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ABSTRACT: We present a mass spectrometric method for
analyzing protein structure and function, based on the
imidazole C-2 or histidine C' hydrogen/deuterium (H/D)
exchange reaction, which is intrinsically second-order with
respect to the concentrations of the imidazolium cation and
OD™ in D,0. The second-order rate constant (k,) of this
reaction was calculated from the pH dependency of the
pseudo-first-order rate constant (k,) obtained from the change
in average mass [AM, (0 < AM, < 1)] of a peptide fragment
containing a defined histidine residue at incubation time ()
such that k, = —[In(1 — AM,)]/t. We preferred using k, rather

than k,, because k5™ (maximal value of k) was empirically related to pK, as illustrated with a Bronsted plot [log k3** =

ydrogen/deuterium (H/D) exchange is an invaluable
tool for probing the dynamic structure and interaction of
macromolecules.”” Amide hydrogen atoms in the polypeptide
backbone have been exploited extensively as probes because of
their ubiquitous distribution over the whole protein molecule.
Techniques for studying such H/D exchange phenomena in
proteins include nuclear magnetic resonance (NMR) spectros-
copy and electrospray ionization mass spectrometry (ESI-MS),
taking advantage of their abilities to assign resonances or peaks
to individual exchanging sites with high resolution and to
reproduce “near-native” solution conditions in sample prepara-
tions and measurements. For large proteins to which NMR
cannot be applied, ESI-MS is still useful for conducting the H/
D exchange experiments with its high sensitivity and ease of
assignment. However, the amide N H/D exchange proceeds so
fast that the technical demands for suppressing the back-
exchange reaction and scrambling among many amide N H(D)
sites are quite heavy.
Compared with amide NH groups, the C*' hydrogen of the
histidine residue undergoes H/D exchange at a much slower
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a (a is an arbitrary constant)], so that we could analyze the effect of structure on the H/D exchange rate in terms of log(ky*/k;)
representing the deviation of k, from k3. In the catalytic site of bovine ribonuclease A, His12 showed a change in log(ky**/k;)
much larger than that of His119 upon binding with cytidine 3’-monophosphate, as anticipated from the X-ray structures and the
possible change in solvent accessibility. However, we need to consider the hydrogen bonds of the imidazole group with
nondissociable groups to interpret an extremely slow H/D exchange rate of His48 in a partially solvent-exposed situation.

rate with a halflife on the order of days,® because of the
covalent nature of the C—H bond. One of the notable features
of this C*! H/D exchange reaction is that only the protonated
imidazolium form in equilibrium with the neutral imidazole can
react with the hydroxyl (OD™) ion to give a ylide or a carbene
intermediate at the rate-determining step (Scheme 1).*°

The pK, value of the imidazole group at the side chain of a
histidine residue can therefore be measured from the pH (pD)
dependency of the pseudo-first-order rate constant (k,,) for the
H/D exchange reaction. In line with this principle, a method
for determining the pK, value of each histidine residue in
proteins was developed in archetypal studies of the hydrogen/
tritium (H/T) exchange reaction.”® Because of the frequent
involvement of the imidazole group in enzyme catalysis as both
an acid and a base, the H/T or H/D exchange method in

Received: September 10, 2013
Revised:  March 6, 2014

Published: March 7, 2014

dx.doi.org/10.1021/bi401260f | Biochemistry 2014, 53, 1818—1826


pubs.acs.org/biochemistry

Biochemistry

Scheme 1. Mechanism of the H/D Exchange Reaction at the C*' Position of a Histidine Residue in D,07
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“The reaction of His:-D* (protonated form of the imidazole group) with the OD™ ion is rate-determining such that v (reaction rate) = k,[His-
D*][OD~]. The N*! and N*? (ring N-1 and N-3, respectively) deuterium atoms are back-exchanged with hydrogen atoms much faster than the C*!
deuterium atom in light water (H,0). The concentration of the neutral N*2-D tautomer (not illustrated) of histidine is included in [His].

conjunction with then emerging '"H NMR spectroscopy has
proven to be the most reliable technique for determining pK,
values of individual histidine residues in proteins.”” Although
we have elaborated the much simpler H/D exchange technique
aided by liquid chromatography (LC)—ESI-MS to reduce the
difficulties inherent in performing the H/T exchange experi-
ment with radioactive tritium,' there remains the difficulty of
interpreting the maximal pseudo-first-order rate constant (k;™)
in terms of solvent accessibility.” This is due to the exphc1t
dependency of k;™ on pK,, unlike that of the corresponding
kinetic parameter of the amide N H/D exchange reaction. One
of the most promising approaches to addressing this issue is to
use a linear free energy relationship between pK, and the
second-order rate constant (k,),"" which derives from the
experimental value of k;™ and pK,. Indeed, the preceding H/T
exchange experiments demonstrated the utility of a Brensted
plot to assess the effect of protein structure on the k, and pK,
values of histidine residues in bovine heart cytochrome ¢ and
RNase St."”'* We therefore adapted the concept of the linear
free energy relationship into the mass spectrometric histidine
C?'H/D exchange method for utilizing the imidazole groups as
probes to study the noncovalent interactions and structural
dynamics of proteins, as exemplified by renowned amide N H/
D exchange approaches. This would alleviate the difficulty that
often arises when we try to compare the solvent accessibilities
of two histidine residues via their half-lives (¢, ;) 15 which are
related to kj™ through the formula t,, = (In 2)/kj™.

