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ABSTRACT: The pK, values measured previously for the internal Lys-66, Asp-66, and Glu-66 in variants of a
highly stable form of staphylococcal nuclease are shifted by as many as 5 pK, units relative to normal pK,
values in water. These shifts cannot be reproduced with continuum electrostatics calculations with static
structures unless the protein is treated with high dielectric constants near 10. These high apparent dielectric
constants are inconsistent with the highly hydrophobic microenvironments of the ionizable moieties in crystal
structures. To examine the origins of these high apparent dielectric constants, we showed that the pK, values
of these internal residues are sensitive to the global stability of the protein; the shifts tend to be smaller in less
stable forms of nuclease. This implies that the apparent dielectric constants reported by these internal
ionizable groups are high because they reflect conformational reorganization coupled to their ionization. To
detect this directly, acid—base titrations monitored with Trp fluorescence and near-UV and far-UV CD
spectroscopy were performed on variants with Lys-66, Glu-66, or Asp-66 in background proteins with
different stabilities. Conformational reorganization coupled to the ionization of the internal groups was
spectroscopically detectable, especially in the less stable background proteins. The data show that to improve
the accuracy of structure-based pK, calculations of internal groups the calculations will have to treat explicitly
all structural reorganization coupled to ionization. The data also suggest a novel approach to mapping the
folding free energy landscape of proteins by using internal ionizable groups to stabilize partially unfolded

states.

Internal ionizable groups in proteins are central to key
biochemical processes such as catalysis (1, 2), H transport (3),
e transfer (), and ion (5) and water homeostasis (6). To describe
the structural basis of biological energy transduction, it is
necessary to understand the molecular determinants of pK,
values of internal ionizable groups and to quantify the effects
of internal charges on protein stability and conformation. Here
we examine these issues in staphylococcal nuclease (SNase),' a
small enzyme that is uniquely well suited for this purpose.

Val-66, one of the residues that constitute the main hydro-
phobic core of SNase, has been replaced previously with
Lys (7-9), Asp (10), and Glu (1). The internal Lys-66, Asp-
66, and Glu-66 titrate with highly perturbed pK, values shifted by
as many as 5 pK, units in the direction that favors the neutral
state (i.e., elevated for Asp and Glu and depressed for Lys). The
direction of the shifts in pK, suggests that the interior of SNase is
neither as polar nor as polarizable as water. This is consistent
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with the crystal structures of the variants with V66K, V66D,
and V66E substitutions, where the ionizable groups of Lys-66,
Asp-66, or Glu-66 are internal, buried approximately 10 A from
bulk water in a hydrophobic pocket, far from other charges or
polar atoms of the protein (7—11).

Structure-based calculations with continuum electrostatics
methods suggest that the pK, values of these internal groups
are perturbed because the dehydration experienced by the ioniz-
able groups in their deeply buried positions is not compensated
by interactions with polar groups or surface charges or by the
buried water molecules that are observed in some crystal struc-
tures (/10— 12). To reproduce the experimental pK, values in these
calculations, the protein has to be treated with a dielectric
constant of approximately 10 (7—11). These apparent dielectric
constants are not to be confused with the real dielectric constant
of the protein. They are model-dependent quantities without
precise structural or physical meaning, intended to capture
implicitly all factors that are not addressed explicitly or correctly
in the calculations (13). Despite their imprecise physical meaning,
they are useful for gauging the magnitude of the net polarizability
experienced by an internal ionizable group. The high values of the
apparent dielectric constant reported by Lys-66, Asp-66, and
Glu-66 suggest that the interior of SNase is highly polarizable, but
this is not consistent with the hydrophobic nature of the micro-
environments surrounding these ionizable moieties in the crystal
structures. The structural origins of the high apparent dielectric
constant reported by these ionizable groups are not known.
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The dielectric properties of a material are determined by
polarization and relaxation processes. For water at 298 K,
electronic polarization is responsible for the high-frequency
dielectric constant of 3 (14), whereas its overall dielectric constant
of 78.5 is governed by the relaxation of water molecules in the
electrostatic field. The interior of proteins is usually neither as
polar nor as polarizable as water; therefore, the magnitude of the
dielectric effect inside a protein is expected to be lower than that
of water. The low dielectric constants of 2—4 measured experi-
mentally with dry protein powders are determined primarily by
electronic polarization (/5—17). Contributions from dipolar
relaxation processes cannot be measured experimentally with
dry protein powders because water is required to activate
dynamic processes, and in its presence, the dielectric properties
measured are those of water, not of protein.

All the factors that affect the pK, of an internal group can, in
principle, contribute to the apparent dielectric constant reported
by said group (/8). Chief among these factors are interactions
with surface charges and with fixed permanent dipoles (19),
dipole relaxation (20), the reaction field from polarization of bulk
water, and water penetration (/2). However, when the ionization
of aninternal group triggers significant dipole relaxation or large-
scale structural reorganization, all other factors are less relevant
and dipole relaxation or structural reorganization becomes the
dominant contribution to the apparent dielectric effect and to the
pK,. For this reason, it is of interest to examine the extent to
which the high apparent dielectric constant reported by Lys-66,
Asp-66, and Glu-66 in SNase reflects conformational reorgani-
zation coupled to the ionization of the internal groups.

