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ABSTRACT: Ionizable groups buried in the hydrophobic interior of proteins are essential for energy transduction and catalysis.
Because the protein interior is usually neither as polar nor as polarizable as water, these groups tend to have anomalous pKa
values, and their ionization tends to be coupled to conformational reorganization. To elucidate mechanisms of energy
transduction in proteins, it is necessary to understand the structural determinants of the pKa values of these buried groups,
including the range and character of the conformational reorganization that the ionization of these buried groups can elicit. The
L25K and L125K variants of staphylococcal nuclease (SNase) were used to characterize the diverse types of structural
reorganization that can be promoted by the ionization of buried groups. NMR relaxation dispersion and ZZ-exchange
experiments were used to identify the locations and measure the time scales and extent of pH-dependent conformational
exchange in these two proteins. The buried Lys-25 and Lys-125 residues titrate with pKa of 6.3 and 6.2, respectively. The L25K
protein fluctuates between the native state and an ensemble of locally unfolded states on the 400 μs to 7 ms time scale. On the
100 to 500 ms time scale the native state exchanges with a subglobally unfolded state in which the β-barrel is partially
reorganized. The equilibrium between the native state and this alternative state is highly pH dependent; at pH values below the
pKa of Lys-25 the state with the partially reorganized β-barrel is the dominant state. In contrast, the L125K protein only exhibited
pH-independent fluctuation in the microsecond to millisecond time scale in the region near Lys-125. The study illustrates how
diverse and how localized the coupling between conformational reorganization and ionization of buried groups can be. The pH-
sensitive exchange between the fully native and subglobally or locally unfolded states in time scales well into hundreds of
milliseconds will challenge all computational methods for structure-based calculations of pKa values.

Ionizable residues buried in the hydrophobic interior of
proteins are of special interest owing to their anomalous

ionization equilibria and to their essential roles in biological
energy transduction1−3 and catalysis.4,5 Because the protein
interior is less polarizable than water, buried ionizable groups
usually have pKa values very different from those of ionizable
groups in water.6 To understand the structural basis of
biological energy transduction, it is necessary to understand
the structural and physical factors that determine these
anomalous properties of buried groups, and the range of
conformational transitions that can be promoted by their
ionization. Those are two goals of this study.
The properties of buried ionizable groups in the energy

transducing machines (e.g., ATPase or cytochrome c oxidase)
that require buried ionizable groups for functional purposes
cannot be examined experimentally. The NMR spectroscopy or

equilibrium thermodynamic experiments used to measure pKa

values7,8 cannot be applied systematically to these large,
multisubunit integral membrane proteins. Structure-based pKa

calculations could be used instead to examine properties of
buried ionizable groups and how ionization events are involved
in mechanisms of energy transduction, but the accuracy of
these calculations for the cases of buried ionizable groups is
limited despite claims to the contrary.9 The problem with
structure-based calculations is that proteins can respond to the
ionization of buried groups with changes in structure or
dynamics or both, and this is not reproduced well in these
calculations.7,10−12 Here we have used staphylococcal nuclease
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(SNase) as a model system to examine in detail the time scales
and the nature of the structural reorganization coupled to the
ionization of buried groups in proteins. Not only does this level
of insight contribute general mechanistic understanding of the
structural basis of energy transduction, it is necessary to guide
improvements to structure-based energy calculations with
proteins.
Use of SNase as a model system is justified by the

unprecedented level of detail achieved with the NMR
spectroscopy experiments that were used to examine the
conformational response of SNase to the ionization of a buried
Lys residue. The L25K and the L125K variants of SNase were
used to characterize in detail the structural reorganization
triggered both by the L25K and L125K substitutions and by the
ionization of the internal Lys-25 and Lys-125. These two buried
Lys residues were selected based on a previous study from this
laboratory that examined qualitatively the consequences that
the charging of buried Lys residues can have on the
conformation and dynamics of SNase.13 This involved
detection of resonance broadening and chemical shift changes
in 1H−15N HSQC spectra collected as a function of pH with 25
variants of SNase with internal Lys residues.13 The subset of
proteins identified as undergoing conformational reorganization
(L25K, F34K, V39K, V66K, L125K) on microsecond to
millisecond time scales is of particular interest precisely because
of the challenge they pose for structure-based pKa calculations
as well as for the insight they contribute toward mechanisms of
biological energy transduction.14−16

Three other variants of SNase with internal Lys residues with
anomalous pKa values were identified previously as exhibiting
microsecond to millisecond time scale fluctuations: V66K,
V39K, and F34K. These could also have shed light on structural
responses to charging processes, but they were not used in this
study for different reasons. The V66K variant has already been
studied.7 The V39K variant was not chosen because the
apparent pKa of Lys-39 is 9, making NMR studies difficult
owing to base-catalyzed hydrogen exchange. The F34K variant
(ΔG°H2O = 5.2 kcal/mol at pH 8.0 and 3.8 kcal/mol at pH 6.0),
the only other variant from the set that exhibited broadening
concomitant with ionization of the internal Lys-34 (apparent
pKa = 7.1), revealed no microsecond to millisecond time scale
dynamics upon further resonance assignment and screening by
relaxation dispersion and ZZ-exchange experiments.
Owing to fluctuations of the backbone a buried ionizable

