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A B S T R A C T

Bacterial cell walls are gigadalton-large cross-linked polymers with a wide range of motional amplitudes,
including rather rigid as well as highly flexible parts. Magic-angle spinning NMR is a powerful method to
obtain atomic-level information about intact cell walls. Here we investigate sensitivity and information content
of different homonuclear 13C–13C and heteronuclear 1H–15N, 1H–13C and 15N–13C correlation experiments.
We demonstrate that a CPMAS CryoProbe yields ca. 8-fold increased signal-to-noise over a room-temperature
probe, or a ca. 3–4-fold larger per-mass sensitivity. The increased sensitivity allowed to obtain high-resolution
spectra even on intact bacteria. Moreover, we compare resolution and sensitivity of 1H MAS experiments
obtained at 100 kHz vs. 55 kHz. Our study provides useful hints for choosing experiments to extract
atomic-level details on cell-wall samples.
1. Introduction

The unique architecture of the bacterial cell wall [1,2], comprising
a gigadalton-large peptidoglycan, sets bacteria apart from eukaryotic
cells or other kingdoms of life comprising a cell wall, such as plants [3,
4], algae [5] or fungi [6,7]. Due to its primordial importance for
mechanical stability, efficient impermeability, and unique chemical
composition, the bacterial cell wall is an important target for antimi-
crobial drugs [8] and inhibition of its biosynthetic assembly has been
extensively studied [9]. Within the bacterial kingdom, Corynebacteri-
ales, an order that includes the pathogenic Mycobacterium tuberculosis
and the model organism Corynebacterium glutamicum, show the most
intricate multilayered cell envelope and cell wall core [10,11] (see
Fig. 1a). In these bacteria, the peptidoglycan is connected through
a rhamnose-N-acetylglucosamine-1-phosphate linker to a large ara-
binogalactan polymer, with terminal arabinans esterified by mycolic
acids. The resulting mycoloyl-arabinogalactan-peptidoglycan (mAGP)
complex is characterised by a wide range of flexibility, with fairly
rigid to highly disordered portions. Moreover, despite well preserved
and characterised motifs, the detailed arrangement and oligosaccha-
ridic chain length in arabinogalactans, the number of unsaturations
in the mycolic acid lipidic tail, or the number and pattern of cross-
links in the peptidoglycan layer vary upon environmental factors,
the state of the cell and the presence of antibacterial drugs [12,13].
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This heterogeneity and dynamic disorder make atomic-level studies by
crystallography or electron microscopy essentially impossible. NMR is
uniquely suited to study bacterial cell walls, not only on fragments ob-
tained by biochemical fragmentation (for examples of liquid-state NMR
studies in Corynebacteriales see [14–16]), but also on intact isolated
cell walls [17–19] or cell walls in intact bacteria [12,20], as has been
shown by numerous studies by several groups including ours [21,22].
Solid-state magic-angle spinning (MAS) NMR has in particular allowed
to investigate cross-linking patterns and how they depend on e.g. antibi-
otic stress [23–25], quantify peptidoglycan dynamics [26,27], or study
how proteins bind to the cell wall [21,28].

Various ways of recording MAS NMR spectra can be envisaged [29],
and the choice of methods is often dictated by the sensitivity con-
sideration as well as the possibility to isotopically label the sample.
In amorphous non-soluble biological samples, dynamic nuclear polar-
ization (DNP) has been proposed to overcome sensitivity limitations,
allowing to collect 2D 13C-13C correlation spectra at natural abun-
dance [30–32] or to detect low populations of 13C,15N-isotopically
labelled biomolecules in highly complex environments [20,33–36] (for
recent reviews on DNP applications in biological solids see for exam-
ple [37–39]). (13C,15N)-isotopic labelling is generally very useful in
more conventional solid-state NMR approaches, as the heteronuclear
dimensions often provide highest resolution. With 13C (and possibly
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15N) labelled samples,13C detection has long been the primary method
to study a variety of cell walls or extracellular matrices [40,41] from
plants [42–44], algae [45], fungi [46,47], bacteria [18] or biofilms [48,
49], primarily using larger-diameter rotors (e.g. 3.2-mm rotors) spin-
ning at a MAS frequency ≤ 20 kHz. Resolution in 1H dimensions at
this rather slow spinning rate is often poor as second- and higher-
order average Hamiltonian terms contribute to line widths particularly
for 1H, due to their stronger dipolar couplings, with the exception of
dynamic averaging in highly flexible portions [50] of biological sam-
ples at natural abundance [51] or with 13C,15N-labelling [52]. Faster
MAS, such as 50–60 kHz or ≥ 100 kHz for 1.3- and 0.7-mm rotors,
respectively, is the primary method to reduce 1H line widths [53].
While faster MAS requires rotors to be smaller in diameter, the higher
inherent detection sensitivity of 1H compensates for the smaller sam-
ple volume and makes proton-detected experiments attractive. The
narrower 1H line widths at fast MAS also open up the possibility to
perform multidimensional homonuclear 1H experiments [22], which
is of interest in particular when working with unlabelled material. As
many cells (bacteria, plants, yeast or others) are difficult to culture in
isotopically-labelled media,1H-1H correlation spectra are particularly
attractive. Spectral dispersion, however, is typically more limited in a
1H dimension than in a 13C dimension, and the choice of experiment
depends on all of these factors [29], as well as the intrinsic dynamics
of the sample components. In this respect, INEPT-based experiments
proved to be better suited to evidence highly flexible portions of
biological solids, while CP-based experiments emphasise more rigid
portions [22,41,45,47,49,51,54].

