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/Abstract: Owing to its imidazole side chain, histidine partici-
pates in various processes such as enzyme catalysis, pH reg-
ulation, metal binding, and phosphorylation. The determina-
tion of exchange rates of labile protons for such a system is
important for understanding its functions. However, these
rates are too fast to be measured directly in an aqueous so-
lution by using NMR spectroscopy. We have obtained the ex-
change rates of the NH;* amino protons and the labile NH®?

-

\

and NH®' protons of the imidazole ring by indirect detection
through nitrogen-15 as a function of temperature (272 K<
T<293K) and pH (1.3 <pH<4.9) of uniformly nitrogen-15-
and carbon-13-labeled L-histidine-HCI-H,0. Exchange rates
up to 85x10*s™" could be determined (i.e., lifetimes as
short as 12 ps). The three chemical shifts d,; of the invisible
exchanging protons H; and the three one-bond scalar cou-
pling constants 'J(N,H) could also be determined accurately.

Introduction

Histidine is an essential amino acid that is often found in
active sites of enzymes and other proteins that are involved in
catalysis,"’ pH regulation,” metal binding,”’ and phosphoryla-
tion.™*! The unique properties of histidine arise from its acid-
base characteristics. Indeed, it is the only amino acid with an
imidazole side chain that can act either as an acid or as a base
in the physiological pH range. This property is of considerable
significance for the function of many proteins. For example,
NMR spectroscopy confirmed the catalytic role of His-12 and
His-119 in RNase A the regulatory function of His-146 in
human hemoglobin,”” and the role of His-37 in shuttling pro-
tons into the virion by imidazole protonation and deprotona-
tion, which is facilitated by ring reorientation.” Pioneering
NMR spectroscopic studies based on direct proton detection
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have shown that the H®2 and H® protons of the imidazole ring
exhibit slow exchange rates in RNase” and in human carbonic
anhydrate."” Whereas NMR spectroscopy has been used to
study °N chemical shifts and 2J(N,C) and 3J(N,C) in the imid-
azole rings of histidine over a wide pH range,"'? to the best
of our knowledge, the exchange rates of labile protons of histi-
dine in aqueous solution have not yet been reported. Solid-
state NMR spectroscopy has been used to study "N and "*C
chemical shifts of histidine in single crystals and in lyophilized
and microcrystalline powders,"*"® whereas isotropic and an-
isotropic N chemical shifts were exploited to investigate the
tautomeric and acid-base equilibria of histidine.">' A linear
correlation was found between the isotropic "N chemical
shifts in imidazole and the degree of bond stretching induced
by hydrogen bonding."” Interestingly, the *C chemical shifts
of imidazole in histidine lyophilized from solutions with various
pH values conserved information about the pK, values of the
parent solutions.!"

Although NMR spectroscopy is unparalleled for the determi-
nation of exchange rates owing to its capacity to provide site-
specific information, its scope is normally limited to moderate-
ly fast exchange rates (up to few thousand s™' under favorable
conditions)."®'? Recently, we were able to extend the range of
exchange rates that can be measured by NMR spectroscopy by
more than an order of magnitude (up to 10°s™' for an NH
group) by using a method that accurately determines the ef-
fects on "N nuclei of scalar relaxation due to exchanging pro-
tons.”” This method relies on monitoring the decay of "N
magnetization under multiple refocusing Carr—Purcell-Mei-
boom-Gill (CPMG)®"?? trains in the presence or absence of
proton decoupling. In this work, we use this approach to mea-
sure fast-exchange rate constants of the H®' and H®? protons of
the imidazole ring and of the NH;* protons in histidine as
a function of pH and temperature. Furthermore, we deter-
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mined the elusive one-bond scalar coupling constants 'J(N,H)
and chemical shifts w,; of the otherwise invisible H®', H%, and

NH," protons.

Methodology
Pulse sequence

The pulse sequences designed
to determine the exchange rate
constants of the labile H®2, H,
or NH;™ protons of histidine are
shown in Figure 1. The magneti-
zation of a neighboring ‘spy’
proton is transferred via the ad-
jacent carbon-13 to the target
nitrogen-15 in the form of anti-
phase  coherences 2N?,C%,
2N°',C", or 2N,C%, by means of
two successive coherence trans-
fer steps in the manner of insen-
sitive nuclei enhanced by polari-
zation transfer (INEPT).”® These
antiphase N-spin coherences are
then allowed to decay under
a multiple-refocusing CPMG
pulse train applied to the "N
nuclei. In  experimentB of
Figure 1, continuous wave (cw)

proton decoupling is applied
during the "N pulse train,
whereas in experiment A of

