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walls and cellular samples often generate spectra that are difficult to interpret
due to the presence of many coexisting glycans and the structural polymor-
phism observed in native conditions. To overcome this analytical challenge,
we present a statistical approach for analyzing carbohydrate signals using
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simulated spectra to demonstrate the chemical shift dispersion and compare
this with experimental data to facilitate the identification of important fungal
and plant polysaccharides, such as chitin and glucans in fungi and cellulose,
hemicellulose, and pectic polymers in plants. We also demonstrate that chemi-
cally distinct carbohydrates from different organisms may produce almost
identical signals, highlighting the need for high-resolution spectra and valida-
tion of resonance assignments. Our study provides a means to differentiate the
characteristic signals of major carbohydrates and allows us to summarize cur-
rently undetected polysaccharides in plants and fungi, which may inspire
future investigations.
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1 | INTRODUCTION

allomorphs, and Rotational Echo Double Resonance
(REDOR) and multidimensional correlation techniques for

Polysaccharides are high molecular weight biopolymers
that typically consist of hundreds to thousands of sugar
units. FElucidating the structure of complex carbohydrates
with solid-state NMR (ssNMR) spectroscopy is a challeng-
ing task. Early pioneers in this field explored the use of
different ssNMR methods, such as one-dimensional
(1D) experiments for identifying the structure and
quantifying the content of carbohydrate polymers and

revealing polymer cross-linking and spatial proximities.'™
There has been a substantial increase in high-resolution
ssNMR data that rely on °C and N 2D/3D correlation
experiments,” ° as well as 'H detection,'®"* to provide
detailed insights into the structure and function of
carbohydrates in a variety of living organisms.

Recent high-resolution ssNMR studies have led to
numerous conceptual breakthroughs, including but not
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limited to the identification of cellulose-pectin spatial
contacts in the primary plant cell walls (mostly the
seedlings),’* ' the conformation-dependent function of
xylan in associating with lignin and cellulose in the
secondary cell walls of grasses and woody stems,'’ >
the multi-layered assembly of chitin and glucans in
fungal cell walls that provide remarkable structural
dynamics to support microbial survival,”?® as well as
the quantification of dynamically heterogeneous
carbohydrate components in algal cells and bacterial
cell wall and biofilms.”*** There is also a growing
interest in utilizing ssNMR techniques for the charac-
terization of carbohydrate-based materials, including
hydrogels.****

By taking advantage of the repetitive nature of mono-
saccharides in a polysaccharide, the structural view of
these polymers can be simplified, and their spectral fea-
tures can be explored. Currently, there are five distinct
structural variations of carbohydrates that can be closely
tracked in the solid-state, which include the variation in
covalent linkages, the compositional differences in cell
walls and monosaccharide units that form polysaccha-
rides, the conformational distribution of native
polysaccharides, the spatial assembly, and the chemical
modifications such as methylation and methyl esterifica-
tion, as documented in a recent review aricle.’® The
majority of existing ssSNMR studies depict polysaccharides
in a simplified manner, reducing their complex structures
to symbolic representations and only highlighting the
most significant constituents showing strong signals.’
While this approach enables researchers to concentrate
on the primary polysaccharides found in a sample, it
overlooks the many sparsely distributed molecules, minor
side chains, and irregular substitutions, which may also
contribute significantly to the structural stability and
functional properties of both the polysaccharide and the
cell wall.

In 2020, a complex carbohydrate magnetic resonance
database (CCMRD) was established to accommodate the
prolific growth of datasets in the upcoming years.>” Upon
its inception, the small-scale database contained
420 entries of high-resolution ssSNMR data on carbohy-
drates. As of early 2023, the number of entries has
increased to approximately 850. The database facilitates
data search using single or paired chemical shifts, poly-
saccharide names, and compound classes, and it also sup-
ports user deposition. This platform also serves as a vital
preparatory step for implementing semi-automated tools
to streamline spectral analysis and resonance assignment
of carbohydrate systems in the future as the size of the
dataset increases.

