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Abstract

Experimental pK values of ionizable sidechains provide the most direct test for models representing dielectric shielding within the interior of a
protein. However, only the strongly shifted pK values are particularly useful for discriminating among models. NMR titration studies have usually
found only one or two such shifted pK values in each protein, so that the fitting of the experimental data to a uniform internal dielectric (εint) model
is not well constrained. The observed variation among proteins for such εint estimates may reflect nonuniformity of dielectric shielding within
each protein interior or qualitative differences between individual proteins. The differential amide kinetic acidities for a series of metal-substituted
rubredoxins are shown to be consistent with Poisson–Boltzmann predictions of dielectric shielding that is relatively uniform for all of the amides
that are sensitive to the metal charge, a region which corresponds to roughly 1 /3 of the internal volume. The effective εint values near 6 that are
found in this study are significantly lower than many such estimates derived from sidechain pK measurements. The differing timeframes in which
dielectric relaxation can respond to the highly transient peptide anion as compared to the longer lived states of the charged sidechains offers an
explanation for the lower apparent dielectric constant deduced from these measurements.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Globular proteins are structurally ordered polyelectrolytes
that exhibit complex electrostatic interactions which play a
central role in their biological functions in catalysis and signal
transduction. Efforts to understand dielectric shielding within
the protein interior [1] predate the initial X-ray structure
determination of myoglobin [2], and this challenge continues to
drive an active field of research [3–5]. Explicit full system ab
initio simulation of the electronic and conformational contribu-
tions to electrostatic forces arising from the protein chain and
the surrounding aqueous phase and solutes remains impractical.
Electrostatic modeling on the basis of an effective internal
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dielectric constant has continued to be fruitful, despite the well-
recognized shortcomings inherent in the application of this
macroscopic bulk phase parameter to the atomic scale [6].
However, progress beyond a simple internal dielectric constant
representation is, in part, impeded by the limited set of
experimental data that can serve as significant constraints in
the testing of more complex representations of the electrostatic
interactions.

The pK values of ionizable protein sidechains provide the
most readily accessible experimental monitor of local electro-
static interactions. Hundreds of protein sidechain pK values
have been measured, primarily by NMR titration studies [7].
However, the vast majority are only weakly perturbed from
model peptide pK values, largely reflecting the efficient
shielding by the water molecules that surround solvent-exposed
sites. Since such highly hydrated charged sidechains are
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Fig. 1. Backbone structure of Pyrococcus furiosus rubredoxin indicating
residues bearing amide nitrogens within 12 Å of the metal site.
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generally poorly ordered in X-ray or NMR structural analyses,
reliable modeling of their electrostatic interactions is often
problematic. Indeed for most cases, the assumption that the
protein sidechain pK values are not perturbed from their simple
peptide reference values provides predictions of the experi-
mental pK values as accurately as does conventional Poisson–
Boltzmann modeling [8].

Reliable discrimination among various approaches to
modeling protein electrostatic interactions requires a focus on
those sidechain pK values that are substantially shifted from
their peptide reference values [6]. Unfortunately, the modest-
sized proteins for which the NMR titrations are well-
characterized rarely have more than one or two ionizable
sidechains possessing strongly shifted pK values that are
sensitive to the dielectric shielding of the protein interior.
Poisson–Boltzmann style analyses of individual proteins
containing such strongly shifted pK values have predicted a
wide range of values for the internal dielectric [9–13]. Applying
an identical electrostatic analysis to 7 different proteins for
structurally buried sidechains having pK values shifted by at
least 2 units yielded εint values ranging from 10 to 23 [11,14].
Still unclear is the degree to which such differing εint values for
these ionizable sidechains indicate differences in the average
dielectric shielding for the various proteins, or rather the
presence of nonuniformity in the dielectric interactions across
the interior of each individual protein. However, with the use of
a larger set of backbone amide pK values that simultaneously
monitor the internal dielectric response of a given protein, the
standard Poisson–Boltzmann calculations can offer insight into
this problem. With the effective internal dielectric viewed
primarily as an adjustable parameter, the existence of substantial
spatial heterogeneity in the dielectric shielding within an
individual protein should be reflected in the range of predicted
εint values.

