant of 20. However, in some
cases, large differences are found, giving insight into possible areas for improvement of the calculations.
In particular, it appears that the assumptions made in the calculations about the absence of electrostatic
interactions in the denatured state and the energetic consequences of dynamic fluctuations in the native
state will have to be further explored.

It is widely recognized that electrostatic interactions
contribute to the stability of proteins. This is evident from
the fact that the stability of most proteins is highly sensitive
to pH, as well as from a variety of studies in which surface-
ionizable residues were perturbed by mutagenesis and the
consequences on stability measured experimentally. Unfor-
tunately, it has been difficult to define the general trends in
the character and magnitude of electrostatic contributions to
stability. For example, short-range Coulombic interactions
can contribute significantly to the stability of the native state
(1). In some cases, buried ion pairs have been found to
contribute as much as 2-5 kcal/mol (2). However, the
contributions by electrostatic interactions to protein stability
in general tend to be modest. In fact, there are numerous
examples where the electrostatic contribution to stability is
less than 1 kcal/mol, even for residues interacting at short
ranges (3-10).

Structure-based calculations with continuum methods have
influenced significantly our understanding of the character
of electrostatic effects in proteins. They have promoted the
notion that electrostatic contributions to protein stability are
large. However, until recently, the calculated energies of

Coulombic interactions between surface charges were exag-
gerated and significantly greater than the measured energies
(11, 12). For example, in the case of myoglobin, large
stabilizing contributions>1 kcal/mol were calculated for ion-
paired residues (13), yet the observed energies were<0.5
kcal/mol (14). The calculation of energies of interaction
between ion-paired residues is particularly difficult because
the interacting charges interfere with each other’s hydration
layer; thus, in addition to the Coulombic contribution, it is
also necessary to quantitate hydration energies.

To improve the agreement between calculated and mea-
sured electrostatic energies, empirical methods have been
developed (11, 15) that reduce the magnitude of calculated
electrostatic potentials by increasing the apparent polariz-
ability of the protein. This can be achieved directly, through
the use of arbitrarily high dielectric constants, or indirectly,
by accounting explicitly for the consequences of conforma-
tional flexibility that are not implicit in the protein dielectric
constants. It is noteworthy that even with these empirical
adjustments the calculations still predict that most surface-
charged groups are in electrostatically favorable environ-
ments. This is consistent with the experimental observation
that most pKa values of ionizable residues in proteins are
shifted in the direction that signals net favorable electrostatic
influences.

One of the significant disagreements that has existed
between calculated and measured electrostatic free energies
concerned the magnitude of long-range Coulombic interac-
tions and their contributions to stability. According to calcu-
lations with static structures using the continuum method
based on the finite difference solution of the Poisson-
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Boltzmann equation (FDPB),1 medium- and long-range
electrostatic interactions are strong, and they contribute
significantly to the stability of proteins. In contrast, long-
range electrostatic interactions measured experimentally in
T4 lysozyme are extremely weak (4). Recently, it was
demonstrated experimentally that although long- and medium-
range pairwise Coulombic interactions are weak, many such
interactions can in aggregate produce substantial electrostatic
effects (9, 10). This explains why it has been possible to
increase the stability of proteins significantly by judicious
alteration of the pattern of medium- and long-range attractive
and repulsive interactions (16-18).

Although reports abound where the energetic contribution
of a few ionizable residues is examined, surprisingly, to the
best of our knowledge, there is only one study in which the
energetic contribution of a large number of such residues
was systematically examined. In that particular study of
staphylococcal nuclease, all of the ionizable side chains (23
lysines, 5, arginines, 4 histidines, 12 glutamates, and 8
aspartates) were substituted with alanine (19). The study
concluded that electrostatic interactions of the ionizable
amino acids in staphylococcal nuclease made only a small
contribution to the net stability of the protein. This important
study has one shortcoming with regard to specifically
assessing electrostatic contributions. Truncating the side
chain of an ionizable residue by substituting an alanine
removes not only electrostatic interactions but also van der
Waals interactions. It eliminates the possibility for hydro-
phobic interactions with the methylene units of the side
chains and possibly alters the degrees of freedom of the side
chain in the denatured state significantly. Indeed, it was
concluded that the ionizable amino acids in staphylococcal
nuclease contributed to the stability of the native state mainly
through packing and other interactions that do not depend
on the charge of the amino acid side chain. This conclusion
was supported to some degree by the results of a more recent
study where the stability effects of increasing the hydropho-
bicity of amino acids on the surface of nuclease were
measured (20). That study also concluded that packing
interactions on the surface of globular proteins are important
to protein stability.

A strategy better suited for determining the contribution
of electrostatic interactions to protein stability is to substitute
the ionizable side chains with oppositely charged residues
(charge reversal substitutions) and neutral, polar residues
(charge neutralization substitutions). Such substitutions are
much more conservative in size and shape than a truncation
to alanine. While this approach has been previously used,
again rather surprisingly, a systematic examination of such
mutants has not been undertaken. The largest data sets of
such substitutions of which we are aware are six charge
reversal mutations in T4 lysozyme (21) and six charge
neutralization mutations in human lysozyme (22).

A larger data set is needed to identify the general trends
and the patterns in the contributions by surface-charged resi-
dues to protein stability. Therefore, six glutamates were
mutated to lysine and glutamine, four aspartates were mutated
to asparagine and lysine, nine lysines were mutated to glu-
tamine and glutamate, and one histidine was mutated to

glutamate and glutamine in the model protein staphylococcal
nuclease. Structure-based electrostatic free energy calcula-
tions using the FDPB continuum method were performed
both to interpret the measured energetics and to test the
ability of these methods to reproduce the experimental data.
This study provides novel insights into the magnitude and
character of electrostatic contributions to stability, which will
improve our ability to engineer the stability in proteins by
replacement of medium- and long-range repulsive interac-
tions with attractive interactions, as demonstrated recently
by others (16-18).

