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Abstract

We introduce a method to measure hydrogen exchange rates based on the observation of the coherence of a neighboring spin .S such
as >N that has a scalar coupling J;s to the exchanging proton /. The decay of S, coherence under a Carr—Purcell-Meiboom-Gill
(CPMG) multiple echo train is recorded in the presence and absence of proton decoupling. This method allows one to extract proton
exchange rates up to 10° s~!. We could extend the pH range for the study of the indole proton in tryptophan, allowing the determination
of the exchange constants of the cationic, zwitterionic, and anionic forms of tryptophan.
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Nuclear magnetic resonance is a powerful tool to inves-
tigate hydrogen exchange [1]. Slow exchange rates can be
measured by following in real time the replacement of
hydrogen by deuterium [2]. Several methods have been
developed to study fast and intermediate exchange, such
as the analysis of the line-shape of exchanging protons
[3], polarization transfer from the water resonance [4],
decorrelation of longitudinal two-spin order [5] or mea-
surements of translational diffusion coefficients [6]. Under
favorable conditions, these methods allow one to measure
rates up to a few thousand s~ '. It is also possible to inves-
tigate the line-shape of a coupled nucleus, which is affected
by scalar relaxation of the second kind [7]. For small
exchange rates, the spectra feature doublets separated by
the scalar coupling constant J;g, while in the limit of fast
exchange the doublet collapses to a narrow singlet by a
process called self-decoupling. Neglecting cross-correlated
relaxation effects, the evolution of an initial in-phase coher-
ence of a spin S such as '°N coupled to an exchanging pro-
ton "H with spin 7 can be obtained by solving the Liouville
equation
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S:(t) = S.(0) exp{—vt — R(S,)t}{cosh(ut)
+ (v/u) sinh(ut)} (1)

where v=4k/2 and u=(®—1J%)"%  k=kut
R(2S.I.) — R(S,), R(S,) and R(2S,I.) are the auto-relaxa-
tion rates of S, and 2S,/., while k., is the exchange rate.
In order to extract k, one can compare spectra recorded
with and without proton decoupling [8]. However, in this
case, long-range couplings "J ;s with n > 1 will also contrib-
ute to the undecoupled line-width, which can lead to erro-
neous measurements of fast exchange rates close to the self-
decoupling limit. In order to eliminate these long-range
couplings we propose to use a Carr—Purcell-Meiboom-Gill
(CPMG) pulse-train [9] applied to the S spins and to detect
the decay of the S, coherence with and without proton
decoupling. The © pulses in this echo train need not be
closely spaced: typically, an interval 2t = 10 ms between
the pulses suffices to efficiently eliminate the effect of
long-range scalar couplings "Jys < 10 Hz, while the larger
short-range couplings retain their efficiency as a vehicle
of scalar relaxation. Let 4 be a signal amplitude propor-
tional to the in-phase coherence S, remaining after a
CPMG pulse-train without proton decoupling, and B a
similar signal with decoupling. Fig. 1 shows the ratio 4/B
as a function of k for a scalar coupling J;3=98.6 Hz, a
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Fig. 1. (Top) Ratio A/B between the amplitude 4 of a >N coherence S, of
the n,,; echo of a Carr-Purcell-Meiboom-Gill (CPMG) pulse-train
applied to ">N nuclei without proton decoupling, and the amplitude B after
a similar echo pulse-train with proton decoupling, as a function of the rate
k defined in Eq. (1). The >N spin S is coupled to the exchanging proton I
with a scalar coupling constant J;5. The different curves correspond to
different numbers n¢pys of T pulses. The spacing 2t between the n pulses
was 10.6 ms, the amplitude of the RF field applied to the protons was
vi=6kHz and J;3=98.6 Hz. The parameters of these simulations,
calculated as explained in the Appendix A, correspond to the experimental
conditions. The curves must be recalculated for different parameters.
(Bottom right) In tryptophan, the polarization is transferred from the
proton indicated in blue via its attached carbon-13 to the indole nitrogen-
15. After a CPMG pulse train applied to '*N in absence or presence of
proton decoupling, the nitrogen coherence S, is transferred back and
detected on the proton of origin. (Bottom left) Experimental proton
signals with amplitudes proportional to the indole nitrogen coherence S,
of tryptophan at pH 10.1 and 300 K, for n¢pyq =2 and 8. The ratio A/B
was 0.75 and 0.33 for ncpyq = 2 and 8, respectively. This corresponds to a
rate k of 6.7 x 10* s~'. Note that a rate k =25 s~ would lead to the same
ratio A/B.

