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Abstract

The dielectric inside a protein is a key physical determinant of the magnitude of electrostatic interactions in proteins. We
have measured this dielectric phenomenologically, in terms of the dielectric that needs to be used with the Born equation in
order to reproduce the observed pK, shifts induced by burial of an ionizable group in the hydrophobic core of a protein.
Mutants of staphylococcal nuclease with a buried lysine residue at position 66 were engineered for this purpose. The pK,
values of buried lysines were measured by difference potentiometry. The extent of coupling between the pK, and the global
stability of the protein was evaluated by measuring pK, values in hyperstable forms of nuclease engineered to be 3.3 or 6.5
kcal mol™' more stable than the wild type. The crystallographic structure of one mutant was determined to describe the
environment of the buried lysine. The dielectrics that were measured range from 10 to 12. Published pK, values of buried
ionizable residues in other proteins were analyzed in a similar fashion and the dielectrics obtained from these values are
consistent with the ones measured in nuclease. These resuits argue strongly against the prevalent use of dielectrics of 4 or
lower to describe the dielectric effect inside a protein in structure-based calculations of electrostatic energies with continuum
dielectric models.

Keywords: Buried ionizable group; Dielectric inside a protein; Effective dielectric; Electrostatics; pK, in hydrophobic environment;
Hydration

1. Introduction high primarily because water is a liquid and because
it has a high density of dipoles. In contrast, the
inside of a protein has a high density of apolar
atoms, stabilized as clusters sequestered from solvent
by the hydrophobic effect, and the polar groups that
are buried are always tethered in a semi-rigid orien-

* Corresponding author. E-mail: bertran @ gibbs.bph.jhu.edu. tation and are partially neutralized by hydrogen
! Also corresponding author. bonding {1]. Many structural features and physical

The dielectric inside a protein (D) is much
lower than the dielectric of the surrounding aqueous

medium (Dy, ). The dielectric of liquid water is
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properties of proteins are determined directly by the
low dielectric inside the protein. For example, most
ionizable side chains migrate towards the surface of
a protein during the folding process to avoid the
seriously destabilizing energetic consequences of be-
coming trapped in the nascent low dielectric environ-
ment [2]. The low dielectric inside a protein is also
known to determine functionally essential electro-
static properties of proteins. The redox potentials of
proteins involved in electron transfer reactions are
tuned partly by the dielectric environment of the
reactive metals embedded inside the protein [3]. Sim-
ilarly, the low dielectric inside a protein prevents
autoxidation of the metal atoms in heme proteins [4],
influences the pK, of groups involved in proton
transfer reactions in visual pigments [5], and deter-
mines the magnitude of the electrostatic interactions
at active sites in all enzymes [6,7].

Dy, is the most critical parameter used in struc-
ture-based calculations of electrostatic effects in pro-
teins with continuum dielectric models [8,9]. It is
usually assigned a value between 1 and 4, which
presumably reflects the similarity in composition of
the interior of a protein to hydrocarbons or to solid
polyamides ([10,11] and references therein). The in-
creasingly important role of structure-based calcula-
tions in bridging the gap between energetic and
structural properties of proteins warrants the system-
atic experimental examination of the magnitude and
character of the dielectric inside proteins.

Direct experimental determination of D, is
practically impossible. Measurements in dry powders
and films of peptides and proteins by conventional
electrometric methods usually yield values of 1-5
[11-13]. However, the physical meaning of di-
electrics measured with dried polypeptides and pro-
teins is very difficult to interpret owing to the lack of
information about the conformational and physical
states of the macromolecules. Theoretical calcula-
tions of D, have also been attempted. Gilson and
Honig predicted low values of 2.5-4.0 based on
Kirkwood—Frohlich dielectric theory applied to a
generic set of alpha helices with dipole density simi-
lar to that of proteins [11]). Similar values between 1
and 5 have been estimated more recently in actual
proteins with theoretical models that account explic-
itly for the contributions to the dielectric by electron
polarization and by dipole relaxation [14,15].

One way to bypass the difficulty in experimental
determination of D, is to measure operational
dielectrics (D,y) from the energetics of charged
groups in proteins [16]). Phenomenological dielectric
constants have been obtained previously from analy-
sis of the Gibbs free energy of interaction between
pairs of surface charges [17,18], or between a surface
charge and a charge buried in the hydrophobic core
of a protein [19]. The D values obtained in this
way are usually around 50. Presumably they reflect
significant contributions from the dielectric of the
solvent.

The most reliable estimates of D, that are ex-
perimentally accessible are probably those of D,y
obtained by the analysis of the shifts in pK, experi-
enced by ionizable groups when they are buried in
proteins [20,21]. Charged groups buried in hydropho-
bic locations without a mechanism for charge com-
pensation are particularly useful probes of the dielec-
tric. D, values were measured in this study from
the pK, shifts of buried lysines in staphylococcal
nuclease. These measurements are an extension of
earlier work by Stites et al. [20]. These authors
demonstrated crystallographically that a lysine sub-
stituting for valine-66 in staphylococcal nuclease
could be accommodated without structural changes
in the hydrophobic core of the protein when the
lysine side chain was uncharged. In addition, they
measured the shift in pK, of the buried lysine by
analysis of the pH dependence of denaturation of the
V66K mutant. The D, calculated from this shift in
pK, is 12.0.

