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High-Resolution Magic-Angle Spinning (HR-MAS) NMR spectroscopy has become an extremely versatile
analytical tool to study heterogeneous systems endowed with liquid-like dynamics. Spinning frequencies of
several kHz are however required to obtain NMR spectra, devoid of spinning sidebands, with a resolution
approaching that of purely isotropic liquid samples. An important limitation of the method is the large
centrifugal forces that can damage the structure of the sample. In this communication, we show that
optimizing the sample preparation, particularly avoiding air bubbles, and the geometry of the sample
chamber of the HR-MAS rotor leads to high-quality low-sideband NMR spectra even at very moderate
spinning frequencies, thus allowing the use of well-established solution-state NMR procedures for the
characterization of small and highly dynamic molecules in the most fragile samples, such as live cells and
intact tissues.

igh-Resolution Magic Angle Spinning (HR-MAS) NMR is commonly used in many analysis of high

impact, perhaps the most important ones being the study of biopsies or of living organisms. Indeed, while

heterogeneous samples do not typically produce high quality NMR spectra, the association of sample
spinning and fast dynamics of some of the sample constituents allows to obtain highly resolved spectra in these
samples. HRMAS is particularly suited for samples in which the dominant broadening mechanism is due to
magnetic susceptibility effects. On the other hand, the technique is routinely applied at relatively high rotation
rates (of the order of 4 kHz) since experimentally spectra acquired at lower spinning speeds are plagued with
spinning sidebands (SSB). These are spurious signals that are often attributed to an incomplete averaging by the
magic angle spinning process of either anisotropic internal interactions (chemical shift anisotropy, dipolar
couplings) or distributions of magnetic susceptibilities associated with any heterogeneous material. Other
mechanisms for the presence of sidebands have been proposed, but the size of the phenomenon in HRMAS is
largely exceeding the expected values. The use of large rotational rates is not preferred for biological samples, as
the associated centrifugal forces may disrupt the biological activity, even when the morphology of the sample is
preserved. For this reason, HRMAS has been mostly performed at moderate magnetic fields (typically 400 to
600 MHz), as higher spinning speeds are required at higher magnetic fields.

Herein, we explore experimentally the different factors that lead to the appearance of intense SSB in slow HR-
MAS NMR spectra and we present a protocol to obtain high-quality multidimensional HR-MAS NMR spectra of
heterogeneous systems such as intact tissues, at very moderate spinning speeds. HR-MAS NMR spectroscopy has
grown to become a reference analytical technique within a large range of disciplines, including material sciences,
combinatorial chemistry, food sciences and biomedical research for investigating partially immobilized mole-
cules in non-solid and heterogeneous environments'. While these molecules generally have sufficient mobility to
greatly average nuclear anisotropic interactions, magic angle spinning (MAS) is used as a line-narrowing tech-
nique that reduces the effects of distributions of bulk magnetic susceptibilities present in inhomogeneous com-
pounds. In general, the MAS frequency must be large compared to the line broadening in order to avoid the
occurrence of SSB in the spectra®*. For heterogeneous systems not containing strong magnetic centers, the line
broadening should be about a few hundreds of Hz. In practice, spinning frequencies of several kHz are required to
obtain high-resolution SSB-free 'H HR-MAS NMR (about 2.5-4 kHz when using a 400 MHz spectrometer)®”,
including signals from the liquid part of the sample. However, many specimens demand more delicate experi-
mental conditions and cannot endure the centrifugal forces induced during HR-MAS experiments® . In this
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context, the ability to generate high-quality multidimensional NMR
spectra at low MAS frequencies (i.e. less than 1 kHz'") is of prime
importance. Indeed, a sensitive aspect of HR-MAS NMR applica-
tions is the capability of precise characterization of biochemical com-
pounds and metabolic profiles in live cells, intact tissues or
biopsies'"">. This realization has prompted considerable efforts to
develop slow HR-MAS NMR experiments incorporating efficient
SSB suppression schemes"™'*. However the transposition of these
latter to classical multidimensional solution-state NMR experiments
(e.g. TOCSY, HSQC) in the case of tissues remains far for straight-
forward and has not been demonstrated'®>'. In order to achieve a
simplified slow-spinning HRMAS protocol, we have investigated the
use of smaller sample volumes and the impact of complete filling of
the sample chamber (“absence of air bubbles”). This is anticipated to
reduce susceptibility-induced SSB intensity at low spinning rates.
Note that although the possibility of using smaller chambers for
HRMAS of biopsies has been suggested previously using commer-
cially available material'**, no effect on the intensity of the SSB has
been described, only on the linewidth of the isotropic peaks.

