DOI: 10.1002/cbic.200700600

Exchange Rate Constants of Invisible Protons in Proteins
Determined by NMR Spectroscopy

Takuya Segawa,” Fatiha Kateb,™ ¥ Luminita Duma,”” Geoffrey Bodenhausen,

*[b]

Philippe Pelupessy

Although labile protons that are exchanging rapidly with those
of the solvent cannot be observed directly, their exchange rate
constants can be determined by indirect detection of scalar-cou-
pled neighboring nuclei. We have used heteronuclear NMR spec-
troscopy to measure the exchange rate constants of labile pro-
tons in the side chains of lysine and arginine residues in ubiquitin

Introduction

Proton-exchange rate constants provide a rich source of struc-
tural and dynamic information." These rate constants can be
used to study important kinetic processes such as the opening
of base-pairs in nucleic acids™*® and give insight into free ener-
gies and other thermodynamic parameters that describe the
stability of hydrogen-bonded secondary structures under dif-
ferent environmental conditions. NMR is often the method of
choice to measure proton-exchange rates at individual sites in
complex systems.”"'% By comparing proton-exchange rate con-
stants measured in proteins with those observed in model sys-
tems, one can determine so-called protection factors and iden-
tify residual structures in partly denatured proteins.""'? Chemi-
cal exchange dependent saturation transfer (CEST)"*™'® and
water relaxation” can be used to enhance image contrast in
MRI. This allows one to assess pathological disorders that
cause a modification of water exchange rates.

Most proton-exchange studies in proteins reported so far
have been restricted to backbone amide protons. The ex-
change rate constants of labile protons in side chains have
rarely been studied, although these surface-exposed protons
often play crucial roles in inter- and intramolecular interactions.
The appearance or disappearance of signals corresponding to
side chain protons can thus be regarded as an indication of
the formation or disruption of protein complexes.'®

For a small molecule containing a single exchanging proton,
the maximum rate constant that can be determined by detec-
tion of 'H signals is a few thousand jumps per second, if the
chemical shift of the exchanging proton is separated from the
resonance of the solvent by a few kHz. If there are several ex-
changing sites, or if the proton spectrum is crowded, correla-
tions with "N spectra may be needed to resolve the resonan-
ces.'”? However, the efficiency of coherence transfer from
labile protons to neighboring N nuclei [J('H,"°N)~ 100 Hz] is
severely hampered when the exchange rate constants are
comparable to the scalar coupling constants, that is, if k., ex-
ceeds about 100 s7".
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enriched in carbon-13 and nitrogen-15 at neutral pH. Exchange
rate constants as fast as 40x 10° s~" were thus measured. These
results demonstrate that NMR spectroscopy is a powerful tool for
the characterization of lysine NH;* and arginine NH groups in
proteins at physiologically relevant pH values.

For intermediate exchange rate constants k., ~mJ('H,"°N),
the doublets in the "N spectra collapse to broad lines, which
become narrower when the exchange rate constants exceed
the scalar coupling constants. If this narrowing effect is incom-
plete, the remaining linewidth gives a measure of the ex-
change rate constants k., (“scalar relaxation of the second
kind”).2" The residual widths of the collapsed lines in the °N
spectra can be reduced by proton decoupling, so that the
comparison of proton-coupled and -decoupled "N spectra
gives a measure of the exchange rate constants of the at-
tached protons.”>? However, this method is not very accurate
when the "N spectra are affected by long-range couplings "J-
("H,”N) with n> 1. Recently, we have introduced a method to
quantify the effects of scalar relaxation caused by exchanging
protons, by detecting the decay of a >N coherence under a
multiple-refocusing Carr-Purcell-Meiboom-Gill (CPMG) pulse
train® ! in the presence or absence of proton decoupling.”®
Refocusing removes the effects of long-range couplings even
in the absence of proton decoupling. For the indole proton in
tryptophan, we were able to detect exchange rate constants
k.. accurately up to 10°s'.%% In this work, this idea is extend-
ed to the indirect detection of labile H" protons in the side
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chains of lysine and arginine residues in proteins. This method
is not limited to the arginine and lysine side chains and can be
extended to the measurement of the exchange rate constants
of the backbone and side chain protons of other amino acids
in proteins as well as imino protons in DNA or RNA.