In the present study we have shown that this D,
is only weakly coupled to the global stability of
nuclease, thereby demonstrating that the values of
D, measured in this system can be interpreted in
terms of local dielectric effects. This was accom-
plished by measuring the pK, values of K66 in two
forms of staphylococcal nuclease engineered to have
3.3 and 6.5 kcal mol ™! of enhanced stability relative
to the wild type. The structure of one of these
hyperstable mutants was also determined crystallo-
graphically to demonstrate that the ionizable side
chain in the uncharged state is in fact buried in the
hydrophobic core of the protein. Published pK, val-
ues of groups buried inside other proteins were
similarly analyzed in terms of the phenomenological
dielectric constants required to account for measured
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pK, shifts. All values of D, obtained in this way
are larger than 10. The values of D,; measured in
the nuclease system are the lowest measured thus far,
and they might approach the limiting lower value
that D, can assume. The D,, values measured
experimentally are invaluable, for they represent the
values that have to be reproduced by computational
algorithms that attempt to simulate electrostatic in-
teractions in proteins faithful to the behavior that is
observed experimentally. The differences between
the operational D values determined experimen-
tally and the D, predicted from theoretical consid-
erations with microscopic models suggest the need
for further refinements in the computational treat-
ment of dielectrics. The plausible physical origins of
these differences and their implications for the struc-
tural and functional energetics of proteins will be
discussed.

2. Materials and methods

2.1. Materials

Four mutants of nuclease were studied: (1) PHS
nuclease, a hyperstable form of nuclease made with a
nuclease gene that has three stabilizing mutations,
P117G, H124L, and S128A; (2) PHS-V66K nucle-
ase, made with the PHS nuclease gene with lysine
substituting for Val-66; (3) A + PHS nuclease, an-
other hyperstable nuclease made with a gene with a
44-49 deletion and G50F and V51N mutations, in
addition to the mutations already present in the PHS
gene; and (4) A + PHS-V66K, where the V66K
mutation has been introduced into the A + PHS
background. The lysine substitutions for Val-66 were
prepared by the method of Kunkel [22,23] as de-
scribed previously [24]). The clones of A + PHS and
A + PHS-V66K nuclease were prepared by Dr. Su-
san Green and Prof. David Shortle at the Johns
Hopkins University School of Medicine.

A + PHS and A + PHS-V66K nuclease were ex-
pressed and purified following the procedure de-
scribed previously by Shortle and Meeker [25]. PHS
and PHS-V66K proteins were expressed with a
slightly modified procedure [24]. Nuclease was de-
termined to be > 98% pure by SDS-PAGE. Protein

concentrations were determined at 280 nm using an
optical density of 0.93 [26].

2.2. Determination of protein stability and pH denat-
uration profiles

The stabilities of the proteins were characterized
by guanidine hydrochloride denaturation with protein
concentration of 50 pg ml~' at 20°C in 100 mM
NaCl + 25 mM sodium phosphate, pH 7.0, using the
fluorescence of the single tryptophan at position 140
as a probe of structure, as described previously
[24,27]. Data analysis was carried out with previ-
ously published procedures [27,28] assuming a two-
state model for reversible denaturation. The acid and
base denaturation of nuclease monitored by fluores-
cence was carried out as described previously [27].
No attempts were made to interpret the acid and base
denaturation data quantitatively.

2.3. Measurement of proton titration curves

The measurement of proton titration curves was
done according to the method developed by Bolen
and co-workers [29,30]. Titration curves were mea-
sured at 25°C in a thermostatted Radiometer TTA 80
titration apparatus under a CO,-free N, atmosphere.
All solutions used during the titration were degassed
extensively to avoid contamination with CO,. A 3
ml portion of protein solution at a protein concentra-
tion of approximately 1.15 mg ml~' was used in
every titration experiment. The ionic strength was
adjusted to 0.10 M with concentrated KCl. The
samples were titrated with 0.02 N HCI and 0.02 N
NaOH (Fisher, NBS certified reagents) previously
calibrated against 1 mM imidazole (Sigma). Titrant
was delivered in 5 pl increments with a Brinkmann
model 665 Dosimat. The pH was recorded with a
Radiometer PHM 95 pH meter using separate glass
electrode (pH201, Radiometer) and calomel refer-
ence electrode (Ref401, Radiometer). The chain of
electrodes was calibrated with NBS certified stan-
dard calibration buffers (Radiometer). After the addi-
tion of titrant, the pH was recorded when the pH
reading met the stability criterion of changes in pH
smaller than 20 milli-pH units per minute.

A proton titration curve represents the number of
moles of protons bound or released per mole of
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protein as the pH is changed. The number of protons
reacted with the protein is calculated from the differ-
ence between the titration of the protein solution and
the titration of a water sample identical in all re-
spects to the protein solution except for the absence
of protein. For purposes of quantitation and represen-
tation, the titration curves of nuclease and its mutants
were fitted with 7th, 8th, or 9th order polynomials by
nonlinear least squares.

The proton titration curves of each of the proteins
studied were measured at least three times. In gen-
eral, reproducibility was excellent, especially in the
pH region of interest. All titrations were started at
the arbitrarily chosen pH of 9. Reversibility was
determined routinely by comparison of acid and base
titrations of the same sample. The backward and
forward titration curves are nearly always superim-
posable as long as the nuclease is not exposed to
extremely acidic or extremely basic pH. Over the
narrow range of protein concentration that can be
used in these titration measurements (0.5-10 mg
ml~!) the titration curves were found to be almost
independent of protein concentration.