Results

The first sample analyzed was a 50 mM phenylalanine solution in
100% D,O recorded at 298 K. Fast and isotropic tumbling of the
molecules at 298 K guarantees that no anisotropic NMR interactions
can survive. Therefore, the presence of SSB for a solution must
depend either on a disruption of the liquid isotropic nature due to
the presence of air bubbles and/or on the occurrence of inhomogene-
ities of the coil radiofrequency field*. In addition, the introduction of
sidebands due to wobbling of the rotor around the magic angle dur-
ing spinning has also been suggested™.

To explore the possible impact of the first effect, a series of 1D '"H
HRMAS spectra were recorded for two preparations in which the
detected volume was either fully or partially occupied by the solution.
This setup reproduces the most classical textbook case of an inhomo-
geneous system with respect to its magnetic susceptibility. This effect
has been extensively studied in the context of MRI and can induce a
line broadening of the order of a few hundreds of Hz*>"*’. Figure 1A
shows that substantial SSB are present in the HRMAS spectrum of
the solution recorded at 1 kHz spinning rate when “air bubbles” are
present, while no SSB are detected if the volume is fully occupied by
the liquid (Figure 1B). This unambiguously shows that the incom-
plete filling of the detected volume is capable of inducing a large
number of SSB in liquids at moderate spinning speeds. In addition,
we observed that the magnetic susceptibility broadening is larger
than expected since SSB are still present above a speed of 1 kHz.
This can be due to the dislocation of the bubbles, particularly at
low-spinning speeds®, and/or to the effect of radial B; field varia-
tions***. Indeed, imaging experiments performed along the spinning
axis confirm the presence of void space in the sample (Figure 1A,
insets), but a precise value of the bubbles distribution and dynamics
would be necessary to properly predict numerically the correspond-
ing spectrum breadth®**'. A spectrum devoid of sidebands was also
achieved for larger chamber volumes (50 pl) in the absence of air
bubbles (Supplementary Figure 1), providing further evidence of this
factor as a dominant in generating SSB. Having assessed the role of
incomplete filling of the rotor in inducing sidebands in isotropic
samples, we addressed the HRMAS NMR spectroscopy of biopsies.
This is one of the most important analytical problems concerning
HRMAS NMR and it is representative of other biological specimens
with respect to the structural heterogeneity. Figure 2 presents water-
presaturated 1D "H HR-MAS NMR spectra obtained on liver tissue
at 280 K and at MAS frequencies of 150, 500 and 4000 Hz, using a
4 mm rotor fitted with a KelF insert to limit the sample volume, but
with two slightly different geometries. In the first of these two inde-
pendent preparations the chamber is almost spherical with a volume
of 12 pl, while in the other case the insert was positioned in a slightly
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Figure 1| 'H HRMAS spectra of a 50 mM aqueous solution of

phenylalanine at 298 K and at MAS frequencies ranging from 400 to

4000 Hz. The spectra were acquired using a 4 mm HRMAS rotor with a

12 pl-KelF insert fully (B) or partially (A) filled with the solution. The
insets are the images along the spinning direction.

