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Recent experimental and theoretical studies have led to new insights into
the contribution of ionizable amino acids to protein stability. The role of
polar groups is less clear, in part because their interactions are difficultto

control experimentally.
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Introduction

The past few years have witnessed major advances in
our understanding of electrostatic interactions in proteins
(summarized in a number of recent reviews [1,2]). Elec-
trostatic interactions, as defined here, arise both from
ionizable amino acids and from polar groups that con-
tain permanent dipoles. The major focus of this review
will be recent developments in elucidating the contri-
butions of ionizable amino acids to protein stability.
Progress has been facilitated by a combination of mod-
ern experimental techniques, such as NMR and site-
directed mutagenesis, and more traditional methods such
as the measurement of pH and salt effects on denatura-
tion free energies. In parallel, new theoretical methods
now make it possible to interpret experimental results
in terms of specific molecular interactions. The interplay
between increasinglyreliable theoretical methods and the
improved ability of experimental methods to probe well
defined interactions will be highlighted in this review.

Only a short section of this review is devoted to the
discussion of the contribution of dipolar groups to pro-
tein stability. In our view, there has been only limited
progress in this area; indeed, the fundamental question
as to whether or not hydrogen bonds stabilize proteins
has not yet been definitivelyresolved. In addition, little at-
tention has been devoted to the destabilizing effects that
result from the burial of permanent dipoles in the protein
interior. We will offer our opinion on these questions in
a brief section near the end of the review.

Basic principles

In the first place, it is worth considering what is meant
by the statement that a particular interaction stabilizes or
destabilizes a protein. If the focus is on the effect of a
single charge, the clearest experimental measure of its
contribution to protein stability can be obtained by neu-
tralizing it through changes in pH. Unless one is deal-
ing with small, designed peptides, however, changes in

pH affect more than one charged group, requiring that
an entire titration curve -be deconvoluted through some
combination of experimental and theoretical techniques.

Site-directed mutagenesis offers another way of neutraliz-
ing a charge but the method substitutes a new interaction
for an old one, which introduces additional complexity
to the process of separating variables. For example, the
effects on protein stability of pairwise Coulombic inter-
actions have been identified through the use of double
and triple mutant cycles in an important study by Fer-
sht and coworkers [3]. Electrostatic interactions among
three ionizable groups were found to have a net stabi-
lizing effect but, nevertheless, the effect of replacing all
three with alanines was an increase in protein stability.
That alanines provide a greater net stabilization of the
native state than ionizable groups of course says nothing
as to whether the charges are themselves stabilizing or
destabilizing.

The change in the pKa of a group between the native
and denatured states offers a direct measure of the effect
of that group on protein stability. One way of measur-
ing pKa's is to monitor proton release as a function of
pH for all the ionizable residues in a protein using two-
dimensional NMR [4]. Measurement of the titration
curves of proteins is another possibility [5] but, as men-
tioned above, the pKa's of individual ionizable groups are
not easy to resolve. If the pKa's of all ionizable residues
are known for the native and denatured states of a pro-
tein, the denaturation energy of the protein as a function
of pH can be obtained from an equation based on an
expression given by Tanford [6]:

pH

AG~n(pH) =2.3kT J AZ(pH)dpH (1)
pH'h

whereAG3en (pH) is the denaturation energy at a given
pH with.respect to that at some reference pH, AZ(pH) is
the difference in net charge between the denatured and
native protein, and pHl/2 is the midpoint of the acid de-
naturation"curve. It should be emphasized that Equation
1 is an expression for a relative free energy, and does
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not give the total electrostatic free energy of a system.
Two proteins may have the same set of pKa's and, con-
sequently, the same relative free energies as functions of
pH, but may have different total electrostatic free ener-
gies. Thus, knowledge of pKa's is necessary but not suf-
ficientfor a full understanding of electrostatic interactions
in proteins.

Experimental observations

Saltbridges(hydrogen-bondedion pairs)
A number of laboratories have used site-directed mu-
tagenesis or chemical synthesis to study the stabilizing
effects of acidic and basic residues which have been
placed in locations (such as the i and i + 4 positions
on ex-helices)where they are able to form salt bridges
[7",8;9..,10;11]. In general, it appears that the engi-
neered salt bridges have only marginal effects, contribut-
ing '" 0 to - 0.5kcalmol- I to stabilization of the folded
state. These findings appear to contradict the earlier work
of Marqusee and Baldwin [12], who found that lysines
and glutamic acids placed in positions i and i + 4 in an
alanine-based ex-helixstabilized the helical conformation.
The actual stabilization energy was not determined in that
study, however, and, based on the small pKa shifts of the
residues involved, the effects were not large.