Sensitivity limitations – often the main bottleneck – can also be
addressed with optimised hardware. Optimal design of the RF circuit
(including the use of double-resonance vs. triple-resonance probes) or
the rotor volume (e.g. thin-walled vs. normal-walled rotor) can lead to a
very substantial sensitivity gain, as investigated recently in a systematic
study by Rienstra and co-workers [55]. The optimisation of probe
technology has recently made a leap forward with the development of
a cryogenically cooled 3.2 mm MAS probe optimised for heteronuclear
detection. This probe, henceforth called CPMAS CryoProbe, has been
shown to deliver a sensitivity gain of ca. 3 to 4 per milligram of
non-soluble and non-crystalline samples of biological assemblies [56].
Moreover, as the rotors used for this probe are larger (ca. 90 μL, or
81 μL with an insert) than those used for a standard 3.2 mm probe
(32 μL for standard wall, 46 μL for thin wall), sensitivity enhance-
ments up to a factor of ca. 8 have been reported for multidimensional
experiments [56–58].

Here, we investigate different solid-state NMR (ssNMR) methods
for obtaining homo- and heteronuclear correlation spectra of bacterial
cell walls, and investigate the relative benefits and drawbacks of these
methods with respect to detection, sensitivity, and resolution. Using
the purified fully hydrated 13C,15N-isotopically labelled cell wall of
Corynebacterium glutamicum, we compare the sensitivity of 13C-detected
experiments obtained with a room-temperature and a CPMAS Cry-
oProbe, and show that sensitivity gains of ca. 8-fold are obtained with
the CryoProbe. This allowed us to rapidly collect such experiments on
intact fully 13C,15N-isotopically labelled bacterial cells. Moreover, we
compare 1H-detected 1H-13C and 1H-15N experiments recorded with
either 1.3 mm or 0.7 mm probes. We also apply an INEPT-based
H-N-C correlation experiment to detect flexible parts, and show N-C
correlations of sugar and peptide components of the bacterial cell wall.

2. Methods

2.1. Cells and cell wall preparation

A 17% glycerol stock of Corynebacterium glutamicum ATCC 13032
and of Mycobacterium smegmatis 𝛥BlaS (PM759) are a kind gift of Dr
Jean-Emmanuel Hugonnet and Michel Arthur, CRC, Paris. A 1-mL 17%
glycerol stock of C. glutamicum was used to inoculate 100 mL of M9
2

minimal medium containing 0.525 g of Na2HPO4, 0.3 g of KH2PO4,
0.05 g of NaCl, 0.12 g of MgSO4, 11 mg of CaCl2, 12.6 mg of MnCl2,
8.07 mg of ZnSO4, 8.1 mg of FeCl3, 0.1 g of NH4Cl, 0.2 g of glucose,
1 g of trehalose, 0.2 g of ISOGRO®, and a vitamin cocktail (0.1 mg
of pyridoxine, biotin, D-panthothenic acid hemicalcium salt, folic acid,
choline chloride, niacinamide, 10 μg of riboflavine, and 0.5 mg of
thiamine). This pre-culture is grown at 30 ◦C and 220 rpm overnight
until OD600 nm reaches more than 6 and used in a 1:10 ratio to inoculate
a 1-L culture medium with 15N and 13C-isotopically labelled nitrogen
and carbon sources (15N-NH4Cl,13C-glucose, and 13C,15N-ISOGRO®).
After 15 h of culture at 30 ◦C, cells are pelleted for 20 min at 5000 ×
g and 4 ◦C, washed once with fresh medium and frozen until cell wall
purification. This protocol typically yields 10 g of cell pellet per liter
of culture.

