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ABSTRACT: We report two- and three-dimensional (2D and 3D) *C—'70O heteronuclear
correlation solid-state NMR experiments under magic-angle spinning (MAS) conditions.
These experiments utilize the D-RINEPT (Dipolar-mediated Refocused Insensitive Nuclei
Enhanced by Polarization Transfer) scheme with symmetry-based SR47 recoupling blocks for
coherence transfer between *C and '"O nuclei. First, a 2D 7O — *C correlation experiment
was performed for the [1-'*C,'’0]-Gly/Gly-HCI cocrystal and [U-"*C, 1-'70]-a/f-p-glucose
samples. Second, a 2D 7O — *C MQ-D-RINEPT correlation experiment where the indirect
dimension incorporates the multiple-quantum MAS (MQMAS) scheme was tested for
obtaining isotropic '’O resolution with [U-"*C, 1-'70]-a/f-p-glucose. Third, a new 3D 70O —
BC — BC correlation experiment was demonstrated where 7O — *C and C — 3C
correlations are achieved by D-RINEPT and DARR (Dipolar Assisted Rotational Resonance)
sequences, respectively (thus termed as a 3D D-RINEPT/DARR OCC experiment). This new oo

3D 70O/13C NMR

70 F3[ppm]“ 13C

3D 7O NMR experiment is implemented with the aim for site-resolved solid-state 7O NMR

studies.

he oxygen element is an essential constituent of organic

and biological molecules and its importance in the
structure and function of these molecules can be readily
appreciated. Unlike other key constituents of organic/bio-
logical molecules such as H, C, N, and P, the only NMR-active
oxygen isotope, 7O (I = 5/2, natural abundance 0.037%), has
not been widely used in NMR spectroscopic studies of
biological molecules.' ™ Two major obstacles have contributed
to the paucity of O NMR studies of biological macro-
molecules such as proteins and nucleic acids. One is the
difficulty of introducing ’O-isotopes into biological molecules
(ie., "O-labeling) and the other is the intrinsically low spectral
resolution often associated with a half-integer quadrupolar
nucleus such as '70. In a recent study, Lin et al.” demonstrated
that it is possible to incorporate [1-"*C,'”O]-doubly labeled
amino acids into recombinant proteins so that selective protein
backbone carbonyl groups are isotope labeled in the form of
BC='0. Lin et al.” further proposed that this [1-'*C,70]-
double labeling scheme can serve two purposes. First, it will be
possible to use *C—'"O heteronuclear correlation spectrosco-
py to aid O NMR signal assignment, because "*C signal
assignment can be readily achieved with the conventional
solid-state *C and N NMR approaches for uniformly
B3C/N labeled proteins. Second, it will also be possible to
utilize the high spectral resolution in the *C dimension to
separate overlapping 70 NMR signals, which often suffer from
second-order quadrupole broadenings even under magic-angle
spinning (MAS) conditions. While two-dimensional (2D)
heteronuclear correlation solid-state NMR spectroscopy
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between quadrupolar and spin-1/2 nuclei has been widely
reported in the literature,” "> the only attempt for *C—70
correlation was the recent work by Keeler et al.,'* where they
successfully demonstrated the Z-Filtered Transferred-Echo
Double Resonance (ZF-TEDOR) experiment on a sample of
N-acetyl-[U-*C,5N; 70% '"0O]-L-Val-L-Leu. However, because
the reported sensitivity of the ZF-TEDOR experiment was
exceedingly low, it is necessary to develop new strategies that
can improve both sensitivity and spectral resolution. We
should also note that '*C—!70 distance measurement'*~'® and
observation of J-couplings between *C and 7O nuclei'”'®
have been previously reported in the literature. In this work, we
report three types of '*C—'"0 heteronuclear correlation solid-
state NMR experiments under MAS conditions, all of which
are based on the Dipolar-mediated Refocused Insensitive
Nuclei Enhanced by Polarization Transfer (D-RINEPT)
scheme'”™*' with the symmetry-based SR4? recoupling
sequence”” for coherence transfer between *C and 17O nuclei.
The primary goal is to show that overlapping '’O NMR signals
can be resolved in the high-resolution '>C dimension via the
proposed *C—"70 correlation experiments.
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Figure 1 depicts the pulse sequences used in the three 'O
— BC correlation experiments. In the first experiment, we start
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Figure 1. Pulse sequences and associated phase cycling schemes for
the (a) 2D D-RINEPT, (b) 2D MQ-D-RINEPT, and (c) 3D D-
RINEPT/DARR OCC experiments. SR47 *C—'70O dipolar recou-
pling blocks are shown in blue, while off-resonance WURST pulses
used to enhance 7O CT polarization are shown in green. The filled
and open rectangles represent 77/2- and 7-pulses, respectively. In (b),
the red pulses and interleaved t, delays on the 7O channel (before the
dashed line) represent a split-t; 3Q SPAM-MQMAS sequence, which
is used to achieve 7O isotropic evolution. All phase cycle values are
given as multiples of 90°, except for the ¢, values in (b) which are
given in multiples of 60°. Hypercomplex acquisition is achieved by the
method of States et al.>* on ¢, for t,, and additionally on ¢; for t, in