2. Materials and methods

Hydrogen atoms were added to the X-ray coordinates of Pf
rubredoxin (pdb code 1BQ8 [15]) with the program Reduce
[16]. Nonlinear Poisson–Boltzmann calculations were carried
out using the DelPhi algorithm [17]. PARSE partial charges and
ionic radii [18] were used for all protein atoms except Cβ and Sγ

of the cysteine residues. Partial charges for these atoms and for
the Zn(II) and Ga(III) atoms were taken from quantum
mechanical calculations on the Fe(II)- and Fe(III)-containing
tetramethylthiolate complex [19,20]. The metal site geometries
of the Zn(II)- [21] and Fe(II)- [22] substituted rubredoxins as
well as the Ga(III)- [23] and Fe(III)- [24] substituted
rubredoxins are known to be essentially indistinguishable in
the X-ray analyses at near 1 Å resolution. Ionic radii of 0.7 Å
and 0.6 Å were used for Zn(II) and Ga(III), respectively. The
1.1 Å resolution structure of Pf rubredoxin does not contain any
internal cavities large enough to contain a water molecule [25]
for potential inclusion in the Poisson–Boltzmann calculations.
The grid size was 167 with a 50% filling factor. The external
dielectric was set to 80.0, the salt concentration to 0.10 M, and
the ionic radius to 2.0. The protein sample of the 1BQ8 X-ray
structure contains an N-terminal Met-Ala sequence, while the
NMR analysis was carried on a variant containing an N-terminal
Met-Lys sequence [26].

3. Results and discussion

3.1. Dielectric shielding in Pf rubredoxin amide exchange

Recently we [27] reported that the individual residue base-
catalyzed amide hydrogen exchange rates of Pyrococcus
furiosus (Pf) rubredoxin vary by up to a million-fold when
the metal binding site is substituted with the isoelectronic series
of Zn(II), Ga(III) and Ge(IV). The amides considered in this
analysis exhibit denaturant concentration-independent exchange
rates under these conditions [28], consistent with exchange via
local conformational fluctuations. If these differential exchange
rates arise from metal charge-dependent changes in the free
energies of the conformational transitions required to enable the
hydrogen exchange reaction, ΔG variations of up to more than
8 kcal/mol would be required. However, independent experi-
mental estimate of the differential conformational stability for the
metal charge states of the rubredoxins is at most 1 kcal/mol [29].

A direct electrostatic basis for these differential exchange
rates is indicated by the fact that the log ratio of the rate
constants vary inversely with distance out to at least 12 Å from
the metal site (Fig. 1), consistent with a simple Coulomb's Law
dependence in a uniform dielectric. This region of the protein
structure corresponds to the so-called rubredoxin knuckle,
common to nearly all members of the zinc finger superfamily
[30]. The tetrathiolate coordination yields a Zn(II) metal cluster
carrying a net charge of–2. The resultant electrostatic potential
serves to destabilize the peptide anion transition state that is
formed when the amide proton is removed by hydroxide ion.
Substitution with Ge(IV) yields a neutral metal cluster and a
corresponding acceleration of the base-catalyzed hydrogen
exchange rates.

To provide a more realistic representation of the electrostatic
interactions, Poisson–Boltzmann calculations were carried out
to predict the electrostatic potential at each backbone nitrogen in
Pf rubredoxin on the basis of an external solvent phase with a
dielectric constant of 80 and an adjustable uniform dielectric for
the protein volume. The metal charge-dependent variation in the
local electrostatic potential values most favorably matched the
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log ratio of the base-catalyzed exchange rate constants for an
effective internal dielectric of 6 [31]. In Fig. 2 are illustrated the
amide nitrogen differential pK values for the Zn(II) and Ga(III)-
forms of Pf rubredoxin as deduced from the experimentalΔ(log
kex) values, assuming a purely electrostatic stabilization effect
on the peptide anion. These experimental ΔpK values are
compared to those predicted by Poisson–Boltzmann calcula-
tions for internal dielectric values of 4.5, 6 and 10. Particularly
for amide nitrogens with predicted metal charge-dependent
differential potentials above 2 kT/e, the ΔpK values estimated
from the Poisson–Boltzmann calculations are acutely sensitive
to the assumed value for the internal dielectric.

