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ABSTRACT: Extracellular matrixes (ECMs), such as the cell walls and biofilms, are plants
important for supporting cell integrity and function and regulating intercellular
communication. These biomaterials are also of significant interest to the production of
biofuels and the development of antimicrobial treatment. Solid-state nuclear magnetic
resonance (ssNMR) and magic-angle spinning-dynamic nuclear polarization (MAS-DNP)
are uniquely powerful for understanding the conformational structure, dynamical
characteristics, and supramolecular assemblies of carbohydrates and other biomolecules in
ECMs. This review highlights the recent high-resolution investigations of intact ECMs and
native cells in many organisms spanning across plants, bacteria, fungi, and algae. We
spotlight the structural principles identified in ECMs, discuss the current technical limitation
and underexplored biochemical topics, and point out the promising opportunities enabled by
the recent advances of the rapidly evolving ssNMR technology.
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1. INTRODUCTION

1.1. Current Status of NMR Research on Extracellular
Matrixes

Exposed to environmental stresses, living organisms have
developed the extracellular matrix (ECM) to regulate the
integrity and communication of cells. Although the plasma
membrane determines the cell border, bacterial, fungal, plant,
and algal cells are further covered by a carbohydrate-rich layer
called the cell wall, which plays pivotal roles in protecting the cell
cytoplasm from contaminants and other stresses and in
supporting cellular growth and differentiation.'™* Bacterial
and fungal ECMs, such as cell walls and biofilms, are associated
with toxicity and virulence and serve as the targets of many
antifungals and antibiotics.”~” The ECM materials are highly
diverse in molecular composition and ultrastructure, accom-
modating carbohydrates, proteins, lipids, polyphenols, and
occasionally some inorganic components. A large collection of
methods based on vibrational spectroscopy, biochemical assays,
chromatography coupled with mass spectrometry, neutron and
X-ray diffraction, as well as imaging methods have been
employed to analyze the composition and architecture of
these biocomposites on different length scales, from covalent
linkage gatterns to microscopic-level arrangement of polymer
meshes.”™?

Benefited from the nondestructive nature and atomic-level
resolution, nuclear magnetic resonance (NMR) has proven to be
a useful tool for analyzing biomolecules in many organisms."
The number of annual NMR publications on topics related to
plants, bacteria, algae, and fungi has increased by 9-fold over the
past three decades, from slightly over 300 papers in 1991 to
more than 2700 studies in 2020, with around 37,000
accumulated studies over this period (Figure 1). The number
of studies decreases sequentially in the research fields of plants,
bacteria, fungi, and then algae. Most solution NMR inves-
tigations focus on metabolite identification and structural
determination, but isolation, chemical modification, and
solubilization procedures are often required before ECM
material could be subjected to structural characterization,
which can compromise the physical properties and chemical
structures of biomacromolecules.'”" In response to this
technical obstacle, solid-state NMR (ssNMR) has emerged as
a promising technique for investigating intact ECM material
using intact insoluble materials and even whole cells and
organisms that are free from chemical treatments.'®"*" Since
1991, around 1700 ssNMR studies have been conducted on
bacteria, fungi, algae, and plants, with the majority (more than
1000 articles) published after 2011. These ssNMR inves-
tigations were mainly focused on plants (47%) and bacteria
(32%), while fungi (17%) and algae (4%) are under-
investigated. Expedited by the development of high-field
ssNMR and magic-angle sginning dynamic nuclear polarization
(MAS-DNP) techniques,”'~** a rapid expansion of ssNMR
applications on ECM materials is expected in the near future.

This review emphasizes the cell walls and biofilms of two
pathogenic microbes, namely, bacteria and fungi, as well as the
biomass of two photosynthetic organisms, i.e., algae and plants.
We will focus on the panorama of ssNMR research published in
the past decade, which has combined structural and dynamical
angles to describe the nanoscale architecture of cell walls.
Specific consideration is devoted to the applications of
multidimensional (2D/3D) correlation methods to isotopically
enriched cell-wall materials,'”'® providing sufficient sensitivity
and resolution for understanding such complex biosystems. We
will highlight the experimental protocols and data interpretation
pathways for deriving the varied compositions and polymorphic
structures of biomacromolecules along with their nanoscale
assembly and the formation of integrated networks. We will also
discuss the possibility of investigating unlabeled biomaterials as
enabled by technical advances in MAS-DNP and proton-
detection techniques.”””* The methodology and structural
schemes summarized here will guide the ongoing investigations
of the modes of action and structural effects of antimicrobial
therapies and facilitate the development of cost-effective
production of bioenergy and biopolymers.

1.2. Structural Components of Extracellular Matrixes

ECM biomaterials are hierarchical assemblies of covalently
linked and/or physically stacked polysaccharides and glyco-
conjugates, which are formed by an array of relatively simple
building blocks: the monosaccharides (Figure 2). These
supramolecular networks are highly complex and diverse in
structures and functions. The organization of bacterial cell walls
can substantially differ in the Gram-positive (such as Staph-
ylococcus aureus) and Gram-negative (such as Escherichia coli)
species, leading to distinct cell morphologies and different
mechanisms of action for antibiotics.”*” Underneath the capsule
of Gram-positive bacteria, there is a cell-wall layer rich in
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Figure 1. NMR studies of various organisms. A simplified phylogenetic tree of organisms based on genetic sequencing presents the diversity and
evolutionary relationships between biological species.”>*° The organisms described in this review are in bold, with their associated number of NMR
publications summarized as four separate panels. The annual number of publications between 1991 and 2020 has been plotted using data indexed by
Web of Science. Asterisks in the central plot indicate other organisms that have also been categorized. Most of the published works were focused on

plants or bacteria.

peptidoglycan (PG) anchored in the plasma membrane via
lipoteichoic acid (LTA), which assemble into a thick and
compact crust covering the cell surface. On the contrary, Gram-
negative bacteria have a thin layer of periplasmic peptidoglycan
that is sandwiched between the permeable lipopolysaccharide
(LPS)-rich outer membrane and the internal phospholipid-rich
plasma membrane. A fundamental molecule present in both
groups is the PG, which is made up of linear polysaccharides
(typically S0—250 disaccharide long) and linked to small
peptides (usually up to five amino acid residues).”*’

Bacteria infect animal tissues not only as a single cell but also
through a multicellular arrangement called biofilm. Biofilms
enable the cohabitation of cells and preserve a safe environment
for bacteria communities to evolve and resist chemical and
physiological reactions, thus becoming a major contributor to
the globally increasing multidrug resistance.”"”* On the other
hand, such biomaterial also has promising applications in aquatic
biofouling™ and medical sterilization.”” Biofilms are mostly
made of proteins (e.g, functional amyloids) but can also be
accompanied by other biomolecules including polysaccharides
(such as cellulose derivatives) and lipid components.** ™

The cell wall is also present in another pathogenic
microorganism, the fungus. Over 3 million patients are exposed
to invasive fungal infections annually, and around half of them
die despite antifungal treatment.”*® Fungal infections can also
cause morbidities such as asthma, allergy, chronic skin
infections, and keratitis.” In addition, immunosuppressive
medical interventions, the widespread cases of AIDS, and the
outbreak of the COVID-19 pandemic rampantly elevate the risk
of fungi infections.””*’ The mechanical strength and plasticity of
fungal cell walls are essential for preserving cellular viability,
adjusting cellular permeability, and enduring osmotic
stresses.”"** Some of the cell-wall components, such as f-
glucans and mannans, are the main targets for antibodies in the
diagnosis of fungal infection.”> Benefited from their unique
chemical identities and absence in the host cells, fungal
polysaccharides are also ideal targets for antifungal agents.
Recently, three inhibitors of $-1,3-glucan biosynthesis, all of

which are lipopeptide compounds from the echinocandin
family, have been clinically approved and are currently used in
medical therapies.***

As mentioned, fungal cell walls are primarily made up of
polysaccharides and glycoproteins, together with a low amount
of pigments. These molecules are often immunogenic and
promote cellular and humoral distortions when infections
occur.*® The major carbohydrate components include three
commonly found polysaccharides, namely, the partially
crystalline and rigid chitin (a long-chain polymer of N-
acetylglucosamine), the cross-linking f-glucans, and the sur-
face-exposed and protein-associated mannans (Figure 2).*’ In
addition, galactosaminogalactan (GAG) and a-1,3-glucans
represent two under-investigated molecules unique to certain
fungal species.”® The fungal cell wall is structurally dynamic,
with a variable composition depending on the species, cell types
(for example, hyphae or conidia), age, and environmental
stresses. Previous ssNMR studies have primarily focused on
three pathogenic fungi, Cryptococcus neoformans, Aspergillus
fumigatus, and Candida albicans,"~>* but the territory is rapidly
expanding to other fungal species.