The present study aims to accomplish three objec-
tives by utilizing the available data. First, we aim to

construct artificial NMR spectra of commonly
employed experiments to summarize the polysaccharide
signals present in plants and fungi, which is akin to
the amino acid maps available for protein NMR.*®
Second, we will utilize these spectroscopic maps to
identify the unique signals that can unequivocally rec-
ognize specific polysaccharides. Finally, we will provide
a synopsis of the key factors currently constraining our
ability and give an overview of the undetected
carbohydrates that necessitate further exploration. The
pursuit of these objectives intends to encourage the
use of high-resolution ssNMR in carbohydrate
characterization.

2 | MATERIALS AND METHODS

2.1 | Generation of simulated 2D spectra
from chemical shift data

We used a dataset containing 569 entries of plant and
fungal carbohydrates sourced from CCMRD?®’ to con-
struct artificial 2D NMR spectra. Each entry within the
dataset comprised *C chemical shift data for a carbohy-
drate unit sourced from a peer-reviewed publication.
These publications featured high-resolution solid-state
NMR data, typically presented in the form of 2D or 3D
correlation spectra. The raw >C chemical shift data were
transformed into different scatter plots depending on the
targeted type of 2D spectra following the protocol
described below.

For the refocused INADEQUATE spectrum that
exhibits through-bond correlations,* the signals of two
directly bonded carbons were situated at coordinates
(8cas Oca + 6cp) and (S¢cp, Sca + 6cp) on the plot. Here,
bca and 8¢y, denote the single-quantum (SQ) chemical
shifts of carbon sites a and b, respectively, and these
values were projected to the X-axis of the simulated
plot, corresponding to the direct dimension (w,) of
experimentally measured spectra. The sum of two SQ
chemical shifts (5c, + 6cp) Were projected to the Y-axis,
which represents the value of the double-quantum
(DQ) chemical shift of this pair of carbons, correspond-
ing to the indirect dimension (w;) of experimentally
measured spectra. Each pyranose unit is represented by
10 scatter dots based on the chemical shifts of six car-
bons, and an illustrative example is presented in
Figure la, showcasing the distribution of these scatter
dots for a glucose unit in cellulose. In comparison, each
furanose unit will result in eight scatter dots, due to
the lack of C5-C6 spin pair.

More scatter dots are needed for plotting 2D *C SQ-
SQ correlation spectra, such as PDSD/DARR, CORD,*
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FIGURE 1 Scatter plots of chemical shift values for a glucose unit of cellulose. The plots correspond to (a) DQ-SQ and (b) SQ-SQ 3¢

correlation experiments, with the former showing through-bond correlations and the latter showing all intramolecular through-space

correlations. See Table S1 for comprehensive details on the dataset used to create these spectral projections.

and PAR.* This is because each carbon atom can poten-
tially correlate with all the other carbons within the same
monosaccharide unit. Each scatter dot now represents a
distinct intramolecular cross peak, with the two
coordinates representing the SQ chemical shifts of two
carbons. When examining a pyranose, the anticipated
SQ-SQ correlation spectrum consists of 36 derived data
points, as illustrated in Figure 1b for a glucose unit of
cellulose. Among these points, six are positioned along
the spectral diagonal. In contrast, a furanose's spectrum
contains 25 data points, with five residing on the
diagonal. The chemical shift coordinates utilized in
generating the scatter plots shown in Figure 1 are
provided in Table S1.

Our analysis extended to encompass 412 entries
from plant cell walls and 157 datasets from fungal cell
walls obtained from CCMRD. Scatter plots were gener-
ated to depict both DQ-SQ and SQ-SQ correlation spec-
tra for various sugar units. Subsequently, density maps
were generated from these scatter plots using Kernel
Density Estimate in Origin 2019b. These density maps
provide an informative overview of the average trends
represented by the scatter plots, allowing us to identify
the specific regions and patterns related to different
sugar units within 2D NMR spectra. Figures S1-S26
present individual plots for various plant and fungal
carbohydrates. These figures can be used for direct
comparison with experimental data, streamlining the
analysis process.