MATERIALS AND METHODS

Mutagenesis, Protein Expression, Protein Purification, and
Guanidine Hydrochloride Denaturations.The mutants were
prepared by the method of Kunkel (23, 24) as described
previously. Protein expression and purification were per-
formed as previously described (20). Guanidine hydrochlo-
ride denaturations were performed in 100 mM sodium
chloride and 25 mM sodium phosphate, pH 7, using an Aviv
model ATF-101 fluorometer as previously described (25, 26).
Briefly, the apparent equilibrium constant is calculated from
the relative fluorescence intensity,I, at each data point along
the denaturation curve using the equationKapp ) (IN - I)/
(I - ID), whereIN and ID are the intensities of the native
baseline and denatured baseline, respectively. Both base-
lines of staphylococcal nuclease mutants are usually flat or
very nearly so (as were all of the mutants here). In the event
that the protein was destabilized enough that a native base-
line was not available, a linear dependence of logKapp on
guanidine hydrochloride concentration was assumed and the
value ofIN was iteratively modified until a stable value was
found. None of the mutants used in this study were
sufficiently destabilized to require ammonium sulfate rena-
turation.

Calculations.The Protein Data Bank accession code for
the wild-type structure used in calculations is 1STN (27).
Structures for the alanine mutants were generated by truncat-
ing the residue to theâ carbon. Charge neutralization and
charge reversal mutants were constructed within the InsightII
software package (Accelerys Inc.). Mutated side chains were
energy minimized beginning with theγ carbon and including
all polar hydrogens. Five charge reversal mutants, D19K,
E135K, E5K, E10K, and E67K, were found to be extremely
destabilized unless the lysine side chain was rotated about
the CR-Câ bond to maximize the side chain’s interaction
with solvent.

Electrostatic free energies of the mutants and wild-type
structures were calculated using the continuum method based
on the solution of the linear Poisson-Boltzmann equation,
using the single site ionization protocol described previously
by Antosiewicz et al. (11, 12). The cluster method was used
in the calculation of the ionization energetics (28). Finite
difference Poisson-Boltzmann (FDPB) calculations were
performed with the University of Houston Brownian Dy-
namics package (29). Polar hydrogens were added to the
crystallographic structure (1STN), using the HBUILD facility
of CHARMm version 25.2 (Accelrys Inc.). Hydrogen atoms
were placed on Oδ2 of all aspartic acid residues and on Oε2
of all glutamic acid residues. Histidine tautomeric forms were
determined by the best fit to experimental pKa values of wild-1 Abbreviation: FDPB, finite difference Poisson-Boltzmann.
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type staphylococcal nuclease as described previously (9, 10).
Therefore, hydrogens were placed on His-8 Nε2, His-46 Nδ1,
His-121 Nε2, and His-124 Nδ1 for all calculations. Initial
positions of added hydrogens were energy minimized in
CHARMm using 500 steps of steepest descent. Partial
charges were taken from the CHARMm polar hydrogens only
topology file version 21. Atomic radii were taken from the
OPLS parameter set (30). The following set of titratable sites
and model compound pKa values was used: C-terminus main
chain C, 3.8; Asp Cγ, 4.0; Glu Cδ, 4.4; His Nδ1 or Nε2,
6.3; N-terminus main chain N, 7.5; Tyr OH, 9.6; Lys Nú,
10.4; Arg Cú, 12.0. The following parameters were held
constant in all calculations unless noted otherwise: temper-
ature, 298 K; ionic strength, 125 mM; protein dielectric
constant, 20.0; water dielectric constant, 78.5; Stern layer,
2.0 Å. Richard’s probe-accessible surface (31) was calculated
with a probe radius of 1.4 Å. Under the conditions used in
the calculations all ionizable groups are fully charged except
tyrosines and histidines.

The calculated shift in electrostatic energy of the mutant
from the wild-type protein,Gelec, was calculated as for the
experimental data, by subtraction of the unfolding free
energy,Gelec, calculated at pH 7 for the mutant from that of
wild type. All calculations assume a noninteracting random
coil for the denatured state.

RESULTS

A total of 22 charge neutralization and 20 charge reversal
substitutions were made at 22 sites in staphylococcal
nuclease. Of these 22 sites chosen, 10 were lysines, 7 were
glutamates, 4 were aspartates, and 1 was a histidine. Of the
10 lysines, 9 were substituted with glutamate and glutamine.
At site K133, only the glutamine substitution was success-
fully made. Of the 7 glutamates, 6 were substituted with
glutamine and lysine. At site E67, only the glutamine
substitution was obtained. The aspartate sites were substituted
to asparagine and lysine, and the histidine site was substituted
to lysine and glutamine. No known previous mutation of
staphylococcal nuclease has caused great perturbation of the
overall structure. We have solved crystal structures of
staphylococcal nuclease mutants with buried ionizable
residues (32, 33), and even in such extreme cases the overall
fold of the protein is unchanged. The identities of the mutants
and the stability parameters derived from guanidine hydro-
chloride denaturations are found in Table 1.

Guanidine hydrochloride denaturation was used to deter-
mine the stability difference between the denatured and native
states. Representative denaturation curves are shown in
Figure 1. Use of guanidine hydrochloride is validated by the
previous demonstration that the ionic strength dependence
of histidine pKa values in nuclease is linear in the range
0.01-1.0 M (9). The ionic strength effects inherent to
guanidine hydrochloride are corrected by the linear extrapo-
lation used to obtain free energies. The use of the nonionic
denaturant, urea, has been the subject of preliminary
investigations. Urea solutions are usually made up fresh every
day because of isocyanate formation, and because of the
relatively low denaturing power of urea large dilutions are
required in a titrating instrument such as ours. Unfortunately,
perhaps because of these factors, the reproducibility of these
urea denaturation curves has thus far been relatively poor

compared to guanidine hydrochloride. It should be noted that
the values from urea denaturation that are in hand do not
agree particularly well with the guanidine hydrochloride
denaturation parameters. It is not uncommon for proteins to
have different apparent stabilities found upon urea and
guanidine hydrochloride denaturation (34-39). This is fre-
quently attributed to the ionic character of guanidine hydro-
chloride (40, 41), but not always (42). Reports of different
degrees of residual structure in the unfolded state(s) gen-
erated by the two denaturants are also common (43-47).
However, urea denaturation of the mutants here apparently
shows nearly half to have stability greater than that of wild
type, often by 1 kcal/mol or more. Given that mutations in