In addition to the adaptation of the linear free energy
relationship expressed by a Brensted equation to interpret
kinetic data of the H/D exchange reaction, we extend the
method to be applied to virtually every protein sample by
employing matrix-assisted laser desorption ionization (MALDI)
MS as well as LC—ESI-MS. One of the advantages of MALDI
MS is that it is faster because the identification and
characterization of all the peptide peaks can be performed
simultaneously. Omitting the repetitive procedure of LC
separation can greatly enhance the throughput of the analysis.
Its possible drawback is that not all the molecular ions are
detected with a sufficiently high signal-to-noise (S/N) ratio in a
single MALDI spectrum. To address this issue, we elaborated a
new data-processing scheme based on the calculation of a
weighted average (M,) of isotopic peaks. Although the
increment of M, is within 1 Da during the H/D exchange
reaction at each histidine C*' site, it is possible to monitor a
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mass shift of <0.1 Da or very close to 1 Da, irrespective of the
value of M.,.

We illustrate a new protocol adapted to MALDI MS in the
measurement of histidine C** H/D exchange reaction rates in
bovine pancreatic ribonuclease A (RNase A), the enzyme
examined in our previous study using LC—ESI-MS.'® On the
basis of a linear free energy relationship between log k, and
pK,"® we analyzed the inhibitory effect of cytidine 3'-
monophosphate (3'-CMP) on RNase A with respect to the
acid—base character and solvent accessibility of histidine
residues, especially His12 and His119 interacting directly with
3’-CMP at the active site. We suggest that solvent accessibility
is not a sole factor responsible for determining the H/D
exchange rate, based on the X-ray crystallographic structure of
RNase A, in which the C®! H of His48 undergoes H/D
exchange extremely slowly while it is not completely shielded
from solvent but involved in a network of hydrogen bonds.

B EXPERIMENTAL PROCEDURES

Materials. Deuterium oxide (D,0, 99.9%) was purchased
from Cambridge Isotope Laboratories (Andover, MA), and
deuterium chloride (DCI) and sodium deuteroxide (NaOD)
were from Sigma-Aldrich (St. Louis, MO). Bovine pancreatic
ribonuclease A (RNase A), cytidine 3’-monophosphate (3'-
CMP) monosodium salt, trypsin, chymotrypsin, and subtilisin
(Carlsberg) were obtained from Sigma-Aldrich and used
without further purification. a-Cyano-4-hydroxycinnamic acid
(CHCA; high-purity MS grade) was purchased from Shimadzu
GLC (Tokyo, Japan). Methanediphosphonic acid (MDPNA)
was obtained from Tokyo Chemical Industry (Tokyo, Japan).
All other chemicals and materials were reagent grade or of the
highest quality.

Methods. Buffer Solutions in D,0. Buffers used for H/D
exchange were 50 mM sodium acetate (pH 3.5—4.5), SO mM
MES (pH 5.0—7.5), and 50 mM HEPES (pH 8.0—9.0) in D,0.
The pH of the buffers was adjusted with diluted DCl or NaOD
and measured with a Horiba (Kyoto, Japan) pH meter F7
equipped with an ultramicro glass electrode (Fuji Chemical
Measurement, Tokyo, Japan). The reported pH values are
direct pH meter readings of the D,O buffer solutions calibrated
with standard buffer solutions made with H,O and are
uncorrected for the isotope effect at the glass electrode. The
ionic strength of the buffers was standardized with pH 4.5
buffer consisting of 50 mM MES and 50 mM NaCl, which had
a conductivity value of 4.5 m€2/cm. The pH of the solution was
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measured before and after the H/D exchange reaction and
reported as the mean value.