().

from generation of the '’O single-quantum coherence for the
central-transition (CT) enhanced by saturation/inversion of
the satellite-transitions with a Wideband Uniform-Rate
Smooth Truncation (WURST) sequence.”>>° After the t,
evolution period, the '"O coherence is then transferred to '*C
by the D-RINEPT scheme where the symmetry-based SR4}
recoupling sequence is employed. During the acquisition
period t,, high-power 'H decoupling is applied. The second
experiment combines the multiple-quantum MAS (MQMAS)
scheme®®”” with D-RINEPT, which was first introduced by
Martineau et al.”® and termed as the MQ-D-RINEPT
experiment. Such an experiment averages the anisotropic
second-order quadrupolar broadening to the '"O dimension.
The third pulse sequence shown in Figure 1(c) is a new 3D
70 — BC — BC correlation experiment where we combine
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70 — BC heteronuclear correlation with *C — 1C
homonuclear correlation. The 7O — C correlation part
between t; and t, is identical to that used in the first two
experiments whereas the *C — C correlation portion
between ¢, and f; is achieved with the Dipolar-Assisted
Rotational Resonance (DARR) sequence.”” We will refer to
this new 3D 7O — ®C — C correlation experiment as the
3D D-RINEPT/DARR OCC experiment. The main objective
of this 3D experiment is to utilize the high spectral resolution
in the “C dimensions (in both '*C diagonal peaks and
BC—1C cross peaks) to further separate overlapping 'O
NMR signals.

Figure 2 shows the 2D 7O — "3C correlation NMR spectra
of [1-'*C,"0]-Gly/Gly-HCI cocrystal (**C, 98%; "0, 40%)
and [U-"*C, 1-70O]-a/f-p-glucose (*C, 98%; 7O, 70%)
obtained with the pulse sequence shown in Figure 1(a),
together with the corresponding 1D '"O MAS spectra. In the
[1-*C,"0]-Gly/Gly-HCl cocrystal, the carboxyl group of the
glycine molecule is ['*C,'”O]-doubly labeled. In this cocrystal
compound, there are two types of carboxyl groups in the
crystal lattice: C(=0)—OH and COO™. Furthermore, the two
O atoms in the carboxylate group, COO~, are crystallo-
graphically nonequivalent.”’ As a result, a total of four 7O
NMR signals are expected for the [1-'*C,'”O]-Gly/Gly-HCl
cocrystal. As seen from Figure 2(a), the C=0 and C—OH
signals are well separated in the 1D 'O MAS spectrum while
the two signals from the COO™ group overlap. In the 2D 7O
— BC correlation spectrum shown in Figure 2(b), the four
70 NMR signals are separated into two groups according to
the C atoms that they are attached to. An analysis of F-slice
spectra yielded the following 7O NMR parameters: O1, 5, =
340 ppm, Cq = 8.5 MHz, 1 = 0.0; 02, §;, = 276 ppm, Cq =
6.8 MHz, 51q = 0.55; O3, J;,, = 269 ppm, Cq = 7.0 MHz, nq =
0.60; 04, 6, = 180 ppm, Cq = 6.9 MHz, 5q = 0.0. For this
particular compound, the 2D *C—""0 correlation experiment
does not seem to have any advantage in resolving overlapping
70 NMR signals, because the two overlapping '"O NMR
signals happen to attach to the same C atom. However, the
high-quality 2D data (obtained with an experimental time of
approximately 70 min) demonstrates the feasibility of this
proof-of-concept experiment. It is also interesting to note that
the F,-slice spectra do not exhibit any distortion in the second-
order quadrupole line shapes. In the [U-"C, 1-'0]-a/f-»-
glucose sample prepared for this study, the two anomers, o and
B, coexist in a ratio of approximately a:f = 4:5. As seen from
Figure 2(c), the two 7O NMR signals from O1 atoms of the
a- and f-anomers severely overlap in the 1D O MAS
spectrum, making it difficult to extract any useful 7O NMR
parameters. In the 2D *C—""0 correlation spectrum, shown in
Figure 2(d), the two 'O NMR signals become separated in
the '*C dimension because the two *C NMR signals, Cla and
C1p, are very well resolved at 94.3 and 90.6 ppm (the line
width of the *C peaks is less than 0.5 ppm). Fitting the F-
slice spectra allowed us to obtain the following 7O NMR
parameters: Ola, 6, = 35 ppm, Cq = 8.5 MHz, nq = 0.95;
O1p, 6, = 42 ppm, Cq = 8.9 MHgz, 7o = 0.75. It is interesting
to note that the isotropic '’O chemical shift difference between
Ola and Olpf is twice of that between Cla and C1p,
demonstrating the sensitivity of 'O NMR to molecular
structure and chemical bonding.3’4’6