Figure 1, decoupling is only ap-
plied before the pulse train
when the nitrogen magnetiza-
tion is still along the z axis. The
relaxation of the C®, C*',, and
C“, terms equally affects experi-
ments A and B and does not
play any role in subsequent anal-
yses. The remaining antiphase
coherences are then transferred
back to the spy protons. Experi-
ments have been recorded for
temperatures  between 2726
and 2925 K. At each tempera-
ture and for each "N nucleus,
about 20 different sets of experi-
ments were performed with vari-
able numbers 2<n<32 of &
pulses in the CPMG pulse trains,
different pulse intervals (t=1.25,
2.5, 5 ms), different offsets of the
radio frequency (rf) carrier
(varied in steps of 2 kHz), and
different amplitudes of the cw
proton decoupling field (from
156 to 5000 Hz). Each set of ex-
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periments comprised four consecutive pairs of experiments A
and B and typically lasted about 3 min. From the ratios A/B of
the signal intensities observed in experiments A (without
proton decoupling during the N CPMG train) and B (with
proton decoupling), the rate constants of the proton exchange
were calculated using a home-written Mathematica program.
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Figure 1. Pulse sequence designed to measure the proton exchange rates k., of the NH*', NH*2, and NH," groups
in histidine. The 7 and 72/2 pulses are represented by narrow open and filled rectangles, respectively, whereas de-
coupling sequences are represented by wide rectangles. Continuous-wave (cw) proton decoupling was applied in
both experiments A and B for a duration o, but the CPMG train, also of length J, was delayed until after the de-
coupling interval in experiment A, whereas both were applied at the same time in experiment B. This prevents dif-
ferences in temperature induced by decoupling. All 7/2 and 7 pulses applied to °C in the first and last INEPT
blocks were nonselective rectangular pulses, whereas the *C refocusing pulses in the other INEPT blocks had
REBURP profiles® with a duration of 4 ms. The "N inversion 7 pulse in the INEPT block had a REBURP profile of
2 ms duration for observing NH;* protons and Q3 profiles®® with a duration of 30 ms for probing the NH® and
NH?®' protons. Continuous-wave proton decoupling was used during the blocks A and B but WALTZ-16 decou-
pling®” was used during the INEPT sequences that bring about coherence transfer between '>C and "*N. The
delays were set to 7;=1.69 ms~1/(4'J(C,H)), 7,=23.43 ms~1/(4"JN,C)) for NH;*, 7,=1.22 ms~ 1/(4 ' J(CH)),
7,=16.7 ms~1/(4"JN,Q)) for NH2, 7,=1.12 ms~ 1/(4"J(C,H)), 7,=17.9 ms~1/(4'J(N,C)) for NH*'. All phases were
along the x axes unless indicated otherwise. The phases were cycled according to: ¢, =2{y}, 2{—y}, ¢,=1{x}, {—x},
s =4{x}, H—x}, ds_y, Ps=8{x}, 8{—x} with a receiver phase P =1, =X, =X, X, =X, X, X, =X, =X, X, X, =X, X, =X, —X,
x}. The gradients need to be carefully adjusted to avoid accidental refocusing. The value a=y/yy. The labile H*,
H%, and NH;™ protons examined in this work are highlighted with colors and the pathways for the transfer of
magnetization are indicated on the molecular structure. By way of example, spectra A and B of the H? proton are
shown for indirect detection of NH®? at pH 3.2 and 292.5 K.
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A small correction was applied to account for the presence of
3% D,0 in the solvent.”

Theoretical treatment

Proton exchange can be mediated by H,0, OH™, or H,0*. If
the incoming and outgoing protons have opposite polariza-
tion, this leads to a flip-flop of the spin attached to the nitro-
gen. From the point of view of a >N coherence, this amounts
to an interconversion of the two lines of the doublet, that is,
an exchange of the two single transition operators [Eq. (1)]:

kex/2

N H* & N.H (1)
Since a proton exchange leads only to a 50% likelihood of
a spin flip, the exchange rate is divided by two. In a base of
Cartesian product operators, the exchange leaves the in-phase
operator N, invariant, and it contributes to the auto-relaxation
rate of the antiphase operator 2N,H, since a spin flip leads to
[Eq. (2)]:

kex
aNH, N, (2)

The exchange constants can be obtained by solving the Liou-
ville-von Neumann equation [Eq. (3)] during the CPMG pulse
train:

o o(t) = ~ip(t ®)

in which p(t) denotes the density operator and L represents
the Liouvillian superoperator,”? which includes coherent evolu-
tion, relaxation, and exchange contributions.”” The solution of
this first-order differential equation describes the evolution of
the density operator during the CPMG pulse train that contains
n 7 pulses spaced by intervals 27 [Eq. (4)]:

p(t = 2n7) = [exp(—L7).Ry. exp(—L7)]"0(0) 4)

in which Ry represents the 7, pulse applied to *N. In the basis
{N, 2N,H,, 2N,H, 2N,H}, this leads to [Egs. (5) and (6)]:

0 ANH 0 0

. —J(NJH) ke —w, 0

[= (5)
0 (O kex ‘QH
0 0 ~Q, k.
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Here w, is the amplitude of the rf decoupling field applied to
the protons, J(N,H) is the relevant one-bond scalar coupling
constant, and Q,, is the offset between the chemical shift w,
of the exchanging proton (H®', H®%, or NH;*) and the carrier
frequency wy [Eq. (7)]:

Qy = oy — oy (7)

The ratio A/B depends on the offset since the decoupling be-
comes less efficient when the proton carrier frequency is off-
resonance.”” Thus for a given number of pulses and a given
duration of the interpulse delay, the ratio is A/B smallest when
the proton carrier coincides with the chemical shift of the ex-
changing proton.