Results and Discussion
Theory

We consider an isolated spin pair IS, in which spin | (usually a
proton 'H) exchanges with the solvent, which is typically an
aqueous buffer or plain water, while S (usually "*N) is chosen
because it features a scalar coupling Js. If a radio-frequency
field is applied on-resonance to the | nucleus, the evolution of
the S, coherence at the time of the echoes in a multiple-refo-
cusing CPMG pulse-train can be described in a base of only
three product operators {S, 25/, 25,,}. For the nth echo, one
obtains the following density operator [Eq. (1)]:

plt = 2n7) = exp(~L7).Ry.exp(~L7)]" p(0) (1)

where Ry describes a 7, pulse applied to the S (®N) nuclei [Eq. (2)]:

100
Ry=[0 -1 0 @
0 0 -l

and L is the Liouvillian [Eq. (3)]:

R, m, 0
L=|-n/, R +k -0 ©)
0 o R+k

1

Here, | is the amplitude of the decoupling field applied to
the 1 ("H) nuclei, R} is the transverse relaxation rate constant of
the S (®N) nuclei, and kak,, + R\and k'~ k., + R.. If the decou-
pler is applied off-resonance, the Liouvillian must be expanded
to a four-dimensional space {S, 25,1, 2S,l, 25,,}. The ratio be-
tween the signal intensities in experiments without (A) and
with (B) proton decoupling is given by:

(A/B)mey = (S,)a(t = 2n7; @, = 0)/(S,)g(t = 2n7; @, # 0)  (4)

The case of m=1 corresponds to a single exchanging
proton in a —NH spin system. This ratio does not depend on R}
because it equally affects the signal intensities in both experi-
ments. For m chemically equivalent protons (m=2 or 3 de-
scribe —NH, or —NH; " systems), it can be shown that:

(A/B)nes® = (A/B)nos = (A/B)y ()

Thus, the effect of proton exchange on the decay of the
signal intensity of the S nuclei is enhanced with an increasing
number of protons. Provided that w!>R,, the ratios in Equa-
tions (4) and (5) do not depend on R,. Hence, if the scalar cou-
pling is known, the only unknown parameter in these equa-
tions is k. For the exchange rate constants measured in this
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work, kazk,,. When k,, is small, an independent estimate of R}
is needed for an accurate determination of k.

Methodology

The pulse sequences designed to detect the exchange rate
constants of the labile H protons of arginine and the three
terminal H“® protons of lysine side chains are drawn in
Figure 1.

The polarization of the neighboring H® (for arginines) or H¢
(for lysines) is converted into antiphase coherences 2N5yC"Z and
ZNCYCSZ in arginine and lysine, respectively, through two succes-
sive coherence transfer steps in the manner of Insensitive
Nuclei Enhanced by Polarization Transfer (INEPT).B? These anti-
phase coherences are then allowed to evolve under a multi-
ple-refocusing CMPG pulse train, with or without proton de-
coupling (experiments B and A). For the arginine residues, the
antiphase coherence ZNEyCaz is transferred back to the neigh-
boring H® protons, after a constant-time evolution under the
chemical shift of C°. For the lysine side chains, the coherence
2N°,C7, is transferred to C° via C° and finally detected on the
remote H° protons, after a constant-time evolution under the
chemical shift of C°. An additional transfer step from C¢ to C° is
necessary in ubiquitin because the H®/C® correlation signals of
the seven lysine residues are ill-resolved.