group can experience different microenvironments with
different electrostatic properties. The observed or apparent
pKa values that are measured experimentally actually represent
an average of the pKa values experienced by the ionizable
groups in the different conformational microstates.17 One
reason it is difficult to reproduce pKa values of buried groups
computationally is that the simulation of conformational
changes that take place over time scales relevant to
thermodynamic processes, which tend to be slower than
microsecond, is very challenging.18,19 An important step toward
the improvement of the accuracy of structure-based electro-
statics calculations is to describe in detail the nature of the
coupling between the ionization of buried Lys residues and the
conformational state of the protein.
Comparative investigation of the L25K and L125K proteins

highlights not only the heterogeneity of dielectric responses
across different regions of the same protein, but also the
challenge of understanding relationships between thermody-

namic stability, conformational reorganization, and the
anomalous pKa values of buried groups. The thermodynamic
stabilities (ΔG°H2O) of both the L25K (4.6 kcal/mol at pH 7.5

and 2.7 kcal/mol at pH 5.5) and L125K (4.2 kcal/mol at pH
7.0 and 2.5 kcal/mol at pH 4.9) variants8 are lower than the
stability of ∼11.7 kcal/mol of the parent protein20 throughout
that entire pH range studied. The stability of the variants with
the internal Lys is also highly pH-dependent in a way that the
parent protein is not. Lys-25 and Lys-125 titrate with apparent
pKa values of 6.3 and 6.2, respectively. Although the pKa values
are similar, the internal Lys residues are located in very different
parts of the protein and in very different microenvironments:
Lys-25 is on strand 2 in the β-barrel and Lys-125 is on helix 3
on the other side of the protein (Figure 1).
The present study of the L25K and L125K variants of SNase

involved the assignment of 1H/15N resonances to identify the
regions that underwent structural reorganization, and measure-
ment of changes in chemical shifts, of relative resonance

Figure 1. Residues shown in red are those for which resonances are
broadened beyond detection in HSQC spectra measured at the
indicated pH values. The structures shown are the actual structures of
the (A) L25K variant (PDB ID: 3ERQ) and of the (B) L125 K (PDB
ID: 3C1E) variant.13 The locations of Lys-25 (pKa = 6.3) and Lys-125
(pKa = 6.2) in each protein are marked with a blue sphere.
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intensities, and 15N relaxation dispersion to determine the
location and pH dependence of conformational reorganization.
15N relaxation dispersion (RD) and ZZ-exchange spectros-
copies were used to establish constraints on the time scales of
fluctuation between conformations. RD experiments are useful
to examine the microsecond to millisecond time scale because
they reveal and quantify the relaxation of transverse magnet-
ization caused by fluctuations in this time scale. In contrast, the
ZZ-exchange experiments measure very slow fluctuations
(>ms) by recording the two potentially different chemical
shifts reported by a nucleus that samples two different
conformations (the interconversion is sampled while the 15N
magnetization is in the “Z” orientation). In the L25K protein
the ZZ-exchange experiments were also used to assign peaks for
an alternative state and quantify rates of conformational
reorganization.
Both the time scale and the nature of the conformational

reorganization coupled to protonation of two buried Lys
residues are described by the present study. The conforma-
tional transitions are described with the atomic resolution
afforded by NMR spectroscopy. These data contribute
stringent and exquisitely detailed benchmarks useful to
determine if structure-based pKa calculations and simulations
of structural transitions coupled to the ionization of buried
groups are accurate or even reasonable and relevant.9,21 The
detailed description of the coupling between protonation and
conformational equilibria achieved in this study is unprece-
dented and beyond what can be achieved with constant pH
molecular dynamics simulations.9

■ MATERIALS AND METHODS
Protein. 15N-labeled samples were used for purposes of

assignment for the L25K protein, and for assignments,
relaxation dispersion, and ZZ-exchange data for the L125K
protein. They were prepared as described previously.13 For
collection of relaxation dispersion, ZZ-exchange, and pH
dependence data for the L25K variant, 2H, 15N-labeled samples
were also purified as described previously except that bacterial
growth was begun in LB media followed with resuspension and
growth in D2O minimal media for 1 h, one 4-h period of
induction with 1 M IPTG, followed by a 2-h period of
induction with an additional 1 M IPTG.
Resonance Assignment. Standard HNCACB, CBCA-

CONH, and HSQC spectra were collected at pH 6.7 for the
L25K protein and pH 7.2 for the L125K protein. Sparky was
used to assign the HSQC spectra.22 Sparky was used to transfer
assignments throughout HSQC and TROSY titration experi-
ments.
NMR Relaxation Dispersion Spectroscopy (RD). NMR

spectroscopy experiments were performed at 298 K on 600
MHz Bruker Avance II (for L25K) and Avance (for L125K)
spectrometers with cryoprobes and on an 800 MHz Varian
INOVA spectrometer without cryoprobe. The improved 15N
CPMG single-quantum relaxation-compensated RD pulse
sequence was used.23 For the L25K protein, dispersion
experiments were collected, at pH 6.3, by varying the repetition
of CPMG elements in a constant-time R2 relaxation period
(28.8 ms); 10 different νCPMG (= 1/4τCPMG) values and two
duplicates were collected at each static magnetic field strength:
At 600 MHz the νCPMG values were 34.92, 70.22, 105.93 (×2),
142.05, 178.57, 367.65, 568.18 (×2), 781.25, and 1008.06 Hz.
At 800 MHz the νCPMG values were 34.97, 70.42, 142.86 (×2),
217.39, 373.13, 538.44, 714.29 (×2), 853.53, and 1000.00 Hz.

