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Abstract
The side chains of Lys-66, Asp-66, and Glu-66 in staphylococcal nuclease (SNase) are fully
buried and surrounded mainly by hydrophobic matter, save for internal water molecules associated
with carboxylic oxygen atoms. These ionizable side chains titrate with pKa values of 5.7, 8.8 and
8.9, respectively. To reproduce these pKa values with continuum electrostatics calculations the
protein has to be treated with high dielectric constants. We have examined structural origins of
these high apparent dielectric constants by using NMR spectroscopy to characterize the structural
response to the ionization of these internal side chains. Substitution of Val-66 with Lys-66 and
Asp-66 led to increased conformational fluctuations in the microenvironments surrounding these
groups, even under conditions of pH where Lys-66 and Asp-66 are neutral. When Lys-66, Asp-66
and Glu-66 are charged the proteins remain almost fully folded but resonances for a few backbone
amides adjacent to the internal ionizable residues are broadened. This suggests that the ionization
of the internal groups promotes a local increase in dynamics on the intermediate timescale,
consistent with either partial unfolding or increased backbone fluctuations in helix-1 near residue
66, or, less likely, with increased fluctuations of the charges side chains at position 66. These
experiments confirm that the high apparent dielectric constants reported by the internal Lys-66,
Asp-66 and Glu-66 reflect localized changes in conformational fluctuations without incurring
detectable, global structural reorganization. To improve structure-based pKa calculations in
proteins this coupling between ionization of internal groups and local changes in conformational
fluctuations will have to be treated explicitly.
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Internal ionizable groups in proteins are essential for many biochemical processes1–7. With
few exceptions8, the protein interior is typically neither as polar nor as polarizable as water;
therefore, internal ionizable groups usually titrate with unusual pKa values that are shifted in
the direction that favors the neutral state (i.e., the pKa of internal basic groups are depressed
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and those of internal acidic groups are elevated)9–14. Owing to their importance in energy
transduction and other critical biochemical processes, it is of interest to examine in detail the
molecular determinants of pKa value of internal groups.

Some of the factors that can influence the pKa of an internal group are its interactions with
surface charges15–17 and with permanent and induced dipoles15,16,18, the reaction field of
bulk water19, reorientation of protein permanent dipoles coupled to ionization18,20,21, and
interactions with internal water molecules9–11,22,23. The importance of these factors is
greatly diminished when the ionization of an internal group triggers significant
conformational reorganization. The probability of conformational reorganization is governed
partly by the global stability of the native state because this determines the energy gap
between the fully folded state and partially or locally unfolded states in which previously
buried charged groups can make contact with water. The main goal of this study was to use
NMR spectroscopy to examine the type of structural reorganization and changes in
conformational fluctuations that can be triggered by the ionization of internal groups.

Val-66 in staphylococcal nuclease (SNase) is embedded in the major hydrophobic core (Fig.
1). Previous studies have shown that the side chains of Lys-66, Asp-66 and Glu-66
engineered by replacement of Val-66 with site-directed mutagenesis are buried deeply in the
core9–11,24,25. These groups titrate with pKa values that are shifted by almost 5 pKa units
relative to their normal pKa in water9,10,24,25. In structure-based calculations with continuum
electrostatics methods the protein has to be treated with dielectric constants near 10 to
reproduce the experimental pKa values9,10,24. This dielectric constant is much greater than
the values of 2 to 4 measured experimentally with highly dehydrated proteins in parallel
plate capacitor experiments26–30, and more similar to the dielectric constants of highly polar
and polarizable compounds such as liquid amides31.

The high apparent dielectric constant reported by Lys-66, Asp-66 and Glu-66 was
rationalized initially in terms of internal water molecules that were observed near the
carboxylic groups of Asp-66 and Glu-66 in crystal structures obtained under cryogenic
conditions9,10,24. However, these internal water molecules are not observed in the variant
with Lys-669,11,25 or in structures obtained at room temperature22. Furthermore, no internal
water molecules with long residence times were found in magnetic resonance dispersion
(MRD) studies with the V66K and V66E variants32.

Another hint of the likely structural origins of the high apparent dielectric constant reported
by these ionizable groups came from the small changes observed in far UV-CD spectra
when Asp-66 is ionized, which are consistent with the loss of a small amount of α-helix24.
A similar response was observed with the ionization of Lys-66 and Glu-6633. The
significance of these observations is that they suggest that the high apparent polarizability
reported by Lys-66, Asp-66 and Glu-66 in SNase originates from conformational
reorganization of the backbone when the internal residues become charged. This is also
suggested by molecular dynamics calculations showing modest local unfolding and
relaxation of the backbone in response to the ionization of these internal ionizable
groups23,34–36. Other simulations have also attempted to rationalize the properties of some
of these internal ionizable groups in SNase in terms of their ability to promote
conformational change upon ionization37–39.

We present results of NMR spectroscopy studies designed to examine the structural
response of SNase to the ionization of Lys-66, Asp-66, and Glu-66. One goal was to
determine how the response of the protein depended on the type of side chain, its size, and
its polarity. 1H, 15N HSQC spectra were acquired over a range of pH values to demonstrate
that the proteins were folded both when the internal ionizable groups were neutral and also
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when they were charged. Backbone assignments were completed for the variants with
Asp-66 and Lys-66 with standard three-dimensional methods. Chemical shift analysis was
performed to examine structural changes related to the substitution of Val-66 with Lys, Asp,
or Glu and to the ionization of these internal groups. Hydrogen exchange data were obtained
to describe qualitatively the effects of the ionization of Lys-66 on the structure. The data
show that the ionization of the internal groups can trigger subtle structural changes. These
data demonstrate the essential role of conformational reorganization or relaxation as a
determinant of the magnitude of electrostatic forces in proteins and as a determinant of pKa
values of internal groups. Our results imply that the accuracy of computational methods for
structure-based electrostatics calculations with proteins cannot improve unless
conformational reorganization triggered by the ionization of internal groups is treated
explicitly. These experimental data will guide the development of improved methods that
attempt to solve this challenging problem37–45.

Results
Staphyloccocal nuclease consists of a small β-barrel and three α-helices46. Position 66 is
near the C terminus of helix-1 (Fig. 1). Because the substitution of internal hydrophobic
groups in SNase with ionizable residues is always destabilizing47, all studies were
performed with a highly stable variant of SNase known as Δ+PHS. At pH 7 the stability of
this protein is 11.8 kcal/mol24. This high stability ensured that pH titrations could be
performed over a wide range of pH without inducing acid or base denaturation. The Δ+PHS/
V66E variant was examined less extensively than the variants with V66D and V66K
substitutions owing to its tendency to aggregate and precipitate at pH values above pH 8.0 at
concentrations necessary for NMR spectroscopy. The pKa values of the ionizable groups of
interest have been measured previously: Lys-66 titrates with a pKa of 5.725 and Glu-66 and
Asp-66 titrate with pKa values of 8.8 and 8.9, respectively 10,24. These pKa values are very
different from the normal values of 10.4, 4.0 and 4.5 for the titration of Lys, Asp, and Glu in
water, respectively.