Table 1: Guanidine Hydrochloride Denaturation Parameters for
Charge Reversal and Charge Neutralization Substitutions in
Staphylococcal Nuclease

mutant mGuHCl
a Cm

b ∆GH2O
c mutant mGuHCl

a Cm
b ∆GH2O

c

E10K 5.81 0.55 3.2 E75Q 6.27 0.74 4.7
E10Q 5.74 0.72 4.1 D77K 5.54 0.35 1.9
D19K 6.93 0.74 5.1 D77N 5.74 0.44 2.5
D19N 5.94 0.87 5.2 K78E 6.27 0.73 4.6
D21K 6.34 1.02 6.4 K78Q 6.67 0.79 5.3
D21N 6.47 1.05 6.8 K84E 6.60 0.82 5.4
K28E 6.53 0.70 4.6 K84Q 6.73 0.79 5.3
K28Q 6.53 0.78 5.1 K97E 6.20 0.77 4.8
K48E 6.34 0.85 5.4 K97Q 6.34 0.79 5.0
K48Q 6.47 0.83 5.3 E122K 5.87 0.46 2.7
E57K 6.27 0.84 5.3 E122Q 6.20 0.60 3.8
E57Q 6.34 0.81 5.2 H124E 6.07 0.93 5.6
K63E 6.60 0.60 3.9 H124Q 6.40 0.94 6.0
K63Q 6.20 0.70 4.4 K127E 6.34 0.86 5.4
K64E 7.00 0.55 3.8 K127Q 6.40 0.84 5.4
K64Q 6.53 0.82 5.4 K133Q 6.53 0.76 4.9
E67Q 6.80 0.72 4.9 E135K 6.80 0.63 4.3
K70E 6.34 0.79 5.0 E135Q 6.60 0.71 4.7
K70Q 6.47 0.79 5.1 D143K 6.47 0.78 5.1
E73K 6.60 0.51 3.3 D143N 6.34 0.80 5.1
E73Q 6.47 0.73 4.7 wild type 6.53 0.82 5.4
E75K 6.27 0.49 3.1

a Slope value (change in free energy with respect to change in
guanidine hydrochloride concentration). Units of kcal/(mol‚M). Error
is estimated to be(0.09. b Concentration of guanidine hydrochloride
at the midpoint of denaturation expressed in molarity. Error is estimated
to be (0.01 M. c The free energy difference between the native and
denatured states at zero guanidine hydrochloride concentration expressed
in kcal/mol. Error is estimated to be(0.1 kcal/mol.

FIGURE 1: Relative fluorescence intensity versus guanidine hydro-
chloride concentration for representative proteins: wild-type sta-
phylococcal nuclease (circles), D21K (squares), and E10K (tri-
angles). The intensity of the first point is arbitrarily set to 100.
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staphylococcal nuclease and all other proteins are almost
always destabilizing, and also given the good agreement
between theory and the guanidine hydrochloride data dis-
cussed later in this publication, we suspect that our urea
denaturation numbers are not accurate. We are working to
understand the source of this discrepancy and expect that
data based on urea denaturation will form the basis of future
publications. We are confident in the guanidine hydrochloride
data presented here, but it is appropriate that the issue of
possible ionic strength dependence be remembered as a
potential source of error in any interpretation.

The average loss in stability for all of the charge
neutralization substitutions is 0.5 kcal/mol with a standard
deviation of 0.8 kcal/mol. In a previous study (19), all
ionizable residues were substituted with alanine. The aver-
age stability loss for the alanine substitutions at the posi-
tions where charge reversal or neutralization mutation was
carried out is 0.5( 0.9 kcal/mol. Interestingly, the average
stability loss for all of the charge reversal substitutions is
1.0 ( 1.1 kcal/mol, about twice that of charge neutraliza-
tion. The changes in stability relative to wild type for the
alanine, charge neutralization, and charge reversal substitu-
tions for the individual sites are shown in Table 2 along
with a summary of some structural data for each site (48,
49).

Staphylococcal nuclease has a rather high net positive
charge of 9 at pH 7, as befits an enzyme with high affinity
for nucleic acids. It is therefore not surprising that the
neutralization of a negative charge costs on average 0.7(

0.9 kcal/mol and reversing it to a positive charge costs 1.4
( 1.3 kcal/mol. Although pairwise, medium-range, and long-
range Coulombic interactions in nuclease are very weak (10),
this shows that many individual interactions can in aggregate
produce a substantial effect. This is confirmed by the
interesting observation that even the positively charged side
chains are usually in stabilizing electrostatic environments,
albeit less so, with neutralization costing 0.3( 0.4 kcal/
mol and substitution with a negatively charged side chain
costing 0.6( 0.6 kcal/mol on average.

The electrostatic free energies calculated with the FDPB
method are shown in Table 3 (∆∆Gelec). The subscript elec
is used to emphasize that these calculated energies include
only the electrostatic component. On average the calculated
stability loss for the alanine substitutions was 0.1( 0.7 kcal/
mol. The average loss of stability for all charge neutralization
substitutions is 0.3( 0.07 kcal/mol, and for charge reversal
substitutions it is 1.25( 1.37 kcal/mol. The calculated
∆∆Gelecvalues were dissected further into contributions from
Coulombic interactions, from interactions with permanent
dipoles, and from differences in hydration in the native state
and in a fully hydrated denatured state. The net electrostatic
consequences calculated for most mutations are destabilizing.
This reflects a balance between contributions with opposite
signs. The Born terms, due to the difference in the state of
hydration of an ionizable group in the native and in the
denatured state, are unfavorable for most residues in the
native state of the wild-type protein. Thus the calculated Born
energies stabilize the mutants where charge is removed. In