We have considered the pulses applied to the °N nuclei to
be instantaneous (in reality they are about 70 us long, much
shorter than the shortest interval of 2r=2.5ms). In Equa-
tion (5), relaxation is not taken into consideration since the
rates either affect both experiments A and B equally or can be
neglected relative to the exchange rates. To obtain the rate
constant, the density operator is calculated twice to get the
ratios A/B [Eq. (8)]:

(A/B)™ = (N,(t=2n7; wy = 0))/(N,(t=2nT; w, # 0))

(8)

In this treatment, we considered the exchanging protons to
belong to NH groups; NH, or NH; groups can be treated like
an NH group except that one has to take the square or cubic
root, respectively, of the experimental A/B ratios.*

In our previous work, the exchange rate could in principle
be determined from only two ratios A/B obtained with two dif-
ferent intervals 27 since the resonance frequencies Q, and
scalar couplings J(N,H) were known precisely. Under these con-
ditions, the Liouvillian of Equation (5) has only one unknown,
but two different experiments are nevertheless necessary since
there are two degenerate solutions.”?>?* |n this work, the labile
protons remain invisible over the entire pH range because
they exchange too rapidly. Hence, n, 7, w4, and @, were varied
systematically. For all experimental conditions, the ratio
(A/B)™® of Equation (8) was determined using a home-written
Mathematica program. Then the values of w,, JIN,H), and k.,
were obtained by minimizing y? the sum of the squares of the
deviations (A/B)®®"—(A/B)“, Figures 2 and 3 show that the ex-
periments allow one to accurately determine all three un-
known parameters k., J(N,H), and d,: when only two of the
unknown parameters are fitted, whereas the third one is pur-
posely miss-set to JIN,H)*™* or 64", significant deviations be-
tween the calculated and experimental ratios appear. The pro-

test
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Figure 2. The scalar couplings 'J(N,H) can be postulated to have values
J(NH)"™ that differ from the optimum value | 'J(N,H)°*| = 98.54 Hz, whereas
the chemical shift 8,; and exchange rate k., of the H* proton at pH 3.2 and
292.5 K are fitted. Significant discrepancies are observed when the scalar
coupling is deliberately miss-set to | "JIN,H)™ | — | 'J(N,H)°*| =0, 10, 20, or
30 Hz. The gray line with a unit slope is merely to guide the eye. Similar re-
sults have been obtained for different sites, pH values, and temperatures.
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Figure 3. The chemical shifts d,, of the exchanging NH*? proton can be miss-
set deliberately to values 8, that differ from the optimum 6,°"'=13.6 ppm
while fitting the one-bond scalar coupling constant 'J(N,H) and the ex-
change rate k, at pH 3.2 and 292.5 K. Significant discrepancies are observed
when the chemical shift is deliberately miss-set to 0" —8,°"*=0, 0.5, 1, or
1.5 ppm. The experimental ratios (A/B)**" are plotted against the calculated
ratios (A/B)™. The gray line with a unit slope is to guide the eye. Similar re-
sults have been obtained for different sites, pH values, and temperatures.

cedure described above does not allow one to obtain mean-
ingful exchange rates when the A/B ratio is close to 1. When
0.9<A/B<1.0 for an entire set of experiments at a given pH
and temperature, the fits become rather imprecise and sensi-
tive to small systematic deviations. Hence, we only applied the
three-parameter fit for pH values and temperatures for which
A/B<0.9 in at least one of the experiments recorded at
a given pH and temperature. From these fits we obtained
a scalar coupling constant J(N,H) and a chemical shift w,. It is
known that 'J(**N,'"H) <0,%” but our results do not depend on
the sign of the scalar coupling, hence only its absolute value
can be deduced. Then the whole set of experiments was ana-
lyzed again by assuming that the scalar coupling constants

Chem. Eur. J. 2014, 20, 6332 -6338 www.chemeurj.org
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and chemical shifts are constant over the entire pH range.
Thus, the exchange rates k., of Figure 6 (see below) were de-
termined by fitting only a single parameter (i.e., the exchange

[+2726 K - 278.0K =283.5K +292.5K |
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Figure 4. Variations of a) the chemical shifts 6, and b) scalar coupling con-
stants 'J(N,H) that have been determined over a range 1.0 < pH < 4.5 and
temperatures 272.6 < T < 292.5 K, encoded by different colors. The chemical
shifts 0,°"" were referenced with respect to the temperature-dependent shift
du,0 Of the water resonance, as determined by Markley et al.*® The variations
are very small (on the order of 0.1 ppm). For the NH;™ group, the chemical
shift appears to have a linear dependence on pH. However, whether one
simply assumes an average shift <d,> or a linear pH dependence of the
chemical shifts, the resulting exchange rates are not significantly affected.

rate).

