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Charges are inherently incompatible with hydrophobic environ-
ments. Presumably for this reason, ionizable residues are usually
excluded from the hydrophobic interior of proteins and are found
instead at the surface, where they can interact with bulk water.
Paradoxically, ionizable groups buried in the hydrophobic interior
of proteins play essential roles, especially in biological energy
transduction. To examine the unusual properties of internal ioniz-
able groups we measured the pKa of glutamic acid residues at 25
internal positions in a stable form of staphylococcal nuclease. Two
of 25 Glu residues titrated with normal pKa near 4.5; the other 23
titrated with elevated pKa values ranging from 5.2–9.4, with an
average value of 7.7. Trp fluorescence and far-UV circular dichroism
were used to monitor the effects of internal charges on conforma-
tion. These data demonstrate that although charges buried in
proteins are indeed destabilizing, charged side chains can be buried
readily in the hydrophobic core of stable proteins without the
need for specialized structural adaptations to stabilize them,
and without inducing any major conformational reorganization.
The apparent dielectric effect experienced by the internal charges
is considerably higher than the low dielectric constants of hydro-
phobic matter used to represent the protein interior in electrostatic
continuum models of proteins. The high thermodynamic stability
required for proteins to withstand the presence of buried charges
suggests a pathway for the evolution of enzymes, and it under-
scores the need to mind thermodynamic stability in any strategy
for engineering novel or altered enzymatic active sites in proteins.
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The transfer of an ion from water into a less polar and polariz-
able environment, such as the hydrophobic interior of a

protein, is energetically unfavorable. Internal charges usually de-
stabilize the folded states of proteins, which is primarily why
charged groups are largely excluded from the hydrophobic inter-
ior and found instead at the protein-water interface, where they
can interact with bulk water (1). Paradoxically, internal ionizable
groups in proteins are essential for biological energy transduc-
tion. These type of ionizable groups are found in the active sites
of enzymes (2), and are necessary for e− transfer and Hþ trans-
port in proteins such as ATPase (3) and cytochrome c oxidase (4),
for ion homeostasis (5, 6), and for light-activated processes in
proteins such as bacteriorhodopsin (7, 8). The structural adapta-
tions necessary for proteins to tolerate internal ionizable groups,
and the factors that stabilize internal charges, are poorly under-
stood. For this reason, our understanding of fundamental aspects
of function and evolution of proteins is still limited, as is our
ability to manipulate and design novel enzymes.

To examine systematically the capacity of globular proteins to
tolerate the presence of buried charges, we measured the pKa of
25 internal glutamic acid residues (Glu) that were introduced
with mutagenesis into internal hydrophobic positions in staphy-
lococcal nuclease (SNase). Because substitution of internal
hydrophobic positions with Glu is usually destabilizing, the ex-
periments were performed with a highly stable form of SNase
known as ΔþPHS, which has a stability of 11.8 kcal∕mol at
298 K (9). We know from existing crystal structures of some
variants of SNase with internal Glu, Asp, and Lys at positions
66 (9–12), 9 (13), and 38 (14, 15) that ionizable side chains
engineered by substitution of internal hydrophobic amino acids

with ionizable ones are, indeed, internal. We have also shown
previously that at pH 7 the Glu-substituted variants of ΔþPHS
nuclease are thermodynamically stable and that their conforma-
tion is comparable to that of the background protein (16). The
goal of the present set of experiments was to measure the pKa
values of the internal ionizable groups and to examine the effects
of internal charges on the protein’s conformation. To this end we
measured the thermodynamic stability of the Glu-containing var-
iants over a wide range of pH values and used Trp fluorescence
and far-UV CD spectroscopy to monitor structural consequences
of ionization of internal Glu residues.

Results and Discussion
Thermodynamic Stability. The apparent pKa values of the 25 inter-
nal Glu residues were determined by analysis of the pH-depen-
dence of thermodynamic stability. Specifically, its the difference
in thermodynamic stability (ΔΔGo

H2O
) between the reference

ΔþPHS protein and the Glu-substituted variants (Fig. 1) that
contains information about the pKa values of the internal groups
(10, 12, 14, 15, 17) (the ΔGo

H2O
of each of the 25 variant proteins

at many pH values is provided in Table S1, with fits used to extract
pKa values). This method for measuring pKa values was useful
because the pKa of the internal Glu residues tended to be highly
perturbed. The principle behind the experiments used to measure
pKa values is illustrated in Fig. 1. The red and blue curves in
Fig. 1B (with reference to right axis) correspond to Hþ titration
of a representative internal Glu in the unfolded (pKa ¼ 4.5) and
native forms (pKa ¼ 7.6) of a protein, respectively. These curves
were simulated using the pKa values obtained by analysis of the
ΔΔGo