H/D Exchange Reaction of RNase A and Sample
Preparation for the Measurement of Mass Spectra. A
powder of RNase A (12.5 nmol) was dissolved in an
appropriate buffer (100 yL) to make a 0.125 mM solution in
D,0. The quantity of 3'-CMP in this solution was 37.5 nmol
(2.5-fold molar excess with respect to RNase A). The solution
in an Eppendorf tube (tightly capped to avoid contamination
with H,O) was incubated at 37 °C for 48 h. After the reaction,
the solution was divided into two equal portions (i and ii) to
obtain the requisite set of histidine-containing peptides by
digesting the enzyme with different proteases. Solution i was
acidified to terminate the reaction by the addition of formic
acid (10 uL), followed by removing salts using a Microcon
centrifugal filter [10 kDa cutoff (Millipore, Bedford, MA)]. The
protein that remained after evaporation of the solvent with a
SpeedVac was dissolved in a 5:1 formic acid/methanol mixture
(50 pL), subjected to oxidation with performic acid generated
in situ in a 95:5 mixture of formic acid and 30% aqueous
hydrogen peroxide (S0 L), and allowed to stand for 2.5 h in
an ice bath. The solution was diluted with cold water (500 uL)
and evaporated to dryness with a SpeedVac. The oxidized
protein was dissolved in 0.1 M ammonium bicarbonate (20 yL)
and digested successively with trypsin (7 pg) and chymotrypsin
(7 ug) for 1 h each at 37 °C. Prior to the measurement of mass
spectra (next section), the peptides were adsorbed on a
ZipTipc,s (Waters, Bedford, MA) and then eluted three times
with 50% aqueous acetonitrile (10 yL each) containing 0.1%
trifluoroacetic acid (TFA). In solution ii, intact and H/D-
exchanged RNase A was digested with subtilisin (2 yg) for 3 h
in an ice bath at pH 8.0 (ammonium bicarbonate) to obtain the
S-peptide [RNase A(1—20)] containing His12, according to the
standard protocol.'® The resulting digest was acidified with 10%
formic acid (2 pL) and subjected to MS after desalting using a
ZipTipcis (Waters) and eluting three times with 50% aqueous
acetonitrile (10 L each) containing 0.1% TFA.

Mass Spectrometry (MALDI-TOF MS and MALDI-PSD MS).
MALDI-TOF mass spectra were recorded using an AXIMA
Performance (Shimadzu/Kratos, Manchester, UK.) instru-
ment. A nitrogen laser (337 nm, 3 ns pulse width) was used
to irradiate the sample for ionization. The accelerating voltage
of the instrument was set to 20 kV using a gridless-type
electrode. In reflectron mode set to detect positive ions, each
spectrum was obtained by accumulating 150—250 laser shots.
We chose the saturated solution of CHCA as a matrix in 50%
aqueous acetonitrile containing 0.05% TFA. To suppress the
appearance of peaks as adducts with alkali metal ions, a 2%
aqueous solution of MDPNA was added to the solutions of the
matrix and samples.'” A portion (0.4 uL) of each sample
solution was mixed with the same (0.4 yL) volumes of matrix
and additive solutions on the MALDI target and analyzed after
being dried. The m/z values of spectra were externally
calibrated with CHCA and angiotensin II.

Processing of Mass Spectrometric Data To Calculate the
Rate Constant (k,). When the H/D exchange reaction occurs
at the C*! position of a histidine, the average mass (M,) of the
peptide containing one histidine residue should increase by 1
Da because of the difference between isotopic masses my,
(2.014101 Da) and my (1.007825 Da) for deuterium and
hydrogen atoms, respectively, upon completion of the reaction.
This process has proven to follow first-order kinetics, as
expressed by the equation
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M,(t) — M,(0)

(mp — my)[1 — exp(—k,t)]
1 — exp(—k,t)

= 1)
in which the apparent average mass at time t [M,(t)] is related
to that at time zero [M,(0)] through the pseudo-first-order rate
constant (k(/,), taking mp — my = 1 as a good approximation to
1.00628. For the experiment to be performed with a solvent in
which the D,O content (p) is given by p = [D,0]/([H,0] +
[D,0]) < 1, the term mp, — myy in eq 1 should be replaced with
p(mp — myy). In addition, if we consider that there are p (>1)
sites undergoing the H/D exchange reaction with an average
rate constant (k,,,)av, eq 1 incorporating the term p should have
essentially the same form as that used in a SUPREX method
based on the H/D exchange reaction for probing protein—
ligand interactions.">'® Although it is difficult to measure the
mass-to-charge ratio (m/z) for M,(0) and M,(t) very accurately
and independently, the difference M,(t) — M,(0) can be
obtained exclusively from the shift in the patterns of isotopic
peaks. This is because an average mass M, is the sum of
monoisotopic mass M and the weighted average of isotopic
peak intensities as follows:

Z:l:o (M + Dl (t)

ML) = Z?=01M+i(t)
_ Z?:o iIM+i(t) - _ IM+i(t)
=M e MY T Lo

n
M+ Z iy (1)

i=0

@)
Taking the difference M,(t) — M,(0) removes time-
independent value M from eqs 1 and 2. We thus obtain the
following equation, which involves only relative peak intensity
Tysi(t) and an integer i as variables.

kt=-Inq1 — [Z e (t) = Y iTM+,.(0)]
i=0 i=0 3)
In the preceding study, we derived a similar equation:10
kb= ln[l _ Iy11(0) IM+1(0):|
I(0) Ly(t) (4)

based on the same kinetics as in eq 3, while taking just two
variables, Iy and Iy, into account. Despite the formal
similarity, there is a large difference in the involvement of the
nonlinear term Iy,,/Iy in eq 4, which would be seriously
susceptible to interference unevenly imposed by background
noise or spectral artifacts on either the denominator or the
numerator, especially in cases in which Iy, > Iy and I, <
Iy The details of the derivation of eqs 1—3 are given in the
Supporting Information.