Plants and algae share a history of over 1 billion years through
their ability to perform photosynthesis, with cell walls being the
product of energy conversion and carbon capture.’”’ As
ancestors of higher plants, most microalgae are protected by a
plant-like cell wall. However, a glycoprotein-rich cell wall is
frequently found in Volvocales (e.g., Chlamydomonas sp.), while
partially mineralized fungi-like matrixes with a high amount of
chitin protect some diatoms such as Cyclotella and Thalassiosira
(Figure 2).54_56

Land plants evolved from Charophyceae microalgae,”” which
conquered freshwater habitats, but both are thought to be the
result of endosymbiosis with a cyanobacterium.’>**>* While
displaying a diverse geometry according to their function,”’
plant cells are typically made of two distinct walls. Present in all
plants and formed during cytokinesis, the primary cell wall is
characterized by a high extendibility to accommodate plant
growth.®"*> The secondary cell wall is usually deposited after
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Figure 2. Simplified representation of cell walls and biomolecules studied by ssNMR. Built from very fundamental monosaccharide units (central
panel), the polymerized carbohydrate components exhibit highly diverse structures and can associate with each other and other molecules to form the
cell-wall materials in bacteria (top left), plants (top right), fungi (bottom left), and algae (bottom right). The structural schemes of molecules and
ECMs are briefly summarized in section 1.2 and will guide the detailed discussions in later sections.

cell expansion has ceased, further strengthening the resilience
and mechanical integrity.”* Both cell walls contain rigid scaffolds
of cellulose microfibrils enclosed in a soft matrix, which is a mesh
formed by hemicellulose and pectin in primary cell walls but
changes to a hemicellulose and lignin mixture in secondary cell
walls.”*"%" Understanding the polymer network in such
lignocellulosic biomass will facilitate the development of more
digestible crops and cost-effective conversion technology for
biofuel production.®®”"°

2. SOLID-STATE NMR SPECTROSCOPY AND MAS-DNP
METHODOLOGY

2.1. A Practical Guide of ssNMR Techniques for ECM
Characterization

The use of the ssNMR technique minimizes and sometimes
eliminates the need for purification and isolation, allowing for
the characterization of intact ECM materials or native cells.
However, these advantages come with two challenges: the
intrinsically low sensitivity of NMR and the often-insufficient
resolution for cellular studies. Here we briefly discuss the
fundamental phenomena underlying the technical difficulties in
investigating ECM materials. More in-depth descriptions of
NMR spectroscopy can be found in multiple references.”' ="

Many of the ssNMR studies of ECMs are using intact cells or
tissues. In-cell ssNMR studies can be conducted on four
categories of samples, including purified molecules or simplified
and reconstituted systems (in vitro), extracted but structurally
preserved macromolecular complexes such as the cell envelope
(ex vivo/ex situ), intact but metabolically compromised cells (in
situ/in cell/whole cell; often without awareness of the cell
viability), and recently living cells directly packed into MAS
rotors (in vivo)."”**”*~%* Studying living cells using ssNMR
presents an attractive research avenue, but careful consideration
should be given regarding the sample preparation and
experimental conditions. Recently, Frederick et al. have
proposed the use of viability measurements before and after
the experiment to closely monitor the cell state under MAS-
DNP investigations.83 Since the spinning of the sample can
induce centrifugal and dehydrating effects, the experimental
time and spinning frequency should be moderated to maintain
cell integrity and viability. Other factors include the physio-
logical concentration of cells, the heating effect due to
radiofrequency pulses, and the limited availability of media
and nutrients in MAS rotors.

Solid-state NMR detects signals coming from the excitation of
nuclear spins '/, and above. Nuclear spins are sensitive to local
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Figure 3. Technical aspects of ssNMR spectroscopy. (A) Typical NMR nuclei exploited in biomolecular and material research showing different
sensitivities and natural abundances. 1*C, '*N, and *!P are the most common nuclei used for ECM research, while 'H, '°F, and 17O are still underused.
Quadrupolar nuclei are indicated using an asterisk. Common nuclei used in material research are also shown. (B) Solid-state NMR probe with
radiofrequency emission and detection (coil), as well as bearing and driving gas for the MAS of the rotor containing the sample. (C) Various rotor
diameters (mm) containing different sample quantities for reaching different MAS frequencies (kHz). (D) Proton detection in solids enabled by
ultrafast MAS. The resolution increases with spinning speed. Panel D is adapted with permission from ref 98. Copyright 2016 Elsevier.

chemical environments and atomic interactions and, therefore,
enable studying structural and dynamical parameters.'”** A
large variety of nuclei are used in the investigation of
biomolecules and functional materials, from protein structure
determination to the functional scheme of catalysts and batteries
(Figure 3A). Carbon-13 (**C) is usually the standard nucleus for
cellular ssNMR, as its chemical shift spans a sufficiently large
range to resolve a huge number of chemically inequivalent
carbon sites in carbohydrates, lipids, proteins, and polyphenol
polymers.*® Since the '*C isotope has a small gyromagnetic ratio
and a low natural abundance of 1.1%, isotopic enrichment is
generally recguired to circumvent the challenges of limited
sensitivity.”*”*° Proton ('H) and oxygen-17 (170) are also
pertinent nuclei for most biomolecules considering their
elemental composition, but they are still underused in ECM
research mainly due to the limited dis7persion of chemical shifts
or low abundance of these isotopes.”’ ~* Nitrogen-15 (**N) is
useful for characterizing protein constituents and nitrogenated
polysaccharides (such as chitin, chitosan, and GAG), and *'P
and *H are the key isotopes for characterizing lipid molecules
such as glycolipids and phospholipids.””~"* *H and '°F are
potential replacements of 'H with minimal structural
perturbation,”” ™ thus exhibiting an increasing interest in
biomolecular ssNMR. Multiple exotic nuclei, such as 2°Si, !'B,
#Ca, and **S, might be of potential applications to the
bioinorganic centers of ECMs, such as the borate esters and
calcium egg boxes in pectin complexes as well as algal biosilica
and sulfated molecules.

For solid-state samples, a complication appears: the chemical
shift and many spin—spin interactions are orientation-depend-
ent, which leads to broad spectra under static and non-oriented
conditions, limiting both resolution and sensitivity. Magic-angle
spinning (MAS) has thus been developed to average these
anisotropic interactions.””'*’ Nowadays, static experiments are
used only for specific cases and most ssNMR studies are
conducted under MAS conditions. From the experimental
perspective, a biological sample is packed into an MAS rotor to
spin at an angle of 54.74° relative to the static magnetic field
direction (Figure 3B). The outer diameter of commercial rotors
typically varies from 0.7 to 7 mm, which can contain 0.5 to 500
mg of materials (Figure 3C). The MAS frequencies are mainly
restricted by the rotor size; for example, a 0.7 mm rotor enables
stable ultrafast spinning up to 111 kHz, which efliciently
averages out 'H—'H dipolar couplings and enables high-
resolution 'H detection of protonated solids (Figure
3D).58101-103

The NMR signal originates from the nonuniform distribution
of the spin population. In particular, the population difference
for spins distributed in different energy levels split by the
Zeeman interactions (and further by interspin interactions) is
the prime origin of the magnetic resonance phenomenon. The
smaller the population difference, the lower the detected signal
and the lower the sensitivity. Unfortunately, the energy diagram
spans in the tens to hundreds of MHz regime which leads to a
very small population difference when compared with the total
number of spins in each state (in the range of 107°—107*). This
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Figure 4. Representative ssNMR pulse sequences and spectra. (A) 1D '3C experiments of refocused INEPT (top left), CP (top right), DP (bottom
left), and MultiCP (bottom right). (B) Representative spectra collected on the living cells of A. fumigatus. From top to bottom are *C spectra
measured using refocused INEPT, '*C DP with long (30 s; black spectrum) and short (2 s; blue spectrum) recycle delays, and '*C CP. Asterisks show
the dephasing of signals from rigid components in the 2 s DP spectrum, which were enhanced in CP. (C) Five types (i—v) of ssNMR pulse sequences
for measuring "*C—"*C homonuclear correlation experiments. Abbreviations are used for the pulse sequences: cross-polarization (CP); dipolar
decoupling (DD); recoupling (rec.); continuous wave (cw). (D) Representative 2D "*C—'3C spectra measured using J-INADEQUATE (left) and
CORD (right) experiments. All spectra shown here were collected on an 800 MHz NMR spectrometer on intact A. fumigatus cells.*” Panels B and D
are adapted with permission from ref 49. Copyright 2018 Springer Nature.

energy scale is what makes NMR a high-resolution technique
but also one of the least-sensitive spectroscopic methods. The
sensitivity of ssNMR is often evaluated using the signal-to-noise
(S/N) ratio that can be calculated using collected spectra:'**1%°

S/N nyeT_l,/(nyOSt) -fCP~77\/W2 (1)

Better S/N ratios can be obtained by packing more sample or
isotopically labeling the material to increase the number of spins
(n), elongating the experimental time (t) to collect more scans if
the interscan delay time (recycle delays) is fixed, lowering the
temperature (T), measuring the sample on a larger magnet with
higher field strength (B,), optimizing the 'H—'C cross-
polarization efficiency (fcp), and building better probes with
optimized parameters for coil filling (17), coil volume (V), and
coil quality (Q). The signal-to-noise ratio will be increased,
ideally in proportion to the square root of the number of scans.
Two additional factors are the gyromagnetic ratios of the excited
(7.) and detected nucleus (y,), which inspired the development
of many sensitivity-enhancing methods, including cross-polar-
ization (CP) and DNP, to transfer polarization from the “more-
sensitive” nuclei or even electrons to the “less-sensitive” nuclei.