For purification of the cell wall of C. glutamicum, cell pellets are re-
suspended in 15 mL of ice-cold ultra-pure water (resistivity lower than
18.2 M𝛺 and TOC ≤ 5 ppb) and the suspension is added dropwise into
120 mL of a stirred boiling 5% sodium dodecylsulfate (SDS) solution at
90 ◦C. The mixture is incubated at 90 ◦C for an additional 30 min and
allowed to slowly cool down to room temperature overnight. The cell
wall is recovered by centrifugation at 46,000 × g and 20 ◦C, washed
twice with 20 mL of 1 M NaCl at room temperature, and freed from SDS
using 5-to-10 washes with 20 mL of ultra-pure water at 60 ◦C. After
centrifugation and removal of the supernatant, pellets are resuspended
in 20 mL of a 100 mM Tris–HCl, 20 mM MgSO4 buffer at pH 7.5. Cell
wall samples are then processed successively with a mixture of DNAseI
(10 μg/mL) and RNAse (50 μg/mL) for two hours and 100 μg/mL
orcine pancreatic trypsin or Pronase E overnight at 37 ◦C. Enzymes

are inactivated by the addition of SDS (4% w/v final concentration)
and incubation for 30 min at 80 ◦C. The cell wall sample is then washed
extensively with ultra-pure water until SDS free, as previously. Finally,
the sample is incubated for 15 min at 37 ◦C in 10 mL of 100-mM
EDTA at pH 7.0 to remove traces of paramagnetic metals and washed
twice with ultra-pure water. After isolation by ultracentrifugation and
lyophilization, ≈ 44 mg of C. glutamicum cell wall is obtained. The
solid is finally resuspended in 600 μL of 50 mM HEPES buffer at pH
= 7.0 to pack fully hydrated 13C,15N-isotopically labelled cell wall in
the solid-state NMR rotors used in this study.

To prepare the 13C,15N-labelled M. smegmatis sample, a 1-mL 17%
lycerol stock of cells was innoculated into 100 mL of pre-culture
omposed of basic M9 medium (without vitamins) containing 1 g/L of
5N-NH4Cl, 2 g/L 13C-glucose and 13C,15N-Celtone®. This pre-culture
as incubated at 37◦C and 220 rpm for 84 h until OD600 nm = 1.5.
he pre-culture was used to innocculate a 1-L culture in labelled M9
edium, as previously stated for C. glutamicum cells. After incubation

t 37 ◦C and 120 rpm for 84 h, cells were pelleted and stored at −80 ◦C
ith 30% DMSO until packing of the 3.2 mm rotor.

.2. Solid-state NMR sample preparation

A 3.2 mm rotor for the CPMAS CryoProbe (volume 81 μL with
an insert for wet samples) was filled with fully hydrated 13C,15N-
labelled C. glutamicum cell wall (before rehydration of the lyophilized
cell wall sample the mass was ca. 44 mg). The fully hydrated cell wall
sample was filled into a rotor using a tabletop centrifuge for ca. 1 h
at a centrifugal force of 16,000 × g. For the intact cell sample, M.
smegmatis cells were unfrozen, extensively washed and resuspended in
50 mM HEPES buffer at pH = 7.0, before to be packed into the CPMAS
Cryoprobe rotor as for C. glutamicum cell wall sample.

For the experiments with the room-temperature 3.2 mm probe,
the fully hydrated 13C,15N-isotopically labelled C. glutamicum cell wall
material was removed from the CryoProbe rotor and centrifuged into
a thin-wall 3.2-mm rotor (volume 40 μL). Due to the smaller vol-
ume of the rotor compared to the CryoProbe rotor, not all the sam-
ple could be filled, and we estimate that the room-temperature thin-
walled rotor contained ca. 50% less material than the CryoProbe rotor
(corresponding approximately to the ratio of the rotor volumes).



Journal of Magnetic Resonance 364 (2024) 107708A. Vallet et al.
Fig. 1. Architecture and 1D MAS NMR spectra of fully hydrated 13C,15N-labelled C.
glutamicum isolated cell wall. (a) Schematic organisation of the cell wall. The mAGP
complex is composed of peptidoglycan with GlcNAc-MurNAc-peptide motifs in green,
covalently linked to an arabinogalactan layer in dark purple and pink, with arabinans
esterified by corynomycolic acids in orange. A detailed molecular view is provided
in Figure S1. (b) One-dimensional 13C spectra of the cell wall were recorded on the
3.2 mm Efree probe at 15 kHz MAS frequency using 1.89 s relaxation delay and an
acquisition time of 29.9 ms. The spectrum with direct 13C excitation was collected with
11,776 scans, while only 8320 scans were used for spectra with 1H-to-13C transfers.
The CP duration and INEPT delay were set to 1 and 1.5 ms, respectively. (c)15N spectra
of the cell wall were recorded on the 1.3 mm Efree probe at 55.5 kHz MAS frequency
using 3.0 s relaxation delay and an acquisition time of 24.9 ms. The spectrum with
direct 15N excitation was collected with 38,400 scans, while 38,720 scans were used
for spectra with 1H-to-15N transfers. The CP duration and INEPT delay were set to 0.6
and 2.4 ms, respectively.