Table 2: Solvent Accessibility, Secondary Structure, Ion Pairs, Hydrogen Bonding, and Relative Stabilities of Alanine, Charge Neutralization,
and Charge Reversal Substitutions

site SASAa sec structb ion pairsc H-bondd ∆∆GAfWT
e ∆∆GNUfWT

f ∆∆GRVfWT
g ∆∆GNUfRV

h

E10 0.20 E K28, R81 Y27 1.2 1.3 2.2 0.9
D19 0.09 S K45, K16, R87, R35 T44 0.0 0.2 0.3 0.1
D21 0.02 S R35,K45, R87 T22, T44 -0.8 -1.4 -1.0 0.4
K28 1.03 T E10 Y27 0.6 0.3 0.8 0.5
K48 1.28 T -0.2 0.1 0.0 0.5
E57 0.56 H K53 0.1 0.2 0.1 -0.1
K63 0.74 H E67 0.4 1.0 1.5 0.4
K64 1.15 H E67 -0.2 0.0 1.6 1.6
E67 0.36 H K63,K16, K64 0.9 0.5 n/di n/di

K70 1.06 S D95 0.0 0.3 0.4 0.1
E73 0.20 E K71, K9 1.3 0.7 2.1 1.4
E75 0.00 E K9 Y93 2.1 0.7 2.3 1.6
D77 0.00 N K78, R81 Y91, T120 3.0 2.9 3.5 0.8
K78 0.69 S D77 T120 0.5 0.1 0.8 0.7
K84 1.08 T D83 Y85 -0.3 0.1 0.0 -0.6
K97 1.05 E K78,D95, E101 0.0 0.4 0.6 0.2
E122 0.09 H R126,K116 0.3 1.6 2.7 1.1
H124 0.64 H -0.5 -0.6 -0.2 0.4
K127 1.04 H -0.3 0.0 0.0 0.0
K133 0.55 H E129 1.3 0.5 n/di n/di

E135 0.44 T R105, K134 0.6 0.7 1.1 0.4
D143 n/aj n/aj n/aj 0.0 0.3 0.3 0.0

a Fraction of the solvent-accessible surface area of the wild-type side chain relative to the surface area of that side chain in an Ala-Xxx-Ala
tripeptide in extended conformation.b Secondary structure determination by the method of Kabsch and Saunders (48): E, â-sheet; H,R-helix; S,
bend; T, hydrogen-bonded turn; N, no regular secondary structure.c Side chains involved in ion pairs in the wild-type protein. Normal script is used
for side chains in an ion pair separated by less than 5 Å. Italics is used for side chains whose ion pair partner is between 5 and 10 Å away (10).
Both structures 1STN and 1EYO were examined (27, 49). d The side chains of the neutral polar residues listed in this column are hydrogen-bonding
partners (distance of not less than 5 Å to thepolar atom) with the ionizable side chain.e The difference in stability of the wild-type protein (∆GWT

) 5.4 kcal/mol) and the stability of the respective alanine substitutions where∆∆GAfWT ) ∆GWT - ∆GAla. ∆GAla values are taken from Meeker
et al. (19). f The difference in stability of the wild-type protein (∆GWT ) 5.4 kcal/mol) and the stability of the respective charge neutralization
substitutions where∆∆GNUfWT ) ∆GWT - ∆GNU. g The difference in stability of the wild-type protein (∆GWT ) 5.4 kcal/mol) and the stability of
the respective charge reversal substitutions where∆∆GRVfWT ) ∆GWT - ∆GRV. h The difference in stability in kcal/mol between the single site
charge reversal substitutions and their corresponding single site charge neutralization substitutions where∆∆GNUfRV ) ∆GRV - ∆GNU. i Not
determined.j Not applicable. Residues 142-149 are disordered in the X-ray structure so these parameters are undefined.
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contrast, the terms that describe interactions with other
charged groups or with permanent dipoles are always
stabilizing in the native state of the wild-type protein. The
net destabilizing consequence of mutations means that the
Coulombic and permanent dipole terms outweigh the Born
term in most cases. Not only did the FDPB method reproduce
the direction of the shift in stability for most mutants
correctly, it also reproduced the magnitude of the shift
remarkably well. The root mean squares of the differences
of the calculated and the observed stability shifts are 0.91,
0.79, and 0.66 kcal/mol for the alanine, charge neutralization,
and charge reversal substitutions.

A second pKa calculation using the FDPB method was
performed to assess the sensitivity of our results to the details
of the calculation and to ensure that the conclusions drawn
from the calculations were robust. In this second calculation
a distributed charge model was used to describe the ionized
state (12), the van der Waals surface was used to define the
dielectric boundary, and the protein interior was treated with
a dielectric constant of 4. This method has been shown to
reproduce experimental results very accurately in other cases
(50, 51). The results of this second calculation are not
presented because, in general, the∆∆Gelecvalues calculated
with the two methods are comparable to the values that are
presented in Table 3. In almost every case the magnitudes
of the ∆∆Gelec calculated with the method using the
distributed charge model and the van der Waals surface are
greater than the values calculated with the single site method
and the solvent-accessible surface. In a few specific cases
there are significant differences in the∆∆Gelec calculated
with the two methods; however, the trends are comparable.
The correlation between experimental and calculated∆∆Gelec

values calculated by the two methods are also comparable,

and the conclusions drawn from the calculated values are
independent of the details of the method used to calculate
∆∆Gelec.

DISCUSSION

How energetically important are electrostatic interactions
relative to other types of noncovalent interactions of surface
ionizable residues? Twenty-two ionizable residues in sta-
phylococcal nuclease were chosen for this study. These sites,
about half of all ionizable residues in nuclease, were chosen
to cover a range of solvent accessibility, secondary structure,
and side chain hydrogen bonding. In this way, a broad
sampling of electrostatic interactions in different structural
contexts could be assessed.

Our strategy for determining the contributions of electro-
static interactions to protein stability was to substitute the
ionizable side chains at selected sites in staphylococcal
nuclease with oppositely charged residues (charge reversal
substitutions) and neutral, polar residues (charge neutraliza-
tion substitutions). Accordingly, glutamic acid residues were
substituted with glutamine and lysine, and aspartic acids were
substituted with asparagine and lysine. Lysine and histidine
were substituted with glutamate and glutamine. In previously
published work all of these sites have been substituted with
alanine (19), and many have been substituted with phenyl-
alanine (20).

Substitution of a side chain always changes a variety of
noncovalent interactions (e.g., changes in hydrophobicity,
van der Waals interactions, side chain entropy), not just
electrostatic interactions. The conservative substitutions made
here minimize these problems as much as possible. On the
other hand, truncation to an alanine maximizes these other
effects, removing not only all electrostatic interactions but
all other stabilizing or destabilizing interactions beyond the
â carbon. Therefore, comparison to the stabilities of the
alanine substitutions can help us to estimate how sensitive a
given site is to other effects.