2.4. Direct measurement of the pK, of Lys-66 by
potentiometry

pK, values of the buried lysine 66 were deter-
mined in the PHS and in the A + PHS nucleases by
analysis of the difference titration curve obtained by
subtracting the polynomial fits of the titration curve
of the appropriate background protein from those of
the titration curve of the protein bearing the V66K
mutation. The difference titration curve reflects the
titration of the K66 moiety and also the difference
titration of all other ionizable groups that are af-
fected by the mutation at position 66. To demon-
strate that in general the difference titration curve is
in fact dominated by the titration of the ionizable
residue that is removed or incorporated into a pro-
tein, the pK, values that were obtained for the four
histidines from the analysis of difference titration
curves with Ala-to-His mutants were compared with
the values measured by H-NMR in wild type protein
([31], Fitch, Dwyer and Garcia-Moreno, unpub-
lished). The agreement was excellent (data not
shown). In addition, we have demonstrated that the
titration of mutants of PHS nuclease where V66 has

been substituted by residues that do not become
ionized in the pH range between 3 and 9 is identical
to the titration of the PHS background, indicating
that the pK, values of the ionizable groups in
nuclease are not sensitive to the mutations at position
66. This is consistent with the striking similarities
that have been found between the crystallographic
structures of background and V66K mutant nucle-
ases at neutral pH values.

The analysis of the difference titration curves to
obtain pK, values for K66 is not straightforward.
Exact theories for site-specific binding exist [32] but,
owing to the large number of binding sites that can
potentially be involved, the rigorous application of
these theories is not practical. Instead, the difference
titration curves were analyzed phenomenologically.
pK, values were obtained by nonlinear least squares
fitting of the difference titration curves with a func-
tion that describes the difference in the number of
hydrogen ions bound to the background and to the
V66K protein (Ap;) in terms of a sum of binding
isotherms, each one modified to include a Hill coef-
ficient, as described by Markley [33]:

10™PH—PKY)
A= T o vko ()
Identical pK, values could also be obtained with
other phenomenological functions, such as a sum of
binding isotherms modified by a parameter allowing
for the scaling of the amplitude of each isotherm.
These functions have no physical basis and their
general use should be discouraged. However, as
discussed later, the exact value of the observed pK,
is not critical for purposes of interpretation of pK,
values in terms of D.,. The agreement between the
pK, of K66 measured directly, by difference poten-
tiometry and, indirectly, by the analysis of the pH
dependence of the free energy of denaturation of the
wild type and mutant proteins demonstrates the
equivalence of these two methods for studying pro-
ton-linked phenomena at the level of individual sites.

2.5. Crystallography of A+ PHS-V66K staphylo-
coccal nuclease

A + PHS-V66K was crystallized using the vapor
diffusion method at pH 8.0 in 59-61% (vol/vol)
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2-methyl-2,4-pentanediol (MPD) and 10.5 mM
potassium phosphate buffer. The protein concentra-
tion was 16 mg ml~'. Crystals appeared in 8-10
weeks at 4°C. Data were collected for a single crystal
with an R-AXIS Ilc image plate detector. The crystal
was placed in a thin loop, with the crystallization
buffer as a cryosolvent, and flash frozen under a
steady stream of nitrogen at — 178°C. The crystals
were found to be isomorphous with those of the
uncomplexed wild type protein [34], and this struc-
ture was used as an initial model (accession number
Istn in the Brookhaven Protein Data Bank). Valine-
66 and the five point mutations in A + PHS were
modeled as glycine to avoid biasing the side chain
conformation. Residues 44-49 were deleted from the
model and residues 43 and 50 were connected with a
peptide bond. Refinement was carried out using the
program XPLOR [35] over the resolution range 6.5—
2.1 A. The side chain coordinates of the lysine, and
of the other point mutations, were built into the
observed density using the program CHAIN.

3. The pK, of Lys-66 when buried in the hy-
drophobic core of nuclease

The pK, of K66 has been measured previously in
the wild type background of nuclease by analysis of
the pH dependence of denaturation of wild type and
V66K proteins [20]. This required fitting Eq. (2) to
the Gibbs free energy of denaturation of wild type
and mutant protein measured by guanidine denatura-
tion as a function of pH

1+ ez.zos(pr—pﬂ)

AAG(pH) = AAG® — RT In "

+ e2‘303(pK:1— pH)
(2)

In this expression AAG(pH) represents the (pH-de-
pendent) difference in the Gibbs free energy of
denaturation of mutant and wild type protein refer-
enced to an arbitrary pH, AAG® is the free energy of
denaturation from which the pH dependence of the
Lys-66 has been separated, and pK> and pK Y refer
to the pK, of K66 in the denatured and in the native
states respectively. The pKYN value of K66 in the
wild type background that was resolved by this
method is 6.38 (£0.37) or less (Table 1). This pkK,

Table 1

pK, of Lys-66 in three staphylococcal nuclease backgrounds

Protein AGy o/ Pk, Dy ®
(kcal mol~')

Wild type 5.5 - -

V66K —-16° <638%£0.37 12.1

PHS 8.8 - -

PHS-V66K 1.4 6.35+0.10 12.1

A +PHS 1201 - -

A +PHS-V66K 4914 5.76 £0.30 10.7

? Free energies were measured at 20°C, pH 7.5, and 0.125 M ionic
strength.

® Calculated according to Eq. (3).

¢ Data from [20].

4 Data by S. Green and D. Shortle (unpublished).

value is only a limit; it was difficult to determine the
number more accurately owing to the marginal sta-
bility of the V66K mutant.