We chose '3C as the standard nucleus for ECM studies for its
abundance, nontoxic enrichment, reasonable sensitivity, spin '/,
nature (Figure 3A), and, more importantly, its well-dispersed

chemical shifts. Chemical shifts (§) are sensitive indicators of
chemical environments and are typically reported in parts per

million (ppm), as defined by

COref (2)

where the differences of observed and reference frequencies are
normalized by the reference frequency after considering a 10°
factor. The reference frequency can be obtained using the
standard resonance frequency of nuclei in a standard compound
such as tetramethylsilane (TMS; most used for ECM studies)
and sodium trimethylsilylpropanesulfonate (DSS; more appli-
cable to protein research). Resonance frequencies of given
nuclei slightly vary depending on the local chemical environ-
ments, resulting in resolvable peaks in an NMR spectrum. The
smaller and larger chemical shifts are sometimes described as
“upfield” (or more shielded) and “downfield” (or less shielded),
respectively. These terms describe the effective field experienced
by a nucleus, which has been reduced (shielded) or increased
(deshielded) by the additional magnetic field created by the
surrounding electrons when compared to a reference com-
pound.

To rapidly screen a large collection of cells and ECM
materials, one-dimensional *C spectra are typically measured

5= 106[
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characterizations.'””'”" (C) The MAS-DNP setup at the National High Magnetic Field Laboratory, USA. The microwave irradiation is generated by a
second harmonic gyrotron emitting a Gaussian beam at 395 GHz. The beam’s power, polarization, and gating are controlled by a quasi-optical bridge
and directed toward the probe in the NMR magnet where the sample is irradiated and spun at 3—15 kHz, as regulated by the console. Cooling to ~100

K is achieved using a dedicated cooling cabinet.'”*

using different ways of creating the initial magnetization (Figure
4A,B).*" J-coupling-mediated 'H—'3C INEPT spectra are
commonly used to select the highly dynamic polymers and
largely solvated molecules."® Direct polarization (DP) of '*C
can either give quantitative detection of all carbons by using
sufficiently long recycle delays (the interscan delay) or provide
selective detection of mobile molecules by using short recycle
delays. For a carbon site, a long recycle delay set equivalent to 4—
5 times of its 3C spin—lattice (T,) relaxation time constants can
efficiently detect 98.2—99.3% of the carbons (thus giving
quantitative detection), while a short recycle delay of a quarter of
the *C—T, can only detect 22% of the signal (thus being
suppressed and filtered). The dipolar-mediated 'H—'*C CP
preferentially detects the rigid molecules with stronger "H—"*C
dipolar coupling or the chemical motifs with higher proton
densities.'”” A MultiCP method has been developed recently to
provide quantitative detection through repetitive 'H—">C cross-
polarization and 'H repolarization steps, providing a time-
efficient replacement for *C-DP experiment.'**'*” These 1D
BC experiments are frequently used to assess the characteristics
of the dynamically heterogeneous ECM or cellular materials to
guide the design of more sophisticated experiments.
Multidimensional (typically 2D or 3D) correlation spectra are
often required for adequately resolving the large number of
chemically different biomolecules and their variable conforma-
tional structures in a cellular system. The conventional 2D
BC—"1C correlation experiments in solids could be grouped into
five categories depending on the mechanisms used for *C—"3C
polarization transfer (Figure 4C,D): (i) J-coupling based
experiments that enable through-bond polarization transfer
such as the J-INADEQUATE experiment,"'°~""® (ii) direct
recoupling of *C—"*C homonuclear dipolar couplings using
recoupling blocks such as RFDR or symmetry-based sequen-
es,"" 71 (iii) assisting *C—'3C spin diffusion by either
passively (without recoupling pulses, for example, PDSD) or

actively (with recoupling pulses, for example, DARR, CORD,
and PARIS) recoupling the *C—"H dipolar couplings,''”~""”
(iv) 'H-"H spin diffusion preceded and followed by *C—'H
and 'H—3C heteronuclear polarization transfer, such as
CHHC,"*”"*! and (v) recently developed third-spin assisted
recoupling (TSAR) schemes such as PAR.'>>71**

The introduction of more dimensions provides additional
resolution and enables structurally enlightening methods by
engineering the polarization transfer pathway. A straightforward
way is to combine 2D sequences with different polarization
blocks (INEPT, CP, DP, etc.) to distinguish components with
different mobilities. Spectral editing methods can be applied to
select molecules based on their chemical structures or dynamics.
Examples include the selection of aromatics or non-protonated
carbons through dipolar-gated sequences, the suppression of
signals from rigid components via relaxation filters, the highlight
of nitrogenated carbohydrates against other glycans using their
N-1C dipolar couplings, and the detection of hydrated
molecules using water-edited experiments.lzs_128 In addition,
the homonuclear spatial proximities (e.g., *C—"*C and 'H—"'H)
probed using 2D correlation experiments and the heteronuclear
distances (e.g., >*C—""F and '*C—'°N) determined by Rota-
tional-Echo DOuble-Resonance (REDOR) provide structural
restraints for understanding intermolecular packing,'*”

NMR is a powerful tool for investigating the dynamics of
biomolecules, which can be correlated to their structural roles.
For example, ECM polymers are often found to form rigid
scaffolds or are distributed in soft matrixes as observed in plant
and fungal cell walls."®'*°""** The dynamical characteristics of
polymers can be studied using a variety of relaxation experiments
that probe motions on different time scales, as well as
measurements of dipolar couplings and chemical shift
anisotropy."*"** It should be noted that there is still a missing
connection between the mechanical compliance of ECM
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materials and the molecular dynamics of polymers measured by
NMR, which requires further investigations.®'

Non-uniform sampling (NUS) acquisition methods have
been introduced to reduce the experimental time by skipping a
fraction of the data that can be deduced or extrapolated from the
rest of the experiment.m5 In general, NUS refers to any pattern
of data acquisition that is performed at irregular time intervals or
with variable numbers of transients taken at different time
points.'** NUS has become a standard approach in solution
NMR and emerges as a frontier of ssNMR."*’~"*" Studies of
ECM and cells present promising future NUS applications.
Paramagnetic relaxation enhancement (PRE) is another
important method that has been employed for the structure
determination of proteins'**™'** and recently applied to
carbohydrate and ECMs.'**'*> PRE substantially extends the
reach of distance measurement (to 10—35 A);"* therefore, it is
uniquely capable of providing long-distance restraints that are
important to the structure determination of large biomolecular
systems.

The ssNMR versatile toolbox can serve a variety of purposes,
from resonance assignment to investigations of polymer
dynamics, water association, and supramolecular organiza-
tion.'*” Methodological advances in 'H detection, **'*
sensitivity-enhancing MAS-DNP,"*”"%°7"3 and ultrahigh-field
magnets (1.0—1.5 GHz)""*™"*7 have further extended the
technical capability of ssNMR.

2.2. Sensitivity-Enhancing MAS-DNP as an Emerging
Technique

At natural isotopic abundance, '*C represents only ~1.1% of all
the carbon atoms. To measure a 2D 3C—13C correlation, the
first *C nucleus must be neighbored with another 13C nucleus,
meaning that only 1.1% X 1.1% or ~1/10,000 of carbon pairs
can generate a correlation. To overcome this sensitivity
limitation, a solution is to “hyperpolarize” the nuclear szpins.
The most common approach nowadays is MAS-DNP,”"">*
which consists of doping the sample with a polarizing agent
(PA), a molecule with unpaired electron spins, and then cooling
and spinning the sample while irradiating with an appropriate
microwave frequency. The gyromagnetic ratio of the unpaired
electron spins leads to a polarization that is theoretically ~658
times greater than the 'H’s and ~2600-fold greater than *C
polarization under identical experimental conditions. Typically,
the electron spin resonant frequencies are in the hundreds of
GHz.

This large electron polarization can be transferred to the
surrounding nuclei by applying appropriate microwave irradi-
ation that depends on the PA’s structure.'*’ The nature of the
transfer, at the quantum level, can be classified as solid effect
(SE), cross effect (CE), thermal mixing, or Overhauser
effect.””'*"13971% The type of active mechanism depends on
the PA’s nature, its concentration, the magnetic field, the
microwave power, and the temperature.

A naive analogy to explain the SE DNP process is illustrated in
Figure SA using buckets, pumps, valves, and liquid. The
polarization (liquid) of the electron spin is pumped up toward
the proton bucket under microwave irradiation. In the SE
mechanism, the microwave drives a forbidden electron—nuclei
transition that enables the transfer of polarization from the
electron spin toward the protons. The stronger the microwave,
the faster the transfer; however, a short electron longitudinal
relaxation T, plays against this transfer by preventing the
polarization from being transferred efficiently. Once transferred

to the proton bucket, the polarization can subsequently be
transferred to an X nucleus (e.g, C or '“N) via CP, for
example. In both cases, the 'H and X nucleus buckets can leak
polarization via their corresponding longitudinal relaxation
mechanisms T ;; and T x, respectively. The analogy clarifies the
role of the relaxation times: T , and T', ;; must be long to favor a
high level of hyperpolarization. This is often the case when the
sample temperature is lowered.