higher position, to obtain a slightly larger volume with a non-spher-
ical shape. For both rotors, the chamber was thoroughly fully filled in
order to avoid forming air bubbles. At 4000 Hz, both corresponding
HRMAS spectra show an envelope of broad signals that could arise
from macromolecules and components with restricted molecular
motions superimposed on well-resolved peaks from small molecules
characterized by fast and isotropic mobility. At lower MAS frequen-
cies, figure 2A shows that a significant number of sidebands survived
at 500 Hz when using the HRMAS rotor with the larger chamber
setup. At 150 Hz, the characteristic pattern of the "H NMR spectrum
becomes unintelligible. Note that, in the presence of tissue, water is
not in an isotropic environment and thus its signal can present SSB
below a threshold spinning value. Conversely, for the second cham-
ber geometry, both the number and the magnitude of SSB are dras-
tically reduced (Figure 2B). The introduction of air bubbles increases
the number of SSB for larger chambers (Supplementary Figure 2),
which suggests that the presence of magnetic susceptibility distribu-
tions within the sample plays a major role in the SSB observed at very
low spinning speeds (starting from around 300-500 Hz). Having
assessed this, we examined if high-quality two-dimensional hetero-
and homo-nuclear HR-MAS NMR correlation spectra could be
obtained at very moderate spinning speed. Figure 3 displays 2D
'H-C HSQC and 'H-'H TOCSY HR-MAS NMR spectra of liver
recorded at 280 K and 500 Hz MAS frequency. Overall, both spectra
display a spectral resolution and a sensitivity equivalent to those
typically obtained at 4 kHz spinning frequency’®***, but with a reduc-
tion of the centrifugal forces of about two order of magnitudes.
Unambiguous assignment of 'H and "C resonances from various
metabolites has been obtained by identifying characteristic spin-spin
connectivities from amino acids, saccharides and lipids. Upon
detailed inspection of the TOCSY spectrum, we found additional
correlations involving the water 'H resonance and two atypical
cross-peaks of low intensity corresponding to residual SSB from
the intense methyl signals of choline and glycerophosphocholine.
Although NMR acquisition times of 20 to 30 hours were necessary
to obtain a sufficiently high-resolution for our data, the use of non-
uniform sampling methods to reduce acquisition times can be now
envisioned. These durations are comparable with spectra of similar
quality obtained at the faster spinning rates*. In conclusion, these
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Figure 2 | Series of water-presaturated '"H HRMAS spectra of intact liver
tissue recorded at 150 (bottom), 500 (middle) and 4000 Hz (top)
spinning frequencies using a 4-mm HR-MAS rotor equipped with a

12 pl-KelF insert with minor adjustments of the top insert, resulting in a
slightly larger (A) or smaller (B) volume of the sample chamber. Asterisks
indicate the position of SSB from well-characterized isotropic peaks.

results pave the way towards metabolic characterization of intact
cells and tissues close to physiological conditions and under experi-
mental setups that substantially reduce the risks of sample alteration.

Discussion

Our results demonstrate that the quality of HR-MAS NMR spectra of
highly dynamical molecules in both pure solution or in heterogen-
eous environments at low MAS frequencies is largely dependent on
the rotor configuration. Particularly, the presence and intensity of
SSB is shown to be highly dependent on factors linked to the sample
preparation (position and shape of the sample, presence of air bub-
bles). Such observations call for further investigations and detailed
analysis of the sample chamber geometry to design optimal HR-MAS
rotor systems that can efficiently eliminate or compensate radiofre-
quency field inhomogeneities and magnetic susceptibility effects
while keeping a high signal-to-noise ratio. Nevertheless, it is possible
to counterbalance substantially these effects by restricting the sample
chamber to a small volume at the center of the coil with the insert
located at the top of the rotor. Using this procedure, the number and
the magnitude of SSB are drastically reduced and high quality NMR
spectra can be obtained at moderate MAS frequencies, thus opening
new opportunities to characterize biochemical components within
fragile samples by well-established procedures. More specifically, we
have shown the first classic series of multidimensional NMR spectra
(HSQC, TOCSY) under HR-MAS of intact tissue at very moderate
spinning frequency. An interesting point is that the TOCSY experi-
ment is notoriously prone to interfere with the MAS averaging
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Figure 3 | Aliphatic regions of the two-dimensional hetero-nuclear
("H-"*C) HSQC (top) and homo-nuclear ("H-"H) TOCSY with a rotor-
synchronized DIPSI mixing time of 70 ms (bottom) HR-MAS NMR
spectra obtained on intact liver tissue at 280 K and 500 Hz spinning
frequency. NMR assignments of the most significant metabolites are
indicated (Ace, acetate; Ala, alanine; Asn, asparagin; Asp, aspartate,

