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High sensitivity and resolution solid-state NMR methods are
reported, that straightforwardly select hydrogen-bonded °N-70
pairs from amongst all other nitrogen and oxygen sites in peptides,
to aid protein secondary and tertiary structure determination.
Significantly improved sensitivity is obtained with indirect 'H
detection under fast MAS and stronger relayed dipole couplings.

The use of solid-state NMR spectroscopy to determine the
structure of proteins largely revolves around the detection of
spin | = 1/2 nuclei such as 'H, 13C, and *N. Though equally
important to protein structure, study of oxygen sites by NMR
has in comparison been scarce since the only NMR-active
isotope of oxygen, 170, has a quadrupolar spin S = 5/2 nucleus,
low natural abundance (0.037%), and a low resonance
frequency (5.772 MHz/T).
considerably lower sensitivity and resolution for NMR of 170

These properties lead to a
nuclei compared to 'H, 13C, and '°N, and is further complicated
by the high cost of 170 isotopic enrichment. However, the large
shift range and quadrupolar interaction make 70O a sensitive
probe of its structural and bonding environment,! and thus a
desirable target of study. As a recent example,2 170 NMR
spectroscopy was used to demonstrate that the dimeric
symmetry of the gramicidin A ion channel is broken by
differences in hydrogen-bonding to the water wire in the
channel. For decades this asymmetry had been undetected
using 13C and >N NMR spectroscopy.

For uniformly YO-enriched macromolecules, it is essential
to incorporate 170 into the suite of multidimensional *H/*3C/*>N
NMR experiments3* developed for sequential assignment of
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peptide residues and identification of long-range contacts,
including hydrogen-bonds, for structural characterization. In
this vein, high-resolution H/*3C/Y70 multidimensional NMR
experiments have recently been reported via a combination of
fast magic-angle spinning (MAS), indirect H detection, high 70
isotopic enrichment, and high magnetic fields.> This
Communication complements and extends the previous work
by demonstrating the use of multidimensional *H/*>N/70 NMR
experiments as a facile method to identify hydrogen-bonded
15N-17Q pairs in fully isotopically-enriched peptide samples, and
measure the 1H-170 distance in the hydrogen bonds. As such,
these methods can aid protein secondary (or tertiary) structure
determination by pinpointing inter-residue proximities, as well
as measure hydrogen-bond strength.

The low resonance frequencies of >N and 70 nuclei (4.314
and 5.772 MHz/T, respectively) give rise to dipolar couplings of
less than 100 Hz for internuclear distances greater than 2.5 A.
Therefore, correlation between the >N and 170 nuclei across a
hydrogen-bond by direct polarization transfer (Fig. 1la, grey
dashed arrow) is rather inefficient. Instead of using the >N-170
coupling, the approach used here takes advantage of the well-
established hNH experiment utilizing the stronger dipolar
couplings with protons,®” which is a staple of H-detected
methods employed under fast MAS3# (upper and lower case
letters denote nuclei that respectively are or are not observed
during the path of polarization transfer used in the pulse
(2D) hNH spectra are used
primarily to correlate the *H and 1°N nuclei of amide sites, as
exemplified by the spectrum of N-acetyl-[U-13C,15N,70%-170]-L-
valyl-L-leucine (N-Ac-VL) in Fig. 1b (green). For reference, a 2D
170 > 1H CP spectrum (blue) is also shown, which displays the
three distinct 70 sites in the sample: the Val amide site (VNC©),
and the Leu protonated (L") and unprotonated (L)
carboxylate oxygen sites.

