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CONSPECTUS

Protons are vastly abundant in a wide range of exciting macromolecules and thus can be a
powerful probe to investigate the structure and dynamics at atomic resolution using solid-state
NMR (ssNMR) spectroscopy. Unfortunately, the high signal sensitivity, afforded by the high
natural-abundance and high gyromagnetic ratio of protons, is greatly compromised by severe line
broadening due to the very strong *H-1H dipolar couplings. As a result, protons are rarely used, in
spite of the desperate need for enhancing the sensitivity of ssSNMR to study a variety of systems
that are not amenable for high resolution investigation using other techniques including X-ray
crystallography, cryo-electron microscopy, and solution NMR spectroscopy. Thanks to the
remarkable improvement in proton spectral resolution afforded by the significant advances in
magic-angle-spinning (MAS) probe technology, *H ssSNMR spectroscopy has recently attracted
considerable attention in the structural and dynamics studies of various molecular systems.
However, it still remains a challenge to obtain narrow 1H spectral lines, especially from proteins,
without resorting to deuteration. In this Account, we review recent proton-based ssSNMR strategies
that have been developed in our laboratory to further improve proton spectral resolution without
resorting to chemical deuteration for the purposes of gaining atomistic-level insights into
molecular structures of various crystalline solid systems, using small molecules and peptides as
illustrative examples. The proton spectral resolution enhancement afforded by the ultrafast MAS
frequencies up to 120 kHz is initially discussed, followed by a description of an ensemble of
multidimensional NMR pulse sequences, all based on proton detection, that have been developed
to obtain in-depth information from dipolar couplings and chemical shift anisotropy (CSA).
Simple single channel multidimensional proton NMR experiments could be performed to probe
the proximity of protons for structure determination using 1H-1H dipolar couplings and to
evaluate the changes in chemical environments as well as the relative orientation to the external
magnetic field using proton CSA. Due to the boost in signal sensitivity enabled by proton
detection under ultrafast MAS, by virtue of high proton natural abundance and gyromagnetic ratio,
proton-detected multidimensional experiments involving low-y nuclei can now be accomplished
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within a reasonable time, while the higher dimension also offers additional resolution
enhancement. In addition, the application of proton-based ssSNMR spectroscopy under ultrafast
MAS in various challenging and crystalline systems is also presented. Finally, we briefly discuss
the limitations and challenges pertaining to proton-based ssNMR spectroscopy under ultrafast
MAS conditions, such as the presence of high-order dipolar couplings, friction-induced sample
heating, and limited sample volume. Although there are still a number of challenges that must be
circumvented by further developments in radio frequency pulse sequences, MAS probe technology
and approaches to prepare NMR-friendly samples, proton-based ssSNMR has already gained much
popularity in various research domains, especially in proteins where uniform or site-selective
deuteration can be relatively easily achieved. In addition, implementation of the recently
developed fast data acquisition approaches would also enable further developments in the design
and applications of proton-based ultrafast MAS multidimensional sSNMR techniques.
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INTRODUCTION