The analogy has its limitation: infinite microwave does not
lead to infinitely fast or infinitely high polarization transfer, as the
hyperpolarization plateaus beyond a certain microwave power.
In addition, the polarization of the electrons, protons, and X spin
systems is in constant equilibrium processes with their
environment. This means that the electron spin polarization is
repopulated at a rate proportional to 1/T ., which was omitted
to keep the analogy more accessible.

For MAS-DNP, CE is the most used mechanism, while the
Overhauser effect is anecdotal'®*'”*"”* and thermal mixing
under MAS has not been demonstrated. The CE generates a
high degree of 'H polarization in a very short amount of time,
enabling high "*C polarization and quick experiment repetitions
for signal averaging and phase cycling. An accurate analogy for
CE is harder to establish, but the general concepts shown in the
SE analogy (Figure SA) remain applicable: the microwave
irradiation helps “activate” a transfer of polarization from
electron spins to proton spins, and the relaxation times must be
long enough to enable the mechanism and maintain significant
nuclear polarization levels. More detailed explanations of the CE
mechanism under MAS can be found in many recent
articles, 169176185

The CE is obtained when the PA possesses two interacting
unpaired electron spins, and the span of their Larmor frequency
must be greater than the Larmor frequency of the targeted
nuclei. This is easily reached for bis-nitroxides that were the first
biradicals designed to efficiently polarize 'H.'**'®” These
biradicals are dubbed “homo-biradicals”, as they consist of the
same electron spin species. AMUPol drawn in Figure SB belongs
to that category.'”’ Another class called “hetero-biradicals” are
made of different electron spin species, such as a nitroxide and a
Trityl for TEMPTriPol,"*® and have been introduced more
recently to overcome limitations at high magnetic fields. In
general, these biradicals are dissolved in a glass-forming matrix,
like the mixture of glycerol/water or DMSO/water, and the
resulting solution is used to wet the sample of interest.

Since their early inception, these biradicals have been
massively improved. Experimentalists and chemists have
designed ever better performing biradicals by educated
guess.'’7' %717 Their efforts illustrated the crucial role of
biradicals’ solubility, the molecular weights’ impact on the
electron spin relaxation times, and the importance of the
coupling between the two electrons’ spins. In parallel, theoretical
analyses revealed how complex the mechanism of polarization
transfer is under MAS, identified the parameters determining the
polarization transfer efficiency, and revealed the rate at which it
occurs.166,17l,176—178,180—182,184,198—202 NOWadaYS, theoretical
models have reached the capability for the in silico design of
efficient PAs, for instance, the AsymPolPOK (Figure SB), and
the prediction of nuclear hyperpolarization and buildup
rate, 171181

Today’s best biradicals deliver nuclear polarization levels that
are ~100 times greater than the thermal equili-
brium,"”" 7SS9 with polarization transfer happening on

https://doi.org/10.1021/acs.chemrev.1c00669
Chem. Rev. XXXX, XXX, XXX—XXX


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00669?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

. 170,171,193,195,196
the time scale of seconds,

massive time saving.

MAS-DNP requires special instrumentation, which consists of
the NMR magnet and consoles, a dedicated probe, a powerful
microwave source, an optional microwave control system, and a
heat exchanger (Figure SC). The microwave source is typically a
gyrotron that generates powerful coherent microwave irradi-
ation.”***% The cooling and spinning are carried out with cold
nitrogen gas to secure a low sample temperature of ~100 K,
which enables long relaxation times of electron and nuclear spins
for efficient MAS-DNP. The probe and rotor are designed to
ensure that the microwave irradiation can reach the sample as
well as enable MAS at low temperature.

MAS-DNP instrumentation has been improved since its
commercialization. MAS-DNP spectrometers are commercially
available for magnetic fields of 9.4 T/400 MHz/263 GHz and up
to 21.1 T/900 MHz/590 GHz.”*>~*" In recent years, probes
using smaller rotors (0.7—1.9 mm) have been developed to join
the originally commercialized 3.2 mm probes. High-resolution
"H capabilities are now accessible thanks to the 0.7 mm rotors
that can spin up to 65 kHz in an MAS-DNP instru-
ment.”*>*°7?% Smaller rotors seem to have additional benefits
at high magnetic fields. Indeed, a drastic loss of hyper-
polarization performance for bis-nitroxides in 3.2 mm rotors at
high magnetic fields (>14.1 T) has been observed. This loss
seems less pronounced for smaller rotors, which may indicate
that high-field DNP is more sensitive to microwave
absorption.”’***” This has been circumvented by using
hetero-biradicals which are optimal with weaker microwave
power.'”®

Low temperatures make the spinning slower by ~50% as
compared to room temperature conditions,”*>*°° limiting the
resolution and pulse sequence library that can be used. To
enable both higher nuclear hyperpolarization and faster
spinning, closed-loop helium spinning systems have been
recently developed.”'"~*'® Temperature reduction also length-
ens relaxation times, therefore reducing the need for stronger
microwave irradiation.”'”*'® A closed-circuit helium system can
reach dramatically lower temperatures, enabling these benefits.
In addition, the speed of sound in He is much higher than that
for N, and results in faster spinning at a given temperature.”'**"!

The low temperature required for MAS-DNP often leads to
less-resolved spectra for more dynamic molecules. This is not
the case for rigid carbohydrates, and the cell wall in general, as
illustrated by recent work on ECMs,*>*'”** and the sensitivity
gains are sufficient to forego isotope sample enrichment
altogether, as demonstrated recently on rice stems.”*"*** For
complementary information on the topic, we refer the reader to
other reviews.” /! S1198167:2237226 1y gy experiments that were
deemed impossible previously, such as natural-abundance
13C—13C correlation, can now be executed on a time scale of a
few hours to a day.””**" %!

additionally offering

3. SOLID-STATE NMR STUDIES OF PLANT MATERIAL

3.1. Plant Cell Wall: A Heterogeneous Network of
Biopolymers

Three classes of polysaccharides coexist in the plant cell wall, i.e.,
cellulose, hemicellulose, and pectin.67'232 Cellulose microfibrils
can be viewed as the stiff scaffold of the polymer network.”®
Synthesized by cellulose synthase (CesA) proteins in the plasma
membrane using UDP-glucose substrates, 18 linear chains of -
(1,4)-glucose residues are held together by hydrogen bonds to

pubs.acs.org/CR
form a partially crystalline microfibril with a diameter of 3—5
nm.”*> As for hemicellulose, it is typically a branched

polysaccharide with high diversity in monosaccharide compo-
sition and branching pattern.”***** Common hemicelluloses
include xyloglucan, xylans, mixed-linkage glucan (MLG), and
mannan (Figure 2). Many types of xylans and mannans are
present with variable patterns of substitutions, including
arabinoxylan (AX), glucuronoarabinoxylan (GAX), galacto-
mannan, glucomannan, and galactoglucomannan (GGM). The
structure of pectin is difficult to define, as it includes a large
collection of sugar units, mainly uronic acids but also galactose,
rhamnose, arabinose, and Xylose.z‘%’237 Hence, no single
technique can provide complete resolution or separation of all
of these sugars. Pectin is perceived as an integrated matrix
formed by covalently interconnected structural domains,
including homogalacturonan (HG) and rhamnogalacturonan-I
(RG-I), together with a low percentage of RG-II and
proteoglycans.”**** Finally, lignin is an important non-
carbohydrate polyphenolic component and is polymerized
from monolignols through radical coupling reactions.”**~***

Plants cells contain primary and secondary cell walls. The
primary wall covers the outside of the membrane of a growing
cell, and the secondary wall starts to accumulate once the growth
has ceased. The extent of cellulose coalescence, namely, the
bundling of elementary microfibrils, is significantly higher in the
secondary cell wall, resulting in large bundles of up to tens of
nanometers across.”*’ The primary cell-wall hemicellulose is
xyloglucan in dicots, such as Arabidopsis thaliana, but is made of
GAX and MLG in grasses (a type of commelinid monocots),
such as Zea mays.”*" In the secondary cell wall, xylan becomes
the dominant form of hemicellulose, although mannan and
mixed-linkage glucans are occasionally found in certain plants.
While pectin is negligible in the secondary cell wall, it is
abundant in the primary one. Pectin is also the major component
of the middle lamella that joins adjacent cells together, and
where the lignification occurs. From the middle lamella,
lignification will progressively reach and dominate the secondary
cell wall.”** Its chemistry relies on three basic phenylpropanoid
monomers, p-hydroxyphenyl (H), guaiacyl (G), and syringyl
(S), differentiated by their number of methoxy groups (Figure
2). They are heterogeneously cross-linked to form a polymer
network that strengthens and waterproofs the cell wall and
increases biomass recalcitrance.”*>**’

It is a formidable challenge to understand the structural
arrangement of a polymer composite as heterogeneous and
complex as the cell wall using conventional analytical methods.
Therefore, the following section will briefly summarize the past
decades of ssNMR efforts in characterizing cellulose structure
and then present the more recent breakthroughs in under-
standing polymer interactions using intact cell walls and whole-
cell materials.