The 1.3 mm rotor (volume 2.5 μL) and the 0.7 mm rotor (volume 0.6
μL) were filled with a new batch of fullyhydrated 13C,15N-isotopically
labelled C. glutamicum cell wall using a custom-made ultracentrifuge
tool in a SW32 Beckman rotor spinning at ca. 60000 𝑥 g (20,000 rpm)
and 4 ◦C for 1 h.

2.3. MAS NMR

13C-detected experiments were performed using 3.2 mm MAS
probes at 600 MHz 1H Larmor frequency. As indicated in the main text,
either a room-temperature Efree probe or a CPMAS CryoProbe were
used.1H-detected experiments were performed with room-temperature
1.3 mm (operating at 600 or 950 MHz 1H Larmor frequency) or 0.7 mm
(at 950 MHz) probes.
3

Signal-to-noise ratios for the comparison of the spectra obtained
with the CryoProbe and the room-temperature probe (Fig. 3) as well as
the spectra obtained with the 1.3 mm and the 0.7 mm probes (Fig. 5)
were determined as follows. The spectra were processed with identical
parameters (in particular the acquisition times in both dimensions and
the apodisation functions), and baseline corrected. To determine the
noise level, the intensity at ca. 1000 positions in a region without peaks
was extracted, at random positions (not necessarily at extremes). The
standard deviation of the intensities at these randomly chosen positions
was used as the noise level. The peak heights and this noise level were
used to calculate the sensitivity. In comparing sensitivities, differences
in the experimental times have been corrected, by multiplication with
a factor corresponding to the square root of the ratio of the number
of scans. The signal-to-noise ratio was also estimated with the routine
implemented in the CCPN software (version 3.1) [59], which is the pro-
gram used for all spectra analyses. All spectra were processed with the
Topspin software (version 4.3). Details on acquisition and processing
parameters are provided in supplementary Table S1.

3. Results and discussion

3.1. Heteronuclear NMR investigation of the mAGP complex of C. glutam-
icum

Fig. 1a shows the architecture of the complex mycoloyl-
arabinogalactan-peptidoglycan polymer (mAGP complex) of the
Corynebacterium glutamicum cell wall. Detailed chemical structures of
the essential constituting motifs are shown in Figure S1, according
to the current knowledge brought by biochemical fragmentation and
combined chromatography, mass spectrometry and solution-state NMR
analysis (for a recent review see Houssin et al. [11]). However these
approaches may suffer from incomplete solubilisation and artifactual
degradation of the constituting components by the rather stringent
chemical treatment (concentrated sodium hydroxyde, trifluoro acetic
acid and/or hydrofluoric acid). Solid-state NMR of the intact poly-
mer are thus of particular interest to get insights into the structural
and dynamical heterogeneity of this biopolymer. Commonly employed
experiments in biological magic-angle spinning solid-state NMR are
based either on dipolar-coupling transfers, such as cross-polarisation
(CP) [60] or dipolar-assisted rotational resonance (DARR [61]), or on J -
coupling based transfers (INEPT [62]). The efficiency of CP and INEPT
transfers in MAS NMR in the presence of molecular motion have been
studied in detail [22,41,45,47,49–51,54]. INEPT transfer works well
when the coherence life time is long enough for the transfer delays,
which mostly occurs when large-amplitude motion on ps-ns time scales
average dipolar couplings. For CP transfer to be efficient only low-
amplitude motion can be present. In both cases, motions on μs time
scales would broaden the lines.

Cell wall 1D 13C CP-NMR of Mycobacterium smegmatis and Mycobac-
terium abscessus, two mycobacteria of the same Corynebacteriales order
than C. glutamicum, have been reported very recently on lyophilised
extracted mAGP material [12]. In fully hydrated samples, such as the
C. glutamicum cell wall and the M. smegmatis entire bacteria samples
of the present study, all components are nevertheless not present in
the CP-MAS spectra. For this reason, one-dimensional 13C and 15N
spectra in the present study were collected with different excitation
schemes (direct excitation, cross-polarisation from 1H, or refocused
INEPT from 1H) on the C. glutamicum cell wall sample. The comparison
of corresponding spectra in Fig. 1 indeed reveals the heterogeneity of
dynamics of the different components. Intense 13C resonances in the
125–150 ppm and the 10–50 ppm regions arising from the double bond
and aliphatic chains of the lipidic part of mycolic acid, respectively,
show up in both INEPT- and CP-type spectra, suggesting that some
of the lipidic tails are free in solution, while some other may have a
supramolecular organisation in the absence of the other portions of the
outer-membrane in this isolated cell wall sample (Fig. 1b). Saccharides
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(with 13C resonances in the 100–110 ppm and 60–80 ppm regions
for the anomeric carbons and the rest of the sugar carbons, respec-
tively) are exacerbated in the refocused INEPT spectrum, suggesting
that most of them are highly flexible in fully hydrated cell walls.
Peptides and eventually N-acetylated sugars (160–190, 100–110, and
50–60 ppm regions for carbonyls, anomeric carbons in the sugars and
C𝛼 of peptides, respectively) are clearly detected in CP-spectra, suggest-
ing that peptidoglycan might be more rigid.15N spectra reflect the same
behaviour with flexible N-acetylated sugars and peptides (100–130/25–
50 and 100–150/60–80 ppm regions, respectively) showing intense
signals in the refocused INEPT and CP spectra, respectively. Given this
heterogeneous behaviour, with intense signals arising from both the
CP- and INEPT- based experiments, we used both types of experiments
in this study to investigate further the isolated mAGP complex of C.
glutamicum in native-like fully hydrated samples.