The factors that account for the small stabilizing effects
of salt bridges have been clearly elucidated in the above
studies. Firstly,coulombic interactions between charged
residues on the surface of proteins are largely screened
by the high dielectric solvent. Secondly, there is a free
energy penalty associated with desolvating both charges
when a salt bridge forms. Finally,there is an entropic cost
associated with fixing the mobile side chains in a well
defined salt bridge. Indeed, in many cases, the residues
involved in the salt bridge are not seen in the crystal
structure, apparently preferring to remain mobile and
well solvated. Nonetheless, if some other factor (such
as hydrophobic interactions between the hydrocarbon
side chains of lysine and glutamate and the intervening
alanines in a helix) also favors fixingthe side chains in the
favored salt-bridge conformation, the apparent stabilizing
effect of the ion pair can be high. Some combination of
such salt-bridge-favoringinteractions is probably respon-
sible for the large stabilizing effect of the Asp70-His31
ion pair in T4lysozyme [13.] and may have contributed
to the effects observed by Marqusee and Baldwin [12]
mentioned above.

Total charge effects

Pace et al [14.] have studied the urea denaturation of
RNase A and RNase n at pH 2 to 10. Over this range,
the total charge of RNase A varies from 18 to - 2 while
the denaturation energy varies from 2 to 10kcalmol-I.
For RNasen, the total charge varies from 6 to -12, and
the denaturation energy is 3-9 kcalmol-I. These obser-
vations, in keeping with earlier studies of Hollecker and
Creighton [15], indicate that the magnitude of electro-

static interactions involving charged residues are of the
same order as the denaturation energies of proteins. It
should be emphasized that these effects can arise only
from the few groups that have anomalous pKa's, as nicely
demonstratedby the recent studyof McNuttet al [16].

Buriedcharges
Whereas charges on surfaces may do very little to stabi-
lize proteins, buried charges are likely to be extremely
destabilizing unless the protein succeeds in compensat-
ing for the loss of aqueous solvation. For example, the
active-site Asp26 in Escherichia coli thioredoxin is buried
in a hydrophobic region and has an anomalous pKa of
7.5, suggesting that it destabilizes the native protein by
5kcalmol-I [17.]. Similarly,a lysine that replaces Val66
of staphylococcal nuclease was found to be buried in the
hydrophobic core, to have a pKa < 6.4 and to destabilize
the protein [18.]. In contrast, McGrath et al (M McGrath
et al, unpublished data) have replaced Ser214 in trypsin
with a lysine residue which, though buried, retains its
charge asa result of favorable interactions with hydrogen-
bonding groups in the vicinity.

Acid denaturation

Hughson et al [19"] havedetected a partiallyunfolded
intermediate in apomyoglobin which exists at pH 4-5. On
the basis of two-dimensional NMRexperiments, which
were used to identify slowly and rapidly exchanging
amide protons, a model for the intermediatewas pro-
posed in which a compact subdomain consisting of he-
lices A, G and H retains native-likestructure. The remain-
ing helices appear to unfold at the same pH. The par-
tial unfolding is likely to be caused by the presence of
histidines with anomalous pKa's, such as His113, His119
and His24, which titrate in this pH range. We have found
that the protonation of a small number of these residues
significantlydecreases the stability of the native protein,
partly as a result of their burial in the interior and partly
because of their repulsive interactions with other charges
(A-S Yang and B Honig, unpublished data). As these
groups are located near the interface between the stable
subdomain and the remaining helices, this destabilizing
electrostatic force can be relieved by partial unfolding.

The classical model of Ilnderstrom-Lang assumes that
the electrostatic free energy of a protein results from
the net repulsions between charged groups in the na-
tive state [6]. Stigter et al [20] have introduced a
model that can account for net charge effects in the
unfolded state as well. The recent experimental evi-
dence summarized above, however, suggests that, in
some cases, the contribution of ionizable amino acids
to protein stability arises from a small number of
residues with anomalous pKa's rather than from the
effects of net charge. Indeed, the fact that increasing
salt concentration destabilizes apomyoglobin near neu-
tral pH, and stabilizes a partially denatured interme-
diate at low pH [21], suggests that coulombic inter-
actions are attractive in the former case and only repul-
sive at low pH.
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Calculating electrostatic properties

pKa's
The intrinsic pKa of a single ionizable group in a protein
is usually defined as:

. ")'(i)MG~nv
pK3jmt =pKa? - I (2)2.3kT

where pKa? is the pKa of the ith group in an isolated
model compound and y(i) is + 1 when the group is
basic and - 1 when acidic. AAGfnvis the change in elec-
trostatic free energy associated with charging the group
in the protein environment relative to the same process in
the model compound [1,22-]. AAGenvdepends on both
the extent to which the group is desolvated in the protein
and on any compensating interactions with permanent
dipoles.