Except for the amides of the charged residues Lys 7 and Glu
48, all differential hydrogen exchange values are predicted to
within a ΔΔpK of 0.7 for Poisson–Boltzmann calculations
assuming an εint value of 6. In contrast, under the assumption of
an internal dielectric value of 4.5, the Poisson–Boltzmann
calculations predict differential amide nitrogen acidities at least
0.7 units greater than those inferred from the hydrogen exchange
measurements for five of the other metal charge-dependent
residues. Similarly, with an εint value of 10, five of this set of
amides have predicted differential amide nitrogen acidities that
are at least 0.7 units less than those estimated from hydrogen
exchange. The modest dispersion of the ΔΔpK values predicted
by an internal dielectric of 6 compares quite favorably to those for
previous studies of strongly shifted sidechain pK values from
multiple proteins fitted to a single internal dielectric constant in
which the standard deviation of theΔpK values are approximately
one pH unit [6,10,32]. It should be noted in this regard that the
differential analysis of the present study does not depend upon
referencing to an absolute pK value for the individual amide
nitrogens. In contrast, ambiguities regarding the most appropriate
reference pK values [14] contribute to the dispersion seen among
studies predicting sidechain ionization behavior.

Lys 7 and Glu 48 are the only amides of Pf rubredoxin within
11 Å of the metal that bear conformationally mobile charged
sidechains. The more strongly positive ΔΔpK values for these
two amides are consistent with the argument that the mobile
charged sidechains of such residues provide the primary source of
enhanced dielectric shielding within proteins [33]. Thirty five (out
Fig. 2. Deviations between the Poisson–Boltzmann-estimated and hydrogen exchang
substituted vs. Ga(III)-substituted Pf rubredoxins. The log ratio of the hydrogen excha
dependent shift in the pK values of the backbone amide nitrogens. The DelPhi prog
assuming internal dielectric constant values of 4.5 (A), 6 (B) and 10 (C). The data
predicted for an εint of 6 (4–8 kT/e in red, 2–4 kT/e in orange, 1–2 kT/e in green, a
of 48 non-proline) backbone amides of Zn(II)-substituted Pf
rubredoxin exchangewith bulk solvent sufficiently slowly so as to
be detected in these experiments. This set of exchange-protected
amides provide an approximate relative volume estimate
indicating that roughly 1/3 of the protein interior exhibits metal
charge-dependent nitrogen pK values, and all of the corresponding
amides appear consistent with effective εint values near 6.

The consistency between these hydrogen exchange data and
the predicted differential amide nitrogen pK values reinforce the
inference from the independently determined stability estimates
[29] that the change in conformational stability of Pf rubredoxin
resulting from variation in the metal charge does not
substantially contribute to the differential exchange rates used
to analyze the electrostatic interactions. More strikingly, the
ability to faithfully model these differential hydrogen exchange
rates strongly indicates that the transient conformations from
which exchange occurs must be closely similar to the native
state conformation utilized in the electrostatic analysis [27]. If
the distance between each amide nitrogen and the metal site
substantially changes in going from the native state to the
exchange-competent conformation, the observed correlation
with the distances of the X-ray structure would be lost.
Furthermore, any larger scale conformational transition to the
exchange-competent state would generally increase the amide-
metal distances which in turn would yield increased dielectric
shielding from the resultant intervening solvent, thus predicting
a far weaker electrostatic interaction than is observed.

3.2. Lifetime of buried protein ionizable charges

This analysis of the metal charge-dependent hydrogen
exchange for Pf rubredoxin indicates effective dielectric
shielding that is appreciably less than that often inferred from
similar electrostatic calculations that have modeled ionization
data for structurally buried sidechains. A potential explanation
may lie in the differing lifetimes of the charged states being
monitored. All heavy atom reorganization in the protein and in
the aqueous/ionic solute environment that occurs on a longer
timeframe than the lifetime of a charged intermediate cannot
contribute to the effective dielectric shielding of that charged
e-derived ΔΔpK values for the nitrogens along the peptide backbone of Zn(II)-
nge rates (Δlog kex) was interpreted to arise from a corresponding metal charge-
ram [17] was used to calculate the electrostatic potential at the nitrogen atoms
are color coded according to the metal charge-dependent differential potentials
nd b1 kT/e in blue).
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state. Although the lifetime of the charged state for the ionizable
protein sidechains can be expected to be long when compared to
the dielectric relaxation processes that occur in solution, this is
not the case for the peptide anion.