Initial evidence that the ionization of these internal groups
triggers subtle structural reorganization came from a recent
demonstration that the ionization of Asp-66 in a highly stable
form of SNase induces a small loss of intensity in the far-UV
CD signal, consistent with the loss of o-helical content (/0).
We speculated that the ionization of Asp-66 triggers the
unwinding of one turn of a-helix. This would be sufficient to
expose the previously buried carboxylic group of Asp-66 to
bulk water and to normalize its pK,. This was not observed
clearly in previous studies with Glu-66 (/1) or Lys-66 (7) in a
highly stable forms of SNase. Here we show that the pK,
values of the ionizable groups at position 66 in SNase are
affected by the global stability of the protein and that the
ionization of the internal groups triggers conformational
reorganization that can be detected with Trp fluorescence
and CD spectroscopy. The approach involved comparison of
the consequences of ionization of Lys-66, Asp-66, and Glu-66
in two different forms of SNase with stabilities different by
4 kcal/mol. The studies show that the high apparent dielectric
constants reported by Lys-66, Asp-66, and Glu-66 reflect a
conformational transition coupled to the ionization of the
internal groups. Besides clarifying the structural meaning of
the high apparent dielectric constant reported by these internal
groups, these experiments also draw attention to the limita-
tions inherent to pK, calculations with continuum methods
that use a single, static structure. Computational methods that
do not treat explicitly the coupling between the ionization of
internal groups and conformational reorganization are likely
to yield inaccurate estimates of pK, values.

MATERIALS AND METHODS

Staphylococcal Nuclease. The Quickchange kit from
Stratagene (La Jolla, CA) was used to introduce the V66K,
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V66D, or V66E substitution into two stable forms of staphylo-
coccal nuclease (SNase), one known as PHS after the three
substitutions used to engineer it (P117G, H124L, and S128A) and
a second one known as A+PHS (PHS with additional G50F
and V5IN substitutions and a deletion of residues 44—49). All
mutagenesis was performed with the 4 pL9 plasmid. Proteins
were expressed and purified by the method of Shortle and
Meeker (27) as modified by Byrne et al. (22). Protein concentra-
tions were determined using an extinction coefficient of 1.46 x
10* M~ cm ™!, determined using the method of Gill and von
Hippel (23). Background and variant proteins were treated with
the same extinction coefficient.

pH Titrations Monitored by Fluorescence and CD. The
acid—base titrations monitored by changes in intrinsic fluores-
cence were performed with an AVIV ATF-105 automated
titration fluorometer (Aviv Inc., Lakeland, NJ). The titrations
that monitored changes in CD were performed with an AVIV 215
CD spectrometer (Aviv Inc.). All data were collected at 25 °C in
100 mM KCl following protocols that have been described
previously (24). The only difference between the protocols used
with wild-type SNase and with the variants with internal ioniz-
able groups is that the delay times between the delivery of
consecutive doses of titrant in the automated acid—base unfold-
ing experiments were longer for variants in both A+PHS and
PHS backgrounds. Delay times of 2 min for PHS and its variants
and 5 min for A+PHS and its variants were used to allow the
system to reach equilibrium. This delay corresponds to seven
lifetimes in the decay of the fluorescence signal following a pH
jump from pH 7 to the pH at the midpoint of the unfolding
transitions. The experiments monitoring intrinsic fluorescence
and CD at 222 nm were performed with a protein concentration
of ~50 ug/mL. Experiments that monitored CD at 275 nm were
performed at approximately 500 ug/mL. The buffers used in acid
titrations monitored by fluorescence consisted of 5 mM MES,
5 mM HEPES, and 100 mM KCI. In the base titrations, the
buffer was 5 mM HEPES with 100 mM KCI. The titrations
monitored by CD were performed with a buffer consisting of
100 mM KCI and MES, HEPES, TAPS, CHES, and CAPS
(5 mM each). Samples were titrated with 0.3 N HCI or KOH. All
buffers and titrants were from Sigma (St. Louis, MO). The
analysis of acid—base titrations to obtain the midpoints of the
unfolding transitions (pH,;q) or to describe the steepness of the
transition (Avyy+) was performed by a nonlinear least-squares fit
of two- or three-state models of the unfolding process to the data,
using the equations described previously (10).