Solid-state NMR spectroscopy has been playing significant roles in providing piercing
insights into the molecular structures and dynamics for a wide variety of systems, mainly
due to its capability of selectively manipulating various anisotropic spin interactions in
solids. In particular, it has evolved as a routine approach over the past decades for studying
low-y nuclei (13C, 15N, etc.) due to their large chemical shift spans; however, a large sample
amount is often required to overcome the sensitivity issue in these NMR experiments, unless
isotopic labeling or other sensitivity enhancement methods such as dynamic nuclear
polarization (DNP) are adopted.2 Herein, protons become one of the most straightforward
nuclei for detection in multidimensional spectroscopy to overcome the sensitivity issue,
mainly due to IH high natural abundance, high gyromagnetic ratio, and prevalence in
various molecular systems. However, the application of proton-based ssSNMR spectroscopy
has often been hampered by the poor spectral resolution, which stems from the presence of
various strong anisotropic spin interactions. Generally, three approaches are often utilized to
improve the proton spectral resolution: deuteration, CRAMPS (combined rotation and
multiple pulse spectroscopy), and ultrafast magic angle spinning (MAS). Deuteration of a
sample chemically reduces the amount of protons in the system and therefore suppresses
IH-1H dipolar couplings, which, for example, has been demonstrated to significantly reduce
the line widths of proton peaks to ~15 Hz in a microcrystalline sample of the SH3 domain
from chicken a-spectrin at a moderate spinning frequency.® However, the level of
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deuteration has to be optimized for achieving best resolution,* and it can be difficult and
expensive. CRAMPS is another approach that involves a combined manipulation of the spin
part of the dipolar coupling Hamiltonian with radio frequency (RF) pulses and the spatial
part with MAS.> However, the setup of CRAMPS experiments is cumbersome, and the
signal-to-noise ratio is often compromised due to the large receiver bandwidth and low
probe quality factor. Fortunately, tremendous advances in MAS probe technology have
recently enabled spinning up to 130 kHz using small rotors of diameters less than 0.75 mm,
which could effectively suppress the strong *H-1H dipolar couplings that cause severe line
broadening of 1H spectral lines for solids, and thus ultrafast MAS enhances the spectral
resolution. In fact, the maximum achievable spinning frequency (vimax) is inversely
proportional to the rotor diameter (g) according to a simple relationship vijax ~ 80
kHz-mm/d] considering the influences of bearing load, strength of rotor materials, turbine
torques, and other factors as well.8 In further combination with appropriate deuteration and
high magnetic fields, it has been possible to achieve solution-like proton NMR spectra even
in proteins, which has attracted much attention in recent years.”~11 In fact, the discovery and
demonstration of new phenomena under ultrafast MAS has also greatly simplified the design
of pulse sequences and experimental setup.12-14 Consequently, the development of proton-
based ssNMR methodology has become the focus of recent studies.

In this Account, we present and discuss recent developments in proton-based ssSNMR
methods under ultrafast MAS. We begin by showing the remarkable enhancement in proton
spectral resolution enabled by ultrafast MAS and then proceed to discuss the development of
multidimensional proton-based sSNMR techniques for extracting valuable information, such
as the proton proximity, proton chemical shift anisotropy, *H-!H distances, and
heteronuclear proximity. Although several excellent reviews on the application of proton-
detected ssSNMR in proteins have been published in the last several years,8:%11 the main
focus of these reports was on perdeuterated proteins and paramagnetic systems. Here, we
focus on the recent developments and applications of multidimensional proton-based
ssNMR spectroscopy on rigid crystalline solids without any chemical pretreatment.

ENHANCED 'H SPECTRAL RESOLUTION BY ULTRAFAST MAS

A major obstacle for the widespread application of proton NMR spectroscopy on solids is
the poor chemical shift resolution, which is quite limited by the narrow chemical shift span
of protons (~15 ppm). Therefore, the only approach to improve proton spectral resolution is
to reduce the line widths of proton peaks, which are dominated by chemical shift dispersion
and inherent anisotropic interactions, primarily the *H-1H dipolar couplings and 1H
chemical shift anisotropy (CSA). On the basis of average Hamiltonian theory,1516 the
“inhomogeneous” CSA Hamiltonian commutes with itself at all times, and all the
commutator terms will vanish. In addition, even under the currently available highest
magnetic-field strength of 24 T (1020 MHz *H Larmor frequency),” the maximum
chemical shift anisotropy for the protons would be around 20 kHz (~20 ppm), which is still
much smaller than the ultrafast spinning frequency (>60 kHz). Therefore, the CSA of
protons will be completely averaged out by MAS frequency of 60 kHz and higher. However,
in contrast to proton CSA, the ubiquitous presence of H-1H dipolar couplings cause severe
“homogeneous” line broadening, rendering the peak line widths much larger than their
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chemical shift differences. In particular, the high-order dipolar interaction Hamiltonian
terms (either multispin dipolar interactions or cross-terms between dipolar coupling and
chemical shift difference tensor) do not vanish completely, but rather become smaller with
increasing the MAS frequency.10 Therefore, higher spinning speeds will greatly benefit the
suppression of higher-order dipolar terms, and thus improve the proton spectral resolution,
as shown in Figure 1A. By increase of the spinning speed from 10 to 110 kHz, the aliphatic
side-chain protons in the bone organic matrix and the structural OH groups in bone mineral
are progressively resolved, demonstrating the capability of ultrafast MAS for suppressing
the strong dipolar couplings.18