In line with the 1D spectra, two-dimensional 13C-13C correlation
spectra recorded at 15 kHz MAS frequency show a different contri-
bution to the signal of the different parts of the C. glutamicum mAGP
complex (Fig. 2). Signals in the CP-based experiment are mostly from
sugar parts and peptide parts of the peptidoglycan component. In
addition a fraction of the mycolic acids close to the double bond, that
is described as promoting the stacking of the lipidic chains, but also to
some extent the galactans of the arabinogalactans and eventually the
linker between the peptidoglycan and the arabinogalactan scaffold, are
detected in the DARR spectrum of Fig. 2a . We find the 250 ms DARR
mixing time to be a good compromise for most resonances, which arise
from the raiser rigid peptidoglycan portion of the mAGP complex (Fig.
S2) . The J -coupling based experiment, on the other hand, shows sharp
signals arising mainly from the arabinans and some galactans of the
arabinogalactans, most certainly un-cross-linked peptides of the pepti-
doglycan, and the mycolic acids. Thus, while the same type of motifs
contribute to the different spectra, it is assumed that those signals stem
from different ‘‘layers’’ of a given type of structure, e.g. different parts
within the peptidoglycan, or arabinogalactans or mycolic acids. The
comparison of the two spectra thus allows to establish that the saccha-
ridic chains and the cross-linked peptides of peptidoglycan in mAGP
are rather rigid, as well as some of the galactans, while arabinans and
mycolic acids of mAGP are rather flexible in fully hydrated native-like
conditions.

3.2. Enhanced sensitivity in 13C detected experiments with a CPMAS Cry-
oProbe

We have investigated the sensitivity benefit that can be obtained
with a CPMAS CryoProbe for the 2D 13C-detected experiments. We have
recorded these two experiments with the same sample of C. glutam-
icum cell wall, filled either into a rotor compatible with the CPMAS
CryoProbe (volume ca. 81 μL) or a thin-walled 3.2 mm rotor for a room-
temperature probe (volume ca. 40 μL). A one-scan direct-exitation
experiment recorded with the CryoProbe shows very high sensitivity
(Fig. 3a). To quantify the gain compared to a room-temperature probe,
we investigated the ratio of signal-to-noise ratios obtained for the cor-
responding cross peaks in 2D spectra (J -coupling based spectra in panel
b and DARR spectra in panel c). The gain in sensitivity (signal-to-noise
per unit time) obtained with the CryoProbe is ca. a factor 8 in both
types of experiments. The enhancement is not uniform for all peaks,
as shown by the distributions in Fig. 3b,c. We ascribe this observation
primarily to somewhat different optimisations of the experiments (each
experiment was individually optimised for highest sensitivity), which
e.g. results in different CP settings. Those settings will impact different
peaks differently. Moreover, the distribution of enhancement factors
becomes slightly more narrow when taking only peaks which have a
higher signal-to-noise (≥ 30 in both spectra; blue data set in Fig. 3).

The observed gains in sensitivity translate to a ca. 64-fold accel-
eration of the data collection, which is very substantial. Part of this
gain can be ascribed to the increased sample amount (ca. a factor of
4

Fig. 2. 13C-detected 13C-13C correlation spectra of fully hydrated 13C,15N-labelled C.
glutamicum isolated cell wall using either (a) a 1 ms 1H-13C cross-polarisation and DARR
transfer or (b) a 1.4 ms 1H-13C refocused INEPT and 1.5 ms 13C-13C refocused INEPT.
The DARR spectrum in panel (a) was recorded with 4 scans, a DARR mixing time
of 250 ms, acquisition times of 15 and 8.7 ms in the direct and indirect dimensions,
respectively, and a recycle delay of 1.7 s using the Efree MAS probe at 14.1 𝑇 for
a total experimental time of 2.5 h. The 13C–13C INEPT spectrum in panel (b) was
collected with 4 scans, acquisition times of 20 ms and 8.5 ms in the direct and indirect
dimensions, respectively, and a recycle delay of 2.8 s using the CPMAS CryoProbe for
a total experimental time of 2.5 h.