The scalar coupling constants determined in this fashion are
|'JINH;D) | =(73.2402) Hz, |'J(N,H?)| =(98.5+0.3) Hz, and
|"J(NH®") | =(97.241.0) Hz. The stochastic errors in the A/B
ratios owing to noise were very small (on the order of 1%o).
Consequently, systematic errors due to rf miscalibration or in-
homogeneities, small temperature variations, instrumental in-
stabilities and theoretical simplifications (in particular, cross-
correlated relaxation effects were neglected) are expected to
be dominant. Hence all A/B ratios were weighed equally in the
¥* minimization. The errors in the scalar coupling constants
and chemical shifts were determined from standard deviations
of different experiments. In Figure 4, the chemical shifts of the
different NH protons are plotted as a function of pH.

To determine the exchange rates, we averaged the scalar
coupling constants J(N,H) over all temperatures and pH values,
whereas we considered the chemical shifts separately for each
temperature and only averaged them over all pH values. The
'H chemical shift of the NH;™ group seems to depend slightly
on pH; however, the fit of the exchange rate is not very sensi-
tive to such small variations, which are on the order of d=
0.1 ppm. Systematic errors in the exchange rates are difficult
to assess, whereas stochastic errors are very small. Therefore,
we assumed the error to be the square root of the sum of two

© 2014 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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sources: 1) errors of 1% common to all rates, which corre-
spond to an rf miscalibration of about 1%, and 2) errors in the
fits owing to systematic deviations of 1 %o of the A/B ratios. Ad-
ditionally, there is a contribution due to the error in the scalar
coupling. For a given A/B ratio, the exchange rate is (to a good
approximation) proportional to the square of the scalar cou-
pling, which leads to errors of 0.5, 0.8, and 2% for NH;*, NH?,
and NH®', respectively. The latter errors lead to a synchronous
shift of all rates of a particular proton and should therefore be
considered separately.

In our analysis, we neglected modulations of the isotropic
chemical shifts and scalar couplings induced by de- and repro-
tonation. Modulations of the nitrogen shifts affect experi-
ments A and B equally and do not affect the A/B ratios, al-
though such modulations can lead to line broadening and
hence to a decrease in the signal-to-noise ratio. In principle,
modulations of the isotropic
proton shifts and scalar cou-
plings can affect the A/B ratios.
However, we found an excellent
agreement between calculations
and experimental values by
using a single value for these pa-
rameters. These values might
need to be interpreted as
weighted averages over different
conformers.

(A)

Results and Discussion

The protons of the NH®', NH®2, and NH;* systems have distinct
chemical shifts (d,,), scalar coupling constants (J(N,H)), and ex-
change rates (k.,), but none of these can be observed directly
in proton spectra because of fast exchange. We have measured
the exchange rate constants of the labile H®', H2, and NH,*
protons in histidine over a pH range from 139 to 4.88
(Figure 6, see below). This range is well below the pK, values
of the NH®' group of the imidazole ring (pK,=6.0) and of the
NH;* group (pK,=9.17) so that the nitrogen atoms N and
N®' of the imidazole ring and the amino group NH,* have pro-
tonation fractions close to 1. Since histidine is in a fully proton-
ated state over this pH range, the propensity of exchange
mediated by hydronium ions is expected to be small.?® The
exchange rate constants that
could be determined range from
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more effective than acid catalysis by as much as eight orders
of magnitude.” For NH,;*, we found a U-shaped curve when
plotting the exchange rate on a logarithmic scale versus pH. A
small contribution of acid catalysis allows one to explain this
shape (see below).

In our previous work on the indole protons of tryptophan,
we were able to measure exchange rates up to 10°s'.”% The
pK, values of tryptophan span a wide range from 2.38 for the
carboxyl to 9.39 for the amino group. The catalysis of proton
exchange in tryptophan occurs mainly through H* and OH™
ions to give a well-defined V-shaped curve of log(k,,) versus
pH, a feature that is not found in histidine. The minimum of
the curve at about pH 4-5 is due to the electron-withdrawing
inductive effect of the indole side chain.?”

In histidine, for the pH range studied here, the rate con-
stants are averaged over three distinct forms in solution

_ PK,=60 N
_ = H / l
(B) ©)

Figure 5. In the range 1 <pH <5, histidine is mainly present in three forms (A, B, C). The pK, of the equilibrium be-
tween A and B is 1.82, whereas the pK,=6.0 for the equilibrium between B and C.