In general, O-bound and N-bound hydrogens act as “normal”
acids in the Eigen formalism of acid–base kinetics [34] so that the
rate of proton transfer is directly predicted by the differences in
pK. Hydroxide and hydronium ions react with the neutral
carboxylic and amine sidechains at diffusion-limited rates
(k∼1010 M−1 s−1). As a result, at pH 7 where [H+] and [OH−]
are 10−7 M, the formation of the charged sidechains occur in
approximately a millisecond. When the pK value of the ionizable
sidechain is close to neutrality, the reverse reaction must likewise
occur at a similar rate. Illustration of the experimental
determination of these proton transfer rates is provided by the
much-studied histidine of the serine protease catalytic triad for
which NMR line shape analysis demonstrated that the positively
charged imidazolium ring of the α-lytic protease donates a proton
to a neutral water molecule at a rate of 3.4×103 s−1 at 33 °C [35].

The relative rates of the proton transfer reaction between
amides and water are reversed from those of ionizable sidechains.
Since the neutral amide is a weaker acid than water while the
peptide anion is a stronger base than hydroxide (Fig. 3), the
hydroxide ion does not react with the amide at a diffusion-limited
rate. The ∼10 s−1 rate for hydroxide-catalyzed exchange of a
simple model peptide at pH 7 [36] is a hundred-fold slower than
the diffusion controlled, indicating that only approximately one
percent of the collisions between hydroxide and a neutral amide
results in a proton transfer. Conversely, nearly every collision
between a peptide anion and a water molecule will yield a proton
transfer reaction. Given the 55 M concentration of water, this
diffusion-limited reaction is predicted to occur in a few
picoseconds. Although the proton transfer rate to a peptide
anion is not easily measured directly, photoactivation of aromatic
compounds has proven highly useful in the monitoring of proton
transfer kinetics for acidic hydroxyls and ring nitrogen bases
[37,38]. Proton transfer times between water and photoactivated
strong acids/bases have been observed to be on the order of 10 ps
[39,40]. As this range of lifetimes corresponds closely with the
(8 ps)−1 rate for the dominant Debye dielectric relaxationmode in
bulk phase water [41], solvent reorganization has been proposed
to be rate-limiting for the proton transfer reaction between strong
acids or bases and water [38]. A similar conclusion is drawn from
17O NMR relaxation measurements [42] which demonstrate that
the residence lifetime of an hydroxide ion in water is ∼5 ps.

If the lifetime of the peptide anion within the protein interior
is similar to its lifetime in solution, the dielectric relaxation
Fig. 3. Hydroxide ion-catalyzed exchange of the amide hydrogen. The pKa of the
amide nitrogen is approximately two units higher than that of water. The peptide
anion reacts with the neutral water molecule at a diffusion-limited rate, while the
reverse reaction has a hundred-fold smaller rate constant.
behavior of the protein may prove analogous to that observed in
the photosynthetic reaction center [43]. Electron transfer from
the bacteriochlorophyll special pair to the bacteriopheophytin,
and subsequently to the quinone QA, occurs in 3 ps [44] and in
∼200 ps [45,46], respectively. An effective dielectric value
between 4 and 5 has been reported for the latter transition [47],
similar to that deduced in the present study. The timeframe of
this more slowly relaxing phase of the photosynthetic reaction
center may be compared to molecular dynamics studies which
have argued that a substantial proportion of the dielectric
relaxation in a protein occurs in the range of a few hundred
picoseconds [48] to several nanoseconds [49].