3.2. Structural Investigations of Cellulose

3.2.1. Cellulose: A Chemically Simple but Structurally
Complex Polymer. The assembly and crystallization of
cellulose microfibrils, as well as their coalescence into fibrils
on a larger scale, are structurally stabilized by numerous intra-
and intermolecular hydrogen bonds that chemically involve the
hydroxide groups attached to C,, C, and Cg carbon sites of -p-
glucose units.”*® Crystalline cellulose found in nature was
generally considered to be a mixture of two allomorphs,”*’ I
and 1§, evidenced with distinct "*C CP ssNMR spectra (Figure
6A).%**! In higher plants, the thermodynamically more stable
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Figure 6. An evolving view of cellulose structure from ssNMR. (A) Reference *C spectra of two cellulose samples dominated by either I (top) or I
allomorphs (bottom). They both have two magnetically inequivalent carbon sites and the splitting of lines into doublets. Panel A is adapted with
permission from refs 249 and 256. Copyright 2021 Elsevier and 2006 Springer Nature. (B) Core—shell model of cellulose fibrils with a crystalline
interior enveloped by an amorphous inaccessible surface and then an accessible surface. Panel B is adapted with permission from refs 258 and 259.
Copyrights 2020 Springer Nature and 2019 Elsevier. (C) 2D *C INADEQUATE spectrum (C,—C;s region) resolving a variety of glucose
conformers (types a—g) in intact maize stems. Panel C is adapted with permission from ref 260. Copyright 2019 Springer Nature. (D) Scheme of two
elementary microfibrils bundled together. Each microfibril has 18 glucan chains in a possible 2—3—4—4—3—2 hexagonal pattern. Bundling might lead
to the embedded type ¢ conformer.”*”*®" (E) Hydroxymethyl conformation restrained by 'H—'H distance measurements. Interior cellulose and
surface glucan chains feature different y(Os—Cs—C¢—Oy) torsion angles, as shown by the 'H—"H spin-diffusion curves obtained on the cellulose of
intact Brachypodium primary cell walls. Panel E is adapted with permission from ref 262. Copyright 2018 American Chemical Society.

If allomorph dominates, whereas Ia is preponderant in algae
and bacteria. From diffractograms, it has been established that I
has a one-chain triclinic unit cell (P1 space group), while [ has a
two-chain monoclinic unit (P2, space group).”” >>* 2D
BC—13C ssNMR spectra fully resolved two magnetically
inequivalent glucopyranose units in each of the two allomorphs:
A and A’ units in I and B and B’ residues in 15.°°7>*" Inter-
residue cross peaks have been observed for A—A’, B—B, and B'—
B’ linkages, which were estimated to be at least up to 3.6 A due to
the long recoupling time used to record 2D RFDR spectra.”*®
Together, NMR and diffraction results have revealed that I has
identical chains forming alternating A and A’ units, while I/ has
two types of chains arranged in alternating layers.”**

In addition, ssNMR has been applied to distinguish multiple
artificial crystalline forms, including cellulose-II irreversibly
generated by cellulose-I mercerization (treatment with strong
alkaline solutions) or regeneration procedures (solubilization
and recrystallization) as well as metastable form III (obtained
from evaporation of amines in an ammonia—cellulose comgplex)
and form IV (following heat-treatment of cellulose IIT).>** =%

Despite the well-defined crystallographic structures of model
allomorphs, the structure of cellulose in the plant cell wall is not
yet fully understood. For decades, a 36-chain model has been

widely used to comprehend the organization of a microfibril,
based on a hypothesized arrangement of cellulose synthase
complex (CSC) as a hexamer of hexamer.”””*”" However,
recent analyses of CSC and cellulose microfibrils support a
hexamer of trimer organization where each elementary micro-
fibril should contain 18 glucan chains.”’*~*”> Regarding the
formation of larger fibrils, a simplistic model has proposed that
the crystalline core may be wrapped by an outer amorphous
layer (which can be either accessible or not), with the addition of
an intermediate para-crystalline layer between the core and
amorphous layers (Figure 6B).”"*’% This model was based on
deconvolution procedures applied to the different C, signals and
the paramagnetic relaxation enhancement (PRE) effect after
adding 4-OH-TEMPO radical species, but the limited resolution
could introduce significant uncertainty.'***”’

Since 2016, the combination of 2D *C—'3C correlation
spectra, isotopically enriched cell-wall samples, and high-field
NMR magnets has provided unprecedented resolution and
sensitivity for investigating cellulose structure. Four conceptual
advances have thus been achieved. First, native cellulose
microfibrils in intact plant cell walls are not a simple
superposition of the I and IS allomorphs. Seven types of
glucose units (types a—g) are resolved and consistently found in
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Figure 7. From macro- to microscale primary cell-wall models. (A) Coarse-grain model of the onion epidermal cell wall with multiple lamellae
featured. Purple spheres represent cellulose, green for xyloglucan (XyG), and yellow for pectin. Panel A is adapted with permission from ref 292.
Copyright 2021 The American Association for the Advancement of Science. (B) Scheme of primary cell walls with pectin—cellulose and XyG—

cellulose interactions restrained by NMR data.””®

Panel B is adapted with permission from ref 298. Copyright 2021 Elsevier. (C) Expansin-bound

region of carbohydrates viewed by MAS-DNP. In Arabidopsis, the protein-targeted molecules include XyG as well as the surface chain and interior type
d chain of cellulose microfibrils. Panel C is adapted with permission from ref 297. Copyright 2013 United States National Academy of Sciences. (D)
Representative pectin—cellulose ssNMR cross peak as highlighted using a yellow circle as observed in Arabidopsis. Panel D is adapted with permission
from ref 299. Copyright 2015 Oxford University Press. (E) Model of f-expansin (EXPB) loosening the junctions between highly substituted GAX
(hsGAX) and lowly substituted GAX (IsGAX). (F) A difference spectrum obtained from '*C-labeled maize cell walls with and without
paramagnetically tagged EXPB proteins. Only matrix polymers showed up and no cellulose signals were observed, revealing that EXPB does not bind
cellulose. Panels E and F are adapted with permission from ref 145. Copyright 2016 Oxford University Press.

the 2D "*C—"C correlation spectra of a large variety of plant
species (Figure 6C).”°"** Their chemical shifts substantially
deviate from those determined with highly crystalline and
purified model cellulose samples. Second, the spatial organ-
ization of plant cellulose is more sophisticated than the
crystallographic structures. These seven types of glucose units
coexist in cellulose microfibrils (Figure 6D), with residues
residing on the surface (types f and g), underneath the surface
(types a and b), embedded in the core (type c), and on the
interaction site with hemicellulose (type d). An increase in the
number of embedded chains (type c) has been observed from
primary to secondary cell-wall samples,281 likely due to the
enhanced coalescence of microfibrils, but we still lack a way to
correlate it with microscopic observation for quantitatively
assessing the organization of cellulose microfibrils in a large
bundle, namely, the macrofibrils. Third, the surface and internal
residues, which are important for the stability of the hydrogen-
bonding network and the chemical reactivity of cellulose, were
found to adapt gauche—trans (gt) and trans—gauche (tg)
conformations, respectively (Figure 6E).”°” The hydroxymethyl
conformation is restrained by 'H,—'H, distances. Fourth, the
existence of I and If structures was confirmed but only in the
fibrils with large crystallites. Natural-abundance 'C—"C
correlation DNP spectra collected on cotton cellulose have
revealed chemical shift data that agree with the literature values
collected on these model allomorphs.”®" These findings have
exposed the unexpected complexity of cellulose. The improved
spectroscopic resolution and sensitivity provided by the current

NMR technologies allow us to pursue many unresolved aspects
of the microfibrils and macrofibrils.