The difference potentiometric method is a faster,
direct, more convenient method for measuring phe-
nomenological pK, values. The potentiometric ex-
periment is most accurate when the protein remains
in the folded conformation at least through part of
the pH range of titration. V66K nuclease is only
marginally stable (AG,o = — 1.6 kcal mol™' at pH
7.0, and 0.0 kcal mol™' at pH 9); it was therefore
not possible to measure the pK, of K66 in the wild
type background by difference potentiometry. The
hyperstable PHS and A + PHS nucleases, however,
were well suited for measurements with the potentio-
metric method. One of the advantages of the direct
potentiometric determination of pK, values is that it
avoids potential pitfalls in the analysis with Eq. (2),
where the pK, of interest, pK Y, is statistically corre-
lated with AAG* [20].

The hydrogen ion titration curves of PHS and of
PHS-V66K are shown in Fig. 1. Data from multiple
titration experiments are included in the titration
curve for each of the proteins. The difference titra-
tion curves of the K66 mutation in the PHS and in
the A + PHS backgrounds are depicted in Fig. 2. It
is evident from the quality of these data that the
difference potentiometric method can be used suc-
cessfully to resolve the titration behavior of individ-
ual residues. The identity of the groups that con-
tribute to the difference potentiometric curves can
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Fig. 1. Potentiometric titration curve of PHS staphylococcal nucle-
ase (filled circles) and of the PHS-V66K mutant (open circles).
measured at 25°C, in 100 mM KCl. The lines depict the fits of
eighth order polynomials through the experimental points. The
difference titration curve is shown at the bottom of the figure
(open squares).

3.0 -

2.0

Av H+

1.0

0.0

4 5 6 7 8

Fig. 2. Difference titration curves representing the ionization of
K66 in PHS (filled circles) and in A +PHS (open circles)
staphylococcal nucleases at 25°C, 100 mM KCl.

only be inferred. However, several independent lines
of evidence strongly suggest that the segment of the
difference titration curves between pH 5 and 7 repre-
sents the ionization of the buried K66. First, the
difference titration curve of other mutants of nucle-
ase with substitutions at position 66 that do not
titrate in the pH range 3-9 are perfectly flat in this
pH range. Second, the stability of the folded confor-
mation is coupled to the ionization of the buried
K66, as discussed below, and the ionization events
detected by the potentiometric titration track with the
conformational change detected by fluorescence. Fi-
nally, with His-to-Ala mutants of nuclease we have
demonstrated, by comparing pK, values measured
by H-NMR and by analysis of differential titration
curves, that in general the shape and amplitude of the
difference titration curve are dominated by the ion-
ization of the group that is removed from the back-
ground protein and not by the electrostatic or confor-
mational coupling of the mutation to other ionizable
groups (Fitch, Dwyer and Garcia-Moreno, unpub-
lished).

The close similarities between the three-dimen-
sional structures of the wild type and of the K66
mutants at neutral pH also support the idea that the
titrations obtained by difference potentiometry re-
flect primarily the ionization of the lysine that was
introduced into the background protein. The other
ionizable groups that could, in principle, contribute
to the difference titration curve are those that titrate
with pK, values close to the pK, values measured
for K66. These groups are His-8, His-46, His-121,
His-124, and the amino terminus. His-124 is absent
in the PHS mutant, and both 124 and 46 are absent
in the A+ PHS mutant. The pK, values of the
histidines measured in wild type nuclease by H-NMR
are: pK, = 6.73 for His-8, pK, =5.89 for His-46,
pK, = 5.54 for His-121, and pK, = 5.92 for His-124
[36]. The pK, of the amino terminus has not been
measured. However, the five amino terminal residues
in this protein are disorganized and invisible in the
crystal structure, therefore the pK, of the amino
terminus is probably identical in the background and
in the K66 protein. Similarly, His-8 and His-46 are
solvent exposed and unlikely to be affected by the
mutation at position 66. Furthermore, the pK, of
His-8 is already close to the pK, values of histidines
in model compounds. It is also unlikely that His-121
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contributes significantly to the difference titration
curve, as its pK, value is not normalized to model
compound values even under denaturing conditions
(Fitch, Dwyer and Garcia-Moreno, unpublished).

The difference titration curves in both the PHS
and the A + PHS systems suggest that the protona-
tion of the buried K66 destabilizes the protein
severely. This can be appreciated from the curves in
Fig. 2 by the sudden uptake of protons that is
observed in the acid limit of the difference titration
curve. This proton uptake signals the onset of acid
denaturation. It reflects the normalization of pK,
values of carboxylic acids in the denatured state, and
is a characteristic signature of denaturation observed
by the proton titration curves. The coupling between
the ionization of K66 and the stability of the protein
was also studied directly by pH-induced denaturation
monitored by fluorescence. The acid-induced and
base-induced denaturation of wild type, PHS, and
PHS-V66K nuclease is described by the data in Fig.
3. From the comparison between the acid denatura-
tion profile of PHS and PHS-V66K it can be con-
cluded unequivocally that the stability of the V66K
mutant is coupled, albeit weakly, to the titration of
the buried lysine. The acid branch of the denatura-
tion curve for PHS-V66K in Fig. 3 is biphasic, and
the midpoint of the denaturational transition is at pH
5.4, which corresponds to the plateau observed in the
acid limit of the titration of K66 observed in the
difference denaturation curve for K66 in the PHS
background, shown in Figs. 1 and 2. This suggests
that approximately half of the protein molecules are
still folded after K66 is fully protonated. Whether or
not the positively charged side chain remains buried
in the folded protein is not known. These data do
suggest, however, that the lower limit of the pX, of
K66 in the PHS protein is determined not by the pH
of denaturation of the protein itself, but by the
effects of the protein matrix on the self energy of the
charged form of K66.