2.2 | Sample preparation and packing
Three uniformly '*C-enriched samples were prepared for
ssNMR measurement. These samples include the fungal
culture of Aspergillus fumigatus, and the stems of two
plant species: Arabidopsis thaliana and Picea abies
(Norway spruce).”! The fungal mycelium was cultivated
for 2 weeks on a liquid minimal medium containing '*C-
glucose as the only carbon source.”® The spruce plant
was grown within a closed atmosphere featuring
97 atom% 3CO,. This controlled environment was main-
tained from germination until harvest, spanning approxi-
mately 4 months. Similarly, *C-enriched Arabidopsis
was grown in a custom-built transparent chamber for
4 weeks. The harvested fresh plant stems were cut into
millimeter-scale pieces by razor blade for better distribu-
tion of mass during MAS.

Isotope-labeling  is  essential for acquiring
high-resolution 2D/3D correlation spectra, particularly in
dealing with the significant signal overlap encountered in
cellular samples or complex biomaterials. Natural-
abundance 2D *C-'*C correlation experiments of unla-
beled samples becomes attainable with the utilization of
the sensitivity-enhancing technique MAS-DNP, as
recently demonstrated on lignocellulosic  plant
biomass, 1™ fungal mycelia and conidia,** and functio-
nalized cellulose materials.*>** However, it's important
to note that at the low temperatures required for MAS-
DNP, there is a significant sacrifice in spectral resolution.
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Therefore, this technique is primarily employed when
isotope-labeling presents challenges.

Around 30 mg of A. fumigatus was packed into a
3.2 mm MAS rotor and measured on an 800-MHz Bruker
Avance Neo Spectrometer at National High Magnetic
Field Laboratory using a 3.2-mm HCN MAS probe. Simi-
larly, around 35 mg of Arabidopsis sample was packed
into a 3.2-mm MAS rotor and measured on a 700-MHz
Bruker Avance Neo Spectrometer at Louisiana State Uni-
versity using a 3.2-mm HCN MAS probe. For spruce,
approximately 100 mg of material was packed into a
4-mm MAS rotor for measurement on a 400-MHz Bruker
Avance spectrometer at Louisiana State University using
a 4.0-mm HXY MAS probe.

2.3 | Solid-state NMR experiments

All experiments were performed with spinning speeds
ranging from 10 to 13.5 kHz. The radiofrequency field
strengths were set to 83.3 kHz for both 'H excitation and
decoupling, and 62.5 kHz for '>C hard pulses. The recycle
delays were 1.6-2.0 s. 2D experiments were recorded over
durations of 4 to 30 h, while 1D data were collected in
timeframes varying from 5 to 140 min. The 2D refocused
J-INADEQUATE scheme was integrated with either
direct polarization (DP) and short recycle delays of 1.8 s
for the selective detection of mobile components, or with
cross-polarization (CP) for the detection of rigid compo-
nents. A 2D *C-*C correlation experiment was also
measured using the CORD scheme with a 53-ms recou-
pling period. Within each spectrum, both the sidechains
and primary constituents of a polysaccharide, if they
exhibit similar dynamics, were detected simultaneously.
The acquisition time was 12-29 ms, and the evolution
time for the indirect dimension of 2D experiments was 4—
10 ms. The key parameters used in these sSNMR experi-
ments are listed in Table S2.

