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Nuclear magnetic resonance (NMR) spectroscopy has provided many powerful tools for the study of dy-
namic processes. Among the reported methods, chemical exchange saturation transfer (CEST) is more
suitable for systems with slow exchange rates, and there will be promising in the detection and dynamic
mechanism of metastable substances. It has been widely used in magnetic resonance imaging (MRI), how-
ever whether it is applicable in the field of chemical kinetics needs more examples. Here we studied, as
a proof of concept, the kinetics of the slow chemical exchange between the two N-methyl protons of N,N-
dimethylacetylamide (DMA), exploiting QUantifying Exchange using Z-spectrum (QUEZS) and QUantifying
Exchange using Saturation Time (QUEST) methods. It turned out that both of QUEZS and QUEST could
give the corresponding exchange rates, showcasing the capability of this method to provide accurate ki-
netic data under a range of temperatures. Our results clearly demonstrated the reliability of CEST-based
techniques as a tool for dynamic kinetics by NMR.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nuclear magnetic resonance (NMR) spectroscopy is a key
method to reveal the information about atomic arrangements, and
further uncover the fine structures of unknown compounds. In ad-
dition, NMR technologies, with their high spatial resolution, can
not only give chemical shifts and coupling constants, but also pro-
vide chemical intuition for the interactions between atoms, such
as electrostatic interaction [1,2], hydrogen bond binding [3-6], van
der Waals force interaction [7], CHese;r stacking [8,9]. During an
NMR experiment, many different physical processes cause relax-
ation, such as molecular vibration, molecular rotation, chemical ex-
change, and macroscopic diffusion [10]. For slow exchange where
the line widths of NMR signals are almost unaffected by the dy-
namic processes, the observation of signal coalescence is very re-
stricted or even impossible. A total line shape analysis often proved
to be inapplicable [11].

Chemical exchange saturation transfer (CEST) is based on the
original saturation transfer experiments by Forsen and Hoffman
[12] and is widely used to encode chemical information in mag-
netic resonance imaging (MRI) [13-15]. Its basic principle is to use
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selective radio frequency pulses to saturate exchangeable protons
and transfer saturated protons to free water through chemical ex-
change, resulting in a decrease in the signal of the water pool. CEST
NMR could thereby help the researchers infer information on the
solute pool and the environment around it. Plotting the normal-
ized longitudinal magnetization against the applied saturation fre-
quency, we could obtain the CEST Z-spectrum. It does not require
any pre-knowledge of chemical shifts, and could detect invisible
substances, owing to its high sensitivity. For example, it can be
used to detect active substances in living organisms [16,17], study
the kinetics of organic reactions [18,19] and the dynamics of con-
formational transitions [20-22]. Compared with other chemical ex-
change measurement techniques, such as exchange spectroscopy
(EXSY), Carr-Purcell-Meiboom-Gill (CPMG), spin-relaxation in the
rotating frame (R;,), CEST is more suitable for systems with slow
exchange rates [23]. As far as we know, CEST experiment is more
sensitive to proton exchange, and the measurable exchange rate
constant is in the range of 50,000~1 s~! [24]. More and more
experiments show that CEST NMR could enhance sensitivity more
than 10-fold [25,26], More importantly, it does not alter the reac-
tion system as it does not require external reagents, such as rad-
icals and para hydrogen [18]. The CEST Z-spectrum can intuitively
reflect the kinetic information of the exchange process between
two sites. And the rate constants coming from CEST Z-spectrum
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Fig. 1. (a) The scheme for the chemical exchange between protons H® and HP in
DMA; (b) its '"H NMR spectrum in DMSO-ds at 298 K.

are calculated by fitting the data to the classic Bloch-McConnell
equations [27-29]. Its accuracy, as well as other advantages or dis-
advantages, remains to be explored by comparing CEST-derived ki-
netic parameters with those extracted using other methods. Here,
we present a CEST study for the exchange kinetics between N-
methyl protons in N,N-dimethylacetylamide (DMA), which served
as a two-site exchange model with equal populations lacking any
resolved J coupling. We provided a comparison of different calcula-
tion methods, and compared the kinetic data with those from the
commonly used technique 2D EXSY.