Chemical shift dispersion (distribution) is another important cause for the frequently
observed line broadening of proton peaks. Chemical shift dispersion could result from
disordered arrangements of molecular chains in the system or amorphous arrangements of
microcrystals in the NMR rotors. On the other hand, the presence of anisotropic bulk
magnetic susceptibility (ABMS) could also result in chemical shift dispersions and thus
induce inhomogeneous broadening on the order of 1 to 2 ppm, particularly for r-electron
solid systems.6:17 A typical example is shown in Figure 1B for | -histidine:-HCI-H,O, where
the resolution of imidazole ring protons does not improve significantly with the increasing
spinning speed from 60 to 120 kHz under 600 MHz magnetic-field strength. However, the
resolution is greatly improved when the magnetic field increases from 600 to 1020 MHz due
to the increased chemical shift range. It should be noted here that ABMS could not be
averaged out completely by MAS; however, since the ABMS Hamiltonian has similar
dependence on the spin part as the isotropic chemical shift Hamiltonian,1? significant line-
narrowing might still be achieved using multiple-echo pulse trains like CPMG.2° Thus, for
fully protonated systems, the combination of high external magnetic fields and ultrafast
MAS is the most straightforward and effective approach for enhancing proton spectral
resolution. Further combination with appropriate deuteration and microcrystallization would
definitely help in narrowing proton line widths similar to solution NMR.3

1H/*H HOMONUCLEAR CORRELATION EXPERIMENTS UNDER ULTRAFAST

MAS

1H/H chemical shift correlation experiments are quite challenging on solids because of the
low spectral resolution of proton spectra. However, with the recent remarkable developments
in ultrafast MAS technology, the proton spectral resolution has been greatly enhanced,
rendering it possible to study molecular structures with proton site resolution. As the dipolar
couplings are greatly suppressed by ultrafast MAS, coherent magnetization transfer based on
flip—flop or flip—flip/flop—flop spin diffusion has been greatly slowed down. Therefore, 1H—
1H dipolar couplings have to be reintroduced for fast proton magnetization transfer among
protons to establish homonuclear correlations. Finite-pulse radiofrequency driven dipolar
recoupling (fp-RFDR) is one of the simplest rotor-synchronized sequences (t—nt—) for
recoupling zero-quantum dipolar interactions under fast MAS.21.22 |n fact, our recent studies
have demonstrated the merits of using RFDR on mobile solids to recover motionally
averaged dipolar couplings among protons.23:24 We have also applied fp-RFDR on rigid
solids for recoupling the dipolar couplings averaged by ultrafast MAS to accelerate the
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coherent polarization transfer among protons,2°26 as shown in Figure 2A. A new phase
cycling scheme, XY41,, was proposed due to its superior performance over other phase
cycling schemes in overcoming the RF field inhomogeneity as well as chemical shift offsets,
regardless of the strength of the applied RF field.25>27 As the XY8-based phase cycling?8
removes the dipolar x dipolar cross-terms of the Hamiltonian that involve zero-quantum
(ZQ) and double-quantum (DQ) homonuclear terms, which could assist the magnetization
transfer,2” the dipolar recoupling and magnetization transfer efficiency of XY41, is better
than that of X'Y81, (a supercycling scheme of XY8).30 However, XY41, and XY8, both
have similar performances when used for studies on low-y nuclei (like 13C, 15N) due to their
weak homonuclear dipolar couplings (i.e., the high-order dipolar—dipolar cross terms could
be ignored). As also shown in Figure 2B, a 2.84 ms fp-RFDR mixing time is sufficient to
achieve a total correlation among all proton resonances in the A-acetyl-15N-| -valyl-15N- -
leucine (NAVL) sample.2? Significant sensitivity and resolution enhancements are also
observed when the spinning frequency is increased from 40 to 90 kHz, particularly in the 0-
5 ppm region. In particular, the two peaks observed around 4 ppm are well resolved under
>60 kHz MAS, which is more clearly revealed from the 1D slices along the F2 dimension
taken at 8.9 ppm of the F1 dimension (as shown in Figure 2C). By changing the fp-RFDR
mixing time, the time-dependent behavior of cross-peak intensities could be potentially used
to quantify the dipolar couplings recovered under ultrafast MAS, and thus the TH-1H
distances.23 Consequently, the build-up rates of the cross-peak intensities as a function of fp-
RFDR mixing time could directly provide proximity information on the proton pairs in rigid
solids.2327 Thus, the 1H/IH fp-RFDR-based chemical shift correlation experiment is a
robust method for probing proton—proton proximities due to its high sensitivity and
enhanced spectral resolution under ultrafast MAS. In case of mobile solids, however, care
must be taken in the analysis of the build-up curves of cross-peaks intensities for extracting
accurate information on proton proximity due to the mobility-induced averaging of dipolar
couplings. In addition, by incorporating constant-time 13C chemical shift evolution into the
pulse sequence, 1H/XH correlation among protons bonded to two neighboring carbons could
also be obtained for further improving proton spectral resolution as well as resonance
assignments.31