The effects of charge neutralization and reversal are
compared with the effects of alanine substitution in Figure
2. First we consider the comparison of the effects of charge
neutralization substitutions and the alanine substitutions,
shown in Figure 2A. Generally speaking, the charge neu-
tralization substitution (i.e., replacement with a glutamine
or asparagine) is the most conservative substitution possible.
It conserves hydrophobic and/or van der Waals interactions
of the methylenes in the side chain, extremely well in the
case of glutamate or aspartate and fairly well for lysine. The
amide moiety retains capacity for hydrogen-bonding interac-
tions but eliminates Coulombic interactions between formal
charges. An alanine substitution removes all of the interac-
tions of the side chain.

The dashed line in Figure 2A is the one to one line where
points would fall if the charge neutralization substitutions
had exactly the same effect on stability as the alanine
substitutions at these sites. If the alanine and charge
neutralization substitutions are equivalent in their effects, the
simplest interpretation is that the packing, van der Waals,
or hydrogen-bonding interactions are not contributing sig-
nificantly to the stability of the protein and that the
electrostatic interactions of the ionized group predominate
in the energetics of the wild-type protein at this site. In

Table 3: Calculated Changes in Stability of Charge Neutralization
and Charge Reversal Substitutions Using the FDPB Method

mutant ∆∆Gelec AlafWT
a ∆∆Gelec RVfWT

b ∆∆Gelec NUfWT
c

E10 0.6 1.38 0.49
D19 -0.36 1.30 -0.48
D21 -1.58 0.31 -0.94
K28 0.11 1.06 0.48
K48 -0.2 -0.33 -0.02
E57 0.8 1.38 0.72
K63 0.57 1.74 0.77
K64 0.19 0.84 0.36
E67 1.22 2.23 1.77
K70 -0.16 0.33 -0.01
E73 0.24 2.2 0.18
E75 0.59 3.47 1.00
D77 0.43 4.40 0.38
K78 -0.5 1.17 -0.2
K84 -1.13 -0.95 -0.93
K97 0.3 1.34 0.47
E122 0.86 3.07 1.50
H124 -0.22 0.06 0.22
K127 -0.53 -0.65 -0.39
K133 0.36 1.78 0.83
E135 1.27 1.93 1.27
a The calculated difference in stability in kcal/mol between wild-

type nuclease and the alanine substitutions where∆∆Gelec AlafWT )
∆Gelec WT- ∆Gelec Ala. The subscript elec is used to emphasize that these
calculated energies includeonly an electrostatic component.b The
calculated difference in stability between wild-type and the charge
reversal substitutions where∆∆Gelec RVfWT ) ∆Gelec WT - ∆Gelec RV.
c The calculated difference in stability between wild-type and the charge
reversal substitutions where∆∆Gelec NUfWT ) ∆Gelec WT - ∆Gelec NU.
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general, this is exactly the behavior most of these sites show.
The effects on stability of alanine and charge neutralization
substitutions are fairly similar, with most positions falling
close to the one to one line.

Of course, few points are precisely on the line and a few
are rather far off of it. In cases where the alanine substitutions
are less stable than the charge neutralization substitutions
(i.e., data points falling in the lower right quadrant of Figure
2A), the simplest interpretation is that some favorable
packing, van der Waals, or hydrogen-bonding interactions
are occurring at this site in the wild-type protein that are
lost when the side chain is truncated. An example of this
may be at E75 where the alanine substitution is much more

destabilizing than the glutamine substitution. The side chain
of the wild-type glutamate residue at site 75 interacts with
the side chain of the lysine residue at site 9 (27, 49). This
perhaps indicates that there are some stabilizing van der
Waals interactions that are removed when this site is
substituted to alanine. The case of D21 is another example
where both the D21A and D21N mutations are stabilizing,
an unusual occurrence. This aspartate is a highly conserved
residue in the active site but is in close proximity to a number
of other negatively charged residues and is somewhat buried.
Removing the charge of D21 is stabilizing, but truncating
the side chain must remove some other favorable interaction
since the alanine substitution is not as stabilizing as the
asparagine substitution at site 21.

One interpretation of the case in which the alanine
substitution is more stable than the charge neutralization
substitution (i.e., data points falling in the upper left quadrant
of Figure 2A) is that the site has destabilizing steric
interactions counterbalanced by favorable electrostatic in-
teractions of the wild-type side chain. This may be the case
at site 122. The side chain of the wild-type glutamate residue
at site 122 interacts with the side chains of K116 and R126
(49). The E122Q mutation is much more destabilizing than
the alanine substitution.

We emphasize that such behavior is the exception rather
than the rule. Most of these sites show remarkable cor-
respondence in the effects of the alanine and the charge
neutralization substitutions. Since these two substitutions are
similar in that they remove the potential for ionic interactions,
but differ markedly in other potential interactions, it seems
evident that the observed energetic effects are dominated by
electrostatic interactions.

This conclusion is reinforced strongly by the comparison
of effects of charge reversal and alanine substitutions shown
in Figure 2B. Again, the dashed line in Figure 2B is the one
to one line where points would fall if the charge reversal
substitutions had exactly the same effect on stability as the
alanine substitutions at these sites. Obviously the effects of
the alanine substitutions are well correlated with the effects
of the charge reversal mutation, with the regression line
having a slope of almost exactly one.

What is striking about Figure 2B is that virtually every
point lies above the one to one line, falling in the upper left
quadrant. In other words, in nearly every case, the alanine
substitution is more stable than the charge reversal substitu-
tion. This is precisely what one would expect if electrostatic
interactions dominate the energetics of these mutations.
Reversing the charge should reverse the sign of the energetic
contribution. Most of the charges appear to be in net
stabilizing environments, and reversing the charge is much
more destabilizing than merely removing it as the alanine
mutation does.

