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Abstract
Dynamic nuclear polarization (DNP) is a technique in magic-angle spinning (MAS) nuclear magnetic
resonance (NMR) which leads to sensitivity enhancement and helps to overcome the issue of low polari-
zation in detected nuclei. Recent research showed, that methyl groups, which show active reorientation
dynamics and cause heteronuclear cross relaxation at typical DNP temperatures around 100K, may be used
as a pinpoint source of polarization for selective and site-specific probing. In this study, we investigated the
cross-relaxation behavior ofmethyl groups in nicotine and caffeine under DNP. These effects could be useful
for investigating receptor/ligand binding.
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Introduction

The study of ligand binding with magic-angle spinning (MAS) NMR is challenging, as biomolecules made
of same building blocks suffer from spectral overlap.Moreover, NMRhas the issue of very low sensitivity as
a result of low thermal spin polarization. DNP is a technique that allows overcoming the sensitivity problem
(Lilly Thankamony, et al., 2017). Recently the effect of spontaneous 1H–13C polarization transfer via
heteronuclear cross-relaxation due to fast reorientation dynamics in a 13C or 15N MAS direct polarization
experiment underDNPwasdiscovered (Daube et al., 2016;Hoffmann et al., 2017a, 2017b; Park et al., 2020).
Further investigation showed that cross-relaxation-promoting methyl groups and the resulting Specific
Cross Relaxation Enhancement by Active Motions under DNP (SCREAM-DNP) can be used as a tool for
selective probing in biomolecules such as RNA (Aladin et al., 2019) and proteins (Mao et al., 2019).
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This allows to overcome the drawback of typical unspecific DNP experiments such as cross polarization
(CP) and direct polarization (DP), using dynamically active methyl groups as pinpoint sources of
polarization.
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Figure 1. Structural formulas and ball-and-stick models of nicotine and caffeine.
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Figure 2. DNP-enhanced CP (3 s polarization time) andΔDPsat (6 s polarization time) spectra at 110 and 155K of nicotine and
caffeine. Resonances stemming from glycerol are marked with asterisks.

2 Victoria Aladin et al.

https://doi.org/10.1017/exp.2020.17 Published online by Cambridge University Press

https://doi.org/10.1017/exp.2020.17


Objective

To further utilize SCREAM-DNP in biological systems and investigate receptor/ligand binding, suitable
methyl groups have to be examined. Nicotine, mostly known as an agonist in acetylcholine receptors, and
caffeine, which acts as adenosine receptor antagonist, are methyl-carrying ligands that could pose
interesting targets for such binding studies (see Figure 1). Here, we explored the behavior of methyl
group dynamics in nicotine and caffeine by SCREAM-DNP. As methyl reorientation is a temperature-
activated process under typical DNP conditions, differences in rotational hindrance play an important
factor in cross-relaxation efficiency (Aladin & Corzilius, 2019). Therefore, we investigated SCREAM-
DNP in these two systems at 110K and 155K.

Methods

Nicotine and caffeine (Sigma-Aldrich) in natural isotope abundance were dissolved in D8-
12C3-glycerol

(98% D, 99.95% 12C, Euriso-Top)/D2O/H2O mixture (60/30/10 vol.-%) containing 10 mM AMUPol
(SATT Sud-Est, Marseille (Sauvée et al., 2013)) with final concentrations of 0.1 M and 1 M for caffeine
and nicotine, respectively.
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Figure 3.ΔDPsat build-up curves ofmethyl resonances at 110K in nicotine and at 110 and 155K in caffeine. The signal intensity
was determined by integration over the single methyl resonance in nicotine and over all three methyl resonances in caffeine
(see Figure S1).
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All experiments were performed on a Bruker AVANCE II DNP spectrometer (400.2MHz 1H) and
263.4GHz gyrotron microwave frequency under 8 kHz MAS. CP experiments were performed with 3 s
polarization time. For each sample and temperature (110 and 155K) DP as well as DP with proton
saturation (DPsat) experiments were recorded for different polarization times. The mathematical
subtraction of DP and DPsat spectra results in spectral contributions of magnetization stemming
exclusively from cross relaxation (ΔDPsat). The used pulse sequences and further experimental param-
eters are analogous as described elsewhere (Aladin et al., 2019; Aladin & Corzilius, 2019).

Results

As seen in Figure 2 the sole CH3 resonance in nicotine is broadened at 110K due to interference by
dynamics (Ni et al., 2017) and also does not show any significant SCREAM-DNP signal. By increasing the
temperature to 155K it now reveals both a distinct resonance in the CP as well as a strong SCREAM-DNP
signal (ΔDPsat) with a build-up time constant of 3.7 s (Figure 3). Here it is unclear, if the missingΔDPsat
signal at 155K is due to broadening beyond detectability or inefficient SCREAM-DNP transfer.

Contrary to this, all threemethyl groups of caffeine show no significant broadening in CP and provide
a strong SCREAM-DNP signal (ΔDPsat) with a build-up constant of 3.3 s at 110K. In this case, the signal
intensity due to cross relaxation inΔDPsat drops with higher temperature and the build-up time increases
to 6.3 s at 155K.

Discussion

In the case of nicotine themethyl reorientation is causing interference at 110K, resulting in homogeneous
broadening; furthermore, significant polarization transfer by cross relaxation seems to be prevented. By
increasing the temperature to 155K, this dynamic is accelerated and efficient cross relaxation occurs. The
methyl dynamics in caffeine seem to be in the sufficiently fast limit regime already at 110K in order to
avoid interference and support efficient SCREAM-DNP. By increasing the temperature, the correlation
time is shortened past the optimum (ωτc=1). This is supported experimentally by the extended build-up
time and reduced signal intensity.

Conclusions

The contrast between nicotine and caffeine may be explained by structural differences. In nicotine, the
sterically demanding pyridine group can affect the methyl dynamics. Moreover, the hybridization of the
methyl-carrying N in nicotine is sp3, whereas the relevant nitrogens in caffeine are sp2 hybridized with a
larger CNC bond angle. Therefore, the methyl groups in caffeine are less sterically hindered. As a result,
caffeine has an efficient SCREAM-DNP effect at 110K, while for nicotine a similar situation is only found
at an increased temperature of 155K. Both ligands further could be useful for biomolecular complex-
specific studies by SCREAM-DNP.
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