DETERMINATION OF PROTON CHEMICAL SHIFT TENSORS

Proton chemical shift tensor is a very sensitive probe of the local inter- and intramolecular
interactions, such as the ring current effect and hydrogen bonds that play important roles in
controlling the three-dimensional molecular conformations and packing in solid-state
structures of various organic and functional materials. Recently, R-symmetry-based two-
dimensional (2D) 1H/*H anisotropic/isotropic chemical shift correlation experiments for the
accurate measurement of the 1H CSA under ultrafast MAS have been well reported.32-34
However, even at the highest currently achievable spinning frequency of ~130 kHz, 1H MAS
NMR spectra of densely proton-coupled rigid solids still suffer from poor resolution and
severe peak overlapping. In such cases and to a large extent, it is difficult to determine the
CSA of overlapped proton sites with high accuracy in the standard *H/AH chemical shift
anisotropy/ single-quantum chemical shift (CS/SQ) correlation experiments. However, the
double quantum (DQ) chemical shift spectrum has a doubled spectral width compared to the
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single quantum (SQ) chemical shift spectrum, indicating a higher spectral resolution along
the DQ dimension. By correlating DQ chemical shift with chemical shift anisotropy, it is
thus possible to extract chemical shift tensors of proton sites whose signals are not well
resolved along the SQ chemical shift dimension.3® The pulse sequence is shown in Figure
3A. Broadband Back-to-Back (BABA) sequence36:37 is initially employed to excite DQ
coherence for recording the DQ chemical shift evolution, and then the DQ coherence is
reconverted to zero-quantum (ZQ) followed by chemical shift anisotropy evolution. As
shown in Figure 3B for ibuprofen, the peak at 0.8 ppm originates from three different methyl
groups. Therefore, it is not possible to specifically measure the CSA tensor of each methyl
group from the standard 2D CSA/CS correlation experiment. Instead, it is noteworthy that
the peak at a DQ frequency of 13.4 ppm is induced by the hydroxyl proton (proton 1) and its
nearby methyl protons (proton 11). By taking the CSA slice at the DQ chemical shift of 13.4
ppm, as shown in Figure 3C, the CSA tensors of protons 11 and 1 could be extracted with
the help of numerical simulations. Similarly, the DQ peak at DQ frequency of 19.7 ppm is
induced by hydroxyl (proton 1) and aromatic (protons 2, 3, 4, and 5) protons, and the CSA
slice taken at the DQ frequency of 19.7 ppm contains the CSA information for both
hydroxyl and aromatic protons. Therefore, when the proton SQ resolution is relatively poor,
valuable information can be obtained if the DQ dimension could be well utilized and
correlated with other spin interactions. Recently, a proton-detected 3D 15N/*H/!H isotropic/
anisotropic/isotropic chemical shift correlation experiment was also proposed to obtain site-
specific CSA of amide protons by using the broader span of 1°N isotropic chemical shifts.38
It is worth noting that the frequency separation between the observed singularities in the
proton CSA line shape is insensitive to the asymmetry parameter () but increases linearly
with increasing anisotropic chemical shift parameter (aniso). However, the line shapes
around the singularities vary significantly with 7.3° Therefore, the premise for extracting
accurate CS parameters is to record reliable and undistorted experimental powder CS line
shapes.