Stability Measurements by Chemical Denaturation. The
Gibbs free energy of unfolding (AG°y o) was measured using the
intrinsic fluorescence of Trp-140 to monitor unfolding as de-
scribed previously (24). GdmCl (UltraPure grade, Invitrogen Life
Technologies) was used as a denaturant. All measurements were
performed with an ATF-105 automated fluorometer (Aviv Inc.).
In the PHS background, in the transition region, 5 min was
allowed for equilibration following the addition of titrant. In the
A+PHS background, the delay time was between 40 and 8 min.
The protein concentration in these experiments was 50 ug/mL.
The buffers varied according to the pH of the experiment. They
consisted of 100 mM NaCl with 25 mM sodium acetate for pH
4-5.5,25mM MES for pH 5.5—6.5,25 mM HEPES for pH 7-8,
25 mM TAPS for pH 8-9, 25 mM CHES for pH 9—10, and
25 mM CAPS for pH 10—11. At the higher pH values, it is
difficult to regulate the pH during the titration because GdmCl
shifts the pK, of the buffer. The pH of the solutions at high pH
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drifted by as much as 0.1 pH unit over the course of a titration. At
the pH values at which the GdmCl titration curve did not reach a
native state baseline, the fluorescence value obtained for the
native state at other pH values was used to analyze the data to
obtain the thermodynamic parameters. The pH of the samples
was always checked at the end of each experiment. The final
concentration of GdmCI was also measured at the end of each
experiment by refractometry. All data were collected at 25 °C.

Potentiometric H' Titrations. The procedure for the
measurement of H titration curves of SNase with direct
potentiometric methods has been presented elsewhere (7, 11, 24).
The data were obtained with protein concentrations of 3—4 mg/mL.
The protein and water samples were titrated with HCI or KOH at
approximately 0.15 N. The reversibility of the titration curves was
tested routinely. All titration curves were measured in triplicate. All
data were collected at 25 °C in 100 mM KCI. The data were treated
by linear interpolation.

X-ray Crystallography. The V66K variant of PHS nuclease
was crystallized by the hanging drop vapor diffusion method at
4 °C. The reservoir solution consisted of 36.5—39% (v/v)
2-methyl-2,4-pentanediol and 15% glycerol in 25 mM potassium
phosphate buffer (pH 7.0). Two milliequivalents of the inhibitor
pdTp and 3 mequiv of CaCl, were added to a 9.6 mg/mL protein
solution before it was mixed with an equal volume of reservoir
solution. pdTp was synthesized in our laboratory (10). Crystals of
V66K PHS appeared in 1—2 weeks at 4 °C.

Diffraction data were collected under three conditions. Two data
sets were collected at 100 K, at pH 7 and 4.7, and the third was
collected at 298 K and pH 5. Data were collected from a single
crystal under each condition using an R-AXIS IV image plate
detector (MSC, The Woodlands, TX). To obtain data at pH 4.7,
crystals grown at pH 7 were transferred into drops of synthetic
mother liquor with successively lower pH values. Three transfers
were performed to reach a pH of 4.7. For the structure obtained at
pH 35, the crystal was transferred only twice. This procedure
minimized the cracking of crystals. For the low-temperature
structure, the crystal was mounted in a thin loop, with the crystal-
lization buffer as the cryosolvent, and flash-frozen under a stream
of nitrogen at 100 K. For the room-temperature structure, the
crystal was mounted in a thin-walled glass capillary in equilibrium
with the well solution. Crystals for all three data sets were found to
be isomorphous to those of V66E PHS (/1), and this structure was
used as an initial phasing model. Refinement for each structure was
conducted using CNS and O (25, 26). For the crystal at pH 7, data
were collected in the resolution range of 29.0—1.95 A. For the
crystal at pH 4.7, data were collected in the resolution range of
240—-2.0 A and the structure was refined to a final R value of
19.9% and an Ry 0f 23.57%. For the structure at pH 5, data were
collected in the resolution range of 27.0—2.2 A and the structure
was refined to a final R value of 18.76% and a final Ry, of 23.06%.
The electron density for the side chain of Lys-66 was fully visible in
the electron density maps at pH 7, mostly visible at pH 5, and
totally unresolvable from Cf to the amino moiety at pH 4.7.

RESULTS

The goal of this study was to examine the structural con-
sequences of the ionization of the internal Lys-66, Asp-66, and
Glu-66 in SNase, with the intent of determining if conformational
reorganization coupled to their ionization was responsible for the
high apparent dielectric constants necessary to reproduce the pK,
values of these groups with continuum electrostatics calculations.
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FiGure 1: (A) pH dependence of thermodynamic stability (AG®.0)
measured by GdmCl denaturation monitored by changes in Trp
fluorescence for PHS (O) and A+PHS (@) and for V66D (O and W)
and V66E (a and A) variants of these proteins (empty symbols for
PHS and filled symbols for A+PHS). All data were recorded at 298 K
in 100 mM KCI. The error bars represent errors of the fit of individual
denaturation experiments. The lines are meant only to guide the eye.
(B) Difference in stability (AG®py — AG®pack) between PHS and its
V66D (O) and V66E (A) variants and between A+PHS and its V66D
(W) and VO66E (a) variants. The dashed curves through the data
represent fits to eq 3 of ref /0 for the PHS (---) and A+PHS (---)
proteins.