Spectral assignments
The 1H, 15N HSQC spectra of the Δ+PHS reference protein and of variants with V66D and
V66E were similar at pH 7.8 (Fig. 2A) and pH 10.0 (Fig. 2B). In the spectra in Figure 2A
the internal Asp-66 and Glu-66 are neutral whereas in the spectra in Figure 2B they are
charged. The 1H, 15N HSQC spectra of the V66K variant were compared with those of the
Δ+PHS background protein at pH 6.7, where Lys-66 is neutral, (Fig. 2C) and at pH 4.7,
where Lys-66 is charged (Fig. 2D).

Sequential backbone assignments of 13Cα, 13Cβ, 15N, and 1HN backbone resonances in the
⊗+PHS/V66K protein were obtained at pH 6.7 and 4.6 using the HNCACB48 and
CBCA(CO)NH49 3D experiments at 25°C (assignments at pH 6.7 are available from the
BMRB at www.bmrb.wisc.edu, accession #16123; assignments at pH 4.6 are reported in
Table S1 in the supplementary information). At pH 6.7 in the ⊗+PHS/V66K variant it was
possible to assign residues 12–41 and 52–145 (positions 44–49 are not present in the ⊗
+PHS protein; prolines and a few severely overlapped resonances could not be assigned). At
pH 4.6, it was possible to assign residues 2–40, 43, 51–61, and 71–149. In general,
resonances were better resolved at pH 4.6. At this pH it was possible to assign many of the
residues near the N- and C-termini. However, in the ⊗+PHS/V66K protein, residues 62–70
could not be assigned at this low pH, where Lys-66 is charged, owing to broadening of
the 1HN signal below the observable threshold. This important observation is discussed
ahead.
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In the ⊗+PHS/V66D variant at pH 7.9 (where Asp-66 is neutral) it was possible to assign
residues 7–27, 29–43, 50–62, 64, 68–69, 71–79, 82–83, 85–97, 99–112, 119–142 and 149
(the segment 44–49 correspond to the loop, which is deleted in the ⊗+PHS protein.)
Assignments are listed in Table S2 of the supplementary material. Proline residues could not
be assigned; many of the gaps in the assignments corresponded to loop regions (28, 80, 84,
113–118) or the N- and C- termini (1–6, 143–148), which were not observable at high pH
owing to increased OH− catalyzed amide exchange. Resonances corresponding to residues
near position 66 in the middle of helix-1 (63, 65, 66, and 67) were also not observed at pH
7.9 in the V66D protein. These same resonances are clearly observable in the Δ+PHS
background at pH 7.9. Owing to broadening of many backbone resonances at high pH, the
result of increased OH− catalyzed amide exchange, assignments for V66D were not
performed at pH 10, where Asp-66 is charged.

Secondary structure identified through chemical shift analysis
Chemical shift index (CSI) analysis of the 13Cα chemical shift data was used to examine the
distribution of secondary structure in variants with V66K and V66D substitutions. The
analysis takes advantage of the strong correlation between the 13Cα chemical shift and
backbone conformation (i.e., α-helix or β-sheet)50,51. The 13Cα CSI analysis was performed
on the chemical shift data from Δ+PHS at pH 6.7 (Fig. 3A), Δ+PHS/V66K at both pH 6.7
(Fig. 3B) and 4.6 (data not shown), and Δ+PHS/V66D at pH 7.9 (Fig. 3C). The secondary
structure identified in the Δ+PHS reference protein and in variants with V66K and V66D
substitutions was comparable.

The ⊗+PHS/V66K protein at pH 6.7 has β-sheet at positions 22–27, 39–41, 71–75, 88–94,
and 108–110, and α-helix at 53–68, 98–105, and 122–135. At pH 4.6, β-sheet was found at
22–27, 39–43, 71–75, 88–94, and 108–110, and α-helix at 53–61, 98–105, and 122–135.
Results for V66D at pH 7.9 were similar. β-strands 1 and 3 (shown in Fig. 1A at residues
10–17 and 30–36) were not identified by the CSI algorithm in either the ⊗+PHS reference
protein or in the V66K or V66D variants thereof. The insensitivity of the analysis to β-sheet
at these regions is likely due to the use of a single type of chemical shift, which limits
identification rate to 80–85%51.

To extend the CSI predictions, the chemical shift data (13Cα, 13Cβ, 1HN, and 15N) were also
analyzed with the TALOS (Torsion Angle Likelihood Obtained from Shift and Sequence
Similarity) program52. In the ⊗+PHS reference protein at pH 7, TALOS analysis identified
the secondary structure that is observed in crystal structures, including the presence of β-
strands 1 and 3 in segments 10–17 and 30–36, respectively. The distribution of secondary
structure predicted with TALOS in the ⊗+PHS/V66K protein was normal and consistent
with the CSI results at both pH 6.7 and 4.6 (including the loss of signal at positions 62–70 at
low pH, where Lys-66 is charged). In this protein, β-strand 1 was predicted to extend from
9–14 at pH 6.7 and from 9–17 at pH 4.7. β-strand 3 was predicted from 32–37 at both values
of pH. Similarly, the distribution of secondary structure identified by TALOS analysis of ⊗
+PHS/V66D at pH 7.9 was normal and identical to ⊗+PHS at pH 6.7. All elements of
secondary structure detected by CSI and TALOS were comparable to the secondary
structure observed in the crystal structures of ⊗+PHS46 and of ⊗+PHS/V66D and ⊗+PHS/
V66K under conditions of pH where Asp-66 and Lys-66 are neutral10,11,24. The data show
that the secondary structure of ⊗+PHS is not affected by substitution of Val-66 with Asp or
with Lys.

Differences in 13Cα chemical (ΔΔδ(13Cα)) in the Δ+PHS/V66K protein between pH 6.7,
where Lys-66 is neutral, and pH 4.6, where it is charged, were calculated as follows (Fig.
4A):

Chimenti et al. Page 4

J Mol Biol. Author manuscript; available in PMC 2012 June 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(1)

Several resonances, including 13–17, 59, 72, and 92, exhibited large shifts. The significance
of these data are discussed ahead.