Accurate experimental chemical shift data are essen-
tial for structural analysis.*” All >C NMR spectra are
consistently referenced to the tetramethylsilane (TMS)
scale by externally calibrating the CH, signal of adaman-
tane to 38.48 ppm at room temperature, which is a stan-
dard calibration procedure widely employed in solid-state
NMR studies,” including carbohydrate research. In the
chemical shift data deposited in CCMRD, NMR chemical
shifts are only reported on the TMS scale, the informa-
tion of which is included in each entry.’” DSS scale is
another reference scale that yields a '>C chemical shift
difference of 2.0 ppm compared to the TMS scale. Chemi-
cal shifts reported on the DSS scale can be adjusted by
subtracting 2.0 ppm for the purpose of comparison with
data on the TMS scale, which has been reported in recent

studies of amyloid fibrils.”® However, it finds primary
usage in protein solid-state NMR and solution NMR stud-
ies. It should be noted that variations in chemical shifts
may arise due to different calibration procedures
employed by various research groups, as reported in
recent cellulose studies.*’

3 | RESULTS AND DISCUSSION

3.1 | Unique signals of different
carbohydrates

Initial assignments of carbohydrate signals heavily rely
on 2D '*C refocused INADEQUATE correlation experi-
ments® that correlate DQ and SQ chemical shifts to
obtain diagonal-free spectra. We extracted 412 plant car-
bohydrate entries and constructed artificial INADE-
QUATE spectra (Figure 2a). The scatter plots were
derived from data deposited in CCMRD, with all
through-bond correlations simulated for each carbohy-
drate unit. For example, for each hexose, the DQ and SQ
chemical shifts were calculated for six spin pairs of C1-
C2, C2-C3, C3-C4, C4-C5, and C5-C6, while the last
spin pair is absent in each pentose. Furthermore, we cre-
ated corresponding color-coded contour lines based on
computed Kernel Density Estimate to represent the prob-
ability of different sugar residues in certain spectral
regions. These maps included sugar residues found in
context of a plant polysaccharide, such as the glucose
units (Glc) found in cellulose and seven sugar residues
commonly found in the matrix polysaccharides (hemicel-
lulose and pectin), namely, xylose (Xyl), galacturonic acid
(GalA), glucuronic acid (GlcA), arabinose (Ara), galac-
tose (Gal), rhamnose (Rha), and mannose (Man) units
(Figure 2b).

In particular, the Ara units are typically resolved by
their C1-C2 spin pair, with unique DQ chemical shifts
ranging from 188 to 198 ppm. Although the cellulose sig-
nals are tightly clustered with peaks from other carbohy-
drates, their C3-C4 and C4-C5 spin pairs can still be
used as the starting point to track their signals. Xyl sig-
nals have a broad distribution but can be tracked using
the C4-C5 spin pair: a-linked Xyl has a unique DQ chem-
ical shift at 130-135 ppm while p-linked Xyl typically
shows up at 140-150 ppm, although the latter depends
on the helical screw conformation. Rha can be unambig-
uously tracked starting from its C6, which is a methyl
group, and the corresponding C5-C6 spin pair
(Figure 2c). Acidic sugars, such as GalA and GIcA, rely
on the spin pair between C5 and C6, which is the car-
bonyl group, for initiating the resonance assignment and
tracking the other carbons within the same sugar unit.
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FIGURE 2 Density map of plant polysaccharides projected into INADEQUATE spectra. (a) *C chemical shift data of 412 datasets
plotted as either scatter plot (left) or density map (middle), or both (right). The data of eight types of monosaccharide units were color coded.
(b) Representative monosaccharide units with carbon numbers labeled. Two glucose units were shown for cellulose. (c) Unique spectral
regions of the C5-C6 signals of Rha (top) and acidic residues (bottom), where the methyl and carbonyl groups can help to track the signals

of these carbohydrates.

It should be noted that the chemical shift of the car-
bonyl groups in acidic sugars can vary significantly
depending on the state of protonation, the deprotonation
and ion coordination (e.g., with Calcium in HG and with
Boron in RG-II),'>* as well as the degree of methyl ester-
ification. Peak multiplicity in this spectral region has
been consistently observed in many plant species, such as
Arabidopsis, Zea mays, and Brachypodium,'®>*>> with
176-178 ppm for carboxylate (-COO™ or -COOH), 173-
175 ppm for acetyl (-OCOCHs;), and 170-172 ppm for
methyl ester (-COOCHj3;). Due to the low bulk pKa of
GalA (~3.5),”° the carboxylate is in the deprotonated
form under the near-neutral pH of most plant cell wall
samples. However, the carboxylate signal vanishes GalA
residues are neutralized during cell wall acidification,
which has been observed at pH 4.0 in an Arabidopsis
sample.”” This further impedes GalA's capability to coor-
dinate Ca®" for crosslinking adjacent HG chains. There-
fore, the pKa of these sugars and the pH of the samples
being investigated should be considered and the carbonyl
signals should be carefully tracked.