radio-frequency (RF) field with an amplitude v; = 6 kHz,
and 27 = 10.6 ms for different numbers ncpys6 of T pulses.
The longer the pulse-train, the more time there will be
for scalar relaxation to occur and hence the lower the ratio
A/B will be. The measurement of exchange rates will be
most precise for a number ncpy corresponding to the
steepest curve at that rate. Our method is particularly
advantageous for measurements of high exchange rates
where k ~ k... However, one has to realize that there is
always a small contribution to k due to the longitudinal
relaxation of the proton. An experiment with ncpyg =2
(hence with a total relaxation delay of 4t = 21.2 ms) suffic-
es to detect exchange rates up to 20 x 10° s!, while for a
CPMG train with neppg = 16 pulses (corresponding to a
total relaxation delay of 32t = 169.6 ms), exchange rates
as large as 10° s! can be detected, with 4/B ~ 0.98. This
result may appear surprising, considering the fact that the
RF amplitudes are far smaller than the exchange rates.

In order to test the methodology, we have studied the
exchange rate of the indole proton of tryptophan in water
as a function of pH and temperature. In previous studies
[5,10] the highest exchange rates that could be detected
were about ke, &~ 100 s~!. We transferred polarization from
a neighboring proton via its attached carbon-13 ('*C,) to
the indole nitrogen-15 (see Fig. 2). The nitrogen coherence
was allowed to decay partly under a CPMG pulse train
without (signal intensity 4) and with (signal B) proton
decoupling. The remaining in-phase coherence S, was
transferred back to the proton of origin. In addition to
nitrogen-15, carbon-13 labeling is necessary for this
sequence. However, with cryogenically cooled probes
direct detection of the nitrogen coherence is viable even
at millimolar concentrations [11]. In Fig. 1 (bottom left),
an example of the results at 300 K for pH 10.1 is shown
for CPMG trains with nepyg =2 and 8.

For a given ratio A/B two values of k are possible (see
Fig. 1.) The line-shape of the S spin spectrum in principle
allows one to resolve this ambiguity. For slow exchange
rates, a doublet will be observed, while for fast rates the
spectrum will consist of a singlet. For the intermediate
exchange regime (i.e., when the ratio A/B is close to its
minimum), however, it is not so easy to distinguish between
the two solutions. An easy way to obtain the exchange rate
unambiguously is to diminish the intervals 2t between the
n-pulses in the CPMG pulse train. In Fig. 3 (top), the curve
for ncpyg =2 and 27 = 10.6 ms of Fig. 1 is plotted again
together with a calculation for ncpyg=4 and
2t = 5.3 ms. The total relaxation time is the same. The min-
imum is shifted to the right for the latter curve. On the bot-
tom of Fig. 3, experimental results are shown for pH 8.3 at
300 K. For 2t =10.6ms and ncppyg =2, the ratio A/
B =0.11 is compatible either with k = 213 or 702 s~ ', while
for 2t = 5.3 ms and nepag = 4, the ratio A/B = 0.45 agrees
with k = 214 or 2050 s~'. Only the lower value k ~ 213 s~
is consistent with both experiments. A chemical exchange
contribution R, to the nitrogen line-width due to fluctua-
tions of the isotropic shift would equally affect the signal
intensities in both experiments; hence the ratio 4/B would
not be affected. In order to minimize the contribution of
R, to the decay of S, one may reduce the pulse interval
21. However, as can be seen in Fig. 3, the ratio 4/B will
be less sensitive to scalar relaxation in this case.

The CPMG pulse train diminishes effects of scalar relax-
ation due to remote protons I. We found an empirical rela-
tionship  A/B = {1 — 6.54ncpc s> Ri(I')}  for  the
longitudinal relaxation rate of the remote proton
Ry(I') <100 s . For Jygs = 5Hz, t=5.3ms, nepyg =16
and R(I') =2 s !, we obtain A4/B = 0.9992. Thus the effect
of remote protons can be safely neglected.