'H-1H DISTANCE MEASUREMENT

It has been a long-standing challenge to measure 1H-1H distances in solids because of the
presence of homogeneous and strong YH-1H dipolar couplings. On one hand, the widespread
presence of a multispin TH-1H dipolar coupling network renders it difficult to average out
the TH-1H dipolar couplings even under ultrafast MAS above 100 kHz. On the other hand,
the dipolar truncation effect generally makes the measurement of weak *H-1H dipolar
couplings difficult or impossible.3940 To overcome these difficulties, we have proposed a
method for 'H-1H distance measurements by taking advantage of ultrafast MAS and
selective excitation of specific proton peaks.*! On this basis, the magnetization transfer
between the selected protons and the nearby ones could be coherently studied by
incorporating fp-RFDR,*! as depicted by the pulse sequence shown in Figure 4A. The first
cross-polarization (CP) is used to enhance the overall 13C magnetization, while DANTE
(delays alternating with nutations for tailored excitation)*? is used to selectively flip the
magnetization at a specific 13C chemical shift. As a result, the second short-contact-time CP
enables the selection of signals that correspond to protons bonded to the initial selectively
excited carbons. Note that if the fp-RFDR mixing time is set to zero, this method could also

Acc Chem Res. Author manuscript; available in PMC 2018 February 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 7

be used for signal assignment of proton spectra.*! By varying the fp-RFDR mixing time, the
signal intensities of nearby protons increase, as shown in Figure 4B, while the signals of
selected protons decay. By use of numerical simulations adopting the same parameters used
in the experiments, the linear relationship between the signal intensity build-up rate and the
dipolar couplings could be obtained, as shown in Figure 4C. The build-up rate of signal
intensity is defined as the inverse of the time needed to reach the maximum signal intensity.
Once the experimental build-up rate is determined, the dipolar couplings as well as the
distance between the proton pair could be extracted from the linear relationship between
build-up rate and dipolar couplings. As determined, the H5-H8 and H5—-H9 distances are
around 2.33 and 2.43 A, respectively, which are both in good agreement with the X-ray
crystal structure.43

3D EXPERIMENTS FOR HIGHER RESOLUTION AND SPECTRAL EDITING

High-resolution spectra can be obtained either by line width reduction or by rendering the
spectra less crowded by filtering undesired signals in multidimensional experiments. The
first approach has been discussed above, while the second approach for obtaining high-
resolution spectra and extracting atomic-level structural and dynamical information from 3D
experiments is discussed in this section.

3D Proton SQ/DQ/SQ Correlation Experiment Provides Three-Spin Proximity Information