(Figure 5), the relative concentrations of which are described
by the following fractions [Eq. (9)]:

fA — ('I + 'IOPH*PKM + 102PH*pKa1*PKaz)*'|
f = (1 + 107 PHPKa 4 ‘IOPH*pKaZ)*‘I (9)
fo= (1 + 10 PHPK2 4 10*2PH+pKa1+pKaz)*1

The pK,,=1.82 refers to the carboxyl group, and pK,,=6.0 cor-
responds to the H' proton of the imidazolium ring.B" Each of
the three forms can have acidic and alkaline contributions to
the exchange rates of the three labile H*', H2, and NH;* pro-
tons and a common contribution W that stems from exchange
with neutral water. The solid lines in Figure 6 were obtained by
fitting the rate constants with the exchange equations
[Eq. (10)]:

105fa272.6 K
k=25x10> to 85x10*s™". For 278.0K
the exchange rates of the NH®' +2925K

N
Q
>

and NH% groups, we observed
a plateau up to pH 3 and there-
after a gradual increase with pH.
This happens because the ex-
change is water-mediated and

N
o
w

Exchange rate constant (s‘1)

N
o
]

.

NHE2 NHO!

obeys pseudo-first-order kinetics
at low pH but becomes base-
mediated with increasing pH.*®
For amino acids, exchange
through base catalysis is far

Chem. Eur. J. 2014, 20, 6332 -6338 www.chemeurj.org
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Figure 6. Proton-exchange rate constants k., obtained for the NH,*, NH'2, and NH®' groups in histidine as a func-
tion of 1.0 < pH < 4.9 over the temperature range 272.6 < T<292.5 K. Most error bars are smaller than the sym-
bols. Errors due to the uncertainty of the scalar couplings are not comprised in the error bars and cause a system-
atic shift of all points, as explained in the text. The solid lines result from fits to Equations (9) and (10).
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kex =W + kHAfA[H+]A + kOHAfA[OHi]A + kHBfB[H+]B

(10)
+konsfs[OHJg 4 kucfc [H]c + Koncfc [OH]c

in which [H*]=10""", [OH 1=K, 10", and K, is the auto-ioni-
zation constant of water, which depends on the tempera-
ture.’? The alkaline contribution (kopafa[OH ]a) of form A and
the acidic contribution (k,f-[H*]c) of form C can be neglected,
since at pH values for which f, and f. are significant these con-
tributions are eclipsed by other terms in Equation (10). For
NH?®', only two parameters (W and ko) were sufficient to ex-
plain the trend (the acid-mediated contributions appear negli-
gible and the ring in the C form has no H®'). For NH®%, three
parameters were needed (W, koue, and koyc), Whereas the acid-
mediated rate constants kg, and kg could not be determined.
For NH,;*, an additional acid-mediated contribution had to be
included to explain the slight increase of the exchange rate at
low pH. The same acid-mediated rate constant was assumed
for both forms A and B (ky, =k.g), since the data do not allow
for sufficient discrimination. All exchange constants that could
be determined are shown in Table 1.
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Figure 7. Apparent activation energies of proton-exchange processes in the
NH;, NH®, and NH®' groups in histidine as a function of pH obtained from
the derivatives of the logarithms of the exchange rates of Figure 6 with re-
spect to 1/T.

role in exchange processes.”®**¥ The stronger the hydrogen
bond, the more energetically expensive its elongation, thus
leading to a higher energy barrier and a slower exchange rate.
As indicated in the Figure 7, the barrier is lowest for
NH®', which suggests weak hydrogen bonds in the

transition states that involve H,0 or OH™ as partners,

Table 1. Exchange rate constants of the protons in the NH,*, NH??, and NH®' groups thereby facilitating exchange. This corroborates the
of histidine. . Lo

correlation between the activation energy and the

TIK] exchange rate. At a given pH and temperature (as

272.6 278.0 283.5 2925 shown in Figure 6), we obtained k., (NH;")<ke-

NH,* log (W/[m~" *1]) 227 248 264 2.95 (NH®2) < k. (NH®"). The exchange rates of the three dif-

log (kia/IM~"'s™') 3.21 3.47 3.60 3.90 | ferent groups are separated by about an order of
11

i) e m o ne 5 g

og OHC M . . . . .

NH2 log (W/Im~'s~']) 301 317 335 360 Our method should also be applicable to measur-
IOQ(kOHB/[M 151 14.43 14.38 14.24 14.16 ing exchange rates that involve deuterium nuclei,
IOg(kOHC/[M 's7) 15.95 15.79 15.86 15.43 and hence investigating isotope effects on these

01 Mg

NH log (W/ ) 4.08 423 438 459 rates. The equations need to be adapted to take into

|Og(k0HB/[M s 14.94 14.83 14.69 14.51
account the quadrupolar nature of the deuterons

The apparent activation energies of the three H', H®, and
NH,;* exchange processes were estimated from the tempera-
ture dependence of the proton exchange rates over the rele-
vant range of pH values. As expected, the proton exchange
rates increase with increasing temperature for all sites
(Figure 6), and the activation energy can be determined for
each NH group at each pH. The apparent activation energies
are provided in Figure 7 as a function of pH. We assume that
the pH does not depend on the temperature over the limited
temperature range considered. The activation energy is rough-
ly constant at low pH and then decreases with increasing pH.
These apparent activation energies provide information about
the barrier height and thus give insight into the strength of
hydrogen bonds. The NH, NH®, and NH," groups are in-
volved in hydrogen bonds with partners (H,O or OH") with
which they can exchange a proton. The average chemical
shifts of all exchanging protons is below 6 =16 ppm. Accord-
ing to Hong et al.?* this implies that the hydrogen bonds can
be described by asymmetric energy wells with unequal popu-
lations. The elongation of hydrogen bonds plays an important
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that have spin quantum number /=1 so that the °N

spectrum features a triplet. Furthermore, the ex-
change rate for a given A/B ratio approximately scales with the
square of the ratio 'J(N,D)/"J(NH) =vp/y,,~0.15, so that the
highest accessible rates will be much lower.