Spectra were collected with interleaved data collection over
approximately 80 h.
R2 vs νCPMG dispersion series from the L25K protein were fit

to two-site exchange models using the RD module of the
program RELAX.24 Parameter errors were calculated by
RELAX and are the standard deviations of 500 Monte Carlo
simulations constrained by the input data. Model selection was
performed according to the Akaike Information Criterion. RD
time series were best fit with one of two two-state exchange
models: the reduced Carver-Richards equation (CR72, in the
nomenclature of the relax software), for which the parameters
kex, PA, and ΔωN are calculated;25 or the analytical expression
for very slow exchange by Tollinger et al. (TSMFK01), which
yields the parameters kAB and ΔωN.
For estimates of Rex and exchange regime in both the L25K

and L125K variants two νCPMG values at two static field
strengths were used: 34.92 and 1008.06 at 600 MHz, 34.97 and
1000.00 at 800 MHz. For the L25K protein this was done at
pH 6.3. For the L125K protein this was done at both pH 7.2
and 5.2. Estimates of Rex were calculated with the equation Rex
= ln(Ifew/Imany)/T where Ifew and Imany are the peak intensities
from the low and high CPMG frequency spectra, and T is the
constant-time R2 relaxation period length.

NMR Exchange Spectroscopy. 2D (H,N), 2D (H,H), and
3D (H,H,N) versions of a standard 15N ZZ-exchange
experiment26 were used to locate cross-peaks and assign
peaks corresponding to the alternative state of the L25K
protein at pH 6.3. Mixing times were 0.2, 0.5, 1.2 s in the 2D
spectra and 0.8 s in the 3D. For estimation of kinetic
parameters in the L25K protein by ZZ-exchange, 2D (H,N)
spectra were collected with 10 mixing times, two repeated:
0.0237, 0.0567, 0.1007, 0.1557, 0.1997 (×2), 0.2987, 0.3977,
0.4967 (×2), 0.6507, 0.8487 s. Decay and build-up data were
then modeled by least-squares fitting of the equations as in
Farrow et al.26 2D (H,N) and 2D (H,H) 15N ZZ-exchange
spectra with mixing times 0.2, 0.6, and 1.0 s were used to screen
for slow exchange in the L125K protein at pH 6.1.

pH Dependence of Populations in the L25K Protein.
2D H,N TROSY spectra were collected at pH 5.3, 5.7, 6.3, 6.8,
and 7.2. Native (“A”) state peak assignments were transferred
from the HNCACB and CBCACONH assignment process
described under Resonance assignment above, and peak
assignments for the alternative (“B”) state were transferred
from the ZZ-exchange spectrum assignments described above.
At each pH value the B-state population fraction (PB) or each
residue was estimated using the expression PB = HB / (HA +
HB) where HA and HB are the heights of the A- and B-state
peaks, respectively, for that residue.

Analytical and Visualization Tools. Analysis code (with
the exception of Sparky and relax as referenced above) was built
with IPython,27 pandas,28 NumPy,29 Matplotlib,30 seaborn
(http://stanford.edu/~mwaskom/software/seaborn/) and
LMFIT (http://lmfit.github.io/lmfit-py/) and is available in
an IPython Notebook at http://github.com/drichman/protein-
nmr-analysis/notebooks and also available from the authors
upon request.

■ RESULTS
L25K Variant: Assignment and pH Dependence of

Broadened Resonances. Spectra of the L25K protein could
be completely assigned (to the extent that the parent protein
could be assigned) at pH conditions above (pH 7.4 and 6.7)
and at the pH corresponding to the pKa of 6.3 for Lys-25
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(Figure 1A and Table S1). Most of the HSQC spectra
remained unaffected by the titration of Lys-25, indicating that
structural reorganization was local. An extensive loss of peaks
assigned to the β-barrel residues was observed at pH values
immediately below (pH 5.8) the pKa; the number of severely
broadened peaks increased as the pH decreased further to pH
5.4. This type of broadening, and its localization on the
structure, is consistent with conformational exchange, on the
microsecond to millisecond time scale, of the β-barrel
backbone. The locations that were affected or their exchange
regime show pronounced pH dependence (Figure 1A).
L25K Variant: Locations of Conformational Exchange

and Time Scales Characterized by Backbone 15N
Relaxation Dispersion. At pH 6.3, which corresponds to
the apparent pKa of Lys-25, many resonances from residues
comprising and neighboring the β barrel exhibited RD
consistent with the presence of two disparate exchange
processes, one occurring between hundreds of microseconds
and several milliseconds, and the other occurring in hundreds
of milliseconds (Figure 2A and Table S2). Most reporters of
RD were characterized by large Rex values that varied
significantly between static field conditions (Figure S1),
which, following in the interpretation of Millet et al. and
Tollinger et al.,31,32 indicates the presence of faster exchange

processes. Yet unlike the system studied by Tollinger et al., in
which the folded state exchanged slowly with an unfolded state,
which then experienced relatively fast interconversions among
different unfolded states, in the L25K variant of SNase the
native state resonances report the two different exchange
regimes. The native state interconverts with two different sets
of locally or subglobally unfolded states, each separated in time
scale by hundreds of milliseconds. Even though these
reorganization processes involved transitions to ensembles of
partially or locally unfolded conformations, they were modeled
as two-state exchange processes. Two-state exchange is the
simplest model that approximates the conformational reorgan-
ization of the L25K protein because the partially or locally
unfolded ensembles can still be represented on average as the
alternative (“B”) state.
Exchange rates (kex) in the faster regime ranged from