Cho, choline; a/B-Glc, a/B-D-glucose, Glu, glutamate, GPC,
glycerophosphocholine; Gly, glycine, Ile, isoleucine; Lac, lactate; Leu,
leucine; Lys, lysine; Thr, threonine; Val, valine). 'H frequencies of water
and choline resonances are indicated by arrows at the top of the spectrum
and materialized by dashed lines in the spectrum. The symbol # designates
folded cross-peaks. Asterisks indicate residual SSB originating from of
intense choline and GPC signals at 3.21 and 3.23 ppm, respectively. The
HSQC and TOCSY spectra were recorded in 26 and 30 hours, respectively.

when the spinning frequency is close to the spin-lock RF field
amplitude®. This condition is bound to relax for slow spinning
as the two timescales diverge when MAS frequencies of few hun-
dreds of Hz are used.
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Methods

Sample preparation. A solution of 50 mM phenylalanine, prepared by dissolving
4.2 mg of the amino acid powder (Sigma Aldrich) in 500 pl of D,0, was introduced
into a 4-mm zirconia HR-MAS rotor (Bruker BioSpin) equipped with either 12-pl or
50-pl KelF inserts. Approximately 23 milligrams of tissue were excised from heifer’s
liver, washed several times with D,O to remove residual blood and to provide the lock
frequency, and then transferred in a 4-mm zirconia HR-MAS rotor equipped with
12 pl KelF inserts. Samples without air bubbles were prepared by using an excess of
solvent, which was removed slowly and carefully when placing the top insert. The
rotor was then inserted into the HR-MAS probe and immediately subjected to '"H and
*C HR-MAS spectroscopy.

Data acquisition and analysis. HR-MAS spectra were recorded on a Bruker Avance
I1I 400 spectrometer operating at a proton Larmor frequency of 400.36 MHz and
equipped with a 4-mm double resonance (‘H, '*C) gradient HR-MAS probe. AIINMR
experiments were conducted between 150 and 4000 Hz MAS frequencies. The
spinning rate was controlled using a commercial automatic slow-MAS II speed
controller with a frequency stability better than +/— 3 Hz. NMR experiments
performed on the phenylalanine solution were conducted at room temperature
whereas for the liver tissue, the sample temperature was regulated at 7°C by cooling
down the bearing air flowing with a Bruker Cooling Unit I (Xtreme). For each
sample, one-dimensional water-presaturated proton spectra were performed using a
spectral width of 20 ppm, 16 K data points, 32 scans, a relaxation delay of 2 sec and
an acquisition time of 1 sec. The FID was multiplied by an exponential weighing
function corresponding to a line broadening of 3 Hz prior to Fourier transformation.
All 1D spectra were processed using automated baseline correction routines. For two-
dimensional homonuclear and heteronuclear HR-MAS correlation experiments, we
assessed the signal stability over time by recording interleaved water-presaturated 1D
proton acquisitions using the above-described parameters. The 2D 'H-'"H TOCSY
spectrum was acquired using a DIPSI2 pulse sequence from Bruker/Topspin 3.0
library and the following acquisition parameters: a 232 msec acquisition time, a

70 msec DIPSI2 mixing time, a 11.0 ppm 'H spectral width and a 3.0 sec relaxation
delay. Two identical experiments were sequentially recorded using 64 scans for each
of the 256 increments during ¢;, corresponding to a total acquisition time of 15 h for
each experiment. The two datasets were perfectly identical and thus added, zero filled
toa2 k X 1 k matrix and weighted with a shifted square sine bell function prior to
Fourier transformation. Similarly, a set of two identical 2D "H-"*C HSQC
experiments employing echo-antiecho gradient selection for phase-sensitive
detection were acquired using a 96 msec acquisition time with GARP "*C decoupling
of 3.3 kHz power level and a 2.0 sec relaxation delay. Two 1 msec sine-shaped
gradient pulses of strength 42.8 G/cm and 10.75 G/cm were used. A total of 512 scans
were averaged for each of the 42 t; increments, corresponding to a total acquisition
time of 13 h for each experiment. The two datasets were subsequently added, zero-
filled to a 2 k X 512 matrix and weighted with a shifted square sine bell function
before Fourier transformation. All spectra obtained on liver tissue were referenced on
the methyl 'H and "C resonances of the choline, set at 3.20 and 54.1 ppm,
respectively. All spectra were processed and analysed using the Topspin 3.0 software
(Bruker BioSpin).
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