Conclusion

We have presented a method for measuring the proton ex-
change rates k., of the NH®', NH®2, and NH,™ groups in histi-
dine without any prior knowledge of the proton chemical
shifts 0, and the one-bond scalar coupling constants 'J(N,H).
Our approach permits one to determine these parameters indi-
rectly. The three exchange rates were measured at different
temperatures and pH values to determine the apparent activa-
tion energies of the exchange processes as a function of pH.
The same methods can be applied to histidine residues em-
bedded in proteins, provided the transverse relaxation rates of
'H, C, and "N are not too fast. Altogether, these results pro-
vide valuable information about the role of pH in the chemis-
try of histidine.

© 2014 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Experimental Section

All experiments were performed at 14 T (600 MHz for 'H) using
a Bruker Avance Il spectrometer equipped with a triple-channel in-
direct detection probe. Temperature calibration was performed
using a mixture of protonated/deuterated (4:96) methanol.

Sample preparation and pH measurements

U-["C,"*N]-labeled histidine-HCI-H,O was purchased from Cortecnet
(France). 20 mm solutions of histidine with a pH that ranged from
1.39 to 4.88 were prepared using HCl (1M, 0.1m, 0.01 M) or NaOH
(1m, 0.1 m). No buffers were used in this work to avoid their contri-
butions to the hydrogen exchange rates. The pH measurements
were performed using a pH meter (Hach Langer) before and after
the experiments, and the average was retained in the subsequent
analysis. Since the experiments were performed without adding
any buffer, new NMR spectroscopy tubes were scrupulously
cleaned to prevent any pH drift by using a NMR spectroscopy tube
cleaning apparatus from Sigma Aldrich. The tubes were filled with
concentrated nitric acid and allowed to stand overnight and were
subsequently rinsed copiously with water.

Acknowledgements

The authors thank Dr. Anja Bockmann for raising our interest
in the subject of exchange in histidine, Dr. Enrico Rennella for
his contributions in the early stages of this work; Dr. Pierre Vi-
torge, Dr. Bruno Vitorge, and Dr. Damien Laage for stimulating
discussions; and the Centre National de la Recherche Scientifi-
que (CNRS, France), the Agence Nationale pour la Recherche
(ANR, France) (grant 2010FT-ICR2D), and the advanced ERC
grant “Dilute para-water” for financial support.

Keywords: amino acids - exchange rate constants - NMR
spectroscopy + protonation

[11 A.R. Fersht, A. Matouschek, L. Serrano, J. Mol. Biol. 1992, 224, 771 -782.

[2] B.J. Hirst-Jensen, P. Sahoo, F. Kieken, M. Delmar, P.L. Sorgen, J. Biol.
Chem. 2007, 282, 5801-5813.

[3] J. Puttick, E.N. Baker, L. T.J. Delbaere, Biochim. Biophys. Acta Proteins
Proteomics 2008, 1784, 100-105.

[4] A. M. Stock, V.L. Robinson, P.N. Goudreau, Annu. Rev. Biochem. 2000,
69, 183-215.

[5] T. Tanaka, S. K. Saha, C. Tomomori, R. Ishima, D. Liu, K. I. Tong, H. Park, R.
Dutta, L. Qin, M. B. Swindells, T. Yamazaki, A. M. Ono, M. Kainosho, M.
Inouye, M. lkura, Nature 1998, 396, 88-92.

[6] W. W. Bachovchin, J. D. Roberts, J. Am. Chem. Soc. 1978, 100, 8041 -
8047.

7]

£

&)

[10]
[l

[12]
[13]

[14]

[15]

[16]
[17]

[18]
[19]
[20]
[21]
[22]
[23]
[24]

[25]
[26]

[27]

[28]

[29]
[30]

[31]

[32]
[33]

[34]
[35]
[36]
[37]

[38]