A direct comparison of the charge reversal and neutraliza-
tion mutations is also useful. This is shown in Figure 3. If
Coulombic interactions dominate, the energetic effects of a
charge reversal substitution would be expected to have twice
the effect of simply neutralizing the charge. In fact, the
average loss of stability for charge reversal is 1.0 kcal/mol
with a standard deviation of 1.1 kcal/mol. Charge neutraliza-
tion mutations average a stability loss of only 0.5( 0.8 kcal/
mol. Of course, direct comparison of the two mutations at
any given individual site does not necessarily give a two to

FIGURE 2: Change in stability of charge neutralization or charge
reversal substitution versus change in stability of alanine substitution
at the same site. Glutamic, aspartic, histidine, and lysine residues
in the wild-type protein are identified with circles, triangles,
diamond, and squares, respectively. Filled symbols indicate residues
that are involved in hydrogen-bonding and/or ionic interactions in
the wild-type protein; unfilled symbols are used for the remainder.
A filled dot in a hollow symbol or a hollow dot in filled symbol
indicates a relative fractional solvent-accessible surface area of 0.5
or greater. Specific sites discussed in the text are labeled on the
appropriate panel(s). (A) Change in stability of charge neutralization
substitutions versus change in stability of alanine substitutions. The
solid line is the linear least-squares regression line (r ) 0.7901).
The dashed line is the one to one line as discussed in the text. (B)
Change in stability of charge reversal substitutions versus change
in stability of alanine substitutions. The solid line is the linear least-
squares regression line (r ) 0.8446). The dashed line is the one to
one line as discussed in the text.
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one ratio. The correspondence should not be perfect since
the protein has the ability to accommodate the mutation by
reorienting the substituted side chain in some way so as to
avoid any unfavorable electrostatic interactions caused by
reversing the charge at these sites. Further, the reversal of
charge mutation necessarily alters the length of the side chain,
and this moves the charge toward or further away from the
protein surface. However, when the effects are plotted against
one another (Figure 3), it is remarkable how many points
fall near the two to one line shown for reference.

The results discussed above demonstrate that overall the
charge neutralization and the alanine substitutions destabilize
the protein to approximately the same extent and that the
charge reversal substitutions are almost twice as destabilizing
as the charge neutralization substitutions. This clearly and
unequivocally indicates that, on average, electrostatic interac-
tions dominate the energetic effects of mutating these
ionizable residues. This contradicts the conclusions drawn
in an earlier study (19) where it was concluded that the
ionizable residues in nuclease contributed to the stability of
the protein primarily through packing interactions and not
through interactions that depended on the charge of the side
chains. This earlier conclusion is clearly incorrect.

However, this should not be taken to imply that packing
interactions on the surface are unimportant. The mutations
made in the current study were chosen deliberately to
minimize packing disruptions. Indeed, a study of phenyl-
alanine substitutions at many of the same sites on the surface
of staphylococcal nuclease, a much greater change in residue
size and shape, concluded that optimizing the packing on

the surface of the protein was important to the stability of
nuclease (20). The work presented here does not contradict
that conclusion but does add to it the certainty that the
electrostatic interactions of the charged groups are important
as well and are, on average, stabilizing.

The phrase “on average” is a key qualifier to note. Much
of the confusion in the literature about the importance of
electrostatic interactions may be because relatively few
interactions have been systematically examined in any one
protein. As the results presented here show, a wide range of
effects is possible. Neutralizing the charge in the D77N
mutation costs 2.7 kcal/mol, and reversing it in D77K causes
the rather breathtaking loss of 3.5 kcal/mol. On the other
hand, as already noted earlier, D21N and D21K stabilize the
protein by 1.2 and 1.0 kcal/mol, respectively. Rational design
and modification of protein structure and stability will require
accurate prediction of electrostatic effects. Some of the causes
for this range of effects are obvious. For example, even a
cursory examination of Table 2 shows that the more solvent
exposed a residue is, the less the energetic effects upon
mutation. It would seem obvious that involvement of a
residue in an ionic interaction should affect energetics as
well, but an examination of Figure 2 shows that when defined
by simple distance criteria the presence or absence of such
interactions does not seem to correlate well with the
magnitude of the observed effects.

Clearly, a more sophisticated approach for evaluating the
electrostatic consequences of mutation of ionizable residues
is necessary, and many methods for calculation of electro-
static energies have been detailed in the literature. We used
the FDPB method to assess structurally the consequences
of charge reversal or neutralization (29). This method was
chosen, despite the inherent limitations of continuum meth-
ods, because empirical modifications have greatly increased
its capacity to reproduce pKa values and the magnitude of
interaction energies between individual pairs of charges. This
method works particularly well in the case of surface residues
in staphylococcal nuclease, as has been recently demonstrated
(9, 10).

The results of the FDPD calculations are given in Tables
3 and 4. The critical test, the agreement between calculation
and experiment, is shown in Figure 4. In panel A the
experimentally observed energetic effects for the charge
reversal mutations are plotted against the calculated elec-
trostatic effects, in panel B the corresponding comparison
is made for the charge neutralization mutations, and in panel
C the corresponding comparison is made for the alanine
mutations. The agreement between the computed and mea-
sured free energies is good, in fact, much better than in some
other studies comparing experiment and theory (11, 12, 19,
52, 53). The FDPB method reproduces the magnitude of the
shift in stability well. The direction of the shift (i.e., whether
the mutant is stabilizing or destabilizing) is calculated
correctly for almost all of the mutants. This is encouraging
in two respects. First, the calculationsonly take into account
electrostatic effects. van der Waals interactions, hydrophobic
effects, and entropic effects are ignored. Consequently, the
good agreement is further evidence that our conclusion that
the effects of these mutations are dominated by electrostatic
interactions is correct. Second, the agreement is an indication
that our ability to predict electrostatic effects accurately is
fairly good. However, few points are precisely on the one

FIGURE 3: Change in stability of charge neutralization substitutions
versus change in stability of charge reversal substitutions. All circles
are glutamates in the wild-type protein. Glutamic, aspartic, histidine,
and lysine residues in the wild-type protein are identified with
circles, triangles, diamond, and squares, respectively. Filled symbols
indicate residues that are involved in hydrogen-bonding and/or ionic
interactions in the wild-type protein. A filled dot in a hollow symbol
or a hollow dot in filled symbol indicates a relative fractional
solvent-accessible surface area of 0.5 or greater. The solid line is
the linear least-squares regression line (r ) 0.8857). The dashed
line is the one to one line as discussed in the text. The dotted line
is the two to one line as discussed in the text.
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to one line of perfect correspondence between theory and
experiment, and some (e.g., D77 and K84) are quite far off.
A closer examination of these disagreements will help to
identify avenues for improvement of the calculations. These
cases may signal instances where the substitution triggers
structural reorganization of the protein that is not captured
with the simple energy minimization protocol that was used
to model these mutations. Another possibility is that these
cases might represent situations where the approximations
inherent to the calculations, such as the assumption that the

denatured state is devoid of electrostatic interactions or that
protein reorganization is quantitatively captured by assuming
a protein dielectric of 20, are invalid.