3.2.2. Degree of Crystallization: A Well-Defined
Parameter? The structural trait of cellulosic material is often
presented by its degree of crystallization, also denoted as
crystallinity index (CrI).***™*** This key parameter can be
correlated with the mechanical and structural properties as well
as the chemical and enzymatical reactivity of cellulose.”*
Amorphous and crystalline phases coexist in cellulose, but their
spatial organization is still debated, as they might be distributed
longitudinally along the fibril axis or form the disordered surface
and ordered core in the cross section of a fibril. *C ssNMR has
provided a robust and efficient method to determine the Crl,
which relies on either direct integration or spectral deconvolu-
tion of the C, chemical shift region, followed by calculating the
ratio of intensities from the crystalline domain against the
amorphous component. Spectral deconvolution partially
alleviates the peak overlap issue; thus, it is considered to be
more accurate than direct peak integration.”*”** A recent
protocol of CrI determination also includes the use of *C T,
filters for differentiating amorphous and crystalline sites in
cellulose.”***" Furthermore, by assuming a cross-sectional
distribution of these phases, the NMR-measured CrI value can
be converted to a surface-to-interior ratio that can be
extrapolated to the fibril diameter or the number of glucan
chains enclosed in a microfibril.**’~** These straightforward
protocols are well illustrated in the studies of cellulosic materials
from different sources and processed with different procedures,
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Figure 8. Polymer structure and interactions in secondary plant cell walls. (A) *C CP INADEQUATE spectrum of the maize stem resolving 2-fold
(Xn*) and 3-fold (Xn*) xylan domains. (B) Intermolecular contacts between lignin units (H, S, G, and ferulate FA) and polysaccharides (xylan and
cellulose) in maize. The overlay of dipolar-gated PDSD spectra collected using short (0.1 s) and long (1.0 s) mixing times showed numerous lignin—
carbohydrate cross peaks. Abbreviations were also used for the internal (i) and surface (s) glucan chains and the acetyl group of xylan (Ac). (C)
Polymer hydration level revealed by water-edited NMR intensities presented using violin plots. Lignin (L) has the lowest level of water retention in
maize secondary cell walls. (D) Proposed model of secondary cell walls based on high-resolution ssNMR data collected using maize stems. Panels A, B,
C, and D are adapted with permission from ref 260. Copyright 2019 Springer Nature. (E) Comparative models of Brachypodium stem and leaf
secondary cell walls. A higher proportion of xylan functional groups (ferulic acid, FA, and acetyl, Ac) promotes its 2-fold conformation and contacts
with cellulose fibrils. Panel E is adapted with permission from ref 306. Copyright 2021 American Chemical Society. (F) Limited interactions between
3-fold xylan and amorphous cellulose in Sorghum secondary cell walls. Panel F is adapted with permission from ref 307. Copyright 2020 Springer
Nature. (G) A microfibril of spruce softwood formed by many 18-chain cellulose microfibrils and other associated molecules including GGM, xylan,
and lignin. Panel G is adapted with permission from ref 308. Copyright 2019 Springer Nature.

for example, ball-milling, solvent treatment, and mutants for
higher digestibility.*>>**"*"

Unfortunately, it is impossible to align the Crl values
measured using ssNMR and other experimental methods such
as X-ray diffraction, Fourier-transform infrared (FTIR), Raman,
and vibrational sum frequency generation (SFG) spectrosco-
py.””" Indeed, a single CrI value for a cellulosic sample cannot be
provided due to the difference in the chemical motifs and
physical arrangements being examined by different methods,
which has recently been discussed using data collected on cotton
cellulose.””> We must better understand the connection
between NMR chemical shifts and cellulose structure in order
to precisely evaluate the crystallinity of cellulosic materials.

3.3. Interactions between Cellulose and Matrix
Polysaccharides in Primary Cell Walls

As mentioned before, matrix polysaccharides include hemi-
cellulose and pectin corresponding to the acidic polymers in the
mobile gel-like matrix that can be extracted from primary cell
walls by alkali treatments. Hemicellulose and pectin are
produced in the Golgi apparatus and then secreted through
the plasma membrane to the cell wall via vesicles.”****” This
process happens concomitantly to cellulose synthesis and
assembly, which might have contributed to the association of

matrix polysaccharides to cellulose by surface deposition or
chain entrapment. Hemicellulose was long thought to cross-link
multiple cellulose microfibrils and thus assumed a central role in
load-bearing, while pectin was typically considered as phase-
separated from the cellulose—hemicellulose network.”** Our
understanding of these polymers’ interactions and their
contributions to cell-wall mechanical properties has been revised
following recent biophysical and biochemical studies.***

In 2021, a groundbreaking study of primary cell walls using
mesoscale coarse-grained molecular dynamics (CGMD) simu-
lations (Figure 7A)*?
to-mesoscale correlation for the polymer assembly.
Demonstrated on onion epidermal cell walls, this work showed
that tensile forces are mostly transmitted by cellulose micro-
fibrils through sliding between microfibrils, thus contributing to
the irreversible extension and regulating the plastic deformation
of the cell walls. The role of hemicellulose and pectin in the cell-
wall mechanical properties was proposed to be indirect,
primarily by influencing the arrangement of cellulose micro-
fibrils in the networks and affecting the accessibility of cellulose-
modifying proteins. This latest model incorporates some key
conceptual contributions from ssNMR studies, as will be briefly
discussed below.

allowed the establishment of a nanoscale-
293,294
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By applying ssNMR, the hemicellulose xyloglucan (XyG) was
found to interact with cellulose at specific regions (Figure 7B),
based on the limited XyG—cellulose cross peaks observed in a
3D "3C correlation spectrum of Arabidopsis seedling cell walls—
the first high-resolution ssNMR data set collected on intact
primary cell-wall material.”>> This finding was supported by
subsequent biomechanical studies®*”°
scanning electron microscope (FESEM) observations.””* The
“biomechanical hotspots” of Arabidopsis primary cell walls,
where xyloglucan is entrapped in the type d conformer of
cellulose, were also found to be the binding target of a wall-
loosening protein named expansin (Figure 7C).>"**7 This
result is in agreement with the equilibrated CGMD model], in
which XyG exists as either an extended chain or a locally
clustered coil and is attached to cellulose microfibrils with very
limited sites of contacts.”””

Unexpectedly, many intense cross peaks have been observed
between cellulose and pectin, more specifically, with the
galacturonic acid (GalA) and rhamnose (Rha) residues that
form HG and RG-I backbones (Figure 7D).>**7% A quarter to
half of the cellulose surface was estimated to be spatially
proximal to pectic polymers based on the spin-diffusion buildup
data.’” Pectin—cellulose contacts were consistently observed in
a large number of wild-type and mutant Arabidopsis samples and
fully retained even when bulk portions of HG were extracted
from the cell wall."?**?%2*?01=3%% This suggests that some
pectic backbones are physically entrapped between glucan
chains in a cellulose microfibril or sandwiched between multiple
microfibrils when they are being assembled and bundled in the
cell wall. Notably, in a study of Arabidopsis inflorescence stems,
pectic polymers in the top segments were found to have more
branched structure, reduced interactions with cellulose, and
increased molecular mobility (probed by measuring *C—'H
dipolar couplings) than in the bottom segments.'** These NMR
results are in good agreement with the observed apical-to-basal
decrease in elongation rate as well as elastic and plastic
compliances. This notable advance presents an effort to
correlate the molecular-level structure and dynamics of
polymers with the mechanical properties of cell walls and the
plant growth.

The primary cell wall of grass (a commelinid monocot) has
also been investigated. In Brachypodium, the major hemi-
cellulose, glucuronoarabinoxylan (GAX), was shown to be
partitioned into two dynamically distinct domains, as revealed
by their different *C—T, and lH—Tll, relaxation parametersf”05
The rigid domain is interacting with cellulose, while the mobile
region may be filling the interfibrillar space. In a study of maize
primary cell walls, the junctions between highly and weakly
substituted GAX were identified as the binding target of f-
expansins that are native to the grasses (Figure 7E). This study
used extracted expansin proteins from the grass pollen that have
been bound to paramagnetic Mn(II) tags to examine the
transverse PRE effect on the carbohydrate signals in grass cell
walls (Figure 7F)."*> The PRE method, together with the
differential labeling and DNP approach, demonstrated its
usefulness in the examination of the binding targets of many
other proteins or enzymes containing carbohydrate-binding
modules (CBM). The roles of other matrix polysaccharides,
such as mixed-linkage glucan and pectin in grasses, were not
evaluated using these simplistic model samples and require
further investigation.

and field emission

3.4. Polymer Contacts in Secondary Cell Walls

Recent efforts have been progressively shifted to the under-
standing of the spatial organization of cellulose, hemicellulose,
and lignin in secondary plant cell walls. The first breakthrough is
the identification of the conformational selectivity of
xylan.**”*'® Complemented by density-functional-theory
(DFT) calculation, the NMR-observed peak multiplicity was
associated with the conformational heterogeneity of this
hemicellulose.>” As illustrated in Figure 8A for maize stem,
two sets of xylan cross peaks could be identified, i.e., 2-fold xylan
(Xn*) and 3-fold xylan (Xn*), with a 360° helical rotation
occurring every two or three xylose units, respectively.”®” Xn*
has a flat ribbon structure, while Xn* has a helical shape and is
the one observed in solution and presumably in the more
disordered matrix of the secondary cell walls. In the vicinity of
cellulose, mutual interaction leads xylan to adapt a 2-fold
conformation to match the conformation of cellulose—a form
that is abolished in a cellulose-deficient mutant.**” Quantifica-
tion of adsorbed xylan on birch pulp kraft has validated the
conformational selectivity of xylan in the presence of cellulose
and demonstrated its reversibility after xylan removal or
readsorption.”"!