To this end, we compared the energetics of ionization of Lys-66,
Asp-66, and Glu-66 in two different forms of SNase engineered to
be more stable than the wild-type protein. One of these proteins,
termed A+PHS, has a deletion of residues 44 to 49 and five
substitutions (P117G, H124A, S128L, G50F, and V51IN) relative
to the wild-type protein. The stability (AG°y o) of A+PHS at
pH 7 and an ionic strength of 100 mM is 11.8 kcal/mol (10). The
other form of SNase used in this study is known as PHS SNase
after the three substitutions (P117G, H124A, and S128L) used to
engineer it. PHS has a stability of 8 kcal/mol at pH 7, 298 K, and
an ionic strength of 100 mM. The pK, values of Lys-66, Asp-66,
and Glu-66 were reported previously (7, 8, 10, 11), but the
published data were not sufficient for comparison of the proper-
ties of the different internal ionizable groups in background
proteins with different stabilities.

The A+PHS protein was used in the original studies of pK,
values of internal ionizable residues precisely because of its high
stability, to counterbalance the destabilization of the protein
when core hydrophobic positions are substituted with ionizable
ones, and to maximize the range of pH over which the proteins
are stable (27). By using the less stable PHS background protein,
we hoped to unmask conformational transitions coupled to the
ionization of the internal groups.

Stability Measured by Chemical Denaturation. The ther-
modynamic stabilities (AG®y,0) of PHS and A+PHS and of their
V66D and V66E variants, measured over a range of pH values,
are shown in Figure 1A. The shape of the pH dependence of the
stability of the variants with Asp-66 and Glu-66 is characteristic
of proteins with carboxylic groups with the pK, value shifted
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toward values higher than the normal pK, values of 4.0 and
4.5 for Asp and Glu in water, respectively. The direction of the
shifts in pK, is consistent with a preference for the neutral state
when the groups are buried in the hydrophobic interior of the
folded protein.

The stabilities of the PHS and A+PHS proteins are roughly
parallel over a wide pH range, as are the two curves for the
corresponding variants with Asp-66 or Glu-66. For example, at
pH 7, the difference in AG®y o for the VO6E variant in PHS and
in A+PHS is almost 4 kcal/mol, comparable to the difference
between the PHS and A+PHS proteins at this pH. The differ-
ences (AAG°y,0) in AG°y,o for variants with either a V66D or
a V6OE substitution in PHS and in the A+PHS background
(i.e., AG°y,0 of the variant minus AG°y o for the background)
also superimpose very well (Figure 1B). This implies that the
substitutions at Val-66 have a comparable impact on AG° o in
the two different background proteins.

pK, of Lys-66, Glu-66, and Asp-66. The shape of the
AAG®y o versus pH curves in Figure 1B reflects differences in the
pK, values of Asp-66 and Glu-66 in the native and denatured
states. The two regions where these curves exhibit a change in
curvature have information about pK, values. The use of linkage
thermodynamic relationships to obtain pK, values for the inter-
nal ionizable groups by analysis of these curves was described
previously (9, 10). pK, values were also measured with direct
potentiometric methods, as described previously (8). These
experiments involve measurement of H* binding and release of
the background protein and of the variant with the internal
ionizable group, as illustrated for the V66D PHS variant in
Figure 2. This approach works only if the shift in the pK, of

'
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FIGURE 2: Potentiometric H" binding measured with PHS (O) and
the V66D PHS variant (@) at 298 K in 100 mM KCI. The solid lines
represent cubic linear interpolation. The solid line in the inset shows
the difference between the interpolated curves for these two proteins,
and the dotted line represents the fit to eq 4 of ref /0, with the
amplitude of the titration fixed as 1.
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the internal group is significant, and if the substitution does not
affect the pK, values of other groups, as is the case with the
variants of interest to this study. The H" titration curves of PHS
and of its V66D variant (Figure 2, inset) show that at high pH
values more protons are released by the PHS protein than by the
V66D PHS variant, consistent with the ionization of Asp-66 with
an apparent pK, value near 8.

The pK, values measured with the two different equilibrium
thermodynamic methods (linkage of AAG°y o vs pH or poten-
tiometric measurements) are comparable (Table 1). The differ-
ences between the pK, values of Asp-66 and Lys-66 in the
different background proteins are noteworthy. The shift in the
pK, of Asp-66 and Lys-66 is smaller by almost a full pK, unit in
the less stable PHS form of SNase than in the A+PHS protein.
This dependence of the pK, values on the stability of the
background protein is consistent with the ionization of these
groups being coupled to local or global unfolding. In the case of
Glu-66, the pK, values measured in the two different background
proteins were comparable (Table 1). This does not necessarily
exclude coupling between the ionization of Glu-66 and structural
reorganization, but it does imply that the magnitude of the shift
in the pK, of this group was not limited by the global stability of
the protein.

Detection of Conformational Changes with Trp Fluor-
escence and CD Spectroscopy. Acid—base titrations moni-
tored with three different types of spectroscopic signals were used
to detect conformational reorganization coupled to the ioniza-
tion of internal groups: (1) intrinsic fluorescence of Trp-140,
which is known to be an excellent reporter of global unfolding of
SNase (21, 28, 29); (2) far-UV CD at 222 nm, which reports
primarily on the a-helical contents of the protein, with some
contribution from fS-sheets; and (3) near-UV CD at 275 nm,
which reports primarily on the microenvironments of the aro-
matic residues, which are abundant in SNase.