H2O
vs. pH data shown in Fig. 1B. The midpoints of the red

and blue Hþ titration curves represent the pKa; they also corre-
spond to the regions with changing curvature in the ΔΔGo

H2O
vs.

pH data (black line in Fig. 1B). The area between these red and
blue Hþ titration curves, shown by the green curve in Fig. 1B
(with reference to the left axis), corresponds exactly to the
ΔΔGo

H2O
curve measured experimentally with chemical dena-

turation (black curve and square symbols in Fig. 1B).
Fig. 1 illustrates how the pKa values of the internal ionizable

groups can be obtained directly by analysis of ΔΔGo
H2O

vs. pH
data. pKa values measured this way are apparent pKa values be-
cause the pKa is assumed to be pH independent and because the
analysis assumes that a single ionizable group with a highly per-
turbed pKa determines theΔΔGo

H2O
vs. pH curve. The validity of
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this last assumption was tested previously in one variant (9, 10, 14,
15) and by measurement of the pKa values of all surface ionizable
groups in ΔþPHS nuclease (18, 19).

pKa Values of Internal Glu Residues.The apparent pKa values of Glu
residues at 23 of the 25 internal positions (Fig. 2A and Table 1)
are much higher than the normal pKa of 4.5 for Glu in water (19,
20). The upward shifts in pKa are consistent with the ionizable
moieties of the Glu residues being internal, at least partially re-
moved from bulk water, and from the influence of the large num-
ber of basic residues on the surface of the protein. The direction
of the shifts demonstrates that for buried Glu residues the neutral
state of the carboxylic groups is preferred over the charged one.
The shifts suggest that the dehydration experienced by the buried
carboxylic side chains is not compensated completely by favorable
interactions between the carboxylate moiety and internal polar
groups or surface charges, by polarization of their local micro-
environments, or by any other factor that could influence the
pKa of an internal group.

The pKa values of the 23 Glu residues with perturbed pKa ran-
ged from 5.2–9.4, with an average value of 7.7. These are some of

the highest pKa values ever measured for carboxylic groups in
proteins. As large as the measured shifts in pKa were, they are
much smaller than what would be calculated with standard con-
tinuum electrostatics methods using a protein dielectric constant
of 2 or 4 (9, 10, 17). Indeed, when the differences between the
measured pKa values and the normal pKa of 4.5 for Glu in water
were analyzed with a simple Born model (equation 3 in Dwyer
et al. (10)), the apparent dielectric constants (εapp) reported by
the internal carboxylic groups ranged from 9–38 (Table 1). These
apparent dielectric constants should not be confused with the di-
electric constant of the protein. The apparent dielectric constants
simply represent the values of the dielectric constant needed to
reproduce an experimental pKa with a particular model (in this
case, equation 3 in Dwyer et al (10), which is based on classical
continuum electrostatic theory). The values of εapp in Table 1
were calculated under the approximation that the shifts in pKa
are governed solely by the dehydration of the buried charged
groups and that the ionizable groups are buried infinitely far from
bulk water. These εapp are approximate and model dependent;
however, they are quite robust: the values of εapp obtained with

Fig. 1. Measurement of pKa values of internal ionizable groups by analysis
of pH dependence of thermodynamic stability (ΔGo

H2O
). (A) Stability of

the reference protein (circle) and of a variant with Leu-25 substituted with
Glu (solid circle). All ΔGo

H2O
were measured with GdnHCl denaturation mon-

itored by Trp fluorescence as described previously (34). The lines are meant to
guide the eye (dashed line identifies the pH interval in which measurements
of ΔGo

H2O
are not accessible owing to acid or base unfolding). (B) Difference

between the two curves in (A) (square) (with reference to the left axis). The
thin solid black curve represents the fit of equation 3 from Karp et al. (9) to
obtain the apparent pKa of 7.6 for Glu-25. The vertical arrows describe gra-
phically the relationship between the pKa values in the native (pKa

N) and
unfolded (pKa

D) states, and regions with change in slope in the ΔΔGo
H2O

vs. pH curve. The Hþ titration curves for Glu-25 with pKa values of 4.7 in
the unfolded state (red) and 7.6 in the folded state (blue) are shown (with
reference to the right axis). The green curve describes the pH dependence of
the area between these two curves (with reference to left axis).