The pK, values of K66 obtained by fitting the
difference titration curves with Eq. (1) are listed in
Table 1. Notice that the pK, values measured poten-
tiometrically in the hyperstable PHS and A + PHS
proteins are comparable to the pK, values measured
in the wild type background by analysis of the pH
dependence of the denaturation free energy. The
apparent error in the pK, of K66 in the PHS back-
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Fig. 3. Acid and base denaturation of wild type (open triangles),
PHS (open circles), and PHS-V66K (filled circles) nucleases
measured at 20°C. The ionic strength at the beginning of each
titration is 125 mM. The denaturation profiles of wild type and
PHS nucleases were constructed by superimposing five indepen-
dent data sets; those of PHS-V66K include four data sets. The
precision of each data set is very high, and the high accuracy of
the data can be gauged by the fact that the independent data sets
are almost superimposable.

ground is small and of the same magnitude as errors
of pK, values measured by analysis of H-NMR
titrations also with the Hill equation (Eq. (1)). The
error in the pK, values measured in the more stable
A + PHS background is considerably larger, perhaps
because of the small contributions of other titratable
groups whose pK, values are affected by the V66K
mutation, as reflected by the abnormal shape and
amplitude of this titration curve. It is important to
warn against overinterpretation of the pK, values
listed in Table 1. Although visual inspection of the
difference titration curves will confirm that these
pK, values describe the titration event centered near
pH 6, these pK, values were obtained by analysis of
the titration data with a phenomenological function
that lacks a solid physical basis. Therefore the phe-
nomenological pK, do not represent true pK, val-
ues. As discussed below, the exact value of the pK,
of K66 is not critical for interpretation in terms of
D,

eff *
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The Gibbs free energies of denaturation (AG, ,)
of the different mutants of nuclease. measured at pH
7.5, are also listed in Table 1. The PHS form of
nuclease is 3.3 kcal mol ~' more stable than the wild
type, and the A + PHS is 3.2 kcal mol ' more stable
than the PHS nuclease itself. These stabilizing in-
creases in AGy , are also reflected in the V66K
mutants: PHS-V66K is 3.0 kcal mol ! more stable
than the V66K mutant alone, and A 4 PHS-V66K
mutant is 3.5 kcal mol~' more stable than PHS-
V66K. The increased stability of the PHS is evident
from the acid denaturation profiles in Fig. 3. The
lower pH for onset of acid denaturation of A + PHS,
as detected by the upward inflection in the difference
titration curves in Fig. 2, reflects its increased stabil-
ity relative to PHS. The differences in stability be-
tween wild type, PHS, and A + PHS proteins are
only marginally reflected in the pK, of K66. The
pK, values in the wild type and in the PHS back-
grounds are identical, and the difference in pK, in
PHS and in the A + PHS backgrounds is 0.59 pK
unit, corresponding to 0.80 kcal mol ~ ' The value of
the measured pK, for K66 is apparently not limited
by the acid denaturation of the protein. This marginal
coupling between the global stability of the protein
and the pK, of the buried lysine suggests that the
pK, values measured are in fact reporting energetics
determined by the local environment of the K66 side
chain or by global properties that are not propor-
tional to the total stability of the protein.

4. Environment of the buried side chain of Lys-66

The useful interpretation of the energetics of ion-
ization in terms of phenomenological dielectric con-
stants requires some knowledge of the environment
of the buried side chain. For this reason the structure
of the A + PHS-V66K mutant was determined crys-
tallographically. Fig. 4 depicts the structure obtained
under conditions of pH where the buried K66 is
uncharged. The position of the K66 side chain is
highlighted. The overall fold of the A + PHS-V66K
nuclease is the same as the fold of the wild type
nuclease. The environment of K66 in the A + PHS
structure and in the wild type structure that was

Fig. 4. Crystallographic structure of A +PHS-V66K staphylo-
coccal nuclease depicted with MolScript [63]. The carbon atoms
of the side chain of K66 are represented as shaded spheres, and
the location of the NZ atom is identified by the white sphere.