sequence). Two-dimensional

Before proceeding further, it is worth summarizing two
observations that are of relevance here from the previous
1H/13C/170 work:® 1. fast MAS makes efficient cross-polarization
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(CP) between quadrupolar and / = 1/2 nuclei more amenable
due to improved accessibility to the n = 1 double-quantum CP
condition,® and 2. the use of 170 (in contrast to *H) as the source
of initial polarization can provide better sensitivity due to the
much shorter Y70 longitudinal T, relaxation, as observed for N-
Ac-VL. Hence, an efficient method to correlate hydrogen-
bonded N and 70 nuclei is to start from 170 polarization by
preceding the hNH experiment with 170 - H CP (Fig. S1, ESI);
thus, using the polarization transfer pathway schematized by
the magenta arrows in Fig. 1a, i.e., Y0 > 'H = >N > H. The
advantage of taking this route is that the 'H-70O and !H-'°N
dipolar couplings are typically at least an order of magnitude
greater (> 1000 Hz) than the direct coupling between 7O and
15N nuclei (< 100 Hz). Thus, a much more sensitive and efficient
transfer of polarization can be achieved over longer distances,
while at the same time leveraging the sensitivity advantage of
1H detection under fast MAS. These spectra filter out all
resonances except for NH groups with H atoms proximate to 170
nuclei, in effect selecting O---HN hydrogen-bonded moieties.
This is exemplified by the 2D NH and OH planes of the N-Ac-VL
3D OhNH spectrum shown in Fig. 1b (magenta), wherein the
presence of a hydrogen-bond between the Val amide nitrogen
atom (VN) and the unprotonated Leu carboxyl oxygen (L) is
readily observed, in accordance with the X-ray crystal
structure.®

The 70 resonances in Fig. 1b display broad ridges rather
than sharp peaks due to the presence of second-order
quadrupolar broadening. For a relatively small molecule such as
N-Ac-VL, the 170 sites are well-resolved at a field of 18.8 T even
in the presence of such broadening. However, the site
resolution decreases substantially as the number of 17O-labeled
residues increases, so it is desirable to obtain sharp isotropic 170
peaks. This can be achieved by averaging the quadrupolar
broadening using the multiple-quantum MAS (MQMAS)
method.1° Here, the split-t; cos-IpMQMAS sequence is used to
obtain a 2D OH spectrum (Fig. 1c) with sharp 7O peaks for all
three oxygen sites (the overbar on the O is used to denote
isotropic evolution), as also demonstrated before for *H/*3C/*’0O
experiments.®> Notably, the measured cos-IpMQMAS efficiency
is ~25%, resulting in approximately equal signal-to-noise ratios
between the OH and OH spectra due to the concentration of
signal into much sharper 70 resonances in the former. The fully
evolved isotropic YO dimension yields line widths of ~80-120
Hz. This high efficiency enables acquisition of 3D OhNH spectra
(pulse sequence in Fig. S2, ESI). Each peak in such a 3D spectrum
(Fig. 1c, magenta) represents a single O---HN hydrogen-bonded
moiety, as also evidenced by the single peak in the 1D
projection to 'H dimension arising from the only *N-1H.--¥70O
proximity in the sample. Thus, a sensitive and high-resolution
method is obtained that readily selects hydrogen-bonded pairs
of ®N-170 nuclei. This method holds significant potential to aid
protein structure determination without the necessity for
selective Y70 isotopic labelling, which as of today remains costly
for general applications.

In addition to identification of hydrogen-bonded *N/70O
sites, the polarization transfer pathway used for the OhNH
experiments can also be used to measure the hydrogen-bond
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Fig. 1. (a) Schematic of a O---HN hydrogen-bond between two peptide residues showing
the polarization transfer steps used in the 3D OhNH experiment (magenta arrows) in
comparison to the much less effective direct transfer between 70 and *>N nuclei (grey
dashed arrow). (b) Overlay of 2D NH and OH planes from a 3D OhNH spectrum (magenta)
with 2D hNH (green) and OH (blue) spectra, showing the selection of hydrogen-bonded
15N/Y70 pairs. (c) Same as (b), but using isotropic 0 evolution to improve site resolution.
Isotropic 10 evolution in (c) is achieved using cos-IpMQMAS and split-t; acquisition with
a factor k = 19/12 for spin S = 5/2 nuclei. The OhNH and OhNH contour plots are offset
vertically to aid the eye. (d) 'H{*’O} RESPDOR build-up curve for the Val NH resonance
obtained using the 'H-detected ohNH°! pulse sequence. Total experimental times in
hours for the spectra were (b) 3.4 for 2D hNH, 0.3 for 2D OH, 11.8 for 3D OhNH, (c) 0.3
for 2D OH, 15.4 for 3D OhNH, and 7.7 for ohNH{©},