DMA is one classical example to investigate chemical exchange
process of protons between positions with different Larmor fre-
quencies [30,31]. As shown in Fig. 1, the C-N bond between the
carbonyl group and the nitrogen atom in this compound has sig-
nificant double bond character, and limitation of internal rotation
around the N-CO bond leads to different chemical environments of
the two methyl group connected to the N atom. And thus protons
H? and HP have accordingly different resonance frequencies, va
and vg. Intramolecular exchange of the methyl groups contributes
to the temperature-dependent phenomenon of the NMR behavior.
At room temperature, the exchange rate is small and the residence
time of the methyl groups in positions cis- or trans- in respect to
the carbonyl group is relatively long. Consequently, two separate
resonances, are observed, with the chemical shifts for H* and HP
in DMA are 2.95 and 2.79 ppm at 298 K (Fig. 1b), respectively. As
the temperature is raised, the signals broaden and finally coalesce
to a single one (Fig. S1 in Supporting information) competed with
enlarged exchanging rate.

Graphical representation of applied CEST pulse sequence con-
sists of initial continuous saturation pulse, followed by a 90° pulse,
shown as in Fig. S2 (Supporting information). In all experiments,
CEST attenuation profiles of the methyl protons in DMA were ob-
tained using designated B; and Tsy values. The rate constants of
the methyl protons in DMA were analyzed by fitting observed in-
tensities to the Bloch-McConnell equations (Supporting informa-
tion) for a system of a single spin exchanging between two states.
With the CEST Z-spectrum, a complete CEST profile, a plot of inten-
sity change vs. chemical shift of selective saturation was generated
to measure the exchange rate between protons H® and HP (Fig. 2).
Saturation irradiation at H® or HP, the transferred protons give a
MTRasym of about 57.8%, the value of which is used to quantify
CEST effect [32]. To access the exchange rate, a two-site exchange
CEST profile was simulated by using Bloch-McConnell equations
(QUantifying Exchange using Z-spectrum, QUEZS), whose parame-
ters include ratio of exchange species, longitudinal relaxation rates,
transverse relaxation rates and exchange rate constants.
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Fig. 2. CEST Z-Spectrum of H* and HP at 298 K.

Subsequently, the simulated data were fitted to the experi-
mental data by multi-parameter optimization. The longitudinal re-
laxation times of H?® and HP obtained by an inversion recov-
ery experiment were 5.09 and 5.08 s, respectively. The trans-
verse relaxation times were 3.81 and 3.85 s, respectively. The so-
lutions to Bloch-McConnell equations and data fitting procedure
are carried out correspondingly. The calculated rate of exchange
kag or kga is 0.28 s~!. The free energy barrier at 298 K for an
exchange process H? <> HP from the rate by using Eyring equa-
tion [vii] (Supporting information) is +18.2 kcal/mol. Using density
function theory at B31YP/6-31g(d) SMD(DMSO) level, internal ro-
tation barrier of N-CO bond in DMA was +18.9 kcal/mol (Fig. S3 in
Supporting information). Next, we investigated the exchange rates
between protons H® and HP at elevated temperatures, and the fit-
ted curves were shown in Figs. 3a and b, indicating that CEST tech-
nique combined with Bloch-McConnell equations could be applied
to different temperatures in the range of 298~368 K. The final ki-
netic curve in Fig. 3¢ was got according to the k data at speci-
fied temperatures, and the enthalpy of activation AH* and the en-
tropy of activation AS# obtained for the exchange process were
14.3 + 0.6 kcal/mol and —13.0 + 1.3 cal mol~! K-1, respectively.
This method is shown suitable with R% of 0.994 for calculating all
the exchange rates during the heating process, and further gives
kinetic data.

Saturation time Ts;r and saturation pulse B; are two impor-
tant parameters which influence the CEST effect. Firstly, CEST effect
with saturation time Tsy¢ of 1, 5, 10, 15, 20 s, and a fixed saturation
filed strength B; of 5 Hz, was evaluated (Fig. S4 in Supporting in-
formation). We found that shorter Ts,s could not make the magne-
tization signal approach the CEST steady state following the spin-
lock relaxation rate [33], and then could not offer a good fitting re-
sult. In the five experiments studied, the fitting curve at Tg;t = 1 s
deviated obviously from the experimental one. Tsy is extended to
5 s or more, especially up to 10, 15 and 20 s, all of R? values
calculated are approximately equal to 1 (Table S1 in Supporting
information). MTRasym of the peak is shown in Fig. 4, to a large
extent, removing other effects from the entire Z-spectrum, and it
shows that the chemical exchanges between protons H? and HP
produce remarkable CEST effects, and while an MTRasym of 0.578,
corresponding to a 57.8% change in H? signal approaching the CEST
steady state, using a saturation pulse of 5 Hz and a saturation time
Tsat > 15 s.