In Fig. 4, the theoretical and experimental ratio 4/B is
plotted as a function of the RF amplitude vy, for
k=213s"' (2t=10.6ms and ncpyc=2). For this
exchange rate, the RF amplitude can be diminished to
1 kHz without affecting the ratio 4/B significantly. For
lower RF amplitudes, the ratio |4/B| increases dramatically,
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Fig. 2. Pulse sequence used for the measurement of the indole proton exchange rate k.x. The polarization is transferred from the neighboring proton via
the carbon-13 to the nitrogen-15. The coherence at the beginning of the CPMG period is thus 2N,C,. Note that this coherence might be affected by
longitudinal cross-correlated relaxation between the CSA of the carbon and the carbon-proton dipole-dipole interaction. However, for the relaxation
delays considered, the effects of this rate are negligible in tryptophan. Narrow filled and wide open rectangles represent n/2 and = pulses, wide open bars
depict decoupling sequences, the small filled rectangles show selective /2 pulses on the water resonance. All phases are along the x-axis unless indicated
otherwise. The frequency of the proton carrier is moved from the water resonance to the resonance of the indole proton just before the CPMG period (left
arrow) and back thereafter (right arrow). In experiment A no proton decoupling is applied during the CPMG period while in experiment B a continuous
wave RF field or a WALTZ-16 decoupling sequence is employed. The phase cycling was ¢; = 16(y), 16(—y); ¢» = x, —x; ¢35 = 2(x), 2(—x); ¢4 =4(x),
4(—x); ¢s = 8(x), 8(—x) and the receiver phase was x, —x, —x, x, 2(—Xx, X, X, —X), X, —X, —X, X, —X, X, X, —X, 2(X, —X,—X,X), —X, X, X, —x. The delays for
coherence transfer are 7; = 1/(4'Jcy) (1.56 ms) and 1, = 1/(4'Jcn) (16 ms). The sequence can easily be converted into a two-dimensional experiment by
introducing a constant-time evolution period (in parentheses) for carbon-13, while incrementing ¢s for States-TPPI quadrature detection. If one includes a
nitrogen-15 evolution period, one should take care to decouple the protons continuously.
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Fig. 4. The ratio 4/B is plotted as a function of the radio-frequency (RF)
amplitude v, =yB,/(2n) for a rate k=213s"!, 2r=10.6ms and
nepyc = 2. The blue line corresponds to the theoretical curve, while the
red squares represent the experimental values. The experiments were
performed on tryptophan at pH =8.3 and 7=300 K using the pulse
sequence of Fig. 2. The insert shows and expansion for 0 < 4/B < 0.4. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this paper.)
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Fig. 3. Effect of changing the delay 2t between the m pulses in the CPMG

pulse train. (top) The red bold line corresponds to the calculated curve of
Fig. 1 with 2t = 10.6 ms and n¢pys = 2, while the blue dashed curve is for
2t =5.3ms and ncpyg =4, the other parameters being the same as in
Fig. 1. (Bottom) Experiments performed on tryptophan at pH = 8.3 and
T=300K using the pulse sequence of Fig. 2. The measured ratios
A/B=0.45 and 0.11 cross the two theoretical curves at four intersections,
but only the two crossings on the left are in agreement with a single rate
k~ 213571, (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this paper.)

since the signal intensity B becomes smaller, rendering the
experiment less sensitive. Moreover, the calibration of the
RF amplitude becomes critical.

The ratio A/B depends on the offset of the exchanging
proton. In Fig. 5, the theoretical and experimental offset
profile of the ratio A/B is plotted for k=213s""
(2t =10.6 ms, ncpyg =2 and v; = 6 kHz). It is clear that
one can extract the exchange rate if the offset is known.
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Fig. 5. Experimental and theoretical profiles of the ratio 4/B (for an
exchange rate 213 s, 2t =10.6 ms, nepug =2 and vy =6kHz) as a
function of the proton offset Qp with respect to the carrier frequency. The
dashed blue and solid orange lines correspond to calculations using CW
and WALTZ-16 decoupling, respectively. The red squares and blue circles
are the experimental values of the ratio A4/B for continuous wave and
WALTZ-16 decoupling, respectively. The experiments were performed on
tryptophan at pH = 8.3 and 7' = 300 K using the pulse sequence of Fig. 2.
(For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this paper.)

If this is not the case, one can apply a broadband decou-
pling sequence. The offset profile of the same experiment
using a WALTZ-16 decoupling sequence [12] instead of
continuous-wave RF field is also plotted in Fig. 5. With
WALTZ-16 decoupling, the ratio 4/B is hardly affected
up to offsets of 5 kHz.