Signals of Gal residues are difficult to separate from
the peaks of other sugar residues when using 2D *C-*C
correlation spectra; therefore, it requires special attention
in analysis. The SQ chemical shift of carbon 4 site
(~78 ppm) and the DQ chemical shifts of C3-C4 and C4-
C5 (152-155 ppm) offer partial resolution in the refo-
cused INADEQUATE spectrum, serving as an initial ref-
erence for Gal resonance assignment, especially for those
in the mobile phase.’® Proton-detection techniques such
as 2D TOCSY and 3D HCC INEPT-TOCSY have been
employed to distinguish Gal signals from other sugar res-
idues in mobile matrix polysaccharides."

We also presented these datasets as a 2D °C SQ-SQ
correlation spectrum, as shown in Figure 3. This spec-
trum encompasses all intramolecular cross-peaks, resem-
bling the spectral patterns commonly observed with
~100-ms mixing periods under experimental schemes
like CORD,*® DARR/PDSD, or other analogous
approaches conducted at moderately slow magic-angle
spinning (MAS) frequencies, for example, in the 10- to
20-kHz range. The simulated spectrum is more congested
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FIGURE 3 Projected NMR signals of plant polysaccharides as the 2D SQ-SQ correlation spectra using the same datasets for plotting
Figure 2.

than the INADEQUATE spectra shown earlier due to the
presence of numerous multibond correlations. Neverthe-
less, discernable spectral regions are still available for
almost every type of carbohydrate, except for Gal, where
complementary techniques like the fast MAS INEPT
spectra with 'H detection, as demonstrated in a recent
study, may become necessary."’

3.2 | Reconstituted spectra for
polysaccharide identification

Monosaccharide units can associate with others to form
various polysaccharides. We synthesized artificial spectra
to depict the potential range of chemical shift dispersion
for polysaccharides (Figure 4a). The first spectrum cata-
loged all the signals identified in plant cellulose, which
possesses a highly polymorphic structure characterized
by up to seven types of Glc subforms within each plant
sample.”® The second spectrum encompassing Xyl and
Ara signals, contained the spectra from various matrix
polysaccharides, including hemicellulose arabinoxylan,
pectic sidechain arabinan, as well as the sidechains of
xyloglucan. Notably, the a-Xyl units of xyloglucan and
p-Xyl residues of xylan were not differentiated in this
plot, but the distinction can be easily achieved, if

necessary. The third spectrum displayed the signals of
acidic residues and Rha, which covered two primary pec-
tic  polymers:  homogalacturonan (HG) and
rhamnogalacturonan-I (RG-I), as well as the GIcA side-
chains of the hemicellulose glucuronoxylan. The last
spectrum displayed Gal and Man residues, which could
be part of mannan polymers like galactoglucomannan
(GGM), or the galactan sidechains of RG-1. The corre-
sponding carbohydrate structures are summarized in
Figure 4b.

The comparison of simulated carbohydrate maps with
experimentally measured 2D spectra can aid in the initial
evaluation of the sample and facilitate the identification
of the most probable carbohydrates. As an example, we
analyzed the refocused J-INADEQUATE spectrum of
13C-labeled Arabidopsis primary cell walls, which were
measured using DP and short recycle delays of 1.8 s to
select the mobile molecules with rapid '*C-T; relaxation
(Figure 5a). Consequently, only dynamic matrix polysac-
charides were detected, including the well-resolved sig-
nals of Rha, acidic sugars, and Ara from pectin, as well as
the signature C4-C5 signals of a-linked Xyl units from
xyloglucan.