Fig. 2. pKa values of Glu residues in 25 internal positions in staphylococcal
nuclease. (A) Apparent pKa values. Color coding is only meant to guide the
eye: white identifies groups with no measurable shift in pKa relative to the
normal pKa of Glu in water; green was used for groups with pKa between
4.5–6.5; light blue for groups with pKa between 6.5–8.0; dark blue for groups
with pKa higher than 8.0. The right axis describes the ΔGo

ion values from
Table 1. (B) Location of 25 internal positions coded with color according
to the pKa for Glu in that position as listed in (A).
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other continuum dielectric models are comparable to the values
listed in Table 1. The significance of εapp values is that they illus-
trate that the apparent polarizability reported by all internal Glu
residues is high. Even the lowest values of εapp of 9.2, reported by
Glu-104, already constitutes a high dielectric constant, compar-
able to that of a highly polarizable material. These results are
consistent with earlier experimental studies with SNase that sug-
gested that the protein interior can behave as a material with a
high dielectric constant (9, 10, 17). Calculations based on MD
simulations have also shown that the dielectric properties inside
a protein can be comparable to the values of εapp listed in Table 1
(21–23). More recently, Freed and coworkers have pointed out
that high apparent dielectric constants inside proteins can also
result when dielectric saturation effects for the reference state
(i.e., a model Glu in water) are ignored in the calculations
(24). A rigorous computational study of the dielectric effects that
determine the ionization properties of the internal Glu residues
in SNase is underway in our laboratory.

The structural and physical factors that govern the pKa values
of internal groups are not well understood. The wide range of
pKa values measured with the 25 internal Glu residues in SNase
suggests that these factors differ significantly from location to
location within the protein. No obvious correlation was observed
between the magnitude of the shift in pKa and the location of the
ionizable group (Fig. 2B), nor with various structural metrics,
such as distance to polar or charged groups, depth of burial,
etc. The pKa of Glu-118 and Glu-20 are normal or lower than
normal, which was not surprising: Gly-20 is at a surface β-turn;
therefore, Glu-20 is probably in bulk water. Glu-118 replaces
Asn-118; therefore, in all likelihood its microenvironment is
already adapted to accept polar groups. In contrast to these two
cases, the pKa values of several of the other Glu residues are
shifted by almost five pKa units; these are among the largest shifts
in pKa values measured experimentally. The shifts in most pKa

values were sufficiently large to render the majority of the Glu
residues fully or at least partially neutral at pH 7. Most of the
pKa values were in the range needed by naturally occurring inter-
nal carboxylic groups to facilitate Hþ exchange reactions under
physiological conditions.

Conformational Consequences of the Ionization of Internal Glu Resi-
dues. To examine effects of ionization of internal Glu residues on
the conformation of the native state of the protein, we monitored
Hþ titrations with Trp fluorescence and far-UV CD at 222 nm
over the range of pH where the internal Glu residues titrate
(Fig. 3 A, B; thermodynamic parameters of base unfolding are
listed in Table S2). The majority of the Glu-containing variant
proteins were fully folded and native-like at pH values as high
as 9.5, which corresponds to the highest pKa measured. The ob-
servation that the majority of the variants tolerated the ionization
of the internal Glu residues without experiencing any detectable,
global, conformational reorganization shows that charges can be
tolerated in the hydrophobic interior of proteins, without the
need for any specialized structural adaptations to stabilize the
charge, even in a protein that did not evolve to use internal
charges as part of its functional cycle. This inherent ability of
proteins to withstand internal charges is consistent with the idea
that the relatively hydrophobic and dehydrated interior of pro-
teins behaves as a material with high dielectric constant. The phy-
sical and structural basis of this essential property of folded
proteins is not understood and is currently under investigation
in our laboratory. This property may involve the stabilization
of internal charges through penetration of water into the hydro-
phobic core (9, 10, 13, 25), or through subtle structural rearran-
gement below the level of detection with optical spectroscopy
(9, 14, 15, 26). Without this essential property proteins could
not perform some of the most fundamental energy transduction
processes essential for the living state.