Large differences were observed in the pH titrations of the
PHS and A+PHS proteins monitored with the different spectro-
scopic probes (Figure 3). A broad predenaturational transi-
tion was observed for these two proteins at pH >9 by both
fluorescence and near-UV CD (Figure 3A,B). In the titrations
monitored by Trp fluorescence (empty black and filled red
circles), this likely reflects contributions from tyrosinate, which
begins to be formed in this pH range and which is fluorescent (7).
In the near-UV CD, this predenaturational transition at high pH
might also be related to changes in the conformational state of
tyrosine residues. The steep cooperative transition reported for
both proteins by all three probes at high pH corresponds to the
base unfolding transition; the midpoint of this transition reported
by the different probes is the same (Table 2).

Table 1: Summary of pK, Values of Asp-66, Glu-66, and Lys-66 in SNase

residue background protein pK, by potentiometry? pK, from chemical denaturation
Asp-66 PHS“ 7.97 (7.85, 8.07) 8.05 (7.86, 8.25)

Asp-66 A+PHS? 8.95¢(8.92, 8.99) 8.73%(8.45,9.03)
Glu-66 PHS 8.80"(8.70, 8.90) 8.99 (8.73,9.28)

Glu-66 A+PHS 9.07 (9.00, 9.10) 8.80 (8.48,9.14)

Lys-66 PHS 6.35% (6.25, 6.45) -

Lys-66 A+PHS 5.63" (5.60, 5.64) 5.83" (5.61, 6.05)
Lys-66 wild type“ - 6.38' (6.01, 6.75)

“Stable form of nuclease engineered with three substitutions: P117G, H124A, and S128L. “Stable form of nuclease engineered from PHS with G50F and
V51N substitutions and a deletion of residues 44—49. “Measured with the V66K variant of the wild-type protein. “In the fits, the amplitude of the difference
H™ binding curves (Figure 2, inset) was fixed at 1.0. “From ref /0. “From ref /1. *From ref 8. "From ref 7. ‘From ref 9.
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FIGURE 3: Acid—base titrations monitored by Trp fluorescence
(O and @), far-UV CD at 222 nm (A and a), and near-UV CD at
275 nm (O and M) for variants of PHS of A+PHS. The line represents
nonlinear square fits of two-state (eq 1 of ref 10) or three-state (eq 2 of
ref 10) models to the data. (A) Base titration of A+PHS (black), PHS
(red), V66D A-+PHS (green), and V66D PHS (blue). (B) Base
titration of A+PHS (black), PHS (red), V66E A+PHS (green), and
V66E PHS (blue). (C) Acid titration of A+PHS (black), PHS (red),
V66K A+PHS (green), and V66K PHS (blue).

The acid—base titrations of the V66K, V66D, and V66E
variants in the A+PHS background (Figure 3A—C, green curves)
showed evidence of conformational reorganization coincident
with the ionization of the internal ionizable groups. This was
observed originally with the V66D A+PHS variant by far-UV
CD at 222 nm (/0); this prompted the reexamination of the
behavior of variants with Glu-66 and Lys-66, for which the effect
had gone unnoticed in previous studies of Trp fluorescence. The
titration of V66E A+PHS monitored by fluorescence and by
near-UV CD spectra showed no evidence of a conformational
transition in the range of pH 8—10, where Glu-66 with a pK, of
9.1 becomes charged. In contrast, titration monitored by far-UV
CD showed evidence of the disruption of a-helix and perhaps
even f3-sheet concomitant with the ionization of Glu-66. In the
V66K A+PHS protein, the coincidence between the pH titration
monitored by intrinsic fluorescence and by far-UV CD and their
similarity with the titration of the A+PHS protein monitored by
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Trp fluorescence obscured the conformational transition. The
conformational change coupled to the ionization of Lys-66 with a
pK, of 5.6 was more obvious when the titrations of V66K
A+PHS and A+PHS were compared in the far-UV and near-
UV CD.

The conformational changes coupled to the ionization of the
internal ionizable groups were amplified and more obvious when
the titrations were monitored in the variants engineered using the
less stable PHS background protein (Figure 3A—C, blue curves).
This was particularly clear in the pH titrations of the V66K PHS
and V66D PHS proteins. In the case of V66K PHS (Figure 3C,
blue curves), the three spectroscopic signals report a somewhat
biphasic, noncooperative unfolding, with one transition cen-
tered near the pK, values of 6.4 measured for Lys-66 in PHS
nuclease and a second acid unfolding transition at a lower pH
that reports on acid unfolding (Table 2). The intensity of the
three spectroscopic signals decreased significantly with decreas-
ing pH, suggesting that the ionization of Lys-66 in the PHS
background disrupts the native state. The case for a conforma-
tional transition coupled to the ionization of Asp-66 in V66D
PHS (Figure 3A, blue curves) is equally clear. The far-UV CD
signal monitored a monotonic titration in the range coincident
with the titration of Asp-66 with a pK, value of 8 (Table 2). The
near-UV CD and the intrinsic fluorescence signals exhibited a
biphasic response, with a first titration event at pH 8, coincident
with the pK, of Asp-66, and a second, well-defined titration
centered near pH 10. This second titration, corresponding to
global unfolding by a base, was also observed in the V66E PHS
variant.