In general, burial of an ionizable group without a compen-
satory counter-charge leads to a suppression of ionization and a
corresponding change in the observed pK value. Two limiting
paradigms can be used to characterize the subsequent process for
the long-lived charged state of an ionizable sidechain. In one
case, the native structure cannot stabilize the charged sidechain
so that this group must become exposed to solvent before be-
coming ionized. That ionization then “traps” the protein in this
solvent-exposed state until a subsequent proton transfer re-
generates the neutral sidechain and refolding to the native state
can occur. Under this condition, the observed shift in pK will
primarily reflect the free energy cost of generating the solvent-
exposed conformation.

In the opposite limiting case, the ionized sidechain can be
accommodated within the protein interior. Transient solvent
access to this ionized sidechain will eventually lead to the proton
transfer needed to return to the neutral sidechain state. If the
relative time of the conformational transition leading to solvent
access is short compared to the overall lifetime of the buried
charged state, the observed pK and the apparent dielectric
constant will reflect the shielding properties of the protein in the
neutral sidechain conformation combined with the dielectric
relaxation response arising from the charging of the sidechain
group. On the other hand, the kinetics and free energy of the
transient conformational transition that gives rise to the proton
transfer will not be reflected in either the pK or the apparent
dielectric constant.

The extensively studied staphylococcal nuclease system
offers insight into the structural response of a protein to the
presence of a buried charged sidechain. Although crystal
structures of the neutral sidechain forms for the V66E [50],
V66K [51] and V66D [52] variants have been reported, no such
structures are available for the less stable charged states of these
proteins. Although fluorescence and circular dichroism mea-
surements have not detected any structural changes occurring
upon ionization of either the glutamic acid or lysine sidechains,
there is evidence for a loss of up to 1 1/2 turns of α-helix for the
aspartic acid variant [52]. With the availability of X-ray
structures for the neutral sidechain states, nearly all electrostatic
analyses of these staphylococcal nuclease ionizations have
utilized a buried charged sidechain model. However, utilizing
an “overcharging” approach to accelerate the conformation
transition via molecular dynamics simulation, the modeling of
the ionization-induced partial unfolding of the staphylococcal
nuclease V66E variant has recently been reported [53].
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The comparatively short lifetime of the peptide anion implies
significant kinetic differences in the protein structural response
to formation of the charged state. As nearly every collision
between a peptide anion and a neutral water molecule will lead to
a proton transfer, the analogous trapping of this peptide in a
locally unfolded solvent-exposed conformational state cannot
occur. Similarly, given that both hydronium and hydroxide
equivalents diffuse through water significantly faster than do the
oxygen atoms [54], the lifetime of a structurally buried peptide
anion can be expected to be short as compared to the diffusion of
water in and out of the protein interior. Hence, the same transient
conformational process which provides the solvent access that
leads to the generation of the peptide anion will generally also
serve to quench that anion back to the neutral state before
returning to the solvent-inaccessible state. Since the solvation
which leads to proton transfer will generally be present through-
out the lifetime of the buried peptide anion, that solvated state
will contribute directly to the resultant dielectric relaxation.

4. Conclusions

In the analysis of the conformationally dependent pK shifts
that arise for the weak acids and bases of the amino acid
sidechains, a static dielectric constant is generally implicitly
assumed. Given the long lifetimes of both the neutral and
charged states for these groups, the assumption that the
dielectric shielding of the system becomes completely relaxed
is generally well justified. However, when the lifetime of a
transient charged state becomes comparable to the timeframe
over which the structural response occurs, the dynamic
dependence of dielectric shielding must be considered. The
time dependence of heavy atom reorganization is well known to
be central to the analysis of electron transfer studies [55].
However, the frequency dependence of dielectric shielding is
less often invoked in other aspects of protein chemistry.
Stabilization of the nearly ubiquitous occurrence of transient
charged intermediate states in enzymatic reactions reflects these
effects [56–58]. The hydrogen exchange of rubredoxin offers
a system in which a number of such transient charged
intermediates are generated in parallel. The limited differences
in conformational stability for the various metal charge states
warrants interpreting the differential exchange rates in terms of
dielectric shielding effects. The lifetimes of these peptide anions
are short compared to the practical length of unconstrained
molecular dynamics simulations. As a result, detailed analysis
of the dielectric shielding in these reactions may prove feasible.
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