The plot of k, versus pH results in a titration curve, which
should be sigmoidal in the form of the Henderson—Hasselbalch
equation (eq S-I-8 of the Supporting Information):

log[
(%)

In this titration curve, k,, varies from 0 to k;,*™ from the acidic
(pH < pK,) to alkaline (pH > pK,) regions, respectively, with

ko _ g
———"|=pK, - pH
k(/’
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the midpoint at k,, = k;;*/2 and pH = pK,. Note that each value
of k, is obtained as a slope of the line represented by eq 3,
which requires the measurement of at least two data points at
times zero and, for example, 48 h as we have taken in this study.
We repeated the measurement of k,, three times at each pH.
Although it is also possible to calculate the initial isotopic
distribution Ty, ,(0) from the chemical formula,'® the
corresponding experimental value deviated substantially from
the theoretical one. We therefore determined the initial value
by taking the average of all the experimental data points of
I,(0) for each histidine residue. The slope k, could be
obtained more precisely by sampling data at an increased
number of time intervals. We applied a nonlinear least-squares
fit to a sigmoidal curve of k, versus pH in the form of eq § to
determine k,,™ and pK, values as described previously.'® The
standard deviation in k,, and the variation of pH during the H/
D exchange reaction (up to approximately +0.1S pH unit) were
ignored in the curve fitting,

B RESULTS AND DISCUSSION

Sample Preparation. In the preceding paper describing
this method using LC—ESI-MS, all the histidine-containing
peptides for determining pK, and k, values could be obtained
by successive digestion with trypsin and chymotrypsin, followed
by separation by LC. Each peptide thus separated was directly
subjected to ESI-MS to determine the H/D exchange rate
constant at a given pH.10 Expecting to detect and analyze the
four peaks of histidine-containing peptides simultaneously, we
directly submitted the mixture of peptides to MALDI MS. This
avoided the need for LC separation to be run as many times as
the number of pH values to be plotted on a titration curve.
Eventually, three of four peaks, each of which represents a
peptide containing one histidine residue (Figure S1 of the
Supporting Information), could be submitted to proper
processing to obtain individual k, values. However, the peak
of peptide QHM*DSSTSAASSSNY (M*, methionine sulfone)
containing His12 was not detectable at the expected mass value
of 1603.6 Da. Instead, the peak of this peptide in the N-
terminal pyroglutamyl form was observed infrequently and only
marginally; it was not intense enough for measurement of the
k, value. Fortunately, His12 is the sole histidine residue in the
S-peptide (KETAAAKFERQHMDSSTSAA), which derives
from native RNase A by a specific proteolytic cleavage between
residues 20 and 21 with subtilisin.'® Because of this highly
efficient cleavage, the desired isotopic peaks of the S-peptide
(monoisotopic peak at m/z 2166.5) could be detected with a
sufficiently high S/N ratio in all the spectra to determine the
H/D exchange rate at varied pH values (Figure 1).

In this experiment, special care was taken to suppress the
back-exchange of histidine C®' D, while allowing labile
deuterons to exchange back to protons during the proteolytic
digestion in H,O before the peptides were subjected to MALDI
MS. Although the H/D exchange rate of the histidine C*!
proton is overwhelmingly slower than that of the amide NH
proton as well as the rates of other labile protons, exposing
proteins even to a modestly alkaline condition for a long period
of time could cause undesirable back-exchange. The possible
error due to the back-exchange (D/H) is <4% of the rate
constant during the enzyme digestion of the protein for 2 h at
37 °C and pH 8 in comparison with the incubation for 48 h in
H/D exchange. This suggests that the experimental error
should be less significant in the limited proteolysis of native
RNase A with subtilisin to yield the S-peptide at a temperature
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Figure 1. Effect of pH-dependent H/D exchange on the isotopic
pattern of MALDI-TOF mass spectra of the RNase A S-peptide. The
intensity of the monoisotopic peak at m/z 2166.5 corresponds to
Iy(t), and those of peaks up to m/z 2170.6 for Iy ,(t) were used for
the calculation of k,, via eq 3. Individual traces are picked out from the
data taken at 48 h and employed for the plot of k,, vs pH in Figure 2C
of RNase A in the presence of 3'-CMP. Although the general
appearances of these spectra are quite similar, the change in the
relative intensities of peaks Iy (i = 0) and Iy, (i = 1) is conspicuous.
For the more drastic change in the isotope pattern observed for
His10S, see Figure S2 of the Supporting Information.

very close to 0 °C at pH 8. Pepsin cleaves peptide bonds under
acidic conditions where back-exchange of histidine C*' D is
least likely to occur, so that it is potentially preferable to
alkaline proteases.