The Δδ(13Cα) chemical shift differences between Δ+PHS/V66D at pH 7.9, where Asp-66 is
mostly neutral, and Δ+PHS at pH 6.8 (the pH at which 13Cα data were available) are shown
in Figure 4B (the structure of Δ+PHS itself does not change significantly between pH 6.7
and 7.946). Figure 4B shows that at the vast majority of backbone positions there were only
small differences in 13Cα chemical shift (Δδ < ± 0.5 ppm). Apparently, the structure of the
Δ+PHS/V66D variant is unperturbed by the substitution of Val-66 with neutral Asp.
Resonances for Asp-21 and Thr-22 showed slightly larger deviations in 13Cα chemical
shifts. Asp-21 was found in previous work to have an unusually elevated pKa of 6.5 in Δ
+PHS46. The Δδ(13Cα) values at positions 21 and 22 probably reflect differences in the
charge state of Asp-21 between pH 6.8 and pH 7.9 in the Δ+PHS background. There was a
large shift of 0.8 ppm at Thr-62, which likely represents an interaction with the Asp-66 side
chain, as observed in crystal structures of variants with Asp-66 and Asn-6624. It should be
noted that Δδ(13Cα) values could not be calculated for residues 63 and 65–67 because they
are not observed at pH 7.9 in the variant with V66D.

pH titration of variants with Asp-66, Glu-66, and Lys-66 followed by 1H, 15N HSQC
To characterize structural changes in the Δ+PHS/V66D protein that are coupled to the
ionization of Asp-66, 1H, 15N HSQC spectra were obtained at pH 7.9, 8.4, 9.0, 9.3, and 10.1,
which bracket the pKa of 8.9 of Asp-66. Similarly, 1H, 15N HSQC spectra were acquired for
the Δ+PHS/V66E protein at pH 7.8 to 9.7, which bracket the pKa of 8.8 for Glu-66. The
data for the Δ+PHS/V66E protein were not analyzed quantitatively owing to severe line
broadening and loss of signal at a majority of cross peaks in the spectra at high pH. This is
likely due to the decreased stability of the V66E variant at high pH, where amide solvent
exchange is enhanced.

Chemical shift differences between the Δ+PHS/V66D and Δ+PHS/V66K variant (var)
proteins and the reference Δ+PHS protein, between high pH and low pH, were calculated as
follows:

(1)

The experimental error of the ΔΔδ(1HN) measurement was ±0.04 ppm. Figure 5A shows
the ΔΔδ(1HN) plotted by residue number for the protein with V66D. Most amides exhibited
differences less than 0.05 ppm. Many resonances could not be followed all the way up to pH
10 in either the variant or the Δ+PHS reference protein owing to solvent exchange of the
amide groups. Of those resonances that could be followed to the endpoint of the titration,
there were several with ΔΔδ(1HN) values > 0.1 ppm. Those with the largest changes
localized to the β-barrel, particularly in β-1 (resonances 13 and 16), β-2 (22), β-3 (34), and
β-5 (89 and 92). Additionally, resonances 60–62 and 64–68 were found to become line
broadened in both the 1H and 15N dimensions, resulting in a reduction of peak intensity
below the detectable threshold at high pH in V66D but not in Δ+PHS (63 exchanged at high
pH in both proteins). This group of residues in helix-1 are the same that enter intermediate
exchange in the Δ+PHS/V66K variant under conditions of pH where Lys-66 becomes
ionized (discussed ahead). Figure 5B shows the structural distribution of changes in
chemical shift coupled to the ionization of Asp-66.
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To characterize the effects of the ionization of Lys-66 on the structure of the ⊗+PHS/V66K
variant, 1H, 15N HSQC spectra were similarly collected at five pH values (6.7, 6.3, 5.7, 5.3,
4.6), which bracket the pKa of 5.7 of Lys-66. As had been observed previously in the 3D
experiments, the resonances of residues 62–70 were well resolved at pH 6.7, but broadened
below the observable threshold by the midpoint of the pH titration of Lys-66. The 1H, 15N
HSQC spectra were also collected at 32°C. This allowed identification of amides for
residues 62, 66, 68, and 70 all the way down to pH 4.6, where Lys-66 is charged.
The 1H, 15N HSQC spectra of ⊗+PHS/V66K at 25°C and 32°C overlaid well at both pH 6.7
and pH 4.6, with only minor temperature-induced shifts. Peak assignments were transferable
by visual inspection after an overall reference shift was applied to correct for the shift
induced by higher temperature (see Methods).

The amide proton chemical shift changes (ΔΔδ(1HN)) in ⊗+PHS/V66K between high and
low pH, including those measured at 32°C, are plotted by residue number in Figure 5C.
Very large ΔΔδ, some greater than ± 0.3 ppm, were detected when Lys-66 titrated. The
largest ΔΔδ(1HN) belong to a subset of positions, distributed throughout several elements of
secondary structure, but localized to regions near the side chain of Lys-66. The structural
distribution of the chemical shift changes (ΔΔδ(1HN)) is shown in Figure 5D. The largest
ΔΔδ(1HN) values (> ±0.2) are found within the subset of exchange-broadened residues at
positions 62, 66, 68, and 70. The N-terminal end of helix-1, at residues 58–61, also shows
large changes. In addition, residues in each of the five strands comprising the β-barrel
exhibit large (> ±0.1 ppm) or moderate (±0.05 to 0.1 ppm) ΔΔδ(1HN) values. Positions 13,
14, 16 (β1); 23, 26 (β2); 32–34 (β3); 72 (β4); and 92–94 (β5) were identified as having
large or moderate ΔΔδ(1HN) values.

2D CBCA(CO)NH of Δ+PHS/V66D and Δ+PHS/V66K
Because assignments of the variant with V66D at high pH were not feasible, a titration was
carried out with two dimensional CBCA(CO)NH experiments to verify that global structural
changes do not occur upon ionization of Asp-6646. The two dimensional version of this
standard NMR experiment correlates the 1HN chemical shift of the ith residue in the
backbone with the corresponding 13Cα and 13Cβ chemical shifts of the i-1 residue. The
peaks are not separated in 15N, as in the 3D experiment. The spectra were obtained at pH
7.9, 8.4, and 8.9 (see Fig. S1 of the supplementary info). Some peaks were lost at high pH
owing to line-broadening, as was the case in the 1H, 15N HSQC spectra at high pH. Of the
~65 peaks that remained well resolved (corresponding to those peaks visible in the 1H, 15N
HSQC titration at pH 8.9), there were no significant changes in 13Cα or 13Cβ chemical shifts
during titration with pH, further supporting the idea from previous studies of the V66D
variant24 that the overall structure of the protein remains largely intact, native-like and
comparable before and after the ionization of Asp-66.