The regular 2D DQ/SQ correlation experiment provides information about two-spin
proximity only. For probing multispin proximity, one has to resort to multiple-quantum
(MQ) NMR experiments; however, the obtained MQ spectra, like the TQ (triple-
quantum)/SQ correlation spectrum, are usually more difficult to analyze than DQ/SQ
spectra, especially for systems with multiple proton sites. Recently, we have demonstrated
that a SQ/DQ/SQ three-dimensional experiment2? (Figure 5A) can provide valuable
information about the proximity between a spin and a certain other dipolar-coupled pair of
spins, in addition to regular SQ/DQ and SQ/SQ correlations. This approach successfully
combines proton detection, ultrafast MAS, and multiple frequency dimensions to yield very
high-resolution proton-based 3D NMR spectra. In particular, the DQ/SQ1 (F2/F1)
correlation spectrum could provide information about the proximity between a spin and
another pair of spins. For example, if proton A has magnetization exchange with proton B
through fp-RFDR, while protons B and C are close enough to induce a DQ coherence signal,
there will be a cross peak with a chemical shift of proton A in the SQ1 dimension and with
the sum of the chemical shifts of protons B and C in the DQ dimension. Furthermore, the
DQ/SQ1 (F2/F1) spectra sliced at the isotropic chemical shift of SQ2 (F3) dimension could
further distinguish different molecular structures that the regular 2D SQ/DQ spectrum fails
to provide, as shown in Figure 5B-D. For example, assume that there are three peaks with
chemical shifts of wp, wg, and ug, corresponding to protons A, B1/B2, and C, respectively.
If a regular 2D DQ/SQ spectrum gives a DQ cross peaks between chemical shifts wp and
wg, as well as between wg and ug, as shown in Figure 5B, it could result from (a) two
isolated spin pairs that are far from each other, A-B1 and B2-C, or (b) a “tight” structure
with protons B1 and B2 close to each other, A-B1-B2-C or B1-A-B2-C. However, these
two structures correspond to two different DQ/SQ1 (F2/F1) spectra if they are sliced at wp
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from the 3D SQ/DQ/SQ correlation spectrum. The DQ/SQ1 spectrum of structure a would
be identical to the regular 2D DQ/SQ spectrum as shown in Figure 5C; whereas for structure
b, there is a cross peak between the chemical shifts of ue and wp + wg in the DQ/SQ1L
(F2/F1) slice taken at wj, as shown in Figure 5D. More details can be found in ref 29, where
the usefulness of such experiment is well demonstrated on the NAVL sample.

3D Proton-Detected Experiment for Low-y Homonuclear/Heteronuclear Correlations

Low-y homonuclear (e.g., 13C, 1°N) correlation experiments are widely used in high-
resolution structural studies of proteins. Although 13C/13C chemical shift correlation
experiments using various dipolar recoupling techniques are commonly used under MAS,
15N/15N homonuclear correlation experiments have always been challenging due to the very
weak (almost negligible) 15N-1°N dipolar couplings in peptides and proteins.*44> However,
by utilizing protons to transfer magnetization among °N nuclei, 1°N/1N correlations could
be easily achieved.*® In addition, proton-detection under ultrafast MAS generally enables a
higher sensitivity and thus reduces the experimental time.#” The pulse sequence for a proton-
detected 3D 15N/15N/2H correlation experiment8 is shown in Figure 6A, where four CP
periods are used for polarization transfer between *H and 1°N. By taking a slice at the
isotropic chemical shift of the amide proton, the 1°N/25N homonuclear correlation spectrum
could be easily obtained (Figure 6B). The cross peaks between two different 15N chemical
shifts can be clearly observed, which is not seen in the regular 2D 15N/15N correlation
experiment using 1°N-1°N dipolar couplings for polarization transfer. While it is possible to
correlate intra- or intermolecular 1°N nuclei depending on the molecular structure under
investigation, the TH-1H mixing time determines whether 15SN-15N correlation is
intramolecular or intermolecular in peptides or proteins, which is important for structural
analysis. Similarly, 14N/14N correlation can be accomplished from a 3D 14N/14N/1H
chemical shift correlation experiment through fp-RFDR using four simple JHMQC
polarization transfer periods.*?