Measurement of k, and pK, of Histidine Residues in
RNase A. As illustrated in Figure S1 of the Supporting
Information, the peaks of histidine-containing peptides were
detected with varied intensities in a MALDI mass spectrum.
Despite the relatively poor S/N ratio of the peak at m/z 1263.6
for a peptide containing His105, the values of k, processed by
eq 3 converged into a titration curve, in which the midpoint of
the sigmoid and the plateau representing the pK, and k,™
values, respectively, could be discerned (Figure 2). The results
of the measurements are summarized in Table 1. For the
peptide containing His48, however, there appeared to be no
noticeable pH dependency of k, even when the incubation time
for H/D exchange was prolonged for up to 7 days and the
intensities of the relevant isotopic peaks were comparable with
those of the His119-containing peptide. This is partly due to
the considerably low solvent accessibility of this residue with a
k5™ of S x 107 h™" or a half-life of S8 days determined by the
previously described H/T exchange method.” Comparing these
results, we conclude that the calculation with eq 3 is susceptible
to noise peaks to a lesser extent than that with eq 4, probably
because it can effectively attenuate noise spikes through
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Figure 2. Plot of k, vs pH in the measurement of pK, and kj,** values for histidine residues in RNase A. (A) Titration curves for His119 (A, solid
line), His105 (O, dotted line), and His12 (O, broken line) in the absence of 3'-CMP, (B) those for His119 and His10S in the presence of 3'-CMP,
and (C) that for His12 in the presence of 3'-CMP. In panel C, the peptide containing His12 was prepared by limited proteolysis of RNase A with
subtilisin. His48 (<>) gave the data points scattered around the bottom of panels A and B, making it impossible to draw a line or fit them to a defined
curve. Error bars represent the standard deviation based on triplicate experiments.

Table 1. Parameters Obtained via Characterization of the H/D Exchange Reaction of Histidine Residues in RNase A”

His12 His105 His119

parameter” free with 3’-CMP free with 3’-CMP free with 3’-CMP
pK, 5.77 + 0.03 7.08 + 0.03 6.12 + 0.02 6.58 + 0.02 6.28 + 0.03 6.97 + 0.02
k> (x107° h™") 43+ 03 21 %02 12.0 + 0.1 9.5 + 04 64 +02 7.6 + 0.1
k, (x10° M~ h™Y) S4 0.13 6.7 1.8 2.5 0.60
log(k,/K3) 0.18 —14 027 —-0.29 —0.16 —0.78
log(kK3™/k3) 0.51 —0.41 0.27 -0.06 0.15 —-0.33
log r = log(k™/k3) 0.33 0.99 0.00 0.23 0.31 0.45

Because of the experimental errors involved in pH, pK,, kj™, and kj, the values for k2 and the terms consisting of k, may involve an error of ~10%.
bFor the calculations of log(k,/k3) and log(k3™/k3), we took k) = 3.58 x 10° M~! h™! measured for His5 of angiotensin III at a pK, of 6.50."

averaging the intensities of all the isotopic peaks across the area
where all the relevant isotopic peaks are observed. In contrast,
processing data with eq 4 has the difficulty of correcting the
error caused by noise spikes superposed on either one of two
specified isotopic peaks giving I and Iy, ;, which are chosen to
evaluate k, as a function of Iy,/Iy, whereas each noise peak
has the completely opposite effect on the value of Iy, ,/Iy. The
calculation involving the nonlinear term Iy, /Iy is therefore
avoidable particularly in MALDI MS where the need to process
spectra consisting of peaks with relatively low S/N ratios often
arises. Although the standard errors estimated for pK, values
were less than +0.03 (Table 1), a larger error could possibly
arise if the standard deviation in k, and the change in pH
readings during the H/D exchange reaction were taken into
account. The more precise measurement would be achieved by
increasing the frequency of sampling I,;(t) data at shorter time
intervals to determine the slope k,.

The method presented here relies on the extremely high
specificity of the H/D exchange reaction, which occurs
uniquely at the C*'-H group of the histidine residue among
all the C-H groups in genetically encoded amino acid residues
in D,O under the conditions described here. Very few
exceptions include the exchange of the C% hydrogen of
amino acid residue(s) during racemization. Under stringent
conditions of incubation at pH 8 and 50 °C for S days in D,0O,
incorporation of deuterium atoms into specific residues has
been detected by LC— ESI MS in a study of protein degradation
due to racemization.!® This signifies that the H/D exchange
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reaction at the C*' position of a histidine residue is the sole
chemical process not affecting the tertiary structure of proteins,
as is the corresponding reaction at the amide N-H group. One
of the advantages of the C*'-H group over the amide N-H
group in H/D exchange experiments is that it is stable not only
to undesirable back-exchange but also to scrambling in MS/MS
measurements.