approximately 130 s−1 to 2500 s−1, with an average of ∼650 s−1
(Table S2 and Figure S2A). This range of rates corresponds to
motional time scales between about 0.4 and 7 ms, with most
residues fluctuating in the millisecond time scale. High error in
parameter estimates is probably a result of inadequacies of the
models used for analysis and error in the R2 measurements (± 3
s−1). Models built for situations of high population imbalance
(PB < 0.1) were applied to some residues that exhibited PB ≈
0.3 or 0.4, as measured from peak heights; B-state population
fractions of ∼0.1 cause ∼12% errors in parameter estimates.33

Residues fit to the slower regime report forward exchange rates
(kAB) between approximately 1 and 20 s−1 (Table S2 and
Figure S3A). Since kex is the sum of forward (kAB) and
backward (kBA) rates it can be derived from kex = kAB/PB. With
population fractions of the partially unfolded forms at pH 6.3 of
∼0.2 or 0.7 (for different parts of the structure), as will be
described below, the very slow process detected through RD
corresponds with kex values between ∼2 and 80 s−1, or time
scales of tens of milliseconds to 500 ms.

L25K Variant: Locations of Conformational Exchange
and Time Scales Characterized by Backbone 15N ZZ-
Exchange. Many peaks belonging to the average alternative
state (referred to as the B-state) could be resolved in an (H,N)-
TROSY spectrum of the L25K protein at pH 6.3 and assigned
using multidimensional ZZ-exchange spectra. Several other
residues appeared to produce cross-peaks in 15N ZZ-exchange
spectra that were recorded as (H,H) or (H,H,N) correlations
for more resolved readout, but corresponding resonances in the
B state could not be found, possibly due to overlaps or lack of
resolution in the crowded unfolded band of (H,N) spectra.
Nonetheless, the detection of cross-peaks in ZZ-exchange
spectra recorded with mixing times on the order of hundreds of
milliseconds corroborates the presence of the very slow
exchange process indicated by analysis of RD data. The
residues with assignable A and B peaks are shown in Figure 2B,
and they can be compared with the locations of fluctuation
reported by RD analysis (Figure 2A).
Forward and reverse exchange rates (kAB and kBA) were

estimated through the formalism defined in Farrow et al.26 for a
subset of residues for which all A- and B-state peaks and
interconversion cross-peaks could be clearly assigned in H,N-
correlated ZZ-exchange spectra. The total exchange rates, or kex
= kAB + kBA, for β-strand residues Thr-13, Leu-14, Gly-20, Asp-
21, and Leu-24 were between 1 and 2.5 s−1. The forward rates
were ∼2 times higher than the reverse rates. The total exchange
rates for Gly-29, Leu-38, Phe-50, Asn-68, and Ala-69, which are
mostly loop and helix residues, ranged between 3 and 22 s−1

Figure 2. Locations that experience fluctuations in the microsecond to
millisecond time scale according to relaxation dispersion (RD) and
ZZ-exchange experiments (slow-exchange spectroscopy). (A) Results
from RD analysis of the L25K protein at pH 6.3. Sites with 0.4−7 ms
(blue) or 10−500 ms (pink) exchange rates identify the backbone
amides that experience chemical exchange in the μs-ms time scale (i.e.,
a significant Rex component to transverse relaxation). Amides with no
Rex are shown in light gray. Amides for which there are no data are
shown in dark gray. (B) Residues for which resonances from both
conformational states A and B were detectable at pH 6.3 (pink), and
residues used to quantify the exchange rates through ZZ-exchange
spectroscopy (purple). (C, D) Results with the L125 K protein at two
pH values. The structure shows the locations that experience
significant fluctuations in the microsecond to millisecond time scale.
The color indicates the estimates of the exchange regime calculated
from Rex estimates at two static magnetic fields (14.1 and 18.8 T).
Amides in the slow regime (kex < ΔωN, the chemical shift difference
between states) are shown as orange spheres. Amides in the
intermediate regime (kex ≈ ΔωN) are shown as light green spheres.
Amides in the fast regime (kex > ΔωN) are shown as dark green
spheres. The side chain of the internal Lys-125 is shown in stick
representation in blue.
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and had forward rates 2−4 times lower than reverse rates
(except Gly-29, which had poor fit quality) (rates listed in
Table S3, decay and build-up curves and fits shown in Figure
S4). These are consistent with the rates reported as the slower
of the two time scales in the RD analysis. They corroborate the
presence of a very slow exchange process in the hundreds of
milliseconds.
L25K Variant: Chemical Shifts of the Alternative State.

Considered as a set, the resonances from the B conformation
show less dispersion of 1H chemical shifts than resonances from
the A state (Figure 3 and Table S4). The decrease in dispersion

is consistent with loss of native structure,34,35 particularly at and
near the β-barrel. However, the loss of dispersion is not
significant enough to imply that a completely unfolded, near
random-coil conformation is being populated in state B.
Furthermore, because chemical shifts of B-state peaks had
negligible pH dependence (Figure S5A), the exchange was
assumed to be within the very slow regime, and peak positions
represent almost completely the alternative states rather than a
population-weighted average.