To examine the variant with the V66K substitution further, a 2D 1H, 13C plane of the
CBCA(CO)NH experiment was performed at 32°C to attempt to observe the exchange-
broadened region of 62–70. Resonances corresponding to positions 62–64 and 66–70 in the
32°C spectrum could be assigned at pH 6.7. The 13Cα chemical shifts were monitored as a
function of pH for these residues. Because the resonances in the region of 62–70 were either
completely broadened or severely overlapped at pH values below 5.7, the ΔΔδ(13Cα) values
were only measured between pH 6.7 and pH 5.6. Only residues 66, 67, and 69 showed
significant shifts (> ±0.1 ppm) of 0.29, 0.29, and −0.31 ppm (±0.04 ppm), respectively. It
was not possible to follow Thr-62 to the midpoint of the titration owing to loss of intensity at
this resonance. These results are included in Figure 3A and indicated by an asterisk.
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Unusual chemical shift of a neutral Asp in a hydrophobic environment
A 2D 1H, 13C carbon-detected pulse sequence (CBCGCO) has been used previously to
measure pKa values of surface Asp and Glu residues in the Δ+PHS SNase46. This
experiment was performed with the V66D variant in an attempt to observe directly
the 13Cβ, 13Cγ resonance of the Asp-66 side chain to measure its pKa. Initially, two spectra
were acquired at 25 °C and pH values of 7.0 and 9.7. These values were chosen to observe
the Asp-66 resonance when the side chain was neutral (pH 7.0) and charged (pH 9.7). At
both pH 7.0 and 9.7 the Asp and Glu resonances that were observed corresponded to
resonances from surface Asp and Glu residues in the Δ+PHS spectrum assigned previously.
No new peaks were observed. The experiment was repeated at pH 6.5 and pH 5.0. At pH
6.5, no new peaks were observed but at pH 5.0, almost four pH units below the pKa of
Asp-66, a peak was observed that remained unaccounted for after assigning known peaks
from Δ+PHS (Fig. 6). The peak was in an extremely unusual position. It exhibited an
upfield chemical shift in 13Cγ, at ~170 ppm. For comparison, a typical solvent-exposed and
charged Asp Cγ will have a chemical shift between 178–182 ppm. The chemical shift of
the 13Cβ nucleus was similarly atypical, at ~38.5 ppm, whereas most Asp resonances are
usually found between 39.5 and 43.5 ppm (the sole exception is Asp-21 13Cβ at ~38.5 ppm,
which suggests that the active site Asp-21 may experience a hydrophobic
microenvironment, though not to the same degree as Asp-66). The new resonance
corresponds to Asp-66. Although it was impossible to use this signal to measure the pKa of
Asp-66 as intended, we can report the observation of this new resonance corresponding to a
carboxyl carbon in the neutral state and in a hydrophobic environment. The unusual spectral
position of this resonance might allow its use as an indicator of the polarity of
microenviornments of internal Asp and Glu residues.

Hydrogen exchange
Hydrogen exchange studies were performed to examine changes in structural fluctuations
coupled to the presence and ionization of internal groups53–55. The variant with Lys-66 was
selected for these studies because it titrates in the acidic range of pH, where problems
related to base-catalyzed amide exchange are avoided. The thermodynamic stability of the ⊗
+PHS and ⊗+PHS/V66K proteins are quite different (ΔG°H2O of ⊗+PHS at pH 7.5 is ~12
kcal/mol and for ⊗+PHS/V66K it is ~4.9 kcal/mol)9,11,24. Furthermore, the stability of the
V66K variant is highly pH dependent whereas the stability of the ⊗+PHS reference protein
is not. This precludes meaningful comparison of H/D exchange rates in these proteins. For
this reason, only a qualitative comparison was performed to examine the effects of Lys-66
on structural fluctuations detectable through hydrogen exchange. The goal was simply to
determine if the presence or ionization of Lys-66 changed the patterns of exchange.
Experiments were performed with ⊗+PHS/V66K and with the ⊗+PHS background protein
at pH* 6.9 and pH* 4.7, which brackets the pKa of Lys-66. Time points of 0, 24, and 72 hrs
were obtained. The dead time of the experiment was approximately 1 hr.

A comparison of the completely exchanged residues in ⊗+PHS/V66K and ⊗+PHS at pH*
6.9 and time 0 showed significant differences in the behavior of helix-1 and β sheets-1, 2,
and 3 (Fig. 7). Resonances 63–67 in the C-terminal end of helix-1 and residues 12, 13, 16,
22, 23, 24, 26, 34, 36, 88, and 89 in β-sheets 1, 2, 3, and 5 showed 100% loss of intensity in
the ⊗+PHS/V66K spectrum within the dead time of the experiment (~1 hr). In contrast,
resonances 63–67 were well resolved at time zero in ⊗+PHS with S/N ratios > 300. S/N
ratios for resonances 12, 13, 16, 22, 23, 24, 26, 34, 36, and 89 were > 175 in the ⊗+PHS
spectrum. Resonances corresponding to helix-2 and 3, β strand-4 and the C-terminal portion
of β strand-5 showed normal intensities at time zero in both spectra. At 72 hrs, the intensity
of the vast majority of resonances in the spectrum of the ⊗+PHS/V66K protein was reduced
by more than 90%. In contrast, the spectrum of the ⊗+PHS protein at 72 hrs retained many
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peaks with intensities reduced by less than 25%, especially in helices, strands, and in the
hydrophobic core. Results for ⊗+PHS/V66K at pH* 4.7 (where Lys-66 is charged) and time
zero were qualitatively very similar to those described at pH* 6.9, with resonances 62–67
completely exchanged within the dead time of the experiment.

Discussion
The substitution of the internal Val-66 in SNase with Lys, Asp or Glu is
destabilizing9–11,24,25. The crystal structures of variants with V66K, V66D and V66E
substitutions show that the introduction of these ionizable side chains has no measurable
effect on the conformation of the protein when the side chains are neutral9,24,25. In fact, the
crystal structures do not reveal anything obvious about structural origins of the high
apparent dielectric constant reported by these internal ionizable groups. Consistent with the
crystal structures, the 1H, 15N HSQC spectra of the variants with V66D, V66E, and V66K
under conditions of pH where the ionizable groups are neutral (Fig. 2A and C) show that
these proteins are folded and comparable to the reference protein. The 1H, 15N HSQC
spectrum of the V66D protein when Asp-66 was neutral had cross peaks that overlapped
with 75% of the corresponding assigned peaks in the spectrum of Δ+PHS. Similarly, more
than 70% of the resonances of the Δ+PHS protein were present in the Δ+PHS/V66K protein
when Lys-66 was neutral. The normal appearance of the HSQC spectra, the similarity with
the spectrum of the reference protein, and the normal distribution of secondary structure
predicted with TALOS analysis indicate that SNase tolerates the substitution of the core
Val-66 with ionizable groups of differing length, volume, and polarity, without detectable
changes in structure.