It is important to emphasize that agreement between
experiment and calculation is achieved by assuming a
relatively high dielectric constant for the interior of the
protein. FDPB calculations of electrostatic energy with static
structures were performed originally using a low dielectric
constant,εin ) 2-4, to describe the polarizability of the
interior of the protein. Antosiewicz et al. (11) showed that,

Table 4: Contributions by the Charge-Dipole Background, Born Energy, and Charge-Charge Energies to the Calculated∆∆Gelec for the
Alanine, Charge Neutralization, and Charge Reversal Substitutions

Ala RV NU

residue Gbg
a GBorn

b Gij
c Gbg

a GBorn
b Gij

c Gbg
a GBorn

b Gij
c

E10 -0.69 1.14 -1.05 -0.64 0.93 -1.66 -0.46 1.06 -1.09
D19 -2.08 1.81 0.63 -2.28 0.73 0.52 -1.86 1.72 0.56
D21 -0.69 2.00 0.27 -1.20 0.09 1.59 -0.70 1.46 0.17
K28 -0.08 0.30 -0.33 -0.01 -0.22 -0.69 -0.26 0.25 -0.36
K48 0.00 0.03 0.16 0.16 -0.13 0.42 -0.02 0.01 0.13
E57 -0.90 0.58 -0.48 -0.97 0.50 -0.88 -0.73 0.54 -0.45
K63 -0.05 0.61 -1.13 0.13 0.03 -1.74 0.03 0.48 -1.10
K64 -0.36 0.10 0.07 -0.71 -0.04 -0.01 -0.38 0.11 0.05
E67 -0.07 0.95 -2.10 0.06 0.76 -3.01 -0.08 0.72 -2.10
K70 -0.18 0.23 0.11 -0.13 0.04 -0.18 -0.13 0.13 0.06
E73 -0.63 0.88 -0.49 -1.18 0.23 -1.26 -0.55 0.85 -0.48
E75 -1.41 1.73 -0.90 -1.69 0.24 -1.91 -1.77 1.60 -0.84
D77 -1.88 2.01 -0.56 -2.35 0.45 -2.43 -1.77 2.01 -0.57
K78 0.27 0.46 -0.23 -0.03 -0.27 -1.25 0.05 0.37 -0.29
K84 0.85 0.54 -0.26 1.37 0.20 -0.54 0.74 0.51 -0.25
K97 -0.15 0.18 -0.33 -0.27 -0.11 -0.75 -0.18 0.17 -0.33
E122 -0.08 1.05 -1.82 0.17 0.00 -3.23 -0.56 0.96 -1.75
H124 0.00 0.27 -0.05 0.33 -0.27 0.01 -0.24 0.17 -0.04
K127 0.17 0.06 0.30 0.42 -0.46 0.60 0.15 0.05 0.25
K133 -0.18 1.10 -1.28 -0.48 0.28 -1.70 -0.60 0.99 -1.25
E135 -0.07 0.81 -2.02 0.08 0.72 -2.61 0.06 0.76 -1.88

a The background terms (Gbg) contain contributions from Coulombic interactions between the charged group of interest and permanent dipoles
in the protein.b The Born energy (GBorn) terms describe the change in hydration upon transfer of the ionizable group of interest from water to the
protein site.c The charge-charge terms (Gij) describe the contributions from Coulombic interactions between the ionizable group of interest with
other ionizable residues in the protein.

FIGURE 4: Comparison of calculated change in stability due to electrostatic effects with experimentally observed change in stability. Glutamic,
aspartic, histidine, and lysine residues in the wild-type protein are identified with circles, triangles, diamond, and squares, respectively.
Unfilled symbols indicate residues that are not involved in hydrogen-bonding and/or ionic interactions in the wild-type protein; filled
symbols identify those that are. Specific residues discussed in the text are labeled on the appropriate panel(s). (A) Change in stability of
the experimentally determined charge reversal substitutions versus change in stability of the calculated charge reversal substitutions. The
solid line is the linear least-squares regression line (r ) 0.8497). The dashed line is the one to one line as discussed in the text. (B) Change
in stability of experimentally determined charge neutralization substitutions versus change in stability of the calculated charge neutralization
substitutions. The solid line is the linear least-squares regression line (r ) 0.4944). The dashed line is the one to one line as discussed in
the text. (C) Change in stability of experimentally determined alanine substitutions (19) versus change in stability of the calculated alanine
substitutions. The solid line is the linear least-squares regression line (r ) 0.5209). The dashed line is the one to one line as discussed in
the text.
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in the context of the FDPB formalism, the best agreement
with experimentally observed energies was obtained in
calculations using static structures when the protein interior
was treated using a dielectric of 20. The use of a dielectric
of 4 exaggerates the calculated electrostatic potentials,
leading to large shifts in mutant electrostatic energy, despite
the fact that the calculated electrostatic energies represent
the balance between Coulombic and hydration effects, which
usually have the opposite sign. This is apparently the reason
the FDPB calculated energies were found not to be correlated
with the alanine substitutions previously (19) but are found
to be correlated in this study, as shown in Figure 4C.

The good agreement between the calculated and experi-
mental data does not necessarily mean the internal dielec-
tric of the protein is actually 20. Indeed, ifεin is increased
even further to 40, the correlations with the observed data
are increased slightly (data not shown). The largest improve-
ments are obtained for less solvent exposed groups. It has
been suggested that lack of conformational sampling in the
static structure used in calculations (12), relaxation due to
the charging process (54), and maybe even specific water
binding may contribute to the high apparent polarizability.
Although the present use of a high dielectric constant works
reasonably well, this is clearly an area where further work
on improving the computational method is still warranted.