Ara units are distinguishable by their distinct signals
falling within the DQ '*C chemical shift range of 188-
200 ppm. Ara peaks are also evident in all other
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plant primary and secondary cell walls.
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discernible spectral regions indicated by the yellow
regions in the simulated density maps, which include the
DQ chemical shift range of 160-170 ppm for C2-C3 and
C3-C4, as well as the DQ chemical shift range of 145-
155 ppm for C4-C5. These observations confirmed the
presence of Ara residues in Arabidopsis. Similarly, the
presence of Rha is verified by its characteristic C5-C6 sig-
nals, where C6 represents a methyl carbon, situated
within the DQ chemical shift range of 80-90 ppm. The
existence of acidic residues (GalA/GIcA) is substantiated
by their unique signals with DQ chemical shifts extend-
ing beyond 240 ppm, corresponding to the covalently
linked C5 and carbonyl group.

Cellulose is not detected in this spectrum, as evi-
denced by the absence of peaks in the magenta regions,
where DQ chemical shifts typically fall within the range
of 160-170 ppm, a characteristic range for C3-C4 and
C4-C5 carbon pairs in cellulose. This outcome aligns with
expectations since cellulose is a rigid component and is
not found in this spectrum, which is designed to detect
mobile components. Intensities are observed in other
magenta regions, but these sharp signals originate from
mobile polysaccharides exhibiting similar chemical shifts
at these indistinguishable carbon positions.

The rigid portion of the spruce secondary cell wall
was examined using '*C CP-based INADEQUATE and
CORD experiments, where the spectra were dominated
by cellulose signals (Figure 5a,b). Weak peaks were also
spotted for the f-linked Xyl from xylan backbones and
the Ara residues from xylan sidechains, as well as some
Man signals from GGM. The a-Xyl residues, which are
indicative of xyloglucans, are not observed in this spec-
trum as shown by the absence of C4-C5 signals within
the DQ chemical shift range of 130-136 ppm. This out-
come is anticipated, considering that the spruce sample
under examination is primarily composed of secondary
cell wall component and the current spectrum selectively
targets rigid polysaccharides, whereas xyloglucan, being
partially mobile, exists in primary cell walls.

The use of carbohydrate fingerprints and the combi-
nation of selected datasets from certain glycans or organ-
isms turned out to be an efficient approach for
identifying polysaccharides, which should be applicable
to both purified biopolymers and cellular samples. We
have included a collection of individual scatter and den-
sity plots as Figures S1-S26 for the purpose of enabling
direct comparisons with experimentally acquired spectra.
This qualitative analysis will aid in identifying potential
carbohydrates in the plant sample of interest as the initial
step, which will require further validation or complete
resonance assignment as subsequent procedures. As the
Arabidopsis and spruce spectra were collected on 400- to
700-MHz NMR instruments, it is evident that a

moderate-to-high magnetic field is adequate for the
implementation of this method. A current limitation is
the lack of quantitative methods to assess the probability
of specific resonance assignments, a capability akin to
what is available for proteins and small molecules.>*
Further development of new software and algorithms
will be essential.