Although CP is widely used for heteronuclear polarization, RINEPT pulse sequence can also
be employed for polarization transfer in rigid solids.1450 However, such transfer requires the
simultaneous presence of IH-1H and 1H-13C dipolar couplings. Herein, the quaternary
carbon signal is generally filtered out by IH — 13C INEPT under ultrafast MAS due to the
weak remote 13C-1H dipolar couplings and absence of *H_1 dipolar coupling nearby.50:51
In the same manner, the non-carbon-bonded proton signals will also be filtered out by the
13C — 1H INEPT transfer, which could in principle improve the proton spectral resolution.
51 Finally, it is worth noting that a multidimensional experiment is always challenging for
natural-abundance samples when low-y nuclei are involved. However, as we recently
demonstrated, an incorporation of multiple-contact CP could significantly enhance the
sensitivity of 2D proton-detected 13C/*H HETCOR experiment; the achieved signal

enhancement is more impressive when natural-abundance 13C spectrum is directly recorded.
52

Acc Chem Res. Author manuscript; available in PMC 2018 February 27.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al. Page 9

PERSPECTIVES AND OUTLOOK

By virtue of enhanced resolution and high sensitivity of proton detection under ultrafast
MAS, proton-based NMR spectroscopy has gained much popularity in investigating the
molecular structures and dynamics in various molecular systems. One-dimensional 1H MAS
NMR spectra could be used to identify and distinguish the different polymorphs of solid
compounds due to the sensitivity of chemical shift environment to subtle changes in the
structures, while a 2D 1H/YH fp-RFDR-based SQ/SQ chemical shift correlation experiment
directly provides information on site-specific proton proximity. The 2D 1H/*H DQ/SQ
correlation experiment is a good alternative to the SQ/SQ chemical shift correlation
experiment due to the doubled spectral width along the DQ dimension. A 3D single-channel
proton-based 1H NMR experiment, by using the high resolution advantage of the DQ
dimension, could be further employed to extract the structural information that was missing
in the regular 2D experiments. Furthermore, by involving other nuclei, such as 13C or 15N,
site-specific proton signals could be obtained or filtered out and thus enabled the extraction
of IH-1, distances. The proton-detected HETCOR experiment has also been widely used
for rapid resonance assignment and determination of heteronuclear proximity. Also, low-y
nuclei homonuclear correlation could be achieved by using protons as the polarization
transfer media and proton detection for signal enhancement. Therefore, an ensemble of key
proton-based experiments under ultrafast MAS conditions could offer significant insights
into molecular structures and dynamics. With the rapid developments in ultrafast MAS
probe technology, high resolution proton-based ssSNMR spectroscopy will become more
user-friendly and popular in the near future to investigate the structures and dynamics of a
wide variety of molecular systems, including fully pronated proteins®3 or labeled peptides in
cell membrane.>* However, proton resolution obtained so far is still limited by the
unaveraged higher-order dipolar coupling terms and anisotropic bulk magnetic susceptibility,
particularly in densely proton-coupled solids. In this case, microcrystallization can reduce
the chemical shift dispersion due to conformational heterogeneity and therefore can render
resolution enhancement; further developments in the chemical and biological approaches to
prepare NMR-friendly samples would greatly assist the further developments and
widespread applications of ultrafast MAS ssNMR. In addition, the friction-induced sample
heating could become a significantly limiting factor for the functional heat-sensitive
biological samples as the spinning speed becomes >100 kHz. It should also be pointed out
that the decreasing sample volume rendered by the decreasing rotor dimension to
accomplish ultrafast spinning speeds is another significant factor to be dealt with particularly
when proton-detected multidimensional experiments involving low abundant, low-y nuclei
on naturally abundant macromolecules or biopolymers are performed. Nevertheless, there
are still considerable perspectives for further improving the proton spectral resolution by
increasing MAS frequency, boosting the static magnetic field, appropriate deuteration
schemes, approaches to enhance sample quality, implementation of fast data acquisition
methods, or a combination of these approaches. Furthermore, the resolution and sensitivity
enhancements offered by ultrafast MAS 1H-based NMR spectroscopy can provide new
prospects for studying insoluble noncrystalline solids that cannot be studied by solution
NMR spectroscopy or diffraction techniques.
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Figure 1.
Faster sample spinning increases spectral resolution of protons. (A) 1H MAS NMR spectra