There is some correlation between experimentally deter-
mined energies and the degree of solvent exposure. There
also appears to be some correlation between the solvent
accessibility of a side chain and the accuracy of the calculated
energies. For hyperexposed sites, where the fraction of
solvent-accessible surface area compared to an exposed
reference state is 1.00 or greater, the calculations indicate
that the average electrostatic contribution of the side chain
to stability is 0.0 kcal/mol. Experimentally, we determined
that the average cost in stability of removing the charge at
these hyperexposed sites is indeed very small, only 0.2 kcal/
mol. The discrepancies between the calculated and the
experimental energies are increased at the marginally ac-
cessible sites where the fractional solvent-accessible surface
area is between 0.09 and 0. The calculations indicate that
the average electrostatic contribution of the side chain to
stability at the marginally accessible sites is 0.3 kcal/mol.
The measured average cost of removing the charge at
marginally accessible sites is 0.8 kcal/mol. This greater
discrepancy between the calculated and experimental energies
may be in part because increasing burial increases the side
chain interactions with the protein matrix. Hence, there are
more van der Waals and hydrophobic interactions for such
residues which are not accounted for in the calculation. In
addition, this discrepancy could be explained by the fact that
the solvation of less solvent exposed groups needs to be
modeled more accurately by capturing the effects of side
chain flexibility and backbone dynamics.

The underlying assumption throughout this discussion has
been that a large contribution to the energetics of nuclease
is due to stabilizing electrostatic interactions in the native
state protein. However, any mutation can theoretically affect
either the native or the denatured state or both. Much work
in the past decade has presented evidence that changes in
the denatured state may in some cases have dramatic effects
on measured energetics of nuclease and other proteins (55,
56). It might be the case for some of the mutants studied

here that the character of the denatured state is different from
that of wild type, due to the mutation. As is commonly the
case with staphylococcal nuclease mutants (19, 20, 57, 58),
fairly large changes in the value ofmGuHCl are apparent in
Table 1. Mutants with significant changes inmGuHCl andCm

values have been conjectured to have changes in the solvent-
accessible surface in the denatured state and altered denatured
state energetics from wild type (57, 58). Thus, interpretation
of the data presented in this paper should not be based on
the assumption that the denatured states are equivalent for
all of the mutants. In fact, in this study the substitutions with
the largest shifts inmGuHCl value from wild type are also
among the mutants with the largest shifts in stability.

The computational method used here is restricted by the
assumptions made for the denatured state. A model of a
noninteracting random coil is implied, where all ionizable
residues experience no net electrostatic effects and titrate
with the pKa values obtained from model compounds (11,
12, 28, 29). There is experimental evidence of residual
electrostatic interactions in nuclease (59) and other proteins
(60, 61). Some groups have investigated the use of structured
or interacting denatured states and have found some im-
provement in predicted energetics (62-64). The possibility
of residual electrostatic interactions as a reason behind some
of the discrepancies between the calculated and measured
energies in Figure 4 will have to be explored on a case by
case basis. For example, the two largest shifts measured
between the observed and the calculated free energies are
found for D77 and E67, both of which have among the
largest shifts inmGuHCl values. Most of the large discrepancies
between observed and calculated∆∆G values can be as-
sociated with change inmGuHCl. Whether this is a complete
explanation for the differences is less certain. Both D77 and
E67 have interactions with other side chains, and disruption
of these contacts may lead to changes in the native as well
as the denatured state. Indeed, as discussed earlier, it seems
certain that packing interactions are critical for explaining
the changes in energetics at position 67. Nevertheless, better
modeling of the denatured state is clearly vital for improving
the accuracy of calculated energies.

The data in Tables 1-3 show that most surface-ionizable
groups in staphylococcal nuclease experience net favorable
electrostatic effects. This is consistent with the general
observation in many proteins that the pKa values of surface-
ionizable residues are usually shifted in the direction that
signals net favorable electrostatic interactions (65). This
implies that surface-charged groups minimize dehydration
and maximize favorable Coulombic interactions with other
charged atoms and with permanent dipoles. This prevalence
of net favorable electrostatic environments of surface groups
can be rationalized in two ways (66, 67). Either the
composition and properties of the surfaces of proteins have
been tuned throughout evolution to obtain net stabilizing
arrangements or the surface-ionizable side chains are en-
dowed with the freedom to organize themselves into net
stabilizing environments during the folding reaction to
minimize the very high cost of dehydrating charged groups
as they are buried in the nascent tertiary fold. The observation
that the cost of reversing the polarity of charges is on average
more costly than the neutralization of charge suggests that
the side chains are not particularly effective at rearranging
themselves upon folding, to maximize net favorable elec-
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trostatic interactions. This implies that the net favorable
electrostatic environments of surface groups are the result
of evolutionary fine-tuning of the geometrical disposition of
surface side chains. However, compared to other types of
noncovalent contributions, the net contributions by surface
electrostatics are modest. Therefore, it seems likely that the
driving force behind this evolution was solubility as much
or more so than stability.

CONCLUSIONS

The results presented here demonstrate conclusively that
electrostatic interactions arethe single most important net
stabilizing factor for surface-ionizable residues in staphylo-
coccal nuclease. While packing and hydrophobic interactions
are also important for some ionizable residues, electrostatic
interactions with the charged group dominate the energetics
of these side chains as a whole. Overall, the calculations
with continuum methods are in remarkably good agreement
with experimental data. The cost of reversing the polarity
of a surface charge is approximately twice the cost of
neutralizing the charge. These experimental results are
consistent with the notion that the tuning of the surfaces of
proteins throughout evolution results in the placement of most
surface-ionizable groups in net favorable environments. The
calculations presented include neither explicit solvation, side
chain flexibility, nor salt binding, and they assume a single,
equivalent denatured state. It seems likely that it will be
possible to predict the consequences of mutations upon
electrostatic energetics even more confidently as solutions
to these problems become available.
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