Table 1. Apparent pKa values and energetic cost for creating charge at 25 internal positions in SNase

Position pKa* εapp
† ΔGo

ion (kcal∕mol)‡ ΔGo
H2O

(kcal∕mol)§

V104E 9.4 9.2 6.7 4.2
L125E 9.1 9.7 6.3 2.5
I92E 9.0 9.9 6.1 1.4
L103E 8.9 10.1 6.0 3.4
L36E 8.7 10.5 5.7 3.2
V66E 8.5 11.0 5.4 1.8
V99E 8.4 11.2 5.3 3.2
V39E 8.2 11.7 5.0 5.3
A109E 7.9 12.6 4.6 4.2
V74E 7.8 12.9 4.5 2.7
A58E 7.7 13.3 4.4 5.0
T62E 7.7 13.3 4.4 5.6
N100E 7.6 13.6 4.2 7.4
L25E 7.5 14.0 4.1 3.1
F34E 7.3 14.8 3.8 4.4
I72E 7.3 14.8 3.8 4.6
V23E 7.1 15.7 3.5 4.9
Y91E 7.1 15.7 3.5 3.7
A132E 7.0 16.2 3.4 3.7
L38E 6.8 17.3 3.1 7.3
T41E 6.8 17.3 3.1 8.2
A90E 6.4 20.1 2.6 4.0
L37E 5.2 38.1 1.0 9.1
G20E 4.5 - - 8.2
N118E 4.5 - - 9.9

*Apparent pKa values. Estimated error was 0.2 for all but Glu-37 and Glu-90, which have an estimated error of 0.5.
†Apparent dielectric constant, calculated with equation 3 in Dwyer et al (10) using ΔGo

ion, rion ¼ 2 Å and rprot ¼ 12 Å.
‡Calculated as 1.36 � ðpKa − pKa;modÞ, assuming a pKa;mod of 4.5. Estimated uncertainty, based on the uncertainty in
apparent pKa is between 0.2 and 0.3 kcal∕mol.

§Thermodynamic stability of the protein at the apparent pKa, measured by GdnHCl titration monitored by Trp
fluorescence, as described previously (29). Collectively, the experimental error of the reported free energies
ranges from 0.1 and 0.4 kcal∕mol (see Table S2).
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Only one variant (I92E) out of the 25 that were studied was
unfolded globally by the ionization of the internal Glu. The
unfolding of the I92E variant is a consequence of both the high
destabilization incurred by the substitution of Ile-92 with neutral
Glu, and the large upward shift in its pKa*. If the pKa of Glu-92
could be measured in an even more stable form of SNase, it
would, in all likelihood, be even higher than the measured value
of 9.0. Five other variants (L25E, A58E, V66E, A90E, and
A132E) showed a modest but clear predenaturational transition
in the range of pH where the internal Glu residues became
charged (Fig. 3 A, B). These pH-dependent changes in the spec-
troscopic signals are consistent with subtle and relatively minor
conformational reorganization coupled to the ionization of the
internal Glu (9, 26). Similar structural reorganization coupled
to the ionization of internal groups has been reported in other
proteins (27, 28). Some of the internal Glu residues in SNase that
triggered local unfolding or reorganization are at the termini of
elements of secondary structure, where fraying can occur
(Fig. 3C). An extensive NMR spectroscopy study is underway
in our laboratory to examine the extent to which high apparent
dielectric constants reported by the internal Glu residues reflect
local conformational reorganization.

Free Energy of Formation of Charge Inside a Protein. At pH 7 most
of the internal carboxylic groups were fully or at least partially
neutral. At this pH the destabilization of the native state by sub-
stitution of internal hydrophobic groups with Glu is not necessa-
rily the result of introduction of charge into a hydrophobic
environment. Instead, it reflects the substitution of the hydropho-
bic group with neutral Glu and the attendant shift in pKa. The
actual cost of creating negative charge at the internal positions
(ΔGo

ion in Table 1) was calculated from the difference between
the apparent pKa values in Table 1 and the normal pKa of 4.5 for
Glu in water. The majority of the ΔGo

ion values range from 3.1–
6.7 kcal∕mol. These are large free energies, comparable to the
net stability of many small globular proteins, but they are small
compared to the cost of transfer of an ion from water into a
strictly hydrophobic material with a dielectric constant in the
range 2–4, calculated with a classical continuum electrostatic
method (9, 10, 14, 15, 17). The relevance of continuum calcula-
tions of ion hydration remains to be established by comparison
with fully microscopic simulations. Surprising results have been
obtained for the hydration of ions at interfaces between regions
with low and high dielectric constants, which cannot be explained
with continuum electrostatics (29). A meaningful comparison of
experimental ΔGo

ion values with free energies of hydration is
simply not yet possible. However, the experimental data, without
any further analysis, are sufficient to suggest that the protein in-
terior behaves as a material with high apparent polarizability,
which explains why ΔþPHS nuclease was so resilient to the pre-
sence of internal charges.