Discussion

Under physiological conditions, lysine NH; and arginine NH
side chain groups are positively charged. Lysines and arginines
are often found in protein binding sites and, through the for-
mation of salt bridges with carboxylate groups of glutamate
and aspartate or phosphate groups of DNA and RNA, they play
key roles in protein-protein interactions and protein—nucleic
acid recognition. We have measured the exchange rate con-
stants of H™ protons in arginine and of the three terminal H'
protons in lysine side chains of human ubiquitin at pH 7.45 as
a function of temperature.

Representative spectra obtained with the experiments A and
B of Figure 1 are shown in Figure 2. The spectra recorded with
experiment B, where the protons are decoupled during the "°N
refocusing period, are plotted on the right-hand side of
Figure 2.

The peaks in these spectra are more intense than those of
experiment A, shown on the left, which were obtained without
proton decoupling, since exchange-induced decay (“scalar re-
laxation”) is only effective in case A. All the arginine and six of
the seven lysine cross peaks could be identified (the intensity
of K27 was too weak to be exploited).

The exchange rate constants thus measured are given in
Table 1 and are plotted on a logarithmic scale against the in-
verse temperature in Figure 3 for arginines and in Figure 4 for
lysines. The linear fits indicate that the exchange constants
obey the Arrhenius equation:

ke = A exp(_Ea/RT) (6)
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Figure 1. Pulse sequences designed to measure hydrogen exchange rate constants A) of the H" protons in argi-
nine, and B) of the three terminal H"® protons in lysine residues. Narrow open and filled rectangles indicate 7 and
71/2 pulses, respectively, while the wide rectangles represent decoupling sequences. For lysine residues, decou-
pling is applied only in experiment B. For arginine residues, proton decoupling is applied in both experiments A
and B, but the refocusing pulses are delayed until after this decoupling interval in experiment A, while in experi-
ment B they are applied at the same time as proton decoupling. This allows one to remove zero-quantum arti-
facts due to operators such as 8N*,C°,H’",H*, that contain two-spin coherence terms 2H"" H*?, which otherwise
would evolve differently in experiments A and B. For lysine residues, this precaution was not needed, since only a
negligible part of two-spin terms such as 2H*' H, is transferred to the observed H’ coherence. All /2 and the
pulses in the first and last INEPT blocks applied to '*C were nonselective rectangular pulses, while the *C refocus-
ing pulses in the other INEPT blocks had REBURP profiles®” with a duration of 2 ms. The other *C & pulses had
Q3 profiles® with a duration of 1.5 ms. Gray 7 pulses compensate for Bloch-Siegert phase shifts.* Proton decou-
pling was performed by using a WALTZ-16 sequence.®” The delays were set to 7, ~1/(4Jqy), T,~1/(4)y0), T3~ 1/
(4Iy0)—1/(8Jc0), T4 1/(2cc), Ts~ 1/(4Jcc). All phases were along the x-axes unless indicated otherwise. The phases
were cycled according to ¢, =8{y}, 8{—y}, ¢, =2{x}, 2{—x}, ps=x, —x, P, =4{x}, 4{—x}, ps=16{x}, 16{—x} with a re-
ceiver phase ¢ =1{x, —x, X, =X, X, X, =X, =X, X, X, =X, X, =X, —x, X}. Evolution of *C° coherence in the t, inter-
vals occurs in a constant-time fashion, while frequency discrimination is achieved in an echo/antiecho manner®"
by inverting the phases of the pulses marked by asterisks, and by inverting, for each t, increment, the sign of the
gradient Gg with a relative amplitude o =y,/y.. The constant-time evolution is achieved by shifting the ">C° refo-
cusing pulses to the left in steps of t,/2. For arginine residues, the "N refocusing pulse is also moved to the left in
steps of t,/2, while the *C" decoupling pulses are moved to the left in steps of t,/4. For the lysine experiments,
the N and *C* & pulses are moved to the left in steps of t,/4 and t,/2, respectively.

The pre-exponential factors (A) and activation energies (E,)
are given in Table 2.