The CBCG(CO) experiment that was performed in an attempt to measure the pKa of Asp-66
directly did not achieve its intended goal. However, when this experiment was applied to Δ
+PHS/V66D at pH 5.0 it led to the discovery of a new carbon resonance with a highly
unusual chemical shift in the carbon spectrum. This resonance was observed only at pH 5.0
(Fig. 6); it was not observed at pH 6.5, 7.0, or 9.7. All other peaks in the pH 5.0 spectrum of
the Δ+PHS/V66D protein could be assigned unambiguously through visual inspection to
previously assigned resonances in the spectrum of Δ+PHS46. The additional resonance
likely belongs to the carboxyl carbon of Asp-66. The most interesting feature of this
resonance was the large upfield shift in Cγ = 170.1 ppm and in Cβ = 38.5 ppm. The putative
Asp-66 resonance is not the only one observed at this unusual Cβ position. The resonance
for Asp-21 is also in this region but has a more normal downfield shift in Cγ (Cγ=176.3
ppm, Cβ=38.6 ppm). As discussed previously, Asp-21 titrates with a pKa of 6.5 in the Δ
+PHS reference protein46. At pH 5 both Asp-21 and Asp-66 are neutral. The resonances
from both groups have the same Cβ chemical shift at pH 5.0 and were the only resonances
with such shifts. All other Asp residues in the protein are charged at this pH and were found
at Cβ chemical shifts > 39.5 ppm. The highly unusual upfield shift for the Cγ resonance of
Asp-66 appears to be characteristic of a nucleus in a highly hydrophobic environment. A
similar observation was made for Lys-66 in the neutral state56. This is fully consistent with
the observation in the crystal structure of the Δ+PHS/V66D variant showing that when
Asp-66 is neutral its side chain is buried completely in the hydrophobic core of the
protein24.

When the Δ+PHS/V66D variant was titrated from acid to basic pH, the Asp-66 cross peak
disappeared from the spectrum at pH 6.5, which is almost 2.5 pH units below its pKa. This
effect is probably related to the ionization of the nearby Asp-21, which titrates with a pKa of
6.546. This suggests that as the global thermodynamic stability of the Δ+PHS/V66D protein
decreases with increasing pH, a dynamic process sets in near pH 6 that governs the response
of the protein, or of this region of the protein, to the ionization of Asp-66. What is
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significant about this result is that the V66D substitution appears to promote increased
backbone fluctuations, even when Asp-66 is neutral. It is not clear whether these increased
backbone fluctuations are due to ionization of Asp-21 or to the loss of stability related to the
shift in the pKa of Asp-66. At pH 9.7, resonances corresponding to Asp-95 and Glu-67 in
the Δ+PHS/V66D protein disappear; this was not observed for those residues in the Δ+PHS
background. These residues are probably also affected by the dynamic process promoted by
the ionization of Asp-66.

The most important finding of this study concerns the elucidation of the structural basis of
the high apparent dielectric constants reported by the internal Lys-66, Asp-66 and Glu-66 in
SNase. The pKa values of these residues are shifted significantly relative to the normal pKa
of the ionizable groups in water9,11,24. This suggests that the protein cannot compensate
fully for the loss of hydration experienced by the ionizable moieties when they are buried in
the hydrophobic core. In structure-based calculations with a variety of electrostatics methods
the experimental pKa values of these groups are only reproduced when the protein was
treated arbitrarily with high dielectric constants9,11,25,38. Because all other possible
contributions (e.g. interactions with permanent dipoles and with other charges, with internal
water molecules, with the reaction field in bulk water, etc) are taken into consideration
explicitly in the calculations, conformational reorganization coupled to the ionization event
was the most likely origin of the high dielectric response.

Very modest structural reorganization was evident in the pH titrations of the ⊗+PHS/
V66D24 and ⊗+PHS/V66K9 proteins monitored by far-UV CD spectroscopy. The changes
were consistent with the loss of ~ 1.5 turns of helix. Recent studies of the effects of pH on
the crystal structure of ⊗+PHS/V66K showed that the side chain of Lys-66 becomes
increasingly disordered when Lys-66 becomes charged at low pH33. Furthermore, under
these conditions the C-terminal end of helix-1 and β-1 have unusually high temperature
factors relative to other regions in the structure. The fact that the ⊗+PHS/V66K protein is
enzymatically active at both pH 7 and 5.547 suggests that the protein can achieve a folded
and native-like state under conditions of pH where the internal Lys-66 is charged.

The present NMR studies have clarified things significantly. In the basic limit of the pH
titration of Δ+PHS/V66D and Δ+PHS, many resonances in turns and loops are exchanged
broadened. A subset of residues at positions 63, 65, 66, and 67 are also broadened at pH 7.9
in Δ+PHS/V66D, but are detectable in Δ+PHS. These residues flank position 66 and are
located near the C-terminal end of helix-1 (which spans 54–68). The introduction of Asp-66
appears to have promoted increased local fluctuations, even at pH 7.9, where this group is
mostly neutral. In the case of the Δ+PHS/V66K protein the loss of amide peaks for the
segment 62 to 70 in the 1H, 15N HSQC spectra coincides perfectly with the titration of
Lys-66. By extending the titration of Δ+PHS/V66D to pH 10.0, residues 60–68 were found
to be in intermediate exchange, similar to what was observed for the completely ionized
Lys-66 in Δ+PHS/V66K.

The effects of pH on chemical shift, as described in the ΔΔδ(1HN)pH values, were on the
order of ~0.1 ppm for the variant with V66D. These relatively minor amide proton shifts
were distributed throughout the β-barrel into which Asp-66 is packed. The ΔΔδ(1HN)
values did not suggest any significant global conformational change upon ionization of
Asp-66, consistent with previous data24. It was clear from the 1H, 15N HSQC spectrum at
pH 10 that Δ+PHS/V66D remained mostly folded after the titration of Asp-66. It is difficult
to ascertain whether the observed intermediate exchange behavior at residues 60–68 results
from increased backbone fluctuations or from the rapidly fluctuating charge on the Asp-66
side chain. Five observations support the notion that the broadening of cross peaks in the
segment 60 to 68 in these proteins is the result of increased fluctuations of the backbone.
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First, the loss of these cross peaks occurred at a pH where the side chain of Asp-66 was
mostly neutral, so broadening need not be caused by the electrostatic field of a fluctuating
internal charge. Second, the hydrogen exchange data on Δ+PHS/V66K showed a loss of
protection at amides 62–70 at a pH where Lys-66 was also mostly neutral. Third, the
broadening is observed mostly in helix-1 (red segments in Figs. 5B and 5D). If it were due
to a fluctuating electrostatic field, this effect might have been observed also in the β-barrel
against which Lys-66 or Asp-66 pack. Fourth, it is unlikely that both a negative and a
positive electrostatic field would have exactly the same broadening effect on the HSQC
spectra. Finally, we note that the pH titration of Δ+PHS/V66E in the 1H, 15N HSQC
experiment was similar to that of V66D; increased dynamics manifested as line-broadening
and loss of cross peak intensity from the spectrum when Glu-66 became ionized.
Additionally, the V66E protein showed an increasing tendency to precipitate out of solution
at pH ≥ 8 in concentrations suitable for NMR spectroscopy experiments. This suggests a
conformational change that has exposed hydrophobic regions of the protein.