It is noted that the CEST signal strongly depends on the satura-
tion time Tsa. The exchange rate between protons H* and HP was
also estimated by using the Bloch fitting of QUEST data. The CEST
contrast for samples was measured with saturation delays of 0.5,
1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0, 7.0 and 10.0 s, using a sat-
uration power of 5 Hz. The calculated I/l values were then fitted
(Fig. 5) using numerical solutions to the Bloch equations, and the
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Fig. 3. Calculated and experimental fitted curves of H* by QUEZS: (a) at 298 K; (b) at 368 K. (c) The kinetic curve according to the k data listed.
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Fig. 5. Calculated and experimental fitted curves of H* by QUEST at B; = 5 Hz,
298 K.

k value was estimated to be 0.26, which was in good agreement
with the above results.

Secondly, CEST signals with saturation pulse B; of 1, 5, 10, 15,
20 Hz, and a fixed saturation time Tsy of 15 s, were also inves-
tigated, and all give reliable results (Fig. S5 and Table S2 in Sup-
porting information). This indicates that although the amplitude
of By affects the band width of the Z-spectrum, it hardly affects
the fitting results when Ty is long enough. Meanwhile, we also
tried to investigate the effect of B; on the exchange rate, at a short
Tsat. Surprisingly at a fixed short Tsye = 1 s, varied Bys in a small
range could not provide obvious attenuation. This is quite different
from the experiment of CEST in MRI. There is no large adjustable
range of By, due to the small spectral width of the studied nucleus.
Therefore, it is not advisable to exploit the QUantifying Exchange
using Saturation Power (QUESP) method to calculate the exchange
rate in this system.
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Fig. 6. Chemical exchange rates between protons H? and H® by 2D EXSY method at
designated temperatures, and T, = 0.1 s.

The two-dimensional exchange spectroscopy, 2D EXSY tech-
nique, was also used to measure the exchange process between
protons H? and HP in DMA. This gives us the opportunity to com-
pare both 1D CEST and 2D EXSY data for exchange rate measure-
ments at various temperatures. Based on 2D EXSY spectrum, the
exchange rates between H? and HP were obtained, and the k val-
ues at designated temperatures were listed in Fig. 6. With 2D EXSY,
the intercept and slope of the fitted curve are almost the same as
the values in Fig. 3¢, however, its R? is 0.949. The five k points ob-
tained by 2D EXSY deviated obviously regardless of whether it is
at low or high temperatures, especially compared to those of CEST.
The accurate k measurement by 2D EXSY strongly depends upon
the Ty, and the relaxation delay Tdelay, and thus poor tempera-
ture compliance with fixed parameters, and in addition, it also de-
pends on concentration of the investigated system [34]. And thus,
the CEST technique is simpler, and could not only obtain the ki-
netic data comparable to 2D EXSY, but also its R? is more close to
1. Furthermore, the only requirements for CEST are the existence
of a chemical exchange in the slow exchange regime on the NMR
time scale (k <|Av|) and one of the chemical exchange species
being visible in conventional NMR experiments [35]. It could detect
invisible species, which could not be accomplished by 2D EXSY or
other NMR techniques.

CEST technique, which is very suitable for slow exchange sys-
tems, has attracted immense interest, owing to its simple, the high
sensitivity and non-invasive. In recent years, its application has
been gradually expanded to various fields, especially in tracking
the slow chemical process, as long as it meets the only require-
ment of k < |Av| on the NMR time scale. In this study, we chose
DMA as a classic example, and presented clearly how this new tool
could study the kinetics of a slow chemical exchange between two
sites. We provided a comparison of different calculation methods,
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including QUEZS and QUEST, and studied the influence of two im-
portant parameters Tsyr and B; on the Bloch-McConnell equations.
And, QUESP used in MRI commonly was also confirmed not appli-
cable in this investigated system. CEST technique is more suitable
for calculating all the exchange rates at a wide range of tempera-
tures, and further gives accurate kinetic data, especially compared
to 2D EXSY. It is believed that CEST NMR method will provide new
ideas for organic chemists and chemical biologists, and unveil of
dynamic kinetics for more systems.
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