ChemBioChem 2008, 9, 537 — 542 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chembiochem.org

In Figure 3 the exchange rate
constants of the H™ proton in
acetylarginine extrapolated from
the measurements by Liepinsh
and Otting® at lower pH are
also plotted as a function of
temperature (marked by
crosses). The exchange rate con-
stants of residues R42, R72, and
R74 are close to these values,
while for R54 the rate constants
are approximately three times
lower. As shown in Figure 5, this
is probably due to the fact that
the H™ proton of R54 is less ex-
posed to the solvent and/or be-
cause this residue is embedded
in a negatively charged environ-
ment, which decreases the ef-
ficiency of the predominantly
OH™-catalyzed exchange mecha-
nism. For the exchange rate con-
stant of R54 at 275K, the ap-
proximation k= k., might not be
valid. The same measurement
for a sample of ubiquitin at
pH4.5 resulted in k=31+
0.7 s7', which is an upper value
for the contribution of R,.

The exchange rate constant of
the HY® protons of K6 is much
faster than the others. This resi-
due is very exposed to the sol-
vent, and the neighboring resi-
dues are positively charged. The
other residues are either less ex-
posed or are embedded in a less
positively charged environment.
The lowest exchange rate con-
stant is measured for K29, for
which evidence exists that ion
pairing may occur with D21.59
The intrinsic exchange rate con-
stant of these protons, as can be
extrapolated from the measure-
ments of Liepinsh and Otting®®
in acetyl-lysine at 305K and
pH7.45, should be about
7000 s7". The fact that the ex-
change rate constants in Table 1
are much higher at this tempera-
ture is most probably due to the
phosphate buffer, which has
been shown to catalyze the ex-
change of the H™ protons in

lysine (but not the exchange of the H™ protons in arginine).
Indeed, the addition of 20 mm phosphate buffer leads to an in-
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Figure 2. The C°/H? regions of spectra of human ubiquitin at pH 7.45 and
300 K, obtained with the pulse sequences (left panels: experiment A, right
panels: experiment B) of Figure 1 with a number of "N refocusing pulses
n=2 and pulse intervals 2z=10.6 ms for lysine and n=4 and 2r=5.3 ms

for arginine.
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Figure 3. Temperature dependence of the exchange rate constants of the

H™ protons of the four arginine residues in human ubiquitin at pH 7.45. The
linear fits gave the Arrhenius parameters in Table 2. The crosses correspond

to an extrapolation to pH 7.45 of the H'® exchange rate constant obtained
by Liepinsh and Otting®® in acetylarginine at lower pH values.
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Figure 4. Temperature dependence of the exchange rate constants of the
H® protons of six of the seven lysine residues in human ubiquitin at
pH 7.45. The linear fits gave the Arrhenius parameters in Table 2.

crease in the exchange rate constant from 4000 to 14000 s~
at pH 7 and 309 K.B¥

Conclusions

1

The exchange rate constants of the HY protons in the side
chains of the four arginine residues and the H™® protons in six
of the seven lysine residues in human ubiquitin have been de-
termined as a function of temperature over a range between
275 and 305 K. The exchange rate constants vary between
about 25 and 2000 s~' for the H" protons in arginines, and be-
tween about 700 and 40000 s~' for the H'® protons in lysines.
The activation energies in the Arrhenius sense were found to
lie in the range 27-75 kJmol™'. The ability to measure such
parameters at a physiologically relevant pH should allow one
to obtain deeper insight into interactions between proteins
(folded or unfolded) and to map out the contact interfaces in
complexes made up of proteins and other macromolecules.

Table 1. Exchange rate constants of the H'® protons of the arginine and of the terminal H'* protons of the lysine residues in human ubiquitin.”!