The NMR spectroscopy data are fully consistent with a structural response to the ionization
of the internal Lys-66 in which the majority of the protein remains intact. The modest
response to the ionization event is localized to the immediate vicinity of Lys-66. For
example, the majority of the amide peaks in the 1H, 15N HSQC spectrum of ⊗+PHS/V66K
remained well resolved and in fast exchange throughout the titration. Peaks corresponding to
residues 62–70, however, were of special interest owing to their intermediate exchange
behavior at the mid-point of the pH titration of Lys-66. The onset of intermediate exchange
at these positions suggested that increased fluctuations drive exposure of the charged Lys-66
side chain to water. The smallest value of ΔΔδ(1HN) for residues in the range of 62–70 was
~0.22 ppm, suggesting an upper limit on the dynamics on the order of 10−2 seconds. At
32°C, amide peaks corresponding to residues 62, 66, 68, and 70 in the 1H, 15N HSQC
spectra could be observed through the titration of Lys-66. These residues exhibited the
largest ΔΔδ(1HN) values, on the order of ± 0.2–0.4 ppm. Three of these shifts were in the
upfield direction, suggesting a potential weakening of hydrogen bonding at these positions
as Lys-66 becomes ionized. The large magnitude of the ΔΔδ(1HN) values in the region of
62–70 may reflect the effects of a structural change in this region, but again, they could also
originate from a fluctuating electrostatic field from fluctuations from the charged side chain
of Lys-66. Contributions from both types of effects are possible although, as discussed for
Asp-66, the local changes to the backbone are more likely. The peaks for 62–70 did not
recover any intensity at the low pH endpoint, indicating that whatever processes (increased
fluctuations or a dynamic process driving exposure of Lys-66 to water) cause line-
broadening of residues around position 66 are not abated when Lys-66 is fully charged.

In addition to effects within helix-1, the data suggest that the relaxation process triggered by
the ionization of Lys-66 also affects the local chemical environment of the β-barrel where
Lys-66 is buried. Concomitant with the changes in the 1H, 15N HSQC spectrum at 62–70,
amide resonances corresponding to residues 13, 14, 16, 23, 26, 33, and 34 located in strands
1, 2, and 3 of the β-barrel also exhibited large ΔΔδ(1HN), on the order of ± 0.1–0.2 ppm.
They also showed intermediate exchange behavior at the mid-point of the titration of Lys-66
(though not as severe as resonances 62–70). Thus, it appears that β-1, β-2, and β-3 are also
affected mildly by the ionization of Lys-66. Val-23 contacts the buried Lys-66 side chain
and is located directly opposite the ionizable group. Val-23 and Phe-34 share a backbone
hydrogen bond across strands 2 and 3 of the β-barrel; Thr-13 and Met-26 share a backbone
hydrogen bond across strands 1 and 2. Interestingly, by the endpoint of the titration, residues
23, 26, and 34 recover most of their original linewidth and/or intensity present at the start of
the titration, suggesting that the hydrophobic core of the β-barrel experiences less
intermediate timescale fluctuations once Lys-66 is fully charged.
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The ΔΔδ(13Cα) values are fully consistent with what is reported by the amides; however,
they convey different information. As described above, changes in 13Cα chemical shifts can
be interpreted in terms of perturbations to backbone dihedral angles. Residues 13–17, 23, 59,
72, 88, 92, and 94 show the largest ΔΔδ(13Cα). This suggests that these positions
experience some structural perturbations when Lys-66 is charged. In particular, residues 14
to 17 exhibit values of similar magnitude and sign, suggesting a concerted transition in the
backbone structure at β-1. Val-23 has a ΔΔδ(13Cα) ~0.6 ppm; the Val side chain contacts
Lys-66 in the hydrophobic core and may be repacking upon ionization and reorganization of
Lys-66. Residues 59 and 72 flank the region that shows intermediate exchange in the NH
chemical shifts. These two positions also show the largest ΔΔδ(13Cα), suggesting that the
backbone is perturbed at these positions. This could take the form of a small hinging motion,
allowing Lys-66 room to access bulk water. Finally, residues 88, 92, 94, and 95 are located
in β4 and β5. They also appear to undergo a small rearrangement. A backbone perturbation
at these residues is consistent with the results from the HSQC data.

Within the region of residues 62–70, the measurement of ΔΔδ(13Cα) values was only
possible between the beginning of the titration of Lys-66 (pH 6.7) and the midpoint (pH
5.6). Thus, these values may only reflect half of their true magnitude, but they provide some
measure of the changes occurring in this region upon ionization of Lys-66. It can be seen
that residues 66, 67, and 69 all show ΔΔδ(13Cα) values on the order of ± 0.3 ppm. By the
endpoint of the titration these shifts could be as large as ± 0.6 ppm. That would put them in
the same range as the changes taking place elsewhere in the protein, suggesting a subtle
rearrangement of the backbone at this location. The ΔΔδ(13Cα) values for 63, 64, 68, and
70 are all negligibly small, suggesting that helix-1 does not adopt an unstructured
configuration between residues 62 and 70 when Lys-66 is charged. This region probably
retains most of its helical structure during the ionization of Lys-66, perhaps with a minor
perturbation localized at residues 66 and 67.

The results of the NMR spectroscopy experiments suggest that the ionization of the internal
Lys-66, Asp-66, and Glu-66 in SNase promotes local changes to the backbone. Overall, this
is consistent with what has been observed in extensive MD studies of ⊗+PHS/V66K with
standard and self-guided Langevin MD simulations34. It is also consistent with studies of the
V66D and V66E variants with free energy perturbation (FEP) methods with QM/MM
methods38 and studies of ⊗+PHS/V66E using FEP methods with an overcharging
protocol37. Although the results from the computational studies disagree on the specific
nature and extent of the relaxation process necessary to explain the ionization energetics of
Asp-66, Glu-66, and Lys-66, all the simulations concluded that a localized structural
transition, in some cases coupled with water penetration, is necessary to explain the
properties of these internal groups.

Molecular dynamics simulations analyzed with Fröhlich-Kirkwood theory of dielectrics
have been used previously to calculate dielectric properties of many proteins57– 60. These
calculations predicted protein dielectric constants as high as 40. These high protein dielectric
constants were shown to originate, in all cases, from the large, uncorrelated, anisotropic
motions of the charged side chains, which in the case of the proteins studied, are all on the
surface. When contributions from these charged side chains are excluded from the
calculations, the calculated protein dielectric constants were low, in the range 2 to 5,
implying that fluctuations in the backbone do not contribute significantly to the high protein
dielectric constant. These results are not in agreement with our experimental observations.
Although we cannot monitor directly the contributions from fluctuations of surface charges
to the high dielectric effect reported by the ionization of Lys-66, Asp-66, and Glu-66, the
experimental results are consistent with increased fluctuations or conformational
rearrangements of the backbone being the major determinant of the high protein dielectric
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constant. In the calculations it was the side chains not the backbone that were responsible for
the high dielectric constants of proteins whereas in the experiments it was fluctuations of the
backbone not of side chains that were responsible for the high apparent dielectric effect.
This discrepancy will likely be resolved as improved molecular dynamics simulations
become available that allow sampling of conformational reorganization of the backbone in
response to the ionization of an internal group.