61,62

3.3 | Plant carbohydrates evading
detection

Many polysaccharides remain elusive to solid-state NMR
detection, even for the polysaccharides in plants, which
have been relatively well studied. Although xyloglucan
(XyG) is the primary hemicellulose in the primary cell
wall, most studies have to rely on its a-Xyl sidechains to
track XyG signals and examine interactions with other
cell wall components.'*®® Its f-1,4-glucan backbone, as
well as the occasional substitutions of f-galactose (Gal)
and a-fucose (Fuc),** have not been unambiguously iden-
tified. The signals corresponding to the p-1,4-glucan
backbones are predominantly shielded by the surface glu-
can chains of cellulose, which are chemically identical,
while the Gal and Fuc residues are relatively scarce. In
addition, the third abundant pectic polymer, RG-1I, has
not been detected in intact cell wall samples either. RG-II
contains at least 12 sugar types with complex linkages
and has a relatively lower content compared with HG
and RG-I, making it very difficult to characterize.®>®
Moreover, chemical data suggest that pectic polymers
exist in integrated networks containing polysaccharides
and proteoglycans and might be covalently intercon-
nected and further crosslinked to other cell wall macro-
molecules such as hemicellulose and protein
components.®®® At this moment, such structural fea-
tures have not been recognized using intact cell walls.
The integration of solid-state NMR analysis with func-
tional genomics, incorporating engineered mutants that
selectively remove individual carbohydrate components,
holds promise for the unambiguous identification of
previously unresolved polysaccharides. This approach
has recently proven successful in fungal species, partic-
ularly in resolving the ambiguity associated with the
identification of galactosaminogalactan (GAG) and
galactomannan (GM) within the cell walls of Aspergillus
species.”> Augmenting this approach with MAS-DNP
can further mitigate detection issues associated with the
low levels of certain carbohydrate components, such as
RG-II and the Gal and Fuc sidechains of xyloglucan.
Improvement in 2D/3D correlation experiments to
achieve better signal dispersion,®’® coupled with the
assessment of 'H chemical shifts using ultrafast MAS
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techniques,'””' are poised to surmount the existing

resolution limitations.

3.4 | Limited dataset of fungal
carbohydrates

Fungal glycans have received inadequate attention, and
most of the available data has been collected in the past
5 years, as summarized in Figure 6. We can unambigu-
ously identify the signals from several amino sugars, such
as the N-acetylglucosamine (GlcNAc) from chitin and the
glucosamine (GlcN) from chitosan. Both chitin and chito-
san have exhibited broad distribution owing to the high
level of structural polymorphism in their crystallites.”>”?
However, the relationship between the polymorphism of
chitin and chitosan and the diversity of chitin synthase
gene families remains unclear.”* f-glucans are prominent
molecules widely distributed in different fungi, and have
a high level of linkage complexity and can exist as differ-
ent structures, such as linear f-1,3-glucan, branched
p-1,3/1,6-glucan, linear p-1,3/1,4-glucan, and linear
p-1,6-glucan, depending on the location within the cell
wall and the fungal species being studied.”>’® Different
linkages can exist in the same fungi with variable per-
centages. For example, the f-glucans of yeast consist
(~85%) of branched f-1,3-glucan, which contains ~3%
f-1,3,6 interchain branching sites, with a smaller amount
of linear f-1,6-glucans (~15%).7° Meanwhile, the fila-
mentous mold Aspergillus fumigatus also have predomi-
nantly branched p-1,3-glucan accounts with ~4% f-1,6
branching sites, but the minor component has changed

to f-1,3/1,4-glucan, which constitutes approximately 10%
of the cell wall p-glucans in this species.””> Solid-state
NMR studies mainly focus on the function of
p-1,3-glucan and ongoing research aims to identify the
signals of each linkage type and relate them to their
structural functions in the cell wall. Recent solid-state
NMR studies have mainly focused on the function of
p-1,3-glucan and ongoing research aims to identify the
signals of each linkage type and relate them to their
structural functions in the cell wall.

Recent studies have revealed the roles of
a-1,3-glucan in stabilizing the cell wall assembly, but
information regarding the a-1,4-linked glucose residue
is lacking.”” Other spotted monosaccharide units, such
as galactofuranose (Galf), galactosamine (GalN),
N-acetylgalactosamine (GalNAc), Man, and Fuc, belong
to galactosaminogalactan (GAG), galactomannan (GM),
phosphomanan, mannoproteins, and other minor cell
wall polysaccharides, which can further complicated
spectral analysis. The contribution of glycoproteins and
lipid components to the cell wall architecture requires
further investigation.”®