published previously are indistinguishable [20]. The
side chain of K66 is buried in the B barrel domain of
nuclease, which has been demonstrated to be the
more stable part of the protein and to correspond to
its hydrophobic core [37]. The NZ atom is effectively
sequestered from solvent, buried deeply inside the
protein and ~ 10.6 A from the nearest water-acces-
sible surface. All the atoms in van der Waals contact
with the NZ atom are apolar atoms of the side chains
of Val-23, Leu-25, Leu-36, Thr-62, 1le-92, and Val-
99. There are only three nitrogen and four oxygen
atoms within a 6.4 A radius of the NZ atom; the
closest one is 4.1 A away and the rest are more than
54 away. The distance to the nearest charged atom
is 9 A. The magnitude of the electrostatic potential,
calculated at the NZ atom with the linearized Pois-
son—Boltzmann equation by the method of finite
differences at the pH corresponding to the pK, of
K66, is negligible (—0.10 kT, see Table 2). The
environment of K66 is very different from that of
naturally occurring buried ionizable residues, which
usually include charge compensating mechanisms
either through hydrogen bonding or ionic interac-
tions [38]. In this respect the ionizable moiety of K66
is unique. It is the best probe available for measuring
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Table 2
Structural and energetic parameters of buried ionizable residues in other proteins
Protein (pdb code) Residue ApKa ? D, ° e Nearest Depth of No. of
&T) © charged burial © polar atoms
atom within 3.6 A
Staph. nuclease (2snm) Lys-66 4.05 12 -0.10 8.80 12.0 0
Lysozyme M102K (1154) Lys-102 3.90[32] 14 0.88 9.05 7.2 1
Thioredoxin (ox) (2trx) Asp-26 3.50[21] 13 0.66 5.59 0.0 2
Thioredoxin (red) (3trx) Asp-26 5.00 [531 12 -1.82 5.02 0.0 1
Cytochrome ¢ (lhre) His-26 3.40 [54] 21 3.00 8.29 3.6 2
Cathepsin (1huc) Glu-171 1.00 [55,56] 39 -033 8.97 0.0 3
Subtilisin inhibitor (2ssi) His-43 3.35[57] 14 —-0.04 8.94 74 2
Erabutoxin (3ebx) His-6 3.75 [58] 18 2.64 3.40 6.5 0
CEW lysozyme Q2lyz) Glu-35 1.60 [59] 23 0.67 6.77 5.8 0
Lysozyme Q105E (1198) Glu-105 1.50 [60] 28 -0.13 4.06 0.0 1
Cytochrome ¢ (1hre) Prop > 5.00[61] 10 - 6.59 10.7 3
Glutathione transf. (1gst) His-14 > 2.60 [62] 18 - 4.04 0.0 0

* ApK, values were calculated with reference to pK, values measured in model peptide by H-NMR [8]. These pK, values are: Arg (12.0),

Lys (10.4), His (6.6), Glu (4.5), Asp (4.0), heme propionic acid (4.0).

b Dy values were calculated according to Eq. (3).

¢ The electrostatic potential at the titratable atom (4;,,) was computed with the linear Poisson—Boltzmann equation by the method of finite
differences with the program DELPHI by Biosym Corp [41]. The potential was computed at the pH corresponding to the observed pK 2 The
state of ionization of titratable residues that was used in the calculation of ¢, was computed separately with the modified Tanford—Kirkwood
algomhm [8] The dielectrics of protein and solvent were assigned values of 15 and 78.5 respectively [42,41].

¢ Distance (A) to the nearest charged atom at the pH equivalent to the observed pK,.

¢ Approximate distance (A) between the buried atom and the closest water-accessible surface.

the dielectric effect of the hydrophobic interior of a
protein.

5. Values of D, in nuclease and in other proteins

The pK, values listed in Table 1 were interpreted
in terms of phenomenological dielectric constants
(D,;;) obtained from the analysis of the shifts in pK,
relative to reference state values in terms of the
equation originally proposed by Born to quantitate
the hydration free energy of ions [39]:

332 1 1
1.3594pK;;= — [ — - ————| (3)
2rcavity Deff DI-IZOeKrC“"y

In this expression « is the Debye—Hiickel param-
eter, and the exponential term accounts for ionic
strength effects. r,,;, refers to the cavity radius of
the charged atom; a value of 2.17 A was used [40].
ApK,, refers to the difference in the pK, values
measured in the protein and in model compounds,

ApK ., corrected to account for the effects of other
charged groups on the observed pK, according to
ApK; = ApK,,, — 0.434z,y, (4)

The pK, of lysine in the reference state that was
used to calculate ApK,,, is 10.4, the value mea-
sured by "C-NMR in a Gly-Gly-Lys-Gly-Gly penta-
peptide [8]. ¢, in Eq. (4) represents the electrostatic
potential in units of kT, calculated at the pH of the
observed pK, with the Poisson-Boltzmann equation
solved by the method of finite differences [41]. z,
refers to the valence charge of the ionizable group,
+1 for basic amino acids and — 1 for acidic ones. A
value of D, =15 was used in these calculations,
following the recommendations of Antosiewicz et
al., who found that in calculations based on the finite
difference algorithm this value is necessary to repro-
duce the titration behavior of buried groups in pro-
teins that is observed experimentally [42,43]. Eq. (4)
is not exact but it accounts for most of the coulombic
effect on the pK, values that were measured.
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The values of D,;, that were obtained from analy-
sis of the energetics of ionization of K66 with Eq.
(3) are listed in Table 1. One possible caveat with
Eq. (3) is that the predicted D, values are very
sensitive to the value of r.;, . which is a parameter
that is particularly difficult to define. Rashin and
Honig have demonstrated that Eq. (3) reproduces the
energetics of solvation of spherical inorganic ions
when the value of r,.;, is defined as the radius of
the atom that contains a negligible electron density
contribution from the surrounding solvent {39]. This
concept has been generalized for organic charged
molecules [40]. The value of 2.17 A that was used in
the calculations presumably represents the united
atom radius of derivatives of ammonium. If values of
1.5 A, 230 A or 3.17 A had been used instead.
representing cavity radii of other types of nitrogen
atoms, the predicted D, for K66 in PHS would be
16.5, 11.5 and 8.6 respectively. There is also uncer-
tainty in the model compound pK, values that are
used to calculate ApK .. The value of 10.4 that was
used represents the expected pK, of lysines in un-
folded proteins. If reference pK, values of 10.0 or
11.0 had been used instead, the D, values measured
from the pK, of K66 in PHS nuclease would be 13.2
and 10.7 respectively. Similarly, given the uncertain-
ties in the phenomenological analysis of the differ-
ence titration curves in terms of the Hill equation, it
is necessary to consider the dependence of D, on
the value of the measured pK,. If the pK, were 7.35
instead of 6.35 the predicted D, would be 16, and
if instead the pK, were 5.35 the D, would be 10.