15N chemical shift differences (ΔωN) derived from the
spectrum at pH 6.3 were compared to those derived from RD
model fitting at pH 6.3; the exact correlation was poor: model
fitting did not strictly reproduce the values measured in the
spectrum. However, fitting did capture the overall trend: the
calculated ΔωN values were appropriately small for most
residues with small measured ΔωN, and appropriately large for
residues with large measured ΔωN (Figure S5B).
L25K Variant: pH Dependence of Population Dis-

tribution. The population of conformational state B increases
from the 0.01−0.2 range at pH 7.2, where Lys-25 is neutral, to
the 0.2−1.0 range below pH 5.8, where it is charged (Figure 4).
These distributions were derived from native and alternative
peak heights from residues around or neighboring the β barrel.
The strongly pH-coupled population shifts are roughly
organized into groups: β-strands 1 and 2 exhibit the strongest
pH dependence, their B-state populations rising from between
10 and 20% to almost 100% as pH drops from 7.2 to 5.3
(labeled in red in Figure 4). By comparison there is a group of
“medium” pH dependence (shown in green in Figure 4) and
one of “low” pH dependence (shown in blue in Figure 4), and

those residues are more randomly distributed in the structure,
but they do still imply subglobal structural reorganization
centered at the β barrel. The “medium” pH dependence B-state
reporters show a population increase from less than 10% at pH
7.2, to 40−90% at pH 5.7 and 5.3. This largely describes β
strands 4 and 5, although three of these reporters are actually
outside the β barrel, one each in helices 2 and 3 and one in the
loop preceding helix 3. The “low” pH dependence B-state
reporters show a population increase from less than 10% at pH
7.2 to 20−40% at pH 5.7 and 5.3. These reporters are also
found in β strands 4 and 5, in addition to helix 1 (which forms
the bottom cap of the β barrel) and loops adjacent to the barrel.
Compared to the alternative-state population fractions

derived at pH 6.3, RD model fitting consistently under-
estimated population fractions above ∼0.1 (Figure S5C), which
is expected given the nature of the RD models and their
underlying assumptions of small alternative-state populations.

L125K Variant: Assignment and pH Dependence of
Broadened Resonances. All residues except Lys-125 and
approximately four contiguous neighbors on either side of 125
in the sequence, and several in the preceding loop, could be
assigned at all measured pH conditions (7.2, 6.7, 6.1, 5.6, 4.6)
(Figure 1B and Table S2). This pattern of broadened
resonances for Lys-125 and its neighbors is consistent with
conformational exchange in the microsecond to millisecond
time scale. The data did not allow any possible inference of pH
dependence in the pattern of broadening. We infer that the
amides of the segment in question are reporting backbone
conformational reorganization rather than reporting chemical
exchange from motion of the Lys side chain because the charge
state of the Lys side chain seems to have no effect on the
broadening.

Figure 3. Box and whisker plot showing distributions of 1H chemical
shifts for resonances belonging either to the “A” state (green) or to the
“B” state (pink). Left and right box borders reflect the interquartile
range (IQR) between the 25% and 75% quartiles; the inner line
denotes the median. Whiskers mark values 1.5 times beyond IQR
bounds.

Figure 4. (A) Population fraction of conformational ensemble B of the
L25K protein as a function of pH. These population fractions were
derived from peak heights. (B) Locations corresponding to the
residues tracked in (A).
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L125K Variant: Locations of Conformational Ex-
change and Time Scales Characterized by Backbone
15N Relaxation Dispersion. Because resonances from
residues in the top half of helix-3 were missing at all pH
conditions, RD measurements were made using detectable
resonances elsewhere in the protein to constrain the exchange
time scale and to check further for pH dependence. At pH
conditions above and below the pKa of 6.2 of Lys-125,
significant Rex values were estimated for several locations
(disregarding the protein’s overall N and C termini), especially
at residues 37−39, found in apposition with Lys-125 on an
occluding loop, and at several residues of strand β5 that are part
of the contacts or interactions between helix-3 and the β barrel
(Figure S6).
Sets of residues that are slightly different from each other

(but mostly neighbor each other) report significant Rex values at
pH 5.2 compared to pH 7.2, with a few residues reporting Rex
under both conditions. Overall, the Rex magnitudes were 2−3
times higher at pH 7.2, where Lys-125 is only 10% ionized, than
at pH 5.2, where it is 90% ionized. This is counterintuitive.
However, reporters of Rex indicate that exchange occurs in the
fast regime at both pH conditions based on the exchange
parameter α derived from comparison of Rex values estimated at
static magnetic fields of 14.1 and 18.8 T (Figure 2C,D and
Table S5).31 The Rex estimates also support the conclusion that
there is no strong pH dependence, as inferred from the pattern
of broadened peaks throughout the titration.
L125K Variant: Absence of ZZ-Exchange Cross-Peaks.

Although a small number of extra peaks were present in the
spectra of the L125 K protein, ZZ-exchange experiments failed
to reveal any cross-peaks. Lack of exchange cross-peaks is
consistent with conformational exchange in the microsecond
time scale but not in the millisecond time scale, and consistent
with the above estimate from Rex measurements that the
exchange regime is fast. The few extra peaks could originate
from alternative form in extremely slow exchange (>seconds).