Xylan also interacts with lignin, primarily through its 3-fold
conformation. This is evidenced with maize stems by the xylan—
lignin cross peaks observed in a set of spectral editing
experiments that selectively detect signals of aromatic molecules
and their associated components (Figure 8B)."**°**'* Xylan—
lignin interactions would occur through surface contacts
between different polymer domains as each type of molecule
efficiently retained its unique hydration and dynamics (Figure
8C). Altogether, these results led to a structural scheme of
secondary cell walls where xylan uses its 2-fold and 3-fold
conformations to respectively bridge the cellulose surface and
lignin nanodomains (Figure 8D).>"

The conformational dependence of xylan’s function was also
confirmed in a recent study on 7-week-old Brachypodium (a
model grass).**® The structure and interactions of xylans were
compared between the leaves and the stems, with the latter
containing more secondary cell walls. Xylan chains were found
to have twice as much acetylation and 60% more ferulation in
the stems than in the leaves. Also, a high content of 2-fold xylan
was observed in the stems, as well as more extensive xylan—
cellulose interactions (Figure 8E). Surprisingly, a ssNMR study
of the grass species Sorghum bicolor revealed a unique and weak
interaction between 3-fold xylan and cellulose. This grass sample
lacks 2-fold xylan and relies on the 3-fold conformers to interact
with cellulose, likely at the amorphous region of the microfibrils
(Figure 8F).”” A recent study on softwood conifer secondary
cell walls further reports that galactoglucomannan (GGM), the
major hemicellulose of softwood, binds the surface of cellulose
microfibrils in a semicrystalline manner, with lignin in
association with the cellulose-bound polysaccharides (Figure
8G).****"* In addition, the physical and mechanical properties
of hemicellulose have been assessed by incorporating extracted
softwood or hardwood hemicellulose into bacterial cellulose
hydrogels to closely imitate plant secondary cell walls before
lignification.”'* Despite these major advances, many structural
aspects of the secondary cell walls, such as cellulose—lignin
contacts and the covalent and physical interactions regulating
polymer associations, still require in-depth investigations by
ssNMR methods.

https://doi.org/10.1021/acs.chemrev.1c00669
Chem. Rev. XXXX, XXX, XXX—XXX


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00669?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews pubs.acs.org/CR
A B C
€ 4 € maize Arabidopsis €
s s s OMe . ©Bp g
o 2,6 ‘ o o
RE 9 AY o 7
110 sz CV 140
jcG ; ]
= rojAa_ By 50
120 6 <= <
poplar 160~
. 801 ]
= H26 A (G./,H) H Ss's‘hr'v\ \/wﬁu 170
1304 “Phe = PRV
26 AB (S) \ WL SN \<\:;A i
T T T T T T LN B SO B B S S S T T T T T
570 ypemy 50 40 1y (ppm) 198 190" 3¢ (ppm) 140130 120 1ag (ppm)
XyG
D 6% Ara
e Lipid
9% iIsIGA 1 | {
Rha 235 |
GalA/GlcA SR GA ‘ MultiCP
0,
47% Simulated
GA ,
/‘ Lipid i/s/Gal, ‘ Ac,,,
co IR
6
’ - - e LI ¥\4Al\hq
180 170 120 100 90 80 70 60 50 40 30 "
C ppm

Figure 9. Difficulty of lignin ssNMR and compositional analysis. (A) Representative solution-state HSQC spectra with a high resolution of both
monolignol units and linkages for poplar wood.?'¢ Panel A is adapted with permission from ref 316. Copyright 2020 American Chemical Society. (B)
Representative 1D '*C ssNMR spectra of various plants showing broad lignin signals. Panel B is adapted with permission from refs 260 and 327.
Copyrights 2019 Springer Nature and 2020 Elsevier. (C) 2D *C ssNMR resolving the signals of lignin units. Panel C is adapted with permission from
ref 260. Copyright 2019 Springer Nature. (D) Quantitative MultiCP spectrum of onion cell walls reconstructed from 59 deconvoluted peaks. Sugar-to-
lipid ratio and carbohydrate composition are obtained but with considerable uncertainty. Panel D is adapted with permission from ref 331. Copyright

2021 Springer Nature.

3.5. Limitations and Perspectives of Solid-State NMR in
Plant Research

3.5.1. Lignin Structure and Lignified Cell Walls. Lignin
is commonly found in the secondary cell walls of certain
specialized plant cells, where it confers high rigidity and
resistance to microbial degradation.’’® There is a paradox
between the simplicity of monolignol basic units and the
complexity of the polymerized network, which is a result of the
variety of linkages present in lignin.”***'® Solution NMR is the
most employed analytical technique to characterize lignin
(Figure 9A),"*'>3'73!% and only a few ssNMR experiments
have been carried out to investigate the lignin structure. 1D
ssNMR approaches have been used to determine how well lignin
fractions were solubilized prior to solution NMR measurements
and to avoid the chemically destructive acidic hydrolysis
methods (like Klason lignin analysis) for quantification.””~***
Efforts have also been made to estimate the ratio between the G
and S units in poplar and other woody plants,”****" but
insufficient resolution prevents accurate determination of the
concentration of individual lignin units and linkage patterns.’**
In addition, all deconvolution procedures applied in the spectral
analysis are affected by considerable uncertainty, especially
when broad peaks overlap (Figure 9B). Lignin units can be
better resolved in 2D *C—'°C correlation spectra (Figure
9C).>%**** DNP has also been applied to wild-type and mutant
poplar samples to unravel the structural changes of lignin, and

the resolution enabled distinguishing the three types of
fundamental units and partially probing their linkages.”*”
More efforts are needed to improve the ssNMR capability for
lignin structure characterization to par with solution NMR
methods, with the additional merit of using native samples free
of chemical treatment, ball-milling (which restructures bio-
molecules, as shown recently”®"), and solubilization procedures.
The covalent linkers bridging monolignol units and the putative
lignin—carbohydrate complex”'***” are also of special interest
for ssNMR investigations.

3.5.2. Quantification of Cell-Wall Composition. To
account for the diversity of plant species, their evolving traits
during growth, and the development of genetically modified
organisms, statistical analysis approaches, more commonly
undertaken in metabolomics and 'H HR-MAS studies of natural
products, begin to extend to ssNMR research of lignocellulose.
For example, such strategies have been applied to monitor water
deficiency effects in order to better understand drought stress on
plants.”** Unfortunately, ssNMR lacks the time efficiency to
survey a large number of samples—a mandatory step to match
the success of metabolomics in solution NMR.>***%*

Since NMR resolves differences in chemical environments,
changes that occur on biomaterials after they are subjected to
any form of exterior physical or chemical perturbation can be
easily detected using well-established chemical shifts,**>~**
with the assistance of an online chemical shift database.**®
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Figure 10. Natural-abundance MAS-DNP spectra and 'H detection of plant cell walls. (A) Refocused-INADEQUATE spectra and assignment of
polysaccharides and their conformers using unlabeled rice stems taken from the field.**" The resolved carbohydrates include the 2-fold (Xn*) and 3-
fold (Xn*) xylan and the many types of glucose units from surface (s) and interior (i) chains of cellulose. The top panel represents the non-reducing
carbon (Cg/C; for cellulose/xylan, respectively) directly linked to the central carbon (C;/C, for cellulose/xylan, respectively), while the bottom panel
indicates the chemically similar central carbons. Panel A is adapted with permission from ref 221. Copyright 2021 Springer Nature. (B) Refocused-
INADEQUATE spectrum of wild-type poplar and high-S mutant paving the way for assignment of lignin signals using unlabeled samples. Panel B is
adapted with permission from ref 329. Copyright 2017 American Chemical Society. (C) Fast MAS (50 kHz) INEPT spectrum of '*C-Arabidopsis
primary cell walls resolving the signals of sugar units in the mobile matrix polysaccharides. The dashed line indicates the position of the 'H cross section
for highlighting the narrow line width. Panel C is adapted with permission from ref 89. Copyright 2019 Springer Nature.

Therefore, modifications of the plant cell-wall structure,
composition, dynamical properties, and polymeric interactions
during their development'*”** or under external factors,”’
such as heat,”*’ physical stress, enzymatic digestion,”” chemical
treatment,®*' ™" or any combination of these, could be better
understood.**”***

To bypass exceedingly long *C T relaxation times, CP is
preferred to DP, as it is well adapted for rigid cellulose and lignin,
notably when internal references are used to quickly calibrate the
polarization transfer efficiency between samples.”* For
example, celery is a model plant with two types of primary cell
walls (parenchyma and collenchyma). This plant has been used
in comparative NMR studies to elaborate 1D CP and DP
methods for discriminating different sugars.***™**° We recently
delved into sugar quantification on a chemically similar system,
i.e., the epidermal cell wall of onion, by combining quantitative
Multi-CP spectrum and spectral deconvolution (Figure 9D).*’
The results were in relatively good agreement with chromatog-
raphy techniques (+8% for major cellulose and homogalactur-
onan units and +4% for minor sugars). However, quantifying
the polymer composition in ECMs remains a challenging task.