Even after allowing for the uncertainties in 7,
and in model compound pK, values, the values of
D, predicted with Eq. (3) for K66 in PHS range
only from 8.6 to 16.5. It is extremely unlikely that
Eq. (3) could be used to measure values of D, that
approached the theoretical value of D, =4. For
example, in the case of lysine, a shift of 10.7 pK
units would be required to predict a D of 5, and it
is very unlikely that the native state of even the most
robust of proteins could tolerate this destabilization,
equivalent to 14.5 kcal mol™ ' at 25°C, without
undergoing a major conformational reorganization.
However, it is clear from the curves in Figs. 2 and 3
that the unfolding of nuclease, although it is coupled
to the ionization of the buried K66, does not limit the
values of D, that can be measured. The values of

D, that are listed in Table 1 are significantly higher
than D, = 7, which is the lowest possible value that
could have been measured if the V66K mutation did
not alter the sensitivity to acid of the PHS back-
ground protein.

In order to establish whether the values of D,
measured by K66 in nuclease are representative of
the situation in other proteins, we analyzed the
ApK . reported for other buried ionizable groups
with Eq. (3). The D, values are reported in Table 2
along with several structural descriptors, including
the depth of burial of the ionizable atom, the number
of polar atoms within hydrogen bonding distance, the
distance to the nearest charged residue, and the
magnitude of the electrostatic potential in that loca-
tion. Although it is obvious that different values of
D, are reported for different cases, all of the mea-
surements are remarkably consistent with what is
observed in nuclease. Most buried ionizable groups
report D, values between 10 and 23 and there does
not appear to be significant correlation between the
value of D, and the structural details of the charged
atoms’ microenvironments, including aspects such as
the magnitude of the electrostatic potential at the
site, the distance between the buried charged atom
and the nearest water-accessible surface, and the
presence or absence of polar atoms within hydrogen
bonding distance. The values of D, between 10 and
23 are significantly lower than the values of D, = 48
and higher that have been measured by analysis of
the energy of interaction of surface charged groups
[17-19]. A few of the D,y values listed in Table 2
are higher than the 10-23 range, but what is particu-
larly significant is that none report D, values lower
than those reported by K66 in nuclease. In this
regard, the dielectric response of K66 in nuclease
seems to represent a limiting case, and one that is
less difficult to interpret than most, owing to the
ideal location of the ionizable NZ atom deeply buried
in the hydrophobic core of the protein, without any
charge compensating mechanisms, perfectly sur-
rounded by apolar matter.

6. Implications and pessible origins of D > 10

A dielectric constant is a macroscopic parameter
that describes the response of a material to the
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presence of a charge. A material with a high dielec-
tric can alter the field of the charge by its presence.
Two different microscopic phenomena determine the
magnitude of a dielectric: electronic polarizability
and dipolar relaxation. The magnitude of the contri-
butions by these two types of effects can be radically
different. They can be separated by analysis of the
frequency dependence of the dielectric, also referred
to as dielectric dispersion. In the high frequency
limit the dielectric is determined almost exclusively
by electronic polarization. In most polar liquids the
value of the high frequency dielectric is low, be-
tween 2 and 4, similar to the low dielectric of
hydrocarbons such as pentane (D = 1.8), propane
(D = 1.6), pentadiene (D = 2.3) and benzene (D =
2.3). In contrast, the total dielectric of polar organic
liquids such as methylamine (D = 9.4), pyridine (D
= 12.3), octanol (D = 10.3) and acetaldehyde (D =
21) is higher owing to significant contributions by
dipolar relaxation [44]. Evidently, dynamic dipolar
relaxation accounts for the majority of the dielectric
effect in polar liquids. This is also well illustrated by
the comparison of the dielectric of water at room
temperature (D = 78.5) with its dielectric when
frozen under high pressure (D = 3.0).

The definition of the dielectric in a protein is not
straightforward. Some of the most detailed theoreti-
cal estimates of what the dielectric inside a protein
should be were calculated with a microscopic model
that described elastic electronic polarizabilities with
a set of atomic point polarizabilities, and dynamic
dipolar reorientation in terms of the low frequency
collective modes of vibration described through nor-
mal mode analysis [11,14,15]. These calculations
were done under the assumption that the polarization
inside the protein can be calculated without consider-
ing the re-polarization of the protein by the solvent.
They predict that the contributions to the dielectric
from atomic polarizabilities are uniform throughout
the protein, but that contributions from dipolar relax-
ation can vary greatly in the different regions of the
protein. These models predict low values for the
dielectric inside the protein (D, < 5).

Based on the highly apolar environment surround-
ing the NZ atom of K66, it would be reasonable to
expect that in the absence of significant conforma-
tional relaxation D, should have values comparable
with those predicted computationally in proteins, and

with those measured experimentally for pure hydro-
carbons and solid amines. Instead, the value of D,
inside a protein is high and resembles more the
dielectric of liquid amines, alcohols and aldehydes.
Even the largest shifts in pK, induced by transfer of
an ionizable group from water into a hydrophobic
environment, which have been measured in synthetic
polypeptides, do not predict D, values below 8.5
[45]. The high values of D, in proteins are consis-
tent with the ideas proposed by Warshel and co-
workers, who view the inside of the protein as a
medium of high polarity [46,47]). However, at least
under conditions where the buried K66 is uncharged,
the explanation that the high D, needed to repro-
duce observed solvation energies with the Born
equation reflects the fact that the charged sites are
always found in regions of high polarity does not
hold true, as K66 is embedded in a perfectly hy-
drophobic pocket. It is also unlikely that the high
values of D, can be explained on the basis of the
influence of the reaction field of the surrounding
solvent, otherwise the magnitude of D, would
probably be dependent on the depth of burial, and
that trend is not observed among the cases presented
in Table 2.