When a protein has more than one titratable group, the
proton affinitiesat titrating sites become mutually depen-
dent. In this case, p~ can only be determined from
a calculated titration curve, which will yield the pH at
which the group is 50%protonated. When more than one
ionizable group is being considered, it is convenient to
define the intrinsic p~ as the pKa that group i would
have if all other groups were in their neutral form. The
pKa of group i can now be written in the form:

int ttr 0 ")'(i)MGfnv ttr
pKai =pKaj +L\pKaj =pKaj - + L\pKaj2.3kT

(3)

where ApKaF is simply the difference between the intrin-
sic pKa and the one obtained from the titration curve.

The titration curve of each ionizable group in a protein
can be obtained from a statistical mechanical average
over the 2N states that arise from N ionizable residues.
The average charge, < Pi> of each group is defined by
the expression:

where on(i) = 0 when group i is neutral in state n, and
on(i) = 1 when group i is charged. Q is the partition
function of the system of 2N states. A reference state of
zero free energy is defined to correspond to all ionizable
groups in their neutral forms. AGfi is the free energy of
the nth state and is given by:

N

L\Gn =tr6n(i) { ")'(i)2.3kT(pH- pK3jint)+

L 6nG)L\aij
}

(5)

lSj<i

where AGiiis the electrostatic interaction energy between
the charged forms of groups i and j. Thus, if both groups
i and j are charged in the nth state, this term will account
for the additional free energy resulting from their interac-
tion relativeto the reference state where both are neutral.

(4)

Equation 4 and 5 provide a prescription for calculating
the titration curves of N ionizable residues. It is only
necessaty to determine the average protonation states, or
the fractional charges, at each pH of interest. The large
number of possible states, however, makes this approach
impractical as N reaches several tens of titratable groups.
The first attempt to circumvent the problem was intro-
duced by Tanford and Roxby [23], who assumed that
each residue could be defined in terms of an average
protonation state, which was then used to calculate inter-
residue interactions. This approximation is generallyvalid
but breaks down when the two groups have similar pKa's
and the interaction between them is large [22-].

Bashford and Karplus [22-] have calculated electrostatic
free energies with the finite difference Poisson-Boltz-
mann method (see review by Sharp and Honig [1]) and
obtained pKa's "from the statistical mechanical expres-
sion. They limited the number of states that had to be
considered by introducing a reduced site approximation
in which residues whose pKa's were far from the pH of
interest were assumed to be in their appropriate protona-
tion states. More recently, Beroza et al [24] used a Monte
Carlo approach to deal with the problem of sampling a
large number of possible states. We have developed a
hybrid method which exploits the Tanford-Roxby treat-
ment for weakly interacting groups and uses the statistical
mechanical expression for strong interactions (AS Yang
et al, unpublished data).

Perhaps the greatest uncertainty in such calculations
arises from the uncertainty in the three-dimensional
structure. Problems can arise ftom: possible errors in
the X-ray coordinates; conformational changes that may
accompany protonation and deprotonation; uncertainty
in the position of polar hydrogens; and, possible differ-
ences between the ctystal and solution conformations.
Nevertheless, good agreement with experiment has been
obtained for those proteins that have been studied to
date. Calculations are generally within about 1pKa unit
from experimental values, although larger errors are ob-
tained in a number of cases. At this stage, the calculations
provide an important tool with which to interpret exper-
imental results but they have not yet reached the stage
where they have true predictive value.

Free energies of unfolding
The contribution of ionizable groups to the electrostatic
free energy of a folded protein can be obtained by a sta-
tistical mechanical sum over the 2Npossible protonation
states, thus:

where AGelec(protein) is the average electrostatic free
energy of the native protein with respect to the neutral
reference state.