T [K] 275 280 290 300 305

Keaz [s7'] (ol 112435 4554138 540135 12504152
Kgsa [s7'] 24+2 46+3 M7+£5 312+£18 490+ 35

Kery [s7'] 6646 114+7 387+£29 1005 +47 1710+52
Keza [s71 7841 13642 409+10 1188+18 1856+ 21

ke [10° s 6.63+£0.69 9.39+0.64 15.13+1.49 35.19+£3.90 39.93+3.90
key [10° s7'] 1.08£0.24 1.46+0.19 3.91+0.31 11.14+£0.59 16.244+0.90
kioo [10° 571 (b] (b] 0414 475+1.24 7.774+2.12
ks [10° 571 0.70+£0.23 1.75+0.24 3.694+0.32 8.22+0.50 15.80+1.10
kiag [10° s7] 1.20£0.11 1.59+0.10 4.87 +0.29 11.53+0.49 17.631+0.83
kye3 [10° 571 0.68+£0.14 1.31+£0.13 3.53+0.21 9.50+0.36 14.821+0.59
[a] pH 7.45. [b] The signal intensities in experiment B were too weak to provide a reliable value for the exchange rate constant. [c] log k., =2.62+£0.73, (i.e.,
80s ' <k, <2240s7").
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Table 2. Activation energies (E,) and the pre-exponential factors (A) [see
Eq. (6)] of the H"® protons of the four arginine and the H¢ protons of six
lysine residues in human ubiquitin at pH 7.45.

Residue In (A) E, [kimol™"]
R42 325+35 643186
R54 33.0+0.8 68.1+1.9
R72 37.2+0.6 756+1.5
R74 36.54+0.2 735+04
K6 41.84+2.1 27.1+0.9
K11 67.1+24 36.2+1.0
K29 79.0+44.3 40.2+17.6
K33 63.3+28 345+1.1
K48 648+1.4 354+0.6
K63 69.2+1.8 36.9+0.7

Figure 5. Different representations of human ubiquitin. Top: Electrostatic
surface potential plots showing positively charged (blue) and negatively
charged (red) regions. Middle: Surface plots showing the seven lysine
(orange) and four arginine (magenta) residues, all of which are exposed to
the solvent. Bottom: Ribbon diagrams with the side chains of the lysine
(orange) and arginine (magenta) residues. Molmol®* software was used to
calculate the electrostatic surfaces and to draw the various representations
of human ubiquitin (PDB ID: TUBQ"?).
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Experimental Section

The proton-exchange rate constants of arginine and lysine side
chains were measured in a sample of U-[°C,"*N]-labeled human
ubiquitin (0.8 mm), obtained from VLI Research, Inc., at pH 7.45 (at
294 K) in a phosphate buffer (50 mm). The experiments were car-
ried out on a Bruker Avance spectrometer at 14 T (600 MHz for 'H)
fitted with a triple-channel indirect detection probe with three
orthogonal gradient coils at temperatures ranging from 275K to
305 K. At each temperature, the experiments were repeated three
to five times with different numbers of m-pulses in the CPMG pulse
trains (n=2 to 16) and different pulse intervals (2t=1.75 to
10.6 ms). The total experimental time for one pair of 2D spectra (A
and B) varied between 3 h (at high temperatures) and 6 h (at low
temperatures). At 275 K, the rotational correlation time of ubiquitin
is about 9 ns, which corresponds to a protein of about 17 kDa at
room temperature. The experimental time could be reduced (or
the accessible size of the protein could be increased) by using cry-
ogenically cooled probes. The assignments were taken from Corni-
lescu et al.®*” The peak intensities were determined by use of the
nmrPipe/nlinLS package.®® From the A/B ratios between the signal
intensities in experiments A (without proton decoupling) and B
(with proton decoupling) the exchange rate constants were fitted
to Equation (1) with the aid of a home-written Mathematica pro-
gram. The scalar coupling constants ('Jy;) measured in a sample of
ubiquitin at pH 4.5 were: 93.5 Hz (R42, R54, R72), 93.9 Hz (R74),
and 74 Hz for the lysine residues. A small correction was applied to
account for the presence of 10% HDO in the solvent.®
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