Conclusions
This study contributes the first detailed description of mechanisms of dielectric relaxation
that can govern the pKa values of internal ionizable groups in proteins. In the V66K, V66D,
and V66E variants of the ⊗+PHS form of SNase, the ionizable side chains or Lys-66,
Asp-66, or Glu-66 cannot be solvated properly when they are buried in internal,
hydrophobic locations. Interaction with surface charges, with permanent dipoles, with
induced dipoles with the reaction field of bulk solvent, and with internal water molecules
appear not to be sufficient to neutralize the charged groups in their buried location. The
NMR studies show irrefutably that the ionization of the internal groups promotes an increase
in local fluctuations. The extreme line-broadening and very large changes in amide proton
chemical shifts observed in the region surrounding the ionizable moiety of Lys-66 or Asp-66
could be explained either in terms of fluctuating electrostatic fields emanating from the
flexible, charged side chain or in terms of local fluctuations of the backbone coupled to the
ionization of these groups. Both interpretations suggest increased mobility of the internal
ionizable side chain or local structural reorganization (local unfolding or transient disorder)
when the side chains are charged. Several lines of evidence suggest that reorganization or
increased fluctuations of the backbone are the likely source of the high apparent dielectric
constants reported by these internal ionizable groups in SNase. Increased fluctuations could
minimize the energetically unfavorable consequences of dehydration of the buried charged
ionizable groups, perhaps by enhancing their exposure to bulk water. Remarkably, the
ionization of Lys-66 and Asp-66 did not lead to large structural changes throughout the
protein; almost all changes are localized to the immediate vicinity of the side chain at
position 66. Changes occur locally, predominantly in helix-1 where position 66 is found, and
in β-1 and β-2, which are in contact with the side chain at position 66. Under conditions of
pH where Lys-66 and Asp-66 are charged, the conformation of helix-1 and β1 in the protein
may be slightly perturbed. Small perturbations would allow the charged moiety of the side
chain to become hydrated or to make contact with nearby polar moieties (the hydroxyl of
Thr-62, for example). The ionization of Glu-66 and Lys-66 appear to be more disruptive to
the β-barrel than the ionization of Asp-66. Fraying of the C-terminal end of helix-1 in the
slow time scale of the equilibrium thermodynamic experiments used to measure pKa values
may also play a role.

This study shows that the apparent dielectric constants needed to reproduce the experimental
pKa values of Asp-66, Glu-66, and Arg-66 with continuum electrostatics methods applied to
static structures are high9,11,25,38 because the dielectric constants have to reproduce
implicitly the consequences of local conformational reorganization that are not treated
explicitly in the calculations14. These NMR studies with variants of SNase show that
conformational reorganization in response to the ionization of an internal group can be as
subtle as minor, localized dynamic and structural changes. In all cases, the ionization of the
internal residue probably stabilizes an equilibrium state in which the group that was buried
when neutral, satisfies its requirement for hydration by exposure to bulk water or to water
molecules that visit the interior of the protein transiently.

Continuum electrostatic methods based on static protein structures are not designed to
reproduce the high apparent polarizibility in the protein interior that results from
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conformational and dynamic relaxation14. Improvements to existing continuum methods
will require explicit treatment of contributions from increased dynamics and perhaps also
explicit treatment of the partially unfolded states that might be populated in response to
ionization of internal groups. It has been shown that when conformational reorganization is
treated explicitly37,41, continuum methods can predict ionization properties of buried groups
while still treating the protein with low dielectric constant to account for the effects of
electronic polarizability. Unless the type of dielectric response described by these NMR
spectroscopy studies is treated explicitly in pKa calculations, the energetics of ionization of
internal groups will be overestimated.

Materials and Methods
Protein expression and purification

The highly stable Δ+PHS11 variant of SNase includes five substitutions (P117G, H124L,
S128A, G50F and V51N) and a deletion of residues 44–49. The QuikChange kit from
Stratagene (La Jolla, CA) was used to substitute Val-66 in the Δ+PHS background with
Asp, Glu, and Lys9,10,24. Proteins were expressed in E. coli BL21(DE3) cells using the
pET24a(+) expression vector. Cells were cultured in M9 minimal medium prepared
with 15N-labeled ammonium chloride and 13C-glucose (Sigma-Aldrich, St. Louis, MO).
Protein expression was induced by the addition of 1 mM IPTG to the culture medium.
Protein was purified following the method of Shortle and Meeker61. The protein was
determined to be greater than 98% pure by SDS-PAGE analysis. The concentration was
determined using an extinction coefficient of 15,600 M−1cm−1 at 280 nm.

NMR spectroscopy
Samples for NMR analysis were prepared in buffer by exchanging uniformly 15N-labeled
(or 15N/13C-labeled) protein from deionized, distilled H2O into the appropriate buffer in
Centricon YM-10 or Amicon Ultra 4 filter concentrators (Millipore, Billerica, MA).
Following several exchanges into buffer, samples were concentrated until a protein
concentration of between 0.5 and 1.0 mM was obtained. The pH of the sample was
measured on an Orion Research model 720A pH meter equipped with a 3-mm glass
combination electrode (Mettler Toledo). The pH was adjusted with 1-μL aliquots of
concentrated HCl and NaOH at 25°C. Phosphate buffer was used at pH values in the range
of pH 6.5–8.0, and prepared as follows: 25 mM sodium phosphate, 100 mM sodium chloride
in deionized, distilled H2O, with 10% D2O for field/frequency lock. Borate and acetate
buffers were prepared as above and used in the range of pH from 8.0–10.2 and 4.5–6.5,
respectively.