In the YO — 13C correlation spectra in Figure 2, the 70
NMR signals suffer from second-order quadrupole broadening
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Figure 2. (a) Experimental (black trace) and simulated (red trace) 1D 7O MAS and (b) 2D "*C—""0 heteronuclear correlation NMR spectra
obtained for the [1-"*C,"”0]-Gly/Gly-HCl cocrystal. In (b), a total of 64 complex t, increments were collected with 32 transients per increment and
a recycle delay of 1.0 s (the total experimental time was 1.2 h). (c) Experimental (black trace) and simulated (red trace) 1D 7O MAS and (d) 2D
BC—'70 heteronuclear correlation NMR spectra obtained for [U-'*C; 1-'7O]-a/f-p-glucose. In (d), a total of 64 complex t, increments were
collected with 128 transients per increment and a recycle delay of 0.85 s (the total experimental time was 4.1 h). All spectra were recorded at 18.8 T
at a MAS frequency of 16 kHz, with 83 kHz SPINAL-64 'H decoupling, and 32 kHz SR4} recoupling.

under MAS conditions. Figure 3 displays the 2D 7O — *C
MQ-D-RINEPT correlation spectrum obtained for [U-"*C,
1-70]-a/p-p-glucose. In this case, the projection of the
indirect 7O dimension shows two partially overlapped
isotropic peaks for Ola and Ol1f. However, because the
separation between the two 13C NMR signals, Cla and C1p, is
greater than 3 ppm with a line width of only 0.5 ppm, the two
70 NMR signals in the 2D *C—'70 correlation spectrum are
completely resolved. This combined resolving power utilizing
the C resolution is a significant advantage of the MQ-D-
RINEPT experiment over the conventional 2D MQMAS
experiment.

Figure 4 shows the results of the 3D D-RINEPT/DARR
OCC experiment performed on [U-"*C, 1-'70]-a/f-p-glucose.
Figure 4(a) displays one particular F2—F3 plane that shows the
2D BC-"C correlation spectrum. Since the initial *C
magnetizations were transferred directly from 'O (Ola and
01p) via one-bond dipolar couplings, this particular 2D plane
corresponds to a band selective correlation spectrum where
only Cla/C1p diagonal signals and their cross peaks to other
3C signals are present. A DARR mixing time of 100 ms was
used to ensure that cross peaks from C1 to all other five C
atoms in the entire glucose molecule could be observed for
each anomer; intermolecular cross peaks between the two
anomers were not observed. The *C signal assignments shown

in Figure 4(a) for a-p-glucose and f-p-glucose are known from
previous solid-state '*C NMR studies.””* Figure 4(b) displays
four F1—F3 slices to illustrate the advantage of the 3D D-
RINEPT/DARR OCC experiment in resolving different '’O
NMR signals. The F1—F3 slices for the C1f and Cla diagonal
peaks show the separation of the two 'O NMR signals via the
two *C signals with a chemical shift difference of 3.5 ppm. As
expected, this is identical to the result of the 2D 7O — BC
correlation experiment shown in Figure 2(d). In contrast, the
two C1f-C2f and Cla-C2a cross peaks exhibit an even larger
BC chemical shift difference, 5.0 ppm, in the F3 dimension.
The spread of chemical shift resolution in two dimensions
leads to significantly enhanced resolving power as illustrated by
the two 7O NMR signals. Similarly, the two 7O NMR signals
can also be separated by other “mixed” cross peaks such as
C1$-C4f and Cla-Céa. Figure 4(c) shows that, while the
diagonal peaks (C1f and Cla) are stronger than the cross
peaks (C2f and C2a), they display the same 1D 7O NMR
second-order quadrupole line shapes. One can envision that
this new 3D OCC strategy can be applied to proteins
containing selectively [U-'*C; 1-'7O]-labeled amino acid
residues. Thus, the backbone 7O NMR signals can be
correlated to both CO and Ca atoms. In principle, similar
3D experiments such as "O—">C—"N can be designed to
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Figure 3. 2D 7O — '3C MQ:D-RINEPT spectrum obtained for
[U-C; 1-70]-a/p-p-glucose. A total of 30 complex t, increments
were collected with 744 transients per increment and a recycle delay
of 0.85 s (the total experimental time was 11.2 h). The spectrum was
acquired at 18.8 T at a MAS frequency of 16 kHz, with 83 kHz
SPINAL-64 'H decoupling, and 32 kHz SR43 recoupling.

further extend heteronuclear correlations to '*N, thus requiring
4-channel ("H/"C/'70/"*N/) MAS probes.