Effects of Osmolytes on pK, Values. To further establish a
dependence between the measured pK, values of internal groups
and the stability of the parent protein, we repeated some
measurements in the presence of glycerol, which is known to
stabilize the native state of SNase (30). In general, stabilizing
osmolytes such as sucrose, glycerol, and TMAO promote the
native states of proteins because unfavorable interactions be-
tween the backbone and osmolytes are minimized in this
state (30).

Attempts were made to measure the pK, of Lys-66 in V66K
A+PHS and of Asp-66 in V66D PHS by potentiometry in the
presence of 4 M glycerol. The stabilizing effects of glycerol were
clearly evident in the wider pH range over which the proteins
remained folded (Figure 4). Because glycerol stabilized the
protein, the pK, value of Lys-66 measured in its presence was
expected to be lower than that in its absence; conversely, the pK,
value of Asp-66 was expected to be higher. The data were not of
the same high quality as those measured in water because of the
difficulties inherent to measurements in viscous solutions at high
glycerol concentrations. For this reason, we did not obtain pK,
values. However, the trends that were observed are fully con-
sistent with the notion that an agent that stabilizes the native state
and suppresses local and global unfolding leads to even greater
shifts in the pK, values. The biphasic pH titration monitored by
fluorescence with the V66D PHS protein in water became nearly
sigmoidal in the presence of 4 M glycerol (Figure 4), showing
clearly that the conformational reorganization coupled to the
ionization of Asp-66 was suppressed in the presence of a
stabilizing agent. The effects of osmolytes on the pK, of Lys-66
and Asp-66 were fully consistent with the notion that the pK,
values are governed by the local stability of their microenviron-
ments and by the probability of populating locally or partially
unfolded states.
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Table 2: Equilibrium Thermodynamic Parameters for Acid—Base Unfolding

variant background signal pHig” PHumid”
V66K A+PHS CD (A = 222 nm) 4.8°(4.2,5.6) 3.86°(3.83, 3.88)
CD (A = 275 nm) - 3.95(3.82, 4.01)
fluorescence 4.92¢(4.84, 4.99) 3.839(3.82, 3.83)
PHS CD (A = 222 nm) 6.38 (6.31, 6.47) -
CD (A = 275 nm) 6.72 (6.68, 6.76) 4.47 (4.32, 4.63)
fluorescence 6.257(6.24, 6.26) 4.53%(4.49, 4.57)
V66D A+PHS CD (A = 222 nm) 9.51¢(9.26, 9.74) 10.42¢(10.39, 10.45)
CD (A = 275 nm) - 10.40¢ (10.37, 10.45)
fluorescence 9.68°(9.63, 9.72) 10.41°¢(10.40, 10.42)
PHS CD (4 = 222 nm) 7.40 (7.34, 7.47) -
CD (A = 275 nm) 7.55(7.50, 7.60) 9.89 (9.81,9.97)
fluorescence 8.10 (8.04, 8.16) 9.97 (9.95, 9.99)
V66E A+PHS CD (A = 222 nm) 9.5(9.2,9.8) 10.7 (10.67, 10.73)
CD (A = 275 nm) - 10.73 (10.66, 10.80)
fluorescence 10.18 (10.12, 10.24) 10.67 (10.66, 10.69)
PHS CD (A = 222 nm) - 9.59 (9.49, 9.70)
CD (A = 275 nm) - 9.88 (9.72, 10.03)
fluorescence 9.44/ (9.41, 9.47) 10.07/(10.06, 10.08)

“Midpoint of the minor transition. “Midpoint of the cooperative transition corresponding to acid or base unfolding. ‘Data comparable to these were
presented previously (7). “Data comparable to these were presented previously (8). ‘Data comparable to these were presented previously (/0). ‘Data

comparable to these were presented previously (7).
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FIGURE 4: Acid—base titration of V66D PHS in the absence (®) and
presence (O) of 4 M glycerol, monitored by Trp fluorescence at 298 K.

X-ray Crystallography. Crystal structures have been obtained
previously for variants with Lys-66 (7, 9), Asp-66 (10), or Glu-66 (11),
but only at pH values at which these internal ionizable groups are
neutral. We have been unable to grow crystals of any of these variants
under pH conditions where the groups are presumably charged.
However, crystals of V66K PHS grown at pH 7 tolerated transfer to
pH <5, where Lys-66 is likely to be charged. The transfer from high
to low pH often led to the cracking of crystals, but by trial and error, it
eventually became possible to lower the pH of crystals without
damaging them.