■ DISCUSSION
The experiments with the L25K and L125K variants of SNase
revealed structural details, time scales, and pH dependence of
conformational reorganization coupled to the ionization of
single Lys residues buried in the hydrophobic cores of the
protein. These two variants were engineered in the highly stable
Δ+PHS variant of SNase.8 They were selected from the set of
SNase variants with internal Lys residues on the basis of their
having anomalous pKa values and qualitative evidence of
conformational reorganization coupled to the ionization of the
buried Lys.13 Lys-25 in the L25K variant titrates with an
apparent pKa of 6.3 and Lys-125 in the L125K variant titrates
with an apparent pKa of 6.2.
It is known that the titration of the internal Lys residues does

not affect the titration properties of the other groups that titrate
in the range of pH between 5 and 9.8 This is evident from the
pH dependence of stability measured by chemical denaturation,
which can be explained exactly by the shift in the pKa of the
buried Lys. There are only three residues that titrate in this
range of pH: (1) His-8 (pKa = 6.5), which in the N-terminus of
the protein and is known to be disorganized;36 (2) His-121
(pKa = 5.25), which is at the N-terminus of helix 3 and makes
H-bond contacts at the interface of the protein;37 and (3) Asp-
21 (pKa = 6.5), which interacts with neighboring carboxylic
groups in the active site.38 In the background protein the
titrations of His-8, His-121, and Asp-21 are coupled to local

fluctuations characterized by small amplitude and high
frequency. They are not involved in the more pronounced
unfolding events observed in the L25K and L125K variants.39

As is the case with all internal ionizable groups, it is never
obvious what determines the anomalous pKa values of Lys-25
and Lys-125. The general direction of the shift reflects the
difference between the dielectric effect of water and that of the
protein interior. What the NMR experiments with these two
proteins make abundantly clear is that the actual magnitude of
the shift in pKa relative to the normal pKa value of 10.4 for Lys
in water has less to do with the polarity and polarizability of the
microenvironments and more with the probability of conforma-
tional reorganization coupled to the ionization of the buried
Lys.
A survey of the variants of SNase with internal Lys residues,

performed by inspection of 1H−15N HSQC spectra measured
over the pH range around the pKa revealed that the L25K and
L125K proteins exhibit pH-dependent conformational reorgan-
ization. The similarity in their pKa values despite differences in
their location (Lys-25 is on strand 2 in the β barrel and Lys-125
is on helix 3 on the other side of the protein) suggested that a
comparison of the two variants would contribute physical
insight into structural and dynamic consequences of ionization
of a Lys residue in hydrophobic environments. The insight is
necessary to guide modifications to methods for structure-based
analysis of electrostatic effects. The data that emerge from these
studies constitute stringent benchmarks useful for the critical
evaluation of the performance and accuracy of computational
models of protein electrostatics in terms of their ability to
identify or reproduce the locations, time scales, and pH
dependence of conformational reorganization.

Time Scale of Events. The L25K and L125K proteins
undergo conformational reorganization in the microsecond to
millisecond time scales. The L25K protein displays conforma-
tional reorganization on two different time scales, between 400
μs and approximately 7 ms, and between approximately 100
and 500 ms. Many of the residues that report a hundreds-of-
microseconds process are the same residues that can populate
alternative conformations (an average “B-state”), which was
more related to processes occurring in the hundreds-of-
milliseconds. The two time scales are reconcilable: residue-
by-residue variability of the exchange rates and the pH-driven
population shifts is consistent with reorganization processes
involving two ensembles of non-native states.
The two ensembles are characterized by varying degrees of

unfolding or reorganization. In the faster time scale (hundreds
of microseconds), immediate neighbors in sequence display
widely different exchange rates. This is consistent with an
ensemble of states, each characterized by short (say 1−3
residue) segments in non-native conformations (this can be
thought of as local unfolding). The slower time scale (hundreds
of milliseconds), in which alternative-state chemical shifts and
peak heights can be directly measured, consists of an ensemble
of states in which entire β strands or sets of strands unfold in
concerted ways (subglobal unfolding). Several tens or hundreds
of the local unfolding fluctuations can take place between or
during the subglobal unfolding events, which take place in
hundreds of milliseconds. In other words the conformational
energy landscape can be pictured as being comprised of (1) a
native state, (2) a large ensemble of many locally unfolded
states that are accessed in the hundreds of microseconds to a
few milliseconds, (3) an ensemble of states with a substantially
reorganized or partially unfolded β barrel (the subglobally
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unfolded state ensemble, accessed in the hundreds of
milliseconds), and (4) a fully unfolded state or ensemble of
states.
The native state is usually assumed to refer to the completely

folded state represented by the crystallographic structure.
Measurements of thermodynamic stability (ΔG°H2O) with
equilibrium experiments based on Trp fluorescence as a
reporter of the native state report on this fully folded native
state but also on the many locally unfolded conformations
interconverting on hundreds-of-microseconds time scales that
were observed in the NMR spectroscopy experiments. The
ΔG°H2O derived from Trp fluorescence can reflect the presence
of states with free energies that lie between the fully unfolded
and fully native state energies, resulting in a smaller measured
ΔG°H2O than the ΔG°H2O that truly represents difference in free
energy between the fully folded and the fully unfolded states. A
state that is non-native that does not perturb the local
environment of Trp-140 in SNase would have the same
spectroscopic signature as the fully native state; for example,
states with a native and partially unfolded β barrel both have
the possibility of leaving helix 3 and Trp-140 unperturbed.
For the L125K protein, the lack of crosspeaks in ZZ-