It should be clear from Equations 4-6 that the ability to
calculate a titration curve of both the native and dena-
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tured states implies the ability to predict the electrostatic
contributions to denaturation. We have found that the
summation over 2Nstates contained in Equation 6 can be
approximated accurately by a sum over the N ionizable
groups, with the expression:

N

AGe1ec(folded)=2:{(Pi)2.3kT(PH- pK~nt)+i=l

2: I(Pi)lI(pj)IAGij} (7)l~<i

where < Pi> is the average charge on ionizable group i
(A-SYang and B Honig, unpublished data). In the dena-
tured state, it is generally assumed that the intrinsic pKa's
are those of the individual amino acids, and that screen-
ing by high dielectric solvent and mobile ions reduces
the interaction between ionizable groups to zero. Thus:

N

AGe1ec(unfolded) =2: (pD2.3kT(pH - pKa?) (8)
i=l

where < Pi'> is the average charge on ionizable group
i of the unfolded protein. Note that the terms < Pi> ,
< p{> , AGelec(folded), and AGelec(unfolded) in Equa-
tions 7 and 8 are all functions of pH. The evaluation
of Equation 7 for the folded state involves the same
terms that must be evaluated in the calculation of titration
curves and can be carried out quite rapidly. The differ-
ence, AGelec (unfolded) - AGelec (folded), is the pH-
dependent electrostatic contribution to protein unfold-
ing.

Equations 1, 7 and 8 imply that if the titration curves of
both the native and denatured protein are known, the
relative denaturation energy of the protein can be deter-
mined as a function of pH. The titration curves of native
proteins can be determined experimentally, or from cal-
culations. Thus, the tools are now in hand to combine
theory and experiment so as to gain a full understanding
of pH and salt effects on protein stability.

Dipolargroups
There has been considerable uncertainty for many years
as to whether hydrogen bonds contribute to protein sta-
bility. The most widely held point of view has been that
they do not, as every group that forms an intramolecular
hydrogen bond in the native state will form a hydrogen
bond with water in the denatured state. The accumulat-
ing evidence (see above) that (X-helicesare marginally
stable in water, however, suggests that peptide NH...CO
hydrogen bonds do in fact contribute to protein stabil-
ity. Scholtz et al [25-] have found that each hydrogen
bond makes an enthalpic contribution of -1 kcalmol-I,
which may compensate in pan for the loss of conforma-
tional entropy associated with fixing the peptide back-
bone into an (X-helix.

The location of hydrogen bonds in a putative preformed
(X-helixis very different from their location in a final
three-dimensional structure. The process of tertiary-struc-

ture formation requires that peptide dipoles, as well as
many dipolar groups in amino acid side chains, be re-
moved from proximity to water and buried in the pro-
tein interior. We have recently found that the free en-
ergy penalty associated with this process is quite large;
indeed, it appears to be roughly equivalent in magni-
tude (although opposite in sign) to the hydrophobic free
energy resulting from tertiary interactions between non-
polar side chains (A-SYang, K Sharp and B Honig, un-
published data). The existence of these two 'compen-
sating' interactions may account in pan for the fact that,
despite large individual contributions to the free energy
balance of proteins (conformational entropy, hydropho-
bic effect, etc.), proteins of very different size and average
hydrophobicities are all only marginally stable [26].

Conclusions

A considerable body of experimental evidence now in-
dicates that electrostatic interactions involving ionizable
amino acids make only a small contribution to the total
free energy balance of protein stability. Nevertheless, the
magnitude of the interactions is of the same order as
the denaturation energies of proteins and, consequently,
charged groups can make important contributions to
protein stability.Moreover, electrostatic interactions, and
hence protein stabilities, are relatively easy to control
through changes in pH and salt concentration.

Perhaps the most surprising insight to emerge recently
is that most ionizable amino acids in proteins have un-
shifted pKa's (relative to the isolated amino acid) and
hence make essentially no contribution to protein sta-
bility. The pH and salt effects that have been observed
arise from a relatively small number of amino acids
with abnormal pKa's rather than from net charge effects
which are predicted from the classical Understfom-Lang
model. Abnormal pKa's can arise from salt bridges be-
tween groups whose locations have been fixed in part by
non-electrostatic interactions, or from individual residues
buried in a non-polar environment.

Recent theoretical advances now make it possible to cal-
culate pKa's in proteins and hence to account for pH and
salt effects on protein stability. Although the reliability
of the calculations is reduced by uncertainties in three-
dimensional structure and in the potential functions that
are used, they are accurate enough to provide an im-
portant tool in the interpretation of experimental results.
The existence of marginallystable elements of secondary
structure suggests that peptide hydrogen bonds make a
significant contribution to protein stability. Theoretical
calculations, however, indicate that the burial in the pro-
tein interior of these groups and polar groups on amino
acid side chains has a large destabilizing effect.
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