2), and part of it to the noise reduction in the CryoProbe. Possibly
another gain stems from the higher RF field homogeneity. Our findings
are in line with other reports of the sensitivity gain from the CPMAS
CryoProbe. For protein samples, a gain of ca. 3 for 1D 13C spectra has
been reported for different biological assemblies by Hassan et al. [56]
and a factor 3.2 for a protein covalently linked to hydroxyapatite [63].
For NCC-type multidimensional spectra a factor of 7–7.7 was found for
biomolecules [56]. A factor of 4 to 6 has been found in pharmaceuticals
(organic solids) [58].

The improved sensitivity provided by the CPMAS CryoProbe al-
lowed us to obtain a spectrum of intact fully 13C,15N-labelled bacteria
(rather than only the mAGP complex of the cell wall). Compared to
experiments with isolated (i.e., purified) mAGP, the sample volume con-
tains relatively much less cell wall. Nonetheless, an INEPT-based13C-
13C correlation spectrum of intact Mycobacterium smegmatis bacteria
could be obtained in 12 h (512 increments, using a recycle delay of
2.8 s; Fig. 4). The study of the impact of antibiotic treatment on intact
Corynebacteria becomes thus highly amenable at an atomic resolution
using this strategy.
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Fig. 3. Sensitivity enhancement of 13C-detected experiments with the CPMAS Cry-
Probe. (a) Single-pulse direct-excitation 13C spectrum from a single scan. (b) Ratio
f signal-to-noise ratios (SNR) obtained for a of fully hydrated 13C,15N-labelled C.
lutamicum isolated cell wall sample with the CPMAS CryoProbe over the SNR
btained with a 3.2 mm room-temperature Efree probe, from a J-based (INEPT)13C-
3C correlation spectrum with direct 13C excitation. (c) Ratio of SNRs in 13C-13C DARR
xperiments with initial 1H-13C cross-polarisation. For the comparisons only peaks have
een used which have a SNR ≥ 10 or 30 with grey or blue histograms, respectively.
verage and standard deviation values over the different peaks are also reported with

he corresponding colour.

.3.1H detected experiments provide complementary insights

An alternative to 13C detection is the 1H detection, best combined
ith high MAS frequencies to suppress line broadening by second-order
nd higher-order average-Hamiltonian terms [64]. High MAS frequen-
ies are enabled only by smaller rotors, which comes with smaller
ample amount generally leading to lower sensitivity [53]. Figs. 5a and
4 show CP-based hCH spectra of fully hydrated 13C,15N-labelled C.
lutamicum isolated cell wall samples recorded at 100 kHz MAS with a
.7 mm probe at 950 MHz 1H Larmor frequency. Despite the high MAS
requency, resonances are fairly broad with only few resolved peaks.
esolution is much better in J -coupling based experiments (Fig. 5b)
ith 1H line widths of the order of 80 to 120 Hz (950 MHz; Fig. 5d).
kin to the J -coupling based 13C-13C spectrum of Fig. 2b, the spectrum
hows correlations primarily from the flexible arabinogalactans, but
lso from some of the peptidoglycan peptides and sugars, as well as
ome of the mycolic acids. The CP and INEPT spectra essentially do
ot overlap, suggesting that two drastically different portions of the
ell wall are sampled by these experiments, the resonances in the CP
pectrum remaining unidentifed at this stage.

For the J -based experiment, which has higher resolution, we then
nvestigated whether the higher MAS frequency enabled by 0.7 mm
otors leads to significant benefits in resolution, and how the sensitivity
ompares to 1.3 mm rotor at ca. half the MAS frequency. The probes
ere not available at the same static magnetic field, and we, thus,

ompare 600 MHz data with 950 MHz data. Analysis of the signal-
5

o-noise ratios shows that the 1.3 mm (55 kHz MAS, 600 MHz) probe
Fig. 4. 13C-excited 13C-13C INEPT spectrum of intact 13C,15N-labelled Mycobacterium
megmatis bacteria recorded with the CPMAS CryoProbe in 12 h experimental time (512
ncrements with 200 ppm spectral width, 8.4 and 19.9 ms acquisition times in the
ndirect and direct dimensions, respectively; recycle delay 2.8 s; 1.7 ms INEPT delay).
xcerpts from the full spectrum (a) at three locations, indicated by coloured boxes, are
hown in (b-d), including 1D traces. The signal-to-noise ratios for the five peaks shown
n the traces in (b) (intra-peptide stem correlation), (c) (intra-sugar correlations), and
d) (peptide aliphatic region) are ca. 140, 90, 65, 20 and 11 (from left to right). The
eaks indicated with ‘‘1’’ and ‘‘2’’ in (b) have S/N ratios of 7 and 12, respectively. In
b-d), the consecutive contour lines are separated by a factor of 1.3 in intensity, while
n (a) this factor is 2.