1H-170 distance. The O-H distance can serve as a measure of
hydrogen-bond strength since the N-H bond length is relatively
invariant in protein amide groups.*"13 The measurement can be
carried out by appending the well-established RESPDOR
method!* to the OhNH pulse sequence. The resulting
experiment is denoted as ohNH{%! (Fig. S3, ESI), where the
superscript {O} is used to represent the nucleus to which the
detected H nuclei are recoupled to for distance measurement.
In this experiment a series of O---HN filtered 2D hNH spectra is
acquired with (S,) and without (Sp) a 170 saturation pulse while
varying the H heteronuclear dipolar recoupling time (tyi). The
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NH peak intensity at a series of t, is then plotted as a ratio (1 -
S./So), as shown for N-Ac-VL in Fig. 1d. By taking this ratio,
effects from T, relaxation are cancelled and a 'build-up' curve
results that can be fitted analytically using Bessel functions to
obtain the !H-Y0O dipolar coupling, and consequently the
internuclear distance.'>!® Fig. 1d shows a fit of the RESPDOR
curve which yields a distance of ~2.1 A between the Leu CO
oxygen and Val NH proton. The NMR result agrees well with the
distance of 1.97 A obtained from X-ray diffraction® considering
that distances measured by solid-state NMR are known to
typically be longer due to atomic vibrations that are present at
ambient temperatures, but absent at the lower temperatures
used for X-ray crystallography.l” Notably, the above method
ensures that only NH peaks that have a nearby 70 sites appear
in the hNH spectra. The distance measurement can also be
performed by discarding the initial 170 - H CP portion of the
pulse sequence and replacing it with a simple excitation pulse
on the *H channel to yield higher sensitivity. In that instance all
NH peaks show up in the 2D hNH spectra without filtering for
O---HN sites. To avoid interference from these signals to the
RESPDOR curve, the peak of interest for O-H distance
measurement needs to be well resolved.

There are a number of reports in the literature on the
application of 170 NMR for the study of peptide and amino acid
samples,1819 but to the best of our knowledge, there have only
been a few using a combination of >N and 0 nuclei.?®-22 These
reports have all been performed with >N or 70 observation at
slower sample spinning frequencies, and employed the direct
15N-170 dipolar coupling for spectral correlation or distance
measurement between the two nuclei. The experiments have
generally shown relatively poor sensitivity since both the
dipolar coupling and NMR receptivity depend on the nuclear
resonance frequencies, i.e., their gyromagnetic ratios y. The
current work significantly improves upon the sensitivity by using
indirect 'H detection under fast sample spinning, and '‘H-
relayed' °N <> 70 polarization transfer. The former provides a
sensitivity enhancement due to the higher 'H Larmor frequency
which leads to higher receptivity.?32* While the latter makes use
of the stronger *H-1>N and 'H-70 dipolar couplings to improve
the overall efficiency of polarization transfer between the >N
and 70 nuclei.

Efficient and inexpensive isotopic enrichment of oxygen is
one of the major hurdles to wide application of 7O solid-state
NMR spectroscopy for the study of proteins. Fortunately, there
has been tremendous recent progress in that area of
research.?>=28 As these methods develop further and become
routine, and ever higher magnetic fields become accessible,
high-resolution NMR experiments incorporating 7O nuclei such
as those presented here are expected to become an
indispensable tool for structural biology in addition to the
existing arsenal of 1H/13C/>N pulse sequences.
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