recorded at 14.1 T from bovine cortical bone under multiple MAS rates. Reproduced with
permission from ref 18. Copyright 2015 Nature Publishing Group. (B) 1D ultrafast MAS
proton spectra of | -histidine-HCI-H,O. Adapted with permission from ref 17. Copyright
2015 Elsevier.
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Figure2.
Chemical shift correlation of protons enabled by ultrafast MAS. (A) 2D H/H chemical

shift correlation experiment using fp-RFDR to recouple proton dipolar couplings. XY41,
scheme was used for the fp-RFDR sequence. (B) 2D H/XH fp-RFDR spectra of A-
acetyl-15N-| -valyl-1°N-| -leucine (NAVL) obtained at different sample spinning speeds as
indicated. As seen from the spectra, enhancement of spectral resolution is achieved by
increasing the MAS speed. The fp-RFDR mixing time was 2.84 ms; 64 # increments were
used. Reproduced with permission from ref 29. Copyright 2015 Nature Publishing Group.
(C) 1D H F2 slices at the chemical shift of 8.9 ppm of F1 dimension at different spinning
speeds.
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Figure 3.
3D ultrafast MAS technique enables the measurement of proton CSAs. (A) Pulse sequence

used for the 3D DQ/CSA/SQ correlation experiment. Broadband BABA sequence is used for
DQ excitation and reconversion, while a composite-180° (namely, 270°,—90°1go) based
symmetry sequence R18g’ is used for recoupling proton CSA. (B) Molecular structure of
ibuprofen and 2D DQ/SQ (F1/F3) chemical shift correlation spectrum extracted from the 3D
spectrum. (C) 2D CSA/DQ correlation spectrum extracted from the 3D spectrum of
ibuprofen. The CSA slices at the DQ frequency of 19.7 ppm and that at 13.4 ppm are shown
on the right. Experimental line shapes are indicated in black, while the simulated ones are
indicated in red and blue. Reprinted from ref 35, with the permission of AIP Publishing.
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Figure 4.
Measurement of proton—proton distances under ultrafast MAS. (A) RF pulse sequence for

selective detection of proton resonances and 1H-1H distance measurements. (B) Decay of
H5 peak intensity and intensity buildup of H8 and H9 peaks as a function of fp-RFDR
mixing time following the selective excitation of the H5 peak in | -histidine-HCI-H,0. The
contact time for the first CP is 2 ms, while it is 100 /s for the second CP. (C) Simulated
build-up rate (/) as a function of the TH-1H dipolar couplings (D) in a two-spin system.
The 1H 90° pulse was 1.4 /s, and the MAS frequency was 60 kHz. Reprinted from ref 41,
with the permission of AIP Publishing.
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Figure5.
Enhancing proton spectral resolution by using double quantum coherence under ultrafast

MAS. (A) Pulse sequence for 3D SQ/DQ/SQ correlation experiment. Reproduced with
permission from ref 29. Copyright 2015 Nature Publishing Group. (B) Schematic spectrum
for the regular 2D DQ/SQ correlation experiment and the corresponding molecular
structures, while panels C and D indicate the 2D DQ/SQ1 (F2/F1) sliced at the isotropic
chemical shift of wp (in the F3 dimension) corresponding to two different structures shown
below the spectra.
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Figure®6.
Chemical shift correlation of 1N nuclei enabled by proton mixing under ultrafast MAS. (A)

Proton-detected 3D 1°N/2°N/1H experiment that correlates the isotropic chemical shifts of
15N, 15N, and IH nuclei. (B) A 15N/1N correlation spectrum sliced at the amide proton
chemical shift from the 3D 15N/23N/1H spectrum with a 6.4 ms RFDR mixing time at 100
kHz MAS on powdered NAVL. 1D spectral slices extracted from the 2D 1°N/1°N spectrum
are shown (right). Adapted with permission from ref 48. Copyright 2014 Elsevier.
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