In Fig. 6 (top), the extracted rates k are shown for
different pH and temperatures. When possible we have
also measured the relaxation rate of the 2N,H) two-
spin order [5]. For low rates (k<100s') this experi-
ment is more sensitive and easier to perform. As
explained in the Appendix, we have taken into account
the presence of 6% HDO in our sample. This leads to a
correction of at most 0.012 in the ratio 4/B of Fig. 1.
Note that the errors that occur when the small fraction
of deuterium in the solvent is not taken into account lie
within the size of the symbols of Fig. 6. The errors in
the experimental ratios 4/B were about 0.5% leading
to errors in k which varied from 1 to 3%. Only for
the measurement of the highest A(7=330K and
pH=9.8) did the experimental error exceed 3%
(k=132x10°+24 x10>s7").

In grey, a line with a slope of one is drawn in Fig. 6 to
guide the eye. At high pH one expects a linear asymptote
with a slope of 1 in this semi-logarithmic plot if one
assumes a simple dependence of the exchange rates,

kex = k107" 4 ko Ky 10°H (2)

where ky and kop are acid- and base-catalyzed exchange
rate constants, and Ky, is the auto-ionization constant of
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Fig. 6. (Top) Rates k of the indole proton in a 20 mM solution of '3C and
5N enriched tryptophan in H,O at different temperatures as a function of
pH. The rates have been determined by measuring the ratio 4/B, after an
echo train applied to the nitrogen nucleus S with 2t = 10.6 ms, ncppg = 2,
4, 8 and 16 = pulses (for the details see Fig. 1). The upper limit of detection
of the exchange rate is about 10° s~!. Small exchange rates have also been
measured by the method of Skrynnikov and Ernst [5] (denoted by x).
(Bottom) Measurements of the exchange rate at 300 K (blue diamonds),
complemented at low pH by the measurements of decay rates of two-spin
order 2N,HY by Skrynnikov and Ernst [5] (red triangles). The dashed line
is a result of a fit using Eqgs. (3) and (4) as described in the text. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this paper.)

water (Kw = 107" at 300 K). This is clearly not the
case. In previous studies, deviations from Eq. (2) have
already been noticed around pH 3. This was attributed to
the deprotonation of the carboxyl group. In fact, there is
an equilibrium between the cationic ("H;NCHRCOOH),
zwitterionic ("H;NCHRCOO™), and anionic (H,NCHR-
COO") forms of tryptophan. Each form may have its
own exchange rate constants. The exchange rate is thus giv-
en by:

kex = kp fo107PH 4 koy Kw f 10! + ky, £,107PH
+ kom, Kw f, 10P" + ky £,107P ko, Kw £, 10°7 (3)

where the indices ¢, z, and a stand for the cationic, zwitter-
ionic, and anionic forms and f for the fraction of each
form, i.e.,

fo=0+ 1QPH-PKar 102PH7pKaeraz)*1,
fi=01+ 10 PH+PKa 101on101<32)*17 (4)
fo=(1+ 10 PHPKa 10—2pH+pKa1+pKaz)*17
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where pK,; =2.46 refers to the carboxyl group, while
pK.» = 9.41 is associated with the amine group. At condi-
tions where f; is not negligible (low pH), the first term in
Eq. (3) eclipses the second one. In a similar manner, the
sixth term dominates the fifth term at high pH. Thus, only
four of the six constants can be determined. The data at
300 K, complemented with the measurements of the decor-
relation of two spin coherence 2N,H, by Skrynnikov and
Ernst [5] at low pH, have been fitted to:

k=key+C (5)

For the experiment that measures the decorrelation of the
two spin coherence, C = R(2N,H,), i.e., the auto-relaxation
rate of the zz order, while for the new experiment that
quantifies the scalar relaxation, we have C=
R(28,1,) — R(Sy). For the fit we have assumed these con-
stants to be equal in both experiments, since for values of
kex where the difference between the constants might be sig-
nificant, only the decay of the zz order is measured. Specif-
ically, at a pH around 5, the exchange rate k., is so low that
one cannot neglect the contribution of R(2N,H,). In Fig. 6
(bottom), the results of the fit are shown: C=
0.37 4+ 0.01 s, log(kn,/ko) =2.90 4 0.03, log(ky,/ko) =
3.31 +0.03, log(komn,/ko) = 8.06 = 0.01, and log(kon, /ko)
=7.48 + 0.03, where ko, =1 s~'. Protonation of the amine
leads to an enhanced OH-catalyzed exchange, while the
protonation of the carboxyl group reduces the H-catalyzed
exchange. This is in agreement with the results of Molday
et al. [13], who investigated the influence of neighboring
side chains and adjacent peptide groups on amine exchange
rates. An additional positive charge leads to a withdrawal
of electrons from the indole position, thus increasing its
acidity.