learly outcompetes the 0.7 mm probe (100 kHz MAS, 950 MHz), by
factor 1.7 (± 0.5). The static magnetic field would, instead, predict
factor of ca. 0.5 for the comparison of 600 vs 950 MHz (𝐵3∕2

0
correction [65]). Although this comparison is approximate and the
details depend on the probe design, which may differ at different static
magnetic field strengths, this data suggests that the overall sensitivity
of a 1.3 mm rotor is ca. 3.4 times higher than that of a 0.7 mm rotor.
This ratio approaches the ratio of the rotor volumes (2.5 vs 0.59 μL).

Lastly, we recorded 1H-15N correlation spectra with refocused IN-
EPT and CP transfers on the fully hydrated 13C,15N-labelled C. glu-
tamicum isolated cell wall sample. Nitrogens are exclusively located
in the peptide and N-acetylated sugars of peptidoglycan as well as on
the phosphorylated N-acetylglucosamine of the linker and potentially
the galactosamine decorating the arabinogalactans (Figure S1). The
1D 15N (Fig. 1c) and 2D hNH (Fig. 6a) spectra obtained with CP
transfer are very broad and hardly useful. We cannot determine with
certainty the origin of the broad lines, but see several possible reasons.
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Fig. 5. 1H-detected hCH correlation spectra of fully hydrated 13C,15N-labelled C.
glutamicum isolated cell wall. (a) Dipolar-coupling based out-and-back hCH experiment,
recorded at a MAS frequency of 100 kHz (0.7 mm rotor) and a 1H Larmor frequency
of 950 MHz, using an CP contact time of 800 μs for 1H and 13C RF fields of 30
and 120 kHz, respectively, an acquisition time in the direct and indirect dimension of
15 and 12 ms, respectively, a recycle delay of 0.89 s for a total experimental time
of 8.5 h. (b) J-coupling based out-and-back hCH experiment with refocused INEPT
transfers collected at 100 kHz MAS, on a spectrometer operating at 950 MHz 1H
frequency, using an INEPT transfer delay of 1.1 ms, acquisition times in the direct
and indirect dimension of 15 and 12 ms, respectively, a recycle delay of 0.9 s for a
total experimental time of 4.5 h. (c) Ratio of signal-to-noise per unit time obtained
in INEPT spectra at 600 MHz (55 kHz) and 950 MHz (100 kHz). (d) 1D traces of
cross peaks in the INEPT experiments, indicating the full-width at half height in Hz,
for spectra collected at 100 kHz or 55 kHz MAS using 0.7 mm and 1.3 mm room
temperature probes, respectively.

Fig. 6. 1H-15N correlation spectra of fully hydrated 13C,15N-labelled C. glutamicum
solated cell wall recorded at 950 MHz and 100 kHz MAS using out-and-back
xperiments with either (a) CP transfer or (b) refocused INEPT. CP and INEPT data
ere collected with the same 15 and 13 ms acquisition times in the direct and indirect
imensions, respectively. Relaxation delay was set to 0.9 s. The CP experiment was
ollected with 48 scans and a cross-polarisation time of 600 μs. The INEPT experiment

was collected with 400 scans and an INEPT transfer delay of 1.9 ms. For a comparison
equivalent data collected at 600 MHz with a 1.3 mm probe are depicted in Figure S5.
Signals in red correspond to negative peaks that are folded back in the 15N dimension.
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Interaction of the peptide parts with glycan stems may lead to (static)
conformational disorder. The fact that there is also some chemical
heterogeneity in the glycan strands and peptide stems may add to this
variety of environments for the peptides. The chemical shifts of amide
moieties are particularly sensitive to hydrogen bonding geometry, and
even small differences in hydrogen bonding geometry result in large
alterations of 1H frequencies [66]. Moreover, the presence of motion
of the peptide moieties may furthermore lead to the observed line
broadening, either through the fluctuation of dipolar coupling and CSA
(particularly on μs time scales) or through modulation of the isotropic
chemical shift (particularly when it occurs on ms time scales). This
effect seems to be more pronounced for 1H-15N spectra than for 1H-
13C, as reported for other biomolecular systems. As an example, it has
been reported that 1H-15N line widths and relaxation in crystalline
ubiquitin differ significantly between three different crystal forms,
and line broadening is observed particularly in a crystal form that
undergoes molecular rocking within the crystal [67]. However, in the
same set of three crystal forms, the side chain 1H-13C signals hardly
differ in line widths. In amyloid fibrils it is also commonly observed that
1H-15N line widths are large, significantly more so than in crystalline
proteins, and often significantly more so than aliphatic 1H or 13C line
widths (see e.g. [68,69]). Nonetheless, the very broad 1H-15N spectrum
of Fig. 6 indicates that there must be an additional contribution.