The structures of the V66K variant that were previously
available were obtained in the wild-type background (9) and in
the A+PHS background (&) at pH 8 under cryogenic conditions.
The structure of the V66K variant of PHS was obtained under
three conditions: (1) at pH 7 under cryogenic conditions, (2) at pH
5 and room temperature, and (3) at pH 4.7 under cryogenic
conditions. The conformation of the backbone of all V66K
variants was nearly identical regardless of the conditions or of
the background used. The only relevant observation in the
structures of the V66K variant at lower pH values was that the
electron density for the side chain of the internal Lys-66, which is
clearly visible in maps at pH 7, could not be resolved at the lower
pH values. At pH 4.75, where in solution Lys-66 is presumably
fully charged, there was no density for the side chain, not even for

Cp. The absence of density for C suggested that the backbone in
this region of the protein was disordered. Additional, albeit
indirect and qualitative evidence for disorder in the backbone
came from comparison of the B factors for Ca atoms in the
structures obtained under cryogenic conditions at pH 7 and 4.7. In
the structure at low pH, where Lys-66 is presumably charged,” B
factors were significantly higher for the region of the a-helix in the
vicinity of residue 66, as well as being somewhat higher in the
adjacent f-1 strand (Figure 5). The more substantial loss of
a-helix measured by far-UV CD (Figure 3C) was not evident in
the crystals. Other cases in which conformational relaxation
induced by the formation of a buried charge is evident in optical
spectroscopic methods but not in crystal structures have been
reported (37). In the case of the structure with ionized Lys-66, three
factors could have stabilized the fully folded state in the crystal and
obscured the conformational relaxation observed spectroscopi-
cally. First, lattice forces in the crystal can influence the conforma-
tion of the protein and selectively stabilize the folded state relative
to the fully folded one. Second, the osmotic properties of the
solution used to grow crystals must stabilize the native state.
Crystals were grown with MPD, which probably destabilizes
SNase, but glycerol was included in the drops, which enhances
the stability of SNase. Third, the crystals were grown in the
presence of Ca>* and the inhibitor pdTp, which bind at the active
site with high affinity and stabilize the native state significantly.

DISCUSSION

The very large shifts in the pK, values of Lys-66, Glu-66,
and Asp-66 in SNase relative to the normal values in water, and
in the direction that favors the neutral state, imply that the

The pK, of Lys-66 was measured in solution, but the pK, of Lys-66
when the protein is in a crystal is not known. If crystal packing affects
the ability of the protein to respond to the ionization of this Lys residue,
the pK, in the crystal will be affected. In fact, if crystal contacts
destabilize the unfolded form or stabilize the folded form, the pK, of
Lys-66 could be even lower in the crystal than in solution. If this were the
case, Lys-66 in the crystal at low pH might be fully or partially
deprotonated. This would be consistent with the absence of more
significant conformational reorganization in the crystal structure.
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FIGURE 5: B factors in the structures of V66K PHS at pH 7 (left) and pH 4.7 (right). The side chain of Lys-66 is shown as gray spheres in the pH 7
structure. The color bar identifies high and low B factors. This figure was drawn with PyMol (57).

microenvironment of the ionizable moieties inside the protein is
not as polarizable as water. What is noteworthy is that, although
the shifts in the pK, values of these residues are very large, they
are actually consistent with high apparent polarizability in the
protein interior (7, 10, 11), comparable to that of a material with
a dielectric constant of 10. A dielectric constant of 10 is very
high relative to the value of 2—4 measured with dry protein
powders (15—17). It is in the range of dielectric constants
expected from highly polar and polarizable materials. Similarly
high apparent dielectric constants are reported by naturally
occurring internal ionizable groups in active sites of enzymes
and in many other types of proteins (7, 2, 8, 32).

The spectroscopic data demonstrate unequivocally that the
ionization of Lys-66, Asp-66, and Glu-66 in SNase triggers
structural reorganization. Because the probability of structural
transitions is determined by the free energy difference between
the ground state and the alternative conformational state
achieved when the internal ionizable groups are charged, the
pK, values of the internal ionizable groups are sensitive to the
global stability of the protein. Structural reorganization was
made more readily apparent by lowering modestly the stability of
the background protein used to study the ionization of the
internal groups. The structural changes coupled to the ionization
of the internal groups appear to be subtle, leaving most of the
native structure of the protein intact, especially in the more stable
A+PHS protein. This is consistent with the interpretation given
to magnetic relaxation dispersion studies of the V66E and V66K
variants of A+PHS (33).

The demonstration that the ionization of an internal group is
coupled to a conformational transition and dependent on the
global stability of the protein used for the measurements is
significant. It implies that the pK, values of internal groups need
not report on the true polarizability of their microenvironment.
At least in the case of Lys-66, Asp-66, and Glu-66, their pK,
values report on the local or global stability of the protein. The
apparent dielectric constants obtained from these pK, values are
not interpretable in terms of dielectric permittivity proper; they
reflect the dielectric breakdown of the protein.