All three experiments shown in Figure 1 start from '"O
polarization and utilize '*C detection after coherence transfer
and time evolution for the indirect dimensions. Such routes
have several advantages. First, detecting the nucleus with a
higher gyromagnetic ratio gives better receptivity. Second, 70
tends to have shorter T values due to quadrupolar relaxation,
allowing more rapid scan repetition. Third, only the "*C signals
originating from '’O polarization transferred via D-RINEPT
are detected at the end. Other correlation methods such as
Dipolar-mediated Heteronuclear Multiple-Quantum Coher-
ence (D-HMQC) require phase cycling to cancel uncorrelated
signals, and are therefore more prone to t,-noise problems.”* In
principle, cross-polarization from 'H can enhance the signals
and is used routinely for spin-1/2 nuclei like *C and "*N.
However, for half-integer quadrupolar nuclei, spin-locking
under MAS tends to be ineflicient and thus cross-polarization
results in 51§n1ﬁcantly lower transfer efficiencies than for spin-
1/2 nuclei.”™ In this study, we found that starting from 70
polarization enhanced by irradiation of the '"O satellite
transitions generally gives higher experimental efficiency and
less t,-noise. The optimal experimental route would likely
change if dynamic nuclear polarization (DNP) is applied. DNP
is capable of enhancing NMR signals by orders of magnitude
providing much needed sensitivity for applications of multi-
dimensional NMR experiments to study quadrupolar nuclei in
biological macromolecules. However, the DNP enhancement is
generally faster and higher for protons than for more dilute
and/or low-y nuclei. Hence, the experiments presented herein
may need to be reimagined when combined with DNP so they
start from 'H polarization. It is also worth mentioning that in
Figure 1 multiple-pulse dipolar recoupling is applied to the *C
nuclei. For quadrupolar nuclei under MAS, applying strong
radio frequency pulses can lead to leakage of central-transition
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Figure 4. Results from the 3D D-RINEPT/DARR OCC spectrum
obtained for [U-C; 1-'70J-a/f-p-glucose. (a) A F2—F3 plane at
F1(*’0) = —20.8 ppm showing 2D "*C—"3C homonuclear correlation.
(b) Four F1—F3 2D slice spectra showing C1f (F2 = 94.1 ppm) and
Cla (F2 = 90.6 ppm) diagonal peaks and C15-C2f (F2 = 94.1 ppm)
and Cla—C2a (F2 = 90.6 ppm) cross peaks. (c) The 1D 7O Fl-slice
spectra from the diagonal (C1f and Cla) cross peaks (C2f and C2a)
showing the same line shape for each oxygen site. The 3D spectrum
was acquired at 18.8 T under the following conditions: MAS
frequency of 16 kHz, 83 kHz SPINAL-64 'H decoupling, 32 kHz
SR43 recoupling, and a cw DARR mixing time of 100 ms with a 'H rf
field matching the sample spinning frequency of 16 kHz. The number
of complex t; and ¢, increments were 24 and 12, respectively. A total
of 224 transients were collected per increment with a recycle delay of
0.85 s (total experimental time was 69.1 h).

coherence to other transitions. Avoiding such signal loss by
restricting recoupling pulses to the *C nuclei may be one of
the reasons that one-step D-RINEPT transfer used in this
study appears to be more efficient than the previously reported
BC - 0 — 3C ZF-TEDOR sequence,"’ which applied
recoupling 7z-pulses to the 7O channel.

In summary, we have demonstrated three O — C
correlation experiments for studying organic/biological solids
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under MAS conditions. These experiments exhibit greatly
improved sensitivity over previous reports of *C—'"0
correlation solid-state NMR spectroscopy. The new 3D D-
RINEPT/DARR OCC experiment provides significant resolv-
ing power to separate overlapping 'O NMR signals. The
success of the three *C—'"0 correlation experiments reported
in this study paves the way for 7O solid-state NMR studies of
proteins. It is likely that incorporation of DNP into these
BC—-"0 heteronuclear correlation experiments will further
enhance the power of 7O solid-state NMR spectroscopy using
oxygen chemical shift and quadrupole coupling as sensitive
probes for complex molecules like proteins. Research in this
direction is underway in our laboratories.
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