Effects of 3'-CMP on k;** and pK, of His Residues.
His12 and His119 located in the active site of RNase A are well-
characterized as catalytic residues. According to the X-ray
crystallography of RNase A and its complex with 3’-CMP
[Protein Data Bank (PDB) entry 1RPF], the imidazole groups
of His12 and His119 interact with the 3’-phosphate group of
the competitive inhibitor at distances of 2.7 and 3.2 A,
respectively, through the formation of ion pairs (Figure
3A,B).*° The titration curves in Figure 2 show the significantly
large shift of the pK, values to the alkaline region by as much as
1.4 pH units (5.7—7.1 for His12) and 0.7 pH unit (6.3—7.0 for
His119) upon binding with the inhibitor (Table 1). This can
reflect the change in the environment of these catalytic residues
from the interaction with a basic group, probably the e-amino
group of Lys41, to that with the highly anionic phosphate
group of 3’-CMP. The comparatively large pK, shift due to the
interaction with the phosphate group of the bound 1nh1b1t0r has
been observed for His12 and His119 in RNase A,> His40 in
RNase T}, *! and His91 in RNase St (Streptomyces erythreus). 13
In addition, a '"H NMR study of wild-type and mutated
(D121N and D121A) RNase A also revealed a similar effect of
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His105

Ser75

N

Figure 3. Environments of four histidine residues in the X-ray crystallographic structure of RNase A. (A) Imidazole groups of His12 and His119 are
capable of forming hydrogen bonds with the main-chain carbonyl oxygen atoms of Thr45 and Val118, respectively, in the active site. (B) Both His12
and His119 can interact with the phosphate group of 3'-CMP, which binds to the enzyme in a manner that excludes some water molecules from the
active site. (C) His10S is almost fully exposed to solvent on the surface of the molecule. Its imidazole group can form a hydrogen bond with the C-
terminal Val124. (D) His48 is located just beneath the Ser19-Ala20-Ala21 chain in the loop loosely connecting two a-helices of residues 3—13 and
24—34. Its imidazole group is involved in a network of hydrogen bonds connecting Asp14 and Thr82. Figures are drawn using PDB entries 1RPH
(A, C, and D) and 1RPF (B).*° For space-filling models showing all four histidine residues, see Figure S3 of the Supporting Information.

uridine 3'-monophosphate on the pK, shift of Hisl2 and
His119.”

Together with the pK, value, the k;™ value probes the
environment of a histidine residue as an index of the
accessibility of the imidazole group to solvent molecules. As
dictated by eq 7, however, the mutual dependency between pK,
and k™ values makes it difficult to compare the k;,™ values of
two histidine residues with different pK, values. For example,
ky™ values of His119 in the presence and absence of 3'-CMP
were determined to be 0.0076 and 0.0064 h™' (Table 1),
respectively, as if the binding of 3’-CMP had enhanced the
solvent accessibility of this residue. This is apparently
inconsistent with the X-ray structure of the complex of 3'-
CMP and RNase A, in which His119 must be shielded from
bulk water by the bound inhibitor in the active site (Figure 3B).

The relationship between the k;* value and solvent
accessibility would be represented more clearly if considered
the second-order rate constant (k,) as a parameter that is
explicitly related to the H/D exchange reaction rate (v) via the
equation v = k,[His:-D*][OD~] (eq S-I-3 of the Supporting
Information). From the experimental values of pK, and k", we
can obtain k, by transforming eq 7 to k, = k;™ X K,/Ky. The
logarithmic form of this equation, in which the M™' h™!
dimension of k, has been removed by taking the ratio of k,/
kS for an appropriate imidazole derivative chosen to determine
reference values of k,, k?,}“x(o), and ng

log(k,/k3) = log[km™/kr™®] — (pK, — pK?)

(6)

resembles the linear free energy relationship represented by a
Bronsted equation

log(k,/k;) = a + BpK, )
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that relates pK, to the relative reactivity k,/ky of a given
functional group in model compounds, but not in proteins.23
Indeed, the plot of log k, versus pK, measured for several small
imidazole derivatives by the H/T exchange method yielded a
straight line with a slope 8 of —0.7.>* With the slope of —0.7
determined empirically, the resulting Breonsted plot was
successfully applied to the microenvironmental analysis of
histidine residues in several proteins.'>'**"** Choosing His$ of
angiotensin III as the reference representing the imidazole
group fully accessible to bulk water with an H/D exchange rate
constant k9 of 3.58 X 10° M™' h™! [or k‘(;‘ax(o) of 0.0153 h™'],
which is maximal (k, = k&™) at a pK, of 6.50,'" we have a
relationship

log(ky™/ky) = 4.6 — 0.7pK, (8)

In the plot of log(k,/k3) versus pK,, the line with a slope f of
—0.7 (eq 7) runs through the point log(k,/k3) = 0 at a pK, of
6.50. As shown in Figure 4, all the data points for His12, -105,
and -119 appear below or on the line represented by eq 8,
suggesting that the deviation of k, from the maximal rate
constant k3™ at the same pK, value is a measure of structural
interference imposed on the H/D exchange reaction. If we take
the ratio r = kJ**/k,, the extent of interference can be estimated
on a logarithmic scale, logr, as the vertical distance to be
measured on the plot based on the equation derived from eq 8
in the following manner:

log(k3"™/k3) — log(k,/k;)
4.6 — 0.7pK, — log(k,/k3)

log r

©)