exchange spectra was interpreted as suggesting that the
reorganization time scale is restricted to hundreds of micro-
seconds and does not include any events in the milliseconds.
RD indicated that several residues undergo fast exchange,
implying small Δω, large kex, or both. The ZZ-exchange and
RD observations support the conclusion that the dominant
mode of conformational reorganization in the L125K protein
takes place on a faster time scale than reorganization in the
L25K protein. By comparison to the time scales detected for
the L25K protein, we inferred that the maximum time scale of
reorganization (most likely the loss of helical structure) of
helix-3 in the L125K protein (the segment whose resonances
are broadened) is in the low hundreds of microseconds.
The enhanced conformational sampling in constant-pH MD

simulations (CpHMD) precludes exact interpretation of the
time scales of the simulations as physical time scales.
Nonetheless it seems unlikely that even the inferred physical
time scales of simulations such as those by Shi et al.9 and Goh
et al.21 are in the same order of magnitude as the reorganization
events measured here. The extensive structural change
observed, such as segmental unfolding, and the relatively long
time scales over which it occurs, exceed the capabilities of most
classical MD simulations, but they are within striking range of
the time scales that can be examined with Anton simulations.40

The data from our NMR spectroscopy studies offer an excellent
opportunity for testing the ability of MD simulations to
reproduce ligand driven conformational transitions (H+ being
the simplest and smallest ligand possible). According to our
results, the problem of pKa calculations for the case of buried
groups in proteins involves predicting alternative states of
proteins and calculating the energy differences and probabilities
of the different states over a range of pH as well as the relevant
time scales. This will require exquisitely accurate force fields
that can capture accurately the difference in the self-energy of a
charged species in water and in the complex dielectric
environment inside the protein.
The results of Shi et al.9 and Goh et al.21 suggest that

conformational reorganization in some variants of SNase with
internal Lys residues can be observed within nanoseconds of
simulations. In this time scale a few water molecules penetrate

the protein and approach the charged moiety of the internal
Lys residue. Their results suggest that this type of structural
relaxation is sufficient to account for a microstate in which the
pKa of the internal Lys is normal. If all that were detected
experimentally were motions in the time scale of nanoseconds
(or even low-microseconds) it would be possible to conclude
that the pKa values of internal Lys residues are determined by
dynamic events in fast time scales and by the transient presence
of partially unfolded states. But the situation appears to be
more complicated and more interesting because microsecond
to millisecond motions are detected in our NMR spectroscopy
experiments. These are long time scales that begin to overlap
with those relevant to the equilibrium thermodynamic
experiments used to measure pKa values experimentally. At
least for these internal Lys residues in SNase, and possibly for
other Lys residues for SNase and for other buried ionizable
groups in proteins, conformational reorganization in the μs-ms
time scales is reflected in the pKa values. Accurate sampling of
reorganizational processes in these time scales should increase
the accuracy of structure-based pKa calculations for cases of
buried groups.

Identity of an Alternative State. Besides demonstrating
that the proton binding-coupled conformational reorganization
of the L25K variant of SNase happens in a long time scale, this
study shows that locally or subglobally unfolded or reorganized
conformations are sampled and that this governs the properties
of Lys-25. On the basis of the location of slow and very slow
exchange, on the variety of rates, and on dispersion of chemical
shifts, it is possible to infer that in response to the ionization of
Lys-25 the protein reorganizes into an ensemble of locally and
subglobally partially unfolded forms. The locations of residues
in the L25K protein that can be assigned to alternative-state
resonances, which describe the longest-time scale reorganiza-
tion phenomena in the set of observations, are distributed in
nonuniform ways in some parts of the protein, and in clusters
of consecutive residues in others. The latter are consistent with
what would be expected for a concerted transition to a distinct
state. Similarly, some residues report exchange rates of different
orders of magnitude from their neighbors. These observations
are consistent with a rugged landscape of conformational states
in which a residue may be a member of certain conformational
excursions and not others, different even from a neighbor. The
alternative-state 1H chemical shift distribution, which is
decreased compared to a native-like distribution but not
completely collapsed, further supports interpreting what was
detected as an ensemble of alternative states, all of which are
native-like except for having one or another part of the β barrel
in a non-native conformation. This kind of diversity of possible
conformational states represents a challenge to simulations and
rules out the utility of techniques that use a priori knowledge of
states, such as umbrella sampling.
In contrast to the behavior of the L25K protein, the

conformational reorganization of the L125K protein induced by
the presence and ionization of Lys-125 occurs on a faster time
scale and affects a smaller number of residues, but it too is most
consistent with partial unfolding rather than a concerted
response. Acid unfolding of this protein, monitored by circular
dichroism spectroscopy at 222 nm showed a decrease in the
predenaturational baseline amplitude with decreasing pH that
was more severe than for many other variants.8 This could be
interpreted as a loss of helical structure coupled with the
titration of Lys-125.8 In general our findings are somewhat at
odds with the simulation by Goh et al. that reports very slight
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rearrangement of the fully folded structure of the L125K
protein upon ionization of Lys-125. But considering the time
scale of the conformational effects we observe as well as the
considerations of local stability and cooperativity described
above, it is not unexpected for existing force fields and sampling
methods to be limited in their ability to reproduce the complex
conformational reorganization and subglobal unfolding re-
ported by the NMR spectroscopy experiments.
pH Dependence of Conformational Equilibria. The