Compared to their plant counterparts, fungal polysac-
charides exhibit much higher structural diversity, and
extensive solid-state NMR studies are necessary to docu-
ment the carbohydrate signals across a wide range of fun-
gal species to facilitate antifungal development and the
biotechnology applications of these microorganisms.
These endeavors may encompass the utilization of multi-
dimensional correlation experiments involving *C, '°N,
and 'H nuclear spins to elucidate the carbohydrate sig-
nals in significant human pathogenic species, such as
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Aspergillus, Candida, and Cryptococcus species, as well
as non-pathogenic species that could potentially be used
for nutritional resources and biomaterials.*®

3.5 | Distinct carbohydrates can have
identical signals

Caution should be taken when utilizing NMR maps to
investigate novel species with unknown composition. In
certain instances, two distinct carbohydrates may demon-
strate strictly overlapping signals, for example, between
arabinofuranose (Araf) and Galf.*> While Araf (typically
called Ara in our studies) is a common sugar forming the
side chains of pectin and hemicellulose in plants, Galf is
a rare form of galactose and is sporadically identified in
some fungal species, for example, as a constituent of the
GM present in the cell wall.””"®" Although Galfis a hex-
ose and Ara is a pentose, both sugar units possess five-
membered rings, resulting in identical >C chemical shifts
in their first four carbons, with representative chemical
shifts of approximately 108 ppm, 82 ppm, 77 ppm, and
84 ppm, respectively. The only unique signals of Galfin a
2D INADEQUATE spectrum come from its C5-C6 carbon
pair, however, it showed up in a heavily crowded spectral
region and cannot be utilized as a reliable tracker of mol-
ecules (Figure 7a). In a standard 1D spectrum, the sole
distinctive signal for Galf, when compared to Araf, is the
C5 signal at 69 ppm (Figure 7b). However, this peak falls
within a densely populated region, making it impractical
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for distinguishing signals from other carbohydrates. The
occurrence of such indistinguishable spectral patterns
between two chemically and structurally distinct mono-
saccharide units was unanticipated as we extend our
reach of carbohydrate ssSNMR and expand our knowledge
and understanding of these complex biopolymers. Hence,
it is essential to carefully consider the source of the sam-
ples being analyzed, be it from plants, fungi, or other
organisms. In the case of a novel species, it becomes
imperative to complement NMR analysis with the chemi-
cal assays that provide information on the linkage pat-
terns and chemical composition of carbohydrate
constituents. Moreover, the reliance on 1D spectra for
analyzing previously uncharted samples should be
minimized.

4 | CONCLUSIONS AND
PERSPECTIVES

Significant advances have been made in solid-state NMR
analysis of carbohydrates over the past decade, allowing
us to identify key spectroscopic features of major plant
and fungal glycans. It is critical to ensure that there is
sufficient spectral resolution to track the minor differ-
ences in molecules, carefully track the full carbon con-
nectivity in 2D/3D correlation spectra without missing
any carbon in the linkage pattern, seek additional valida-
tion from other techniques, such as mass spectrometry,
and cross-compare with mutants or other strains lacking

(b)

Arabidopsis

110 100 20 80 70 60 50
*C (ppm)

FIGURE 7 Comparison of the NMR signals of Galf and Ara. (a) The C1-C2-C3-C4-C5 signals of Galfin the 2D DP refocused
J-INADEQUATE spectrum of A. fumigatus falls within the expected signals for arabinose residues from plant cell walls. Only the C5-C6
carbon pair of Galfis unique. (b) Comparison of 1D *C quantitative DP spectrum measured on Arabidopsis (top) and A. fumigatus (bottom).
Orange and green lines indicate the signals from Ara (only in Arabidopsis) and Galf residues (only in A. fumgiatus), respectively.
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the carbohydrate of interest. Further datasets are
required before statistical analysis and automated tools
can be developed to facilitate the analysis of these com-
plex carbohydrate polymers. It is anticipated that tools
similar to those already available for other molecules,
such as the DEEP picker for protein 2D spectral deconvo-
lution and peak picking, and the probabilistic assignment
tool for organic crystals,”** will lead to significant pro-
gress in solid-state glycoNMR.
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in the Supporting Information section at the end of this
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