We cannot exclude that some proteins that are particularly strongly
bound to the cell wall are present in the sample, even though our
samples were treated with proteases and extensively washed to remove
bound proteins. The amide moieties of proteins would then be observed
particularly in CP-based experiments, as they are tightly bound and
thus rigid [28]. As the sensitivity of the 1H-15N signal is also rather low,
the presence of protein at low abundance is a plausible explanation for
the observed spectrum.

The 2D INEPT-based hNH spectrum (Fig. 6b) shows much better
resolution with 1H line widths of the order of 80 Hz. These reso-
nances have been tentatively assigned based on previous knowledge
on peptidoglycan from other strains [22]. Additional resonances are
detected and would require more investigation that is beyond the scope
of the present study. This data shows that for the highly flexible parts
well-resolved nitrogen correlation spectra can be obtained. However,
the information content and resolution are restricted by narrow 1H
dispersion, where most peaks fall within ca. 0.5 ppm.

3.4.15N-13C 2D/3D experiments of flexible segments

Encouraged by the good resolution in J -based 15N correlation spec-
tra and to increase further the resolution and information content
of nitrogen correlation spectra, we implemented different variants of
2D 15N-13C and 3D1H-15N-13C experiments based on INEPT transfers.
Fig. 7a shows the pulse sequence for a proton-excited, carbon-detected
hNCO experiment, and panel b shows a straightforward extension by a
carbon–carbon refocused INEPT element.

The hNCO and hNCA correlation spectra (Fig. 7c, d) show signals
from sugars, in particular N-acetylglucosamine (GlcNAc) and or N-
acetylmuramic acid (MurNAc), as well as backbone or side-chain (sc)
amide resonances of the peptide stems of peptidogycan (DAP, Ala and
or D-iGln). To push further the assignment of these resonances, we
have recorded additional hNCOCX and hNCACX experiments using the
pulse sequence shown in Fig. 7b. Only one additional cross peak was
observed from the transfer between the carbonyl of the amide side-
chain resonance and the adjacent 𝐶𝛼 or 𝐶𝜖 carbon of D-iGln2 or DAP3,
respectively of a peptide stem (Figure S6).

4. Conclusions

We have investigated here different ways to collect correlation spec-
tra on 13C,15N-labelled isolated cell-wall and intact bacteria samples
from Corynebacteriales. A major finding is that the CPMAS CryoProbe,
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Fig. 7. Detecting flexible parts of fully hydrated 13C,15N-labelled C. glutamicum isolated
cell wall with INEPT-based H-N-C correlation experiments. (a) Pulse sequences for
hNCO and hNCA experiments (these two differ only in the choice of the 13C carrier
position) and (b) the hNCC experiments. All pulse phases are 𝑥 unless indicated
otherwise. Filled and open rectangles denote the 90◦ and 180◦ pulses. Decoupling was
achieved with the WALTZ-16 scheme applied at 3 kHz (15N) or 5 kHz (1H). (c) hNCO
and (d) hNCA spectra obtained with the isolated S. glutamicum cell wall sample at
15 kHz MAS frequency (3.2 mm rotor, 600 MHz). The experimental durations were
2 h 50 min (hCONH) and 10 h (hCANH) (further acquisition and processing details
are specified in Table S1).

applied to this type of sample, provides a large (ca. 8-fold) sensitivity
increase over the use of a thin-walled rotor used in a room-temperature
probe. We find that for proton-detected spectra, the 1.3 mm rotors
provide superior sensitivity compared to 0.7 mm rotors in 1H-13C
INEPT-based correlation experiments, which we ascribe to the intrinsic
flexibility of some peptide stems of the peptidoglycan, arabinogalac-
tans, and some portions of the mycolic acids, which renders ultra-
fast MAS unnecessary. CP-based experiments with 1H detection suffer
from rather large line widths. In particular, 1H-15N correlation spec-
tra show very broad lines, presumably due to sample heterogeneity,
which render them practically hardly useful. In INEPT-based hNH
experiments, however, multiple well-resolved sites were detected from
amide resonances of both peptide stems and N-acetylated sugars from
the peptidoglycan of the isolated cell wall (mAGP complex) of C.
glutamicum. Lastly, we find that for the flexible parts INEPT transfers are
also efficient for 15N-13C transfers, despite the small couplings (of the
order of 10–15 Hz). These N-C correlation experiments may be useful
also for other highly flexible components of cellular assemblies.
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