It is also possible to compare points (ky(s), PKya)) and (kyg),
pK,s)) for two different histidine residues (or for a given
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Figure 4. Bronsted plot for three histidine residues in RNase A in the
H/D exchange reaction. Numerals following the letter H (histidine)
refer to residue numbers and conditions: the enzyme in the absence (f,
free) and presence (b, bound) of 3’-CMP. The line with the slope of
—0.7 is drawn according to the equation log(k3™/k3) = 4.6 — 0.7pK,
(eq 8), so that the empty square [H(ref)] for HisS in angiotensin III
falls at log(k,/k3) = 0 and pK, = 6.50. The vertical distance between a
data point and the line with the slope of —0.7 represents log r.
Therefore, the difference in log r (the length of the blue dotted line) or
AlOg 7 (free /bound) for His12 corresponds to the difference in the lengths
of the two dotted lines.

residue at different states), A and B, respectively, as the
difference

Alog V(A) - lOg f(B)

0.7[pK, ) — PK,a)) + loglkygy/kaa)]
(10)
Note that the term Alog r(,/p) involves neither k) nor the
corresponding pK,, each of which may be determined for any
histidine residue, yet it is convenient to choose k3 for a histidine
derivative in which the H/D exchange reaction is least likely to
be interfered with, so that log r for each histidine residue can be
estimated graphically on the Bronsted plot as shown in Figure
4. Although the similar linear relationship between log k;™ and

Alog "(a/B)

pK, for several imidazole derivatives has been suggested for the
analysis of the solvent accessibility of histidine residues in a
protein,* the use of the Bronsted plot drawn on the basis of eq
10 should allow the comparison of various histidine residues in
different proteins.

Table 1 summarizes kinetic parameters log r along with the
corresponding k,™ and pK, values determined for three
histidine residues (His12, -105, and -119) in RNase A in the
presence and absence of 3'-CMP. As perceived from the
Bronsted plot displaying log r = 0 for His105 in the absence of
3'-CMP (Figure 4), the faster H/D exchange reaction rate of
His105 compared to that of HisS in angiotensin III is
reasonable if we allow for its relatively low pK, value of 6.1
and almost full exposure to solvent (Figure 3C).”° Appreciable
changes in log r and pK, for His105 may be related to a 180°
flip of the imidazole ring upon binding of 3’-CMP with the
enzyme, as one can recognize by a careful comparison of X-ray
structures of PDB entries IRPH and 1RPF (data not shown).”
The apparent inconsistency between the enhanced pseudo-first-
order rate constant (kga") and possible solvent shielding effect
on His119 upon binding with 3’-CMP could also be resolved
by considering the increment of the log r value from 0.31 to
0.45, suggesting that the accessibility to solvent was suppressed
1.4-fold by inhibitor binding [Alog 7 (fee/bound) = 045 — 0.31 or
10°4/10%" = 1.4]. Similarly, the increment in Alog r upon
binding of 3’-CMP amounts to the 4.6-fold suppression of the
H/D exchange rate [Alog 7 (ee/bouna) = 0.99 — 0.33 or 10%%%/
10°33 = 4.6] for Hisl2, which could be shielded from bulk
water more effectively than His119 by the bound 3’-CMP. This
is in good agreement with the X-ray crystal structure of RNase
A in which Hisl2 is at the bottom and His119 near the
entrance of the active site cleft (see Figure 3A,B).%°

Considering that the H/D exchange reaction requires that
the C*! atoms be in direct contact with water, we may relate the
value of k™ to the solvent accessibility of histidine residues.”
However, the exchange rate of His48 was immeasurably slow
throughout the pH range tested, despite its location just below
the surface of the protein and thus it being incompletely
shielded from solvent access (Figure S3 of the Supporting
Information). As a possible factor responsible for the
unexpectedly low H/D exchange rate of His48, we note the

Scheme 2. Possible Networks of Hydrogen Bonds Involving the Imidazole Group of His48 in Forms I (neutral) and II

(protonated)”
Hydrogen bond

donor /O

H

His48

Hydrogen bond

acceptor (3
‘>=\ H‘
/

Asp14 - A
- Thr82 - H® + H®
\C¢O ----- H—N _ N H—YO\ e - \040 ----- H—N @ N—H -O\ _
| Y ?H <Not interchangeable> | Y (|:H
HN_ H CHj HN__ H CHj
| (neutral form) ODe/DZO ODe/DZO * Il (protonated form)
pK, : low PK, : high
kg™ 2 low H_NYN % 4 k,=0 at pH <pK,
(k, : high) D (ky : low)