CHEMISTRY

A European Journal

Full Paper

J. V. Kilmartin, J. J. Breen, G.C. K. Roberts, C. Ho, Proc. Natl. Acad. Sci.
USA 1973, 70, 1246-1249.

F. Hu, K. Schmidt-Rohr, M. Hong, J. Am. Chem. Soc. 2012, 134, 3703 -
3713.

D. J. Patel, C. K. Woodward, F. A. Bovey, Proc. Natl. Acad. Sci. USA 1972,
69, 599-602.

R. K. Gupta, J. M. Pesando, J. Biol. Chem. 1975, 250, 2630-2634.

F. Blomberg, W. Maurer, H. Ruterjans, J. Am. Chem. Soc. 1977, 99, 8149 -
8159.

K. Kawano, Y. Kyogoku, Chem. Lett. 1975, 1305-1308.

G. Harbison, J. Herzfeld, R. G. Griffin, J. Am. Chem. Soc. 1981, 103, 4752 -
4754,

M. Munowitz, W. W. Bachovchin, J. Herzfeld, C. M. Dobson, R. G. Griffin,
J. Am. Chem. Soc. 1982, 104, 1192-1196.

B. Henry, P. Tekely, J. Delpuech, H. Poincaré, N.V. Cedex, J. Am. Chem.
Soc. 2002, 124, 2025-2034.

S. Li, M. Hong, J. Am. Chem. Soc. 2011, 133, 1534-1544.

X. Song, C. M. Rienstra, A. E. McDermott, Magn. Reson. Chem. 2001, 39,
S30-S36.

A. D. Bain, Prog. Nucl. Magn. Reson. Spectrosc. 2003, 43, 63-103.

S. F. Waelder, A. G. Redfield, Biopolymers 1977, 16, 623 -629.

F. Kateb, P. Pelupessy, G. Bodenhausen, J. Magn. Reson. 2007, 184, 108 -
113.

H. Carr, E. Purcell, Phys. Rev. 1954, 94, 630-638.

S. Meiboom, D. Gill, Rev. Sci. Instrum. 1958, 29, 688-691.

G. A. Morris, R. Freeman, J. Am. Chem. Soc. 1979, 101, 760-762.

A. Abragam, Principles of Nuclear Magnetism, Oxford University Press,
Oxford, 1961.

G. Binsch, J. Am. Chem. Soc. 1969, 91, 1304-1309.

T. Segawa, F. Kateb, L. Duma, G. Bodenhausen, P. Pelupessy, ChemBio-
Chem 2008, 9, 537 -542.

D. M. Grant, R. K. Harris, Eds. , Encyclopaedia of Nuclear Magnetic Reso-
nance, Vol. 5, John Wiley & Sons Ltd., Chichester, 1996.

S. W. Englander, N. W. Downer, H. Teitelbaum, Annu. Rev. Biochem. 1972,
41, 903 -924.

C. E. Dempsey, Prog. Nucl. Magn. Reson. Spectrosc. 2001, 39, 135-170.
S.W. Englander, T.R. Sosnick, J.J. Englander, L. Maynet, Curr. Opin.
Struct. Biol. 1996, 6, 18-23.

R. L. Lundblad, F. Macdonald, Handbook of Biochemistry and Molecular
Biology, CRC Press, Boca Raton, 2010.

W. L. Marshall, E. U. Franck, J. Phys. Chem. Ref. Data 1981, 10, 295-304.
M. Hong, K. J. Fritzsching, J. K. Williams, J. Am. Chem. Soc. 2012, 134,
14753 -14755.

F. Sterpone, G. Stirnemann, J. T. Hynes, D. Laage, J. Phys. Chem. B 2010,
114, 2083 -2089.

H. Geen, R. Freeman, J. Magn. Reson. 1991, 93, 93-141.

L. Emsley, G. Bodenhausen, J. Magn. Reson. 1992, 97, 135-148.

A. J. Shaka, J. Keeler, T. Frenkiel, R. Freeman, J. Magn. Reson. 1983, 52,
335-338.

J. L. Markley, A. Bax, Y. Arata, C. W. Hilbers, R. Kaptein, B. D. Sykes, P.E.
Wright, K. Wuthrich, Eur. J. Biochem. 1998, 256, 1-15.

Received: December 20, 2013
Revised: February 10, 2014
Published online on April 9, 2014