Two-dimensional (2D) 1H, 15N HSQC62,63 spectra were acquired at 25°C (actual sample
temperature)64. The 1H transmitter was set to the H2O peak at 4.76 ppm and the 15N carrier
was set at 118.09 ppm. A total of 4 or 8 transients/FID were acquired. Typical acquisition
time in t2 (1H) was 70 ms (840 complex points, spectral width of 10 ppm) and in t1 (15N) it
was 50 ms (100 complex points, spectral width of 35 ppm). The three-dimensional (3D)
HNCACB48 and CBCA(CO)NH49 experiments were used for sequential backbone
resonance assignments. The temperature was regulated to 25°C (actual sample temperature).
The 1H transmitter was set on the H2O peak, which was referenced to 4.76 ppm during
processing. The 15N carrier was set to 118 ppm, and the 13C carrier was set to the center of
the aliphatic region, 43 ppm. Typical spectral widths were 10,000, 10,250, and 1950 Hz
for 1H, 13C, and 15N respectively. The HNCACB experiment was acquired with 1280, 240,
and 86 total data points in each of the 1H, 13C, and 15N dimensions, respectively. Eight
transients were averaged per time increment. The CBCA(CO)NH experiment was acquired
with 1280, 128, and 86 total data points in each of the 1H, 13C, and 15N dimensions. Eight
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transients were averaged per FID. 2D CBCA(CO)NH experiments were performed at 25 °C
and pH values between pH 7.9 and 8.9. The 1H transmitter was set to the H2O peak, which
was referenced to 4.76 ppm during processing. The 13C carrier was set at 42.7 ppm. A total
of 16 transients were signal averaged over 122 complex points in t1. The 2D
CBCG(CO)46,65 experiment was acquired at 25 °C and pH 5.0, 6.5, 7.0, and 10.0. Spectral
widths were 8012 and 1812 Hz in 13Cγ and 13Cβ, respectively. A total of 16 transients were
signal-averaged over 156 complex points in t1.

Hydrogen exchange in the ⊗+PHS and ⊗+PHS/V66K proteins was investigated at pH* 6.9
as follows: 2D 1H, 15N HSQC spectra were collected at 0, 24, and 72 hour time points after
sample preparation. The dead time of the experiment was ~ 1 hr. The 15N carrier was set to
118.05 ppm. A total of 4 transients were averaged over 366 complex t1 points. Typical
acquisition times in t2 were 128 ms (1280 complex points) and in t1 were 150 ms (366
complex points).

All spectra were obtained on Varian Inova 500 MHz, Varian 800 MHz (amide temperature
dependence), and cryoprobe-equipped Bruker 600 MHz spectrometers, located at the Johns
Hopkins Biomolecular NMR Center. Typical sample volumes were 300–500 μl and all
samples were placed in Shigemi BMS-005TB solvent susceptibility-matched glass tubes
(Shigemi Inc., Allison Park, PA) or Wilmad 535 precision tubes (Wilmad-Labglass, Buena,
NJ). Uncertainties in chemical shifts were 0.01 ppm, 0.02 ppm, and 0.1 ppm in 1H, 13C,
and 15N, respectively. Data conversion and processing was performed using the nmrPipe
software suite66. Linear prediction and zero-filling were used to improve digital resolution
in the indirect dimensions. Spectroscopic visualization and analysis was done using
Sparky67. 15N and 13C chemical shifts were referenced indirectly with respect to DSS68.
Chemical shift re-referencing before using the TALOS program was accomplished with
CheckShift69. The TALOS program was used for identification of secondary structure from
chemical shift information52. Molecular graphics were prepared in PyMOL70.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of the Δ+PHS protein. Position 66 is at the interface of α helix-1 and the β-barrel.
The side chains of Asp-66 (PDB accession code 2oxp), Glu-66 (PDB accession code 1u9r),
and Lys-66 (PDB accession code 2snm), as observed in the crystal structures in which these
groups are present, are shown.
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Figure 2.
(A) Overlay of 1H, 15N HSQC spectra for Δ+PHS/V66D at pH 7.9 (red), Δ+PHS/V66E at
pH 7.8 (blue), and Δ+PHS at pH 7.8 (black). (B) Overlay of 1H, 15N HSQC spectra for Δ
+PHS/V66D at pH 10.1 (red), Δ+PHS/V66E at pH 9.7 (blue), and Δ+PHS at pH 10.0
(black). (C) Overlay of the 1H, 15N HSQC spectra of Δ+PHS/V66K at pH 6.7 (red) and Δ
+PHS at pH 7 (black). (D) Overlay of the 1H, 15N HSQC spectra of Δ+PHS/V66K at pH 4.7
(red) and Δ+PHS at pH 4.7 (black). All spectra were acquired at 25°C and 100 mM NaCl.
Contours have been set to normalize the spectra with respect to each other for ease of
visualization.
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Figure 3.
Chemical shift index (CSI) of 13Cα plotted by residue at for (A) Δ+PHS at pH 6.7, (B) Δ
+PHS/V66K at pH 6.7, and (C) Δ+PHS/V66D at pH 7.9. Secondary structure elements
identified by the analysis are shown above each plot. The asterisk indicates the site of the
substitution.
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Figure 4.
(A) ΔΔδ(13Cα) (ppm) chemical shift difference between Δ+PHS/V66K at pH 6.7 and pH
4.6. The asterisks within the plot identify chemical shift data at 32°C. The asterisk above the
plot indicates the site of the V66K substitution. (B) Δδ(13Cα) (ppm) chemical shift
difference between Δ+PHS/V66D at pH 6.7 and Δ+PHS at pH 6.8 plotted by residue. The
asterisk indicates the site of the V66D substitution.
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Figure 5.
(A) ΔΔδ(1HN) plotted by residue for Δ+PHS/V66D at pH 7.9 and 9.9. This represents the
difference in changes in the 1H, 15N HSQC spectrum of the reference protein, Δ+PHS, at
pH 7.9 and 9.9, and the Δ+PHS/V66D variant. The caret indicates the site of the
substitution. The red box indicates resonances that were broadened in the mutant but not in
the background by increasing pH. (B) Structural distribution of the largest ΔΔδ(1HN) (≥ 0.1
ppm) (blue) and moderate ΔΔδ(1HN) (≥ 0.05 and < 0.1 ppm) (green). Exchange broadened
resonances (red) in the Δ+PHS/V66D structure. (C) ΔΔδ(1HN) plotted by residue for Δ
+PHS/V66K at pH 6.7 and 4.6. This represents the difference in changes in the 1H, 15N
HSQC spectrum of the background protein, Δ+PHS and its V66K variant, between the two
pH values. The asterisks identify resonances recorded at 32°C. The caret indicates the site of
the substitution. (D) Structural distribution of the largest ΔΔδ(1HN) (≥ 0.1 ppm) (blue), and
moderate ΔΔδ(1HN) (≥ 0.05 ppm and < 0.1 ppm) (green) in the Δ+PHS/V66K structure.
Upon ionization of Lys-66, positions 62–70 exhibit extreme line-broadening (red). Within
this broadened subset, very large ⊗⊗δ(1HN) values (> ±0.2 ppm) were measured at
positions 62, 66, 68, and 70.
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Figure 6.
The two-dimensional [13C] CβCγ(CO) spectra of Δ+PHS (black) and Δ+PHS/V66D (red) at
pH 5.0. Labels indicate peaks in the V66D spectrum.
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Figure 7.
Summary of hydrogen exchange studies. Structural distribution of residues that are fully
exchanged (blue) in ⊗+PHS/V66K at pH* 6.9 and time zero, but are not fully exchanged in
⊗+PHS under the same conditions.
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