The detailed structural and physical origins of the high appar-
ent polarizability reported by these internal Glu residues remains
to be examined experimentally. The apparent polarizability could
reflect contributions from all factors that stabilize the charged
form of the internal Glu (i.e., interactions of the internal charge
with surface charges, with dipoles, with the reaction field of bulk
water, electronic polarization, conformational reorganization,
water penetration, etc). Our data suggest that the dielectric con-
stant of folded proteins is sufficiently low to prevent the unneces-
sary burial of ionizable groups, which would destabilize the folded
state and perhaps promote aggregation, yet sufficiently high to
allow the presence of ionizable groups and charges in internal
hydrophobic environments when necessary for function. How this
delicate balance is achieved remains to be explained.

Fig. 3. Structural changes coupled to the ionization of internal Glu residues.
(A) Base unfolding of variants with internal Glu monitored by Trp fluores-
cence. (B) Base unfolding of variants with internal Glu monitored by far-
UV CD at 222 nm. The solid black line (triangle) identifies the base unfolding
profile of the background protein used to engineer the Glu-containing
variants. The gray lines (solid circle) represent fits of equation 1 or 2 from
Karp et al (9) to obtain the midpoints of major and minor structural transi-
tions, described in Table 1. Blue lines identify cases where predenaturational
transitions suggest partial structural changes coupled to the ionization of
the internal Glu. Red lines identify the case where the titration of the internal
group coincides with the major unfolding transition. (C) Location of Glu
residues that promote partial unfolding (blue), global unfolding (red), or
no conformational reorganization coupled to ionization (gray).

*The thermodynamic stability of a protein with a Glu with an elevated pKa in the native
state decreases by 1.36 kcal∕mol for every unit shift in the pKa .
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Implications. The pKa and ΔGo
H2O

values in Table S2 and in
Table S1 will be invaluable for benchmarking and critical
assessment of computational methods for structure-based elec-
trostatics calculations. The calculation of pKa values of internal
ionizable groups and of electrostatic energies in the protein inter-
ior still represents a formidable challenge. These equilibrium
thermodynamic parameters reflect a balance between large con-
tributions (e.g., Coulomb effects and hydration effects) of oppo-
site sign, each of which is difficult to calculate accurately. Our
data will be useful to calibrate algorithms to improve their per-
formance and their usefulness for examination of functional elec-
trostatics in energy transduction processes of biological systems.

In enzymes and in proteins involved in Hþ transport, the pKa
values of ionizable groups that donate or accept Hþ are tuned
(e.g., depression of pKa for basic groups and elevation for acidic
ones) to facilitate Hþ transfer between them (30). Our data show
that the tuning of pKa values for functional purposes does not
necessarily require the evolution of dipolar cages or other specia-
lized structural microenvironments. Although different regions in
the interior of SNase appear to respond differently to the pre-
sence of negative charge, the data in Fig. 2A show that at least
in this highly stable form of SNase, simply by virtue of being
internal, the pKa values of internal Glu residues are shifted into
the range of pKa values used by naturally occurring carboxylic
groups for Hþ transport and other Hþ-activated biological
processes. Studies are underway with internal basic residues to
determine the extent to which the ionization energetics of inter-
nal basic groups are comparable to those of internal acidic ones.

Thus far the results obtained with internal Glu residues
suggests that the evolution of function in proteins that depend
on internal ionizable groups might have been governed more
by the evolution of the thermodynamic stability required to tol-

erate internal ionizable groups (31, 32), than by the evolution of
special dynamics or structural microenvironments with high
polarity or whatever other properties are necessary to tune pKa
values for functional purposes. Our results also suggest a strategy
for de novo design of enzymes or for the engineering of enzymes
with modified function, which exploits the relationship between
thermodynamic stability and the capacity of proteins to tolerate
the presence of internal charges and of internal ionizable groups
with shifted pKa values. In de novo enzyme design the enzyme’s
intrinsic thermodynamic stability is likely to be as important a
factor as the design of the actual polar or charged functional
groups required to achieve a specific chemistry.

Materials and Methods
Protein Engineering. Glu-containing variants of the ΔþPHS variant of SNase
were prepared with QuickChange site-directed mutagenesis on a pET24Aþ
vector as described previously (9, 16). Purification was performed as
described previously (33).

Thermodynamic Stability Measurements. Stability measurements were per-
formed with guanidinium chloride titrations using an Aviv Automated
Titration Fluorimeter 105, as described previously (34). Linkage analysis of
pH dependence of stability to obtain pKa values was performed as described
previously (9, 10, 12).

Optical Spectroscopy. pH titrations monitored with CD at 222 nm or with Trp
fluorescence were performed with an Aviv Automated Titration Fluorimeter
model 105 and with an Aviv circular dichroism spectrometer model 215,
respectively. The experiments were performed following protocols published
previously (34).
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