Chem. Eur. J. 2014, 20, 6332 -6338 www.chemeurj.org

6338

© 2014 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1016/0022-2836(92)90561-W
http://dx.doi.org/10.1016/0022-2836(92)90561-W
http://dx.doi.org/10.1016/0022-2836(92)90561-W
http://dx.doi.org/10.1074/jbc.M605233200
http://dx.doi.org/10.1074/jbc.M605233200
http://dx.doi.org/10.1074/jbc.M605233200
http://dx.doi.org/10.1074/jbc.M605233200
http://dx.doi.org/10.1016/j.bbapap.2007.07.008
http://dx.doi.org/10.1016/j.bbapap.2007.07.008
http://dx.doi.org/10.1016/j.bbapap.2007.07.008
http://dx.doi.org/10.1016/j.bbapap.2007.07.008
http://dx.doi.org/10.1146/annurev.biochem.69.1.183
http://dx.doi.org/10.1146/annurev.biochem.69.1.183
http://dx.doi.org/10.1146/annurev.biochem.69.1.183
http://dx.doi.org/10.1146/annurev.biochem.69.1.183
http://dx.doi.org/10.1021/ja00494a001
http://dx.doi.org/10.1021/ja00494a001
http://dx.doi.org/10.1021/ja00494a001
http://dx.doi.org/10.1073/pnas.70.4.1246
http://dx.doi.org/10.1073/pnas.70.4.1246
http://dx.doi.org/10.1073/pnas.70.4.1246
http://dx.doi.org/10.1073/pnas.70.4.1246
http://dx.doi.org/10.1021/ja2081185
http://dx.doi.org/10.1021/ja2081185
http://dx.doi.org/10.1021/ja2081185
http://dx.doi.org/10.1073/pnas.69.3.599
http://dx.doi.org/10.1073/pnas.69.3.599
http://dx.doi.org/10.1073/pnas.69.3.599
http://dx.doi.org/10.1073/pnas.69.3.599
http://dx.doi.org/10.1021/ja00467a005
http://dx.doi.org/10.1021/ja00467a005
http://dx.doi.org/10.1021/ja00467a005
http://dx.doi.org/10.1246/cl.1975.1305
http://dx.doi.org/10.1246/cl.1975.1305
http://dx.doi.org/10.1246/cl.1975.1305
http://dx.doi.org/10.1021/ja00406a015
http://dx.doi.org/10.1021/ja00406a015
http://dx.doi.org/10.1021/ja00406a015
http://dx.doi.org/10.1021/ja00369a007
http://dx.doi.org/10.1021/ja00369a007
http://dx.doi.org/10.1021/ja00369a007
http://dx.doi.org/10.1021/ja011638t
http://dx.doi.org/10.1021/ja011638t
http://dx.doi.org/10.1021/ja011638t
http://dx.doi.org/10.1021/ja011638t
http://dx.doi.org/10.1021/ja108943n
http://dx.doi.org/10.1021/ja108943n
http://dx.doi.org/10.1021/ja108943n
http://dx.doi.org/10.1002/mrc.956
http://dx.doi.org/10.1002/mrc.956
http://dx.doi.org/10.1002/mrc.956
http://dx.doi.org/10.1002/mrc.956
http://dx.doi.org/10.1016/j.pnmrs.2003.08.001
http://dx.doi.org/10.1016/j.pnmrs.2003.08.001
http://dx.doi.org/10.1016/j.pnmrs.2003.08.001
http://dx.doi.org/10.1002/bip.1977.360160311
http://dx.doi.org/10.1002/bip.1977.360160311
http://dx.doi.org/10.1002/bip.1977.360160311
http://dx.doi.org/10.1016/j.jmr.2006.09.022
http://dx.doi.org/10.1016/j.jmr.2006.09.022
http://dx.doi.org/10.1016/j.jmr.2006.09.022
http://dx.doi.org/10.1103/PhysRev.94.630
http://dx.doi.org/10.1103/PhysRev.94.630
http://dx.doi.org/10.1103/PhysRev.94.630
http://dx.doi.org/10.1063/1.1716296
http://dx.doi.org/10.1063/1.1716296
http://dx.doi.org/10.1063/1.1716296
http://dx.doi.org/10.1021/ja00497a058
http://dx.doi.org/10.1021/ja00497a058
http://dx.doi.org/10.1021/ja00497a058
http://dx.doi.org/10.1021/ja01034a007
http://dx.doi.org/10.1021/ja01034a007
http://dx.doi.org/10.1021/ja01034a007
http://dx.doi.org/10.1002/cbic.200700600
http://dx.doi.org/10.1002/cbic.200700600
http://dx.doi.org/10.1002/cbic.200700600
http://dx.doi.org/10.1002/cbic.200700600
http://dx.doi.org/10.1146/annurev.bi.41.070172.004351
http://dx.doi.org/10.1146/annurev.bi.41.070172.004351
http://dx.doi.org/10.1146/annurev.bi.41.070172.004351
http://dx.doi.org/10.1146/annurev.bi.41.070172.004351
http://dx.doi.org/10.1016/S0079-6565(01)00032-2
http://dx.doi.org/10.1016/S0079-6565(01)00032-2
http://dx.doi.org/10.1016/S0079-6565(01)00032-2
http://dx.doi.org/10.1016/S0959-440X(96)80090-X
http://dx.doi.org/10.1016/S0959-440X(96)80090-X
http://dx.doi.org/10.1016/S0959-440X(96)80090-X
http://dx.doi.org/10.1016/S0959-440X(96)80090-X
http://dx.doi.org/10.1063/1.555643
http://dx.doi.org/10.1063/1.555643
http://dx.doi.org/10.1063/1.555643
http://dx.doi.org/10.1021/ja307453v
http://dx.doi.org/10.1021/ja307453v
http://dx.doi.org/10.1021/ja307453v
http://dx.doi.org/10.1021/ja307453v
http://dx.doi.org/10.1021/jp9119793
http://dx.doi.org/10.1021/jp9119793
http://dx.doi.org/10.1021/jp9119793
http://dx.doi.org/10.1021/jp9119793
http://dx.doi.org/10.1046/j.1432-1327.1998.2560001.x
http://dx.doi.org/10.1046/j.1432-1327.1998.2560001.x
http://dx.doi.org/10.1046/j.1432-1327.1998.2560001.x
http://www.chemeurj.org