“The two forms of the imidazole group are distinguished by the orientations of the y-OH bond of Thr82, making an ordinary acid—base equilibrium
unlikely in a fixed conformational state. A possible hydrogen bond acceptor from the y-OH group of Thr82 is the a-carbonyl oxygen of GIn101
(Figure S4 of the Supporting Information). Because C*! H/D exchange occurs only when forms I and II are in an equilibrium characterized by
constant K, the value of k, should be invariably zero regardless of the form (I or II) to which the imidazole group of His48 may be restricted.
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two hydrogen bonds flanking the imidazole ring (Scheme 2). In
this network of hydrogen bonds (Figure 3D), it is possible to
assume that the imidazole group can take either the neutral (I)
or the protonated (II) form, in which an acid—base equilibrium
associated with the exchange of a proton between the imidazole
&,-nitrogen and the y-oxygen atom of Thr82 is prohibited
because of the nondissociable nature of the hydroxyl group.
According to a 'H NMR study of RNase A, the titration curves
of the C°*'H and Cf'-'H resonances of His48 are
discontinuous in the region from S to 7, indicating the
possibility that there is a slow conformational transition with at
least one intermediate form between the slowly exchanging
base-stable and acid-stable conformers.>* In these base- and
acid-stable conformers, His48 could possibly take forms I and
II, respectively. It is therefore likely that the equilibrium
between I and II forms occurs only in the suggested
intermediate conformational form(s) but not in the base- and
acid-stable conformers. As anticipated from the C* H/D
exchange reaction mechanism, the value of k, should be
invariably zero whichever form the imidazole group of His48
may take because there is no equilibrium between forms I and
II, each of which belongs to a different conformational state.
The similar rate-suppressing effect due to the restriction of the
acid—base equilibrium could be expected to arise for the
reaction of a metal-bound histidine residue.

As an additional factor to consider, a C! H---O hydrogen
bond can enhance or suppress the H/D exchange reaction. This
effect was proposed to interpret the unusual "H NMR chemical
shift of the C*! proton resonance of a catalytic histidine residue
in serine protease.”’ As far as four histidine residues in RNase A
are concerned, however, no such unusual downfield shift has
been reported in their '"H NMR signals, despite the apparent
short distance between the C*' H and the possible hydrogen
bond acceptor in Hisl2 and His48 (data not shown).
Nevertheless, this effect would be worth noting when there is
a need to consider a rate-enhancing effect for the Cc?' H/D
exchange reaction at a specific site.

Native protein structure fluctuates thermally without needing
a conformational transition. A large fluctuation allows water
molecules to diffuse into the interior of a protein, thus
enhancing the apparent solvent accessibility of a histidine
residue that is completely shielded from the solvent otherwise.
In particular, RNase A retains the catalytic activity without
requiring that the intact native conformation be preserved. A
few active forms of RNase A include various types of oligomers
occurring in concentrated mildly acidic solutions®”° and
RNase S in a complex with the S-peptide.16 In the crystal of a
domain-swapped dimer, the newly formed active site consists of
His12 in the N-terminal segment of one chain and His119 in
another chain.’ These examples suggest that allowance for
conformational change at the active site is relatively large in this
enzyme. This could explain, at least partly, the large variation of
pK, values reported for histidine residues in RNase A with
different methods under a variety of solution conditions.****>

Although X-ray crystallographic structures provide us with
information concerning solvent accessibility and noncovalent as
well as covalent interactions, it is very difficult a priori to specify
the major factor that modulates the histidine C*' H/D
exchange reaction, distinguishing among a variety of causes,
including dynamic ones. To overcome such a difficulty, we
need to implement the other methods for probing protein—
ligand interaction and conformational stabilit&y such as conven-
tional amide N H/D exchange, SUPREX,"® and fast photo-

1825

chemical oxidation of a protein footprint (FPOP).>* One of the
common features of SUPREX and FPOP is that the
measurements of kinetic parameters for individual histidine
residues are conducted in the manner of bottom-up
proteomics. The time scale covered by FPOP is on the order
of microseconds, being much shorter than a range of days
determined to be the typical half-life (t,/, = 0.693/k;™) of the
histidine H/D exchange reaction. By an appropriate combina-
tion of these complementary approaches, we could extend the
method from the microenvironmental analysis of histidine
residues in a folded protein to the exploration of protein
interactions, protein folding and unfolding, and fluctuations
occurring on the faster time scale. In line with this provision, we
are refining parameters a and f# in eq 7, so that we could
interpret the values of log r and Alog r on a more quantitative
basis.

B CONCLUSION

We suggested a method based on MALDI MS to measure rate
constant k,, of the H/D exchange reaction occurring at the ce
position of a histidine. The new data processing method was
adapted to MALDI MS for the determination of k,* and pK,
values for individual histidine residues in RNase A. To compare
rate constants of histidine residues with different pK, values, it
was necessary to use second-order rate constant k, rather than
ky™ because we could derive a pK,-independent parameter,
log(ky*/k,), signifying the deviation of k, from k™* estimated
from a linear free energy relationship (Brensted plot) with the
corresponding pK, in the unperturbed state. For three of the
four histidine residues, including His12 and His119, in the
catalytic site, the possible effect of solvent accessibility on their
log(ky*/k,) values appeared to be consistent with the X-ray
structures of RNase A in the presence and absence of 3’-CMP.
In contrast, we found it impossible to interpret the extremely
slow H/D exchange rate of His48 in terms of solvent
accessibility alone because this residue is partially exposed to
solvent just below the surface of the molecule. We conclude
that the rate of the H/D exchange reaction at the imidazole ring
C-2 (histidine C*') position is affected not only by solvent
accessibility but also by a network of hydrogen bonds involving
both imidazole nitrogen atoms with nondissociable functional
groups.
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been updated, and the corrected version was reposted on
March 25, 2014.
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