conformational reorganization in the L25K and L125K proteins
differs most notably in how it is affected by changes in pH.
Residues in and near the β barrel show that decreasing pH
increases the fraction of the alternative state in the L25K
protein. Observation of this type of proton binding-coupled
conformational reorganization was anticipated for proteins with
internal ionizable residues (Figure 5), but the dramatic example

provided by the L25K protein is especially striking in contrast
with the relative pH-independence of conformational exchange
in the L125K protein. In the case of the L25K protein the
native β-barrel fold is sufficiently stable to require a substantial
degree of proton binding to the internal Lys to promote
occupancy of the reorganized or partially unfolded state in
which the β-barrel is disrupted. In contrast, in the L125K
protein the structure of the protein readily reorganizes in the
vicinity of Lys-125 even when the fraction of charged Lys-125
remains small. The response to the ionization of the internal
Lys in these two proteins is very different, yet the nearly
identical apparent pKa values and the global thermodynamic
stabilities (ΔG°H2O) that are both pH dependent to nearly the

same extent (ΔG°H2O ≈ 4.5 kcal/mol when the internal Lys is
neutral, ∼2.5 kcal/mol when charged) mask these differences.
Earlier it was proposed that pKa values measured

experimentally represent weighted averages of the microscopic
pKa values experienced by an ionizable group in different
structural microstates.17 A useful formalism to describe this
through coupled proton binding and conformational exchange
equilibria was proposed by Di Russo et al.,41 and this formalism
has also been used by others9,21 (Table S7 and Figure S7). With
this formalism the apparent pKa values of 6.3 and 6.2 for Lys-25
and Lys-125, respectively, can be approximated using three
parameters: (1) ΔGAB (equilibrium between the deprotonated
A and B states), (2) the Lys pKa in the A state (pKa

A), and (3)
the Lys pKa in the B state (pKa

B). If A represents the fully
native state and B an average of non-native or subglobally

unfolded states, then ΔGAB must never be larger than ΔG°H2O,

the global unfolding stability.
For the L25K protein, the simulations suggested that

reasonable estimates for ΔGAB are 2−4.5 kcal/mol, with pKa
B

between 8 and 10 and pKa
A less than 5. Because the population

of state A is dominant, pKa
A does not have to be extremely

shifted; at least 1 pH unit below the apparent pKa of 6.3 is
sufficient, but the actual value is not important. Rather,
changing the energy gap between states A and B (ΔGAB) and
changing pKa

B have the strongest effect on apparent pKa. In
other words the ability of the protein to populate states in
which the pKa value of the Lys is normal is the most important
factor that determines the magnitude of the measured pKa. This
would be consistent with the existence of an ensemble of states
in which even just one β-strand of the β barrel has been
disrupted, sufficient to allow for hydration of the Lys residue
and normalization of its pKa.
For the L125K protein, the simulations suggested that the

energy gap between A and B states was smaller than for the
L25K protein. This was consistent with the observation that the
B state of the L125K protein is more readily accessible at all
pH, as inferred from pH-independent broadening in NMR
spectra. Values of ΔGAB = 1.7 kcal/mol and pKa

B = 7.5 yielded
the apparent pKa of 6.2 and an estimated B fraction of ∼0.1
even at high pH. If the B state of the L125K protein consists of
a perturbed helix 3, one would expect Trp-140 in that state to
produce a different spectroscopic signature than in the fully
native state. However, the Trp-fluorescence unfolding experi-
ment could still obscure this intermediate state if the state is
very close in energy to the fully native state, as we conclude it is
here. The denaturation reaction previously observed by circular
dichroism at 222 nm reported a slightly lower than normal
native baseline that further decreased with pH, consistent with
loss of some helical structure coupled with the titration of Lys-
125.8 Observed by NMR spectroscopy, the exchange rates and
chemical shift changes involved in this reorganization may
evolve throughout the titration in such a way that the
intermediate regime of NMR broadening obscures the
underlying pH dependence of the coupled equilibria.

■ CONCLUSIONS

These studies show that the conformational reorganization that
governs the magnitude of the pKa values of buried Lys residues
in SNase is complex and is itself governed by local stabilities
and local structural properties. The results suggest that accurate
calculation of some electrostatic effects in the proteins interior
will require accurate sampling of conformational reorganization,
prediction of alternative states, accurate calculation of free
energy gaps, and handling of conformational changes in time
scales that can be slower than milliseconds. We have described
both the time scale and the nature of the conformational
reorganization coupled to the ionization of two Lys residues in
SNase with the high resolution afforded by NMR spectroscopy.
These data constitute unprecedented, stringent benchmarks
useful to examine the accuracy of structure-based pKa

calculations and simulations of structural transitions coupled
to the ionization of buried groups.

Figure 5. Coupling of proton-binding equilibria and conformational
equilibria between states A and B. Simulations of the experimental data
suggest that in the L125 K protein ΔGAB = 1.5 kcal/mol (i.e., energy of
the conformational reorganization A to B when Lys-125 is neutral),
pKa

A = 4 (deprotonation of Lys-125 in the A state), and pKa
B = 8.5

(deprotonation of Lys-125 in the B state).
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