Details of the nature of the conformational reorganization
coupled to the ionization of Lys, Asp, or Glu at position 66 in
SNase are not known at this time. NMR spectroscopy studies
that aim to examine these conformational transitions in depth are
underway. It is likely that in the conformational state stabilized
by the ionization of the internal group the previously buried

charged moieties are well-hydrated. On the basis of the location
of position 66 at the C-terminal end of an a-helix (Figure 4) and
the characteristic loss of intensity in the far-UV CD at 222 nm
where a-helices contribute, we speculated (/0) that the ionization
of Asp-66 triggers the partial unwinding of helix 1. The structural
change coupled to the ionization of Lys-66 and Glu-66 is
probably similar. The spectroscopic data measured with the
variants made with the A+PHS background protein suggest that
the conformational transition involves subtle local or subglobal
rearrangement. In all cases, the structural transition triggered by
the ionization of the internal groups precedes a steep cooperative
transition corresponding to the global acid or base unfolding.
This further shows that substantial nativelike structure is still
present after the internal groups are charged.

The conformational transitions coupled to the ionization of
internal groups observed with SNase and with other model
proteins (34) are probably similar to the conformational reorga-
nization coupled to the ionization of naturally occurring internal
ionizable groups (18, 35, 36). Conformational transitions coupled
to the ionization of naturally occurring internal groups are
usually functionally relevant, and an important recurring motif
central to energy transduction. For example, the kinetic mechan-
ism of H" transport in bacteriorhodopsin depends on the
modulation of pK, values through reorganization of main chain
and side chain atoms inside the protein (37—39). In ATP
synthase, the utilization of the protonmotive force by the FO
subunit is governed by the coupling between conformational
reorganization and changes in the charged state of a critical
carboxylate (40). The photoactive yellow protein undergoes a
substantial conformational change in response to the formation
of a buried charge during its cycle of biological function (4/—43).
The partially unfolded state promoted by the ionization of an
internal group is the form of this protein that is active in signaling.
In all these cases, the ultimate goal of dissection of structure—
function relationships will involve understanding the nature of
the conformational transition triggered by the ionization of an
internal group.

Demonstration that the pK, values of Lys-66, Asp-66, and
Glu-66 in SNase are governed by the stability and conforma-
tional reorganization of the protein has significant implications
for structure-based pK, calculations. It is well-known that
structure-based electrostatic calculations with continuum models
overestimate the magnitude of electrostatic effects in proteins
(13, 44—47). The properties of internal ionizable groups are
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notoriously difficult to reproduce with these methods (7, 10, 13,
19, 20). At least in the case of the internal Lys-66, Asp-66, and
Glu-66 in SNase, the problems stem from the inability of
computational models to account for the energetic consequences
of coupling between ionization of an internal residue and
conformational reorganization.

The demonstration that the pK, values of some internal
ionizable groups are linked to global and local stability
underscores inherent limitations of continuum electrostatics
calculations with static structures. The problems can be
addressed through the empirical use of high dielectric con-
stants (7, 10, 13, 19, 20), but this is a poor solution to a complex
problem. More rigorous methods that employ Monte Carlo
side chain repacking (48, 49) or molecular dynamics simula-
tions (50, 51) are available. Our spectroscopic evidence show-
ing that the conformation of the backbone changes during the
titration of internal ionizable groups suggests that methods
capable of sampling alternate conformations of the backbone
will be necessary to study biologically important processes
governed by the ionization of internal groups. A variety of
novel computational methods have been proposed for these
purposes (52—56). These methods attempt to calculate pK,
values of internal ionizable groups by reproducing conforma-
tional transitions coupled to their ionization, as proposed
originally by Warshel and co-workers in their PDLD/S-LRA
algorithm (36). Doing this accurately will require calculation
of the thermodynamic stability of proteins, which is still a
challenging undertaking. At the very least, it will be necessary
to drive the protein across a free energy landscape, pushing it
out of local minima, with self-consistent evaluation of free
energy along the way (54).

Finally, we note that substitution of internal hydrophobic
residues with ionizable ones might turn out to be a useful strategy
for mapping the folding free energy landscapes of proteins.
Because folding is usually highly cooperative, folding intermedi-
ates are suppressed, presently only transiently, and difficult to
study. Our results suggest that by charging an internal group it is
possible to stabilize the partially unfolded state that can then be
studied with equilibrium thermodynamic methods. We speculate
that the driving force behind the partial or local unfolding
promoted by the ionization of an internal group is the need for
the internal charge to be hydrated. Sometimes this will be
achieved by the penetration of water into the protein. Clearly,
in other cases, when partially folded states in which the internal
charge is hydrated are accessible, the ionization of the internal
group will promote these alternative, partially folded states.
Although it will be difficult to establish that these partially folded
states are relevant to the protein folding reaction proper, the
possibility of measuring the free energy distance between the fully
folded state and many such partially unfolded states would give
truly novel insight into the properties of the folding free energy
landscape of proteins.
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