In conclusion, we have introduced a method to measure
hydrogen exchange rates based on the comparison of the
decay of the coherence of a coupling partner subjected to
a CPMG pulse train with and without proton decoupling.
This method allowed us to extract exchange rates up to
10°s~! for the indole proton in tryptophan.
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Appendix. Effect of deuterium in the solvent

The evolution of the density matrix p during the CPMG
sequence is given by

p(t) = {exp(—Lt)Rx exp(—L1)}"p(0) (A1)

where L is the Liouvillian and Ry is the operator represent-
ing a m, pulse applied to 5N with n = ncpue. If there are
no deuterons in the solvent, and if the RF carrier is on-res-
onance with respect to the >N chemical shift, a basis of
four operators {Ny, 2NH,, 2N H,, 2N H,} suffices to de-
scribe the system. In this case the operators L and Ry are
given by:

[ JNH k 0 —wy
0 0 k Qn
0 o)) —Qy k
1 0 0 O
0 -1 0 0
Ry = 0 0 -1 0 (A.2)
0o 0 o0 -1

where w is the amplitude of the RF field applied to the pro-
tons while Qp is the offset of the exchanging proton from the
carrier. Transverse relaxation of N does not affect the ratio
A/B. To obtain this ratio, the evolution of the density oper-
ator needs to be calculated twice according to Eq. (A.1), once
with w§A> = 0, and once with a)EB) set to the RF amplitude
used in the experiments. If there is deuterium in the
solvent, the normalized basis of the density operator
must be extended to {(1/\/3)N§{EHED, (2/+/3)NMH,EP,
(2/v3)  NJHEP, (2/y/3)NJHE®, (1/y/3) NPE"E,
(1/y/6) NPE"(3D; — 2EP), (1/4/2)NPE"D, }. The symbols
N and NP refer to nitrogen nuclei coupled to exchanging
protons or deuterium nuclei; E™ and EP represent unity
operators in their respective subspaces. With the usual prod-
uct operator conventions, N;I EMEPis simply denoted by N?.
Note that there are no transverse terms of deuterium angular
momentum in the absence of an RF field applied to this
nucleus. In this basis the Liouvillian is:

Kk o—mhw 00 —(1—f)k 0 0
TJNH k 0 - 0 0 0
0 0 k Qy 0 0 0
= 0o o -0 &k 0 0 0 (A3)
00 0 (- 0 (4//6) o
0 0 0 0 0 k 2/v/3) o
0 0 0 0 —@4/vo)mno —(2/v3)mInp k
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Fig. Al. Deviations caused by partial deuteration of the solvent. (4/B)® is the ratio in the presence of 3% deuterated water. After subtracting the
correction (4/B)P — (A4/B) from the measured rate (4/B)° one obtains the ratio (4/B)™ which corresponds to pure H,O. This value can be used directly

to read out the value of k from Fig. 1 in the main text. For a specific ratio (4/B

(high k) of Fig. 1.

where f'is the fraction of deuterium in the solvent (= 0.03
in our case, corresponding to 6% HDO). We have repeated
the calculation of Fig. 1 in the main text, taking in to
account the contribution of deuterium, starting with an ini-
tial density operator p(0) = {(1-/), 0, 0, 0, £, 0, 0} and track-
ing the evolution of the total observable coherence
<NY' > (1) =< Ny' > ()+ < N7 > (). Fig. Al shows
the difference between the ratios (4/B)° — (4/B)" as a
function of (4/B)P for different numbers of pulses ncpirc
in the sequence (the parameters used for the calculation
were the same as in Fig. 1). The ratio (4/B)" refers to
/=0, while ratio (4/B)" corresponds to a partially deuter-
ated solvent (f>0). The largest difference between the
ratios (A4/B)° — (4/B)" is about 0.012 for f=0.03. We
can now subtract this difference from (A4/B)" to obtain
the ratio (4/B)". This corrected value has been used in
order to obtain k from Egs. (A.1) and (A.2). One could also
directly fit the results to the calculations which include deu-
terium, however, in practice, it was easier to fit k to the
analytical expressions using the 4 x 4 matrix in Eq. (A.2).
Since quadrupolar relaxation may be rapid, neglecting lon-
gitudinal auto-relaxation of deuterium may not be legiti-
mate. However, inclusion of this rate, even if it is large,
does not change the correction factor significantly.
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