The high values of D,;; might reflect the dynamic
properties of proteins. In principle the use of normal
mode analysis to approximate the dynamic contribu-
tions to the dielectric in theoretical calculations of
Do is valid; the dipoles in a folded protein are
constrained with a rigid orientation and cannot re-
align with the field, and the contribution to the
dielectric by dynamic dipolar relaxation should be
treated as a small perturbation [14,15]. In practice,
however, it is apparent that the normal mode dynam-
ics, which describe dynamics over a few picosec-
onds, cannot account for slower structural transitions
that are accessible in the time scale of the equilib-
rium experiments used to measure D, from pK,
shifts. The discrepancy between D, and D, is
probably related to the underestimation of the contri-
butions by dynamic dipolar relaxation in the calcula-
tion of D,.. The structural fluctuations that are
being reflected in the magnitude of D, could be the
ones that are monitored by hydrogen isotope ex-
change in the time scale of minutes [48]. Warshel
and co-workers proposed that this might include
local unfolding, such that the charged atoms become
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exposed to waters or dipoles from the protein that
can reorient in response to the electrostatic field [46].
Direct penetration of solvent into the hydrophobic
core of a protein could also account for the high
values of D, [48]. The possibility that high values
of D, reflect a reorganization of the peptide dipoles
after the buried group becomes ionized cannot be
excluded at present, owing to the absence of struc-
tural information under conditions of pH where
buried groups are ionized. None of the experimental
evidence presently available allows the conclusive
interpretation of the structural and physical origin of
the high values of D,;.

Although D, is a heuristic parameter defined
operationally and without precise physical meaning,
in structure-based calculations of electrostatic inter-
actions in proteins with continuum dielectric models
it would be valid and appropriate to substitute the
commonly used values of D, = 1-4 with values
closer to the measured D.;. Use of a high D
would probably alter the physical microscopic inter-
pretation of the origins of pK, values and ionization
energetics of proteins. To illustrate this point, con-
sider the following. According to Eq. (3) it costs 38
kcal mol™! to move a charged particle from an
aqueous medium into a medium with D = 2, 7 kcal
mol ! if the low dielectric medium has D = 10, but
only 3 kcal mol~! if D = 20. Clearly, the difference
between a D, =4 and a D = 12-20 is signifi-
cant and loaded with implications about the magni-
tude of contribution by hydration of ionizable
residues to the stability of folded proteins. Computa-
tionally, the problem of computing electrostatic free
energies from structure also becomes more tractable
when larger dielectrics are used. This has already
been demonstrated clearly: in order to predict cor-
rectly the ionization energetics of protein with the
finite difference solution of the Poisson—Boltzmann
equation, it is necessary to use a Dy, = 20 or higher
for interactions between surface ionizable groups and
values of D, = 15 for buried residues [42,43,49].
The large values of D, that are found experimen-
tally also partly explain the surprising success of
predictions of the ionization behavior of surface
groups with simple models such as the modified
Tanford—Kirkwood model pioneered by Gurd. In
this model, the dielectrics that are used to calculate
the energy of interaction between surface ionizable

groups are never less than (D, + Dy,,)/2, repro-
ducing (unwittingly) the effects of large D., and
compensating partly for the omission of self energy
terms in the calculation of pK, values [8,49].

The data presented in Table 2 suggest that there is
some degree of positional independence in the value
of D, as reflected by the D. Ten out of twelve
cases presented in this table have values of D,
between 10 and 23, and there is no obvious correla-
tion between the value of D, and the depth to
which the ionizable group is buried, or other details
of the microenvironment. This is important, as the
positional independence of D, is one of the central
assumptions of continuum dielectric models. The
other common assumption is that proteins behave as
linear dielectric media, that is, proteins are rigid
relative to changes in the electrostatic field, and
changes in the field are not accompanied by signifi-
cant changes in the structure. The data in Figs. 2 and
3 do not offer conclusive evidence about the validity
of this assumption in the titration of K66 in nuclease.
It remains to be verified by the detailed study of the
specific structural and physical changes concomitant
with the ionization of a buried group.

In general, continuum dielectric models will prob-
ably continue to be more useful for structure-based
calculation of electrostatic energies and titration
properties of proteins than truly microscopic models
that attempt to compute the dielectrics directly from
structure. This situation will be exacerbated if it
turns out that the high values of observed D,
originate from slow structural fluctuations of pro-
teins that are difficult to model with molecular dy-
namics. On the other hand, molecular dynamics might
provide insights about the structural and physical
origins of the value of D, = 20 that is necessary to
predict correctly the titration of surface ionizable
groups. The effect equivalent to D, = 20 might be
emulated by identifying multiple conformations
through dynamics simulations, and considering con-
tributions by many of them, in some of which charged
groups might be more exposed to solvent than in
others, in the calculations of pK, values ([50-52],
M. Gilson, personal communication). Systematic
studies that define further the phenomenological di-
electric constants in proteins and that contribute more
detailed insight about their physical and structural
origins and about the role of protein dynamics will



B. Garcia-Moreno E. et al. / Biophysical Chemistry 64 (1997) 211-224 223

be essential for improved and realistic quantitation of
electrostatic effects in proteins.
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