3.5.3. Is Isotopic Labeling Still Mandatory? Multiple
emerging approaches allow one to either entirely or partially
alleviate the need for uniform isotopic enrichment using *CO,
or *Cg-glucose.’® The “natural-abundance DNP” ap-
proach®”***** has been applied to a large variety of unlabeled
plant samples. For example, MAS-DNP provided a 23-fold
signal enhancement using cotton samples, with the line widths
largely preserved (0.8—0.9 ppm) despite cryogenic temper-
ature.”®’ The 2D spectra assignment agreed with cellulose I
references, but substantial modifications of cellulose structure by
ball-milling procedures have been noticed. Recently, a DNP
protocol for systematically investigating plant cell walls has been
developed and demonstrated on the wild-type sample of Oryza
sativa (rice) as well as a ctll ctl2 double mutant showing

brittleness phenotypes.””’ A 22—57-fold signal enhancement

allowed resolving different conformers of cellulose and xylan
using unlabeled stems, with 2D INADEQUATE and CHHC
spectra resembling those collected with classic *C-labeled
samples (Figure 10A). The structural information provided by
cryogenic temperature DNP (circa 100 K) was complemented
by room-temperature natural-abundance relaxation measure-
ments, revealing higher polysaccharide mobility in the mutant
cell walls.””" Since the samples used in this study were rice stems
directly collected from the field, the toolbox is thus generally
applicable to all lignocellulose materials.

Natural-abundance DNP has also been used to determine the
extent of delignification in wood material subjected to
pretreatment (lignin extraction)®”' and to analyze the
monolignol units and linkages in wild-type poglar and a mutant
with a high content of S-units (Figure 10B).”* DNP has also
been employed to characterize cellulose derivatives and
understand the regioselectivity of cellulose methylation.””
The DNP-enabled 2D “C—'C INADEQUATE spectra of
unlabeled cellulose derivatives provided sufficient resolution for
identifying the methylation site. Alternatively, the unique
mobility of CH; groups, which was retained at the DNP
cryogenic temperature, was utilized to locate their closest
neighbors in space, here cellulose C;, by monitoring NOE
polarization transfers.”>

Another promising direction is the proton detection under
ultrafast MAS. In 2019, a series of 2D and 3D 'H-!*C
correlation experiments were conducted on the model plant
Arabidopsis under slow to moderately fast spinning frequencies
(10—50 kHz).*” With a 'H line width of ~50 Hz (0.06 ppm on
an 800 MHz spectrometer), resonance assignment has been
successfully achieved for matrix polysaccharides (Figure 10C),
and a good agreement was found between the "H chemical shifts
of these mobile molecules measured in the solid and solution
states. Long-range correlations between matrix polysaccharides

https://doi.org/10.1021/acs.chemrev.1c00669
Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00669?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00669?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00669?fig=fig10&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00669?fig=fig10&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00669?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews pubs.acs.org/CR
A S. cerevisiae B
Y e ! i " 1 a-1,3-glucan
| B-1,3/1,6-glucan | 1.04 ,(}.w@('\ & han
H ' I'q\\\"'l & ~ ‘
p-1,3/1,4-glucan i ' 2 08 : : KY)| protein
T i i B-16-glucan g ; I
1 1 -—
i 1 oee® £ o6/ | |
! ! chitin B | | B-1,3/1,4-
1 1 N | | glucan
1 1 ©
galactofuran ! E 044 | o%
i i S |
.“‘\" ! chitin ! = | - a-1,3-glucan
l.“.. | H 0.2 | 1
| ! | I
mannan ¢ . N | B-glucans | éj H chitin
L 1 0.0 1 1
A. fumigatus carbon sites
3 mycelium 4 extracted
g @o @ () 2 6 ap N - Q’ ° a-glucan
o | & B ] | & o ’u% / 0 g
- 9 X ) 2
70 o ° 704 . ' M = B-1,3/1,6-
" N glucan
x e 4 B 1 & & u
80+ " 804 M
8 x 7 fﬁ M'
1 )
o @ LD 90 g atb £ 2 a-1,3-glucan
1004 / g 1004 /g L x—F chitin
T — v . membrane
100 90 80 70 '3C (ppm) 100 90 80 70 |3C (ppm)

Figure 11. Fungal cell-wall architecture viewed by ssNMR. (A) Carbohydrate connectivity of the alkaline-insoluble core of fungal cell walls as reported
using biochemical assays. The common module found in many fungal species is boxed using dashed lines. The structural features in A. fumigatus and S.
cerevisiae are distinguished.” Panel A is adapted with permission from ref 3. Copyright 2007 John Wiley and Sons. (B) Water-edited intensity as an
indicator of polymer hydration measured using A. fumigatus mycelium. For instance, chitin and a-1,3-glucan are poorly hydrated when compared to -
glucans. (C) Structural scheme proposed for A. fumigatus, emphasizing the packing between chitin and a-1,3-glucan to form the hydrophobic and rigid
core. Panels B and C are adapted with permission from ref 49. Copyright 2018 Springer Nature. (D) 2D *C PARIS spectra collected on the hydrated
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and cellulose were also reported, based on "H—"H spin diffusion
instead of the more conventional *C—'*C polarization transfer.
These experiments have been demonstrated using either 'H or
13C detection; however, it should be noted that the broad 'H
signals of cellulose are typically filtered out to ensure sufficient
resolution, and cellulose is typically detected only using "*C.
Almost at the same time, another 'H-detection study has been
conducted on bacterial materials under 100 kHz MAS to
investigate the structure of peptidoglycans.”® The 'H chemical
shifts of polysaccharides reported by these studies certainly pave
the way to investigate unlabeled plant materials exploiting the
'"H nucleus with high natural abundance (99.98%).

Another strategy worth mentioning is the selective or sparse
labeling approach. It does not evade the demanding procedures
involved in isotope labeling but can provide a way to tackle
specific molecules of interest. For example, from *H-labeled
UDP-glucose (precursor for cellulose synthesis) and "*C-
coniferin (a lignin precursor), cellulose and lignin have been
tracked in the ginkgo tree to determine their mutual interactions
and the linkages they form as well as follow where labeling
occurs in newly formed xylem.*>” Selective labeling has also
been coupled with "*C{*H} REDOR experiments to identify the
tyrosine—tyrosine cross-linking occurring in plant cell walls and
measure the strength of the associated dipolar coupling, whereas
BC{"*N} REDOR enables exploring the steric hindrance from
neighboring lysine peptides.”**

At this stage, information on the polymorphic structure (with
chemical shifts as a sensitive reporter of the linkages and
conformations), dynamics, and hydration of polysaccharides can
be efficiently obtained using unlabeled tissues.””’ Another
structurally important aspect—intermolecular interactions—
could possibly be addressed by the establishment of 'H-
detection techniques. Therefore, we expect a new era of research
on unlabeled materials for addressing key biochemical questions
related to ECMs. After sample optimization, each DNP-
enhanced *C—"*C correlation spectrum can be recorded within
tens of hours using unlabeled materials.””' The experimental
time, however, is still noticeably longer than the typical NMR
experiment conducted on isotope-enriched samples. DNP and
proton-detection approaches should primarily serve as enabling
methods for samples that are either difficult to label or
impractical to replicate. With constantly improving radicals
and instrumentation, the combination of the natural-abundance
MAS-DNP and 'H-detection techniques and isotope labeling
should substantially expand the ssNMR playground in
biomolecular and biomaterial research.

4. RESOLVING THE MOLECULAR ARCHITECTURE OF
FUNGAL CELL WALLS

4.1. Fungal Cell Wall as a Target for Drug Development

Fungi are a class of eukaryotic microorganisms widespread in
nature where some of them cause invasive infections or systemic
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diseases in humans.” Candida, Aspergillus, and Cryptococcus
species are responsible for more than 1.6 million life-threatening
infections annually, with 20—95% mortality.***>> Azoles and
amphotericin B (AmB) are prevalent agents used in antifungal
treatment, exhibiting a broad spectrum of activity against most
clinically relevant unicellular non-sporous yeasts and multi-
cellular sporous molds. These compounds either directly bind
ergosterol molecules in fungal membranes or inhibit enzymes
involved in the biosynthesis of ergosterol. Similarly, in human
membranes, they can exhibit disadvantageous interactions with
cholesterol and enzymes in human membranes, leading to severe
side effects.>*> 3% In addition, drug resistance has been growing
significantly over the past decades.”>”***

Since the fungal cell wall contains polysaccharides that are
absent in human cells, significant attention has been devoted to
the identification of antifungal compounds targeting fungal
polysaccharides. Rewarding these efforts, a class of f-(1,3)-
glucan synthase inhibitors named echinocandins have been
clinically agéproved and are currently used to treat fungal
infections.>*°™3%® Nevertheless, echinocandins have a limited
spectrum of activities: these compounds have high eflicacy
against invasive candidiasis (infections caused by Candida
species) but not for invasive aspergillosis, which is due to the
adaptive mechanisms developed by Aspergillus species.”*>"!
An in-depth understanding of the molecular organization of cell
walls across fungal species and the structural effects from
antifungal compounds could pave the way for developing wall-
targeting drugs with higher eflicacy and a broader spectrum of
antifungal activities.

4.2. Incomplete Understanding of Fungal Cell-Wall
Structure

The polymer composition of the fungal cell wall is highly
heterogeneous, but chitin and fS-glucans are two components
commonly found in many species. Chitin is a highly elastic
polymer of p-1,4-linked N-acetylglucosamine monomers
(Figure 2), which can be stabilized through hydrogen bonds
to form microfibrils.”’> Chitin accounts for 10—20% of the
polysaccharides in Aspergillus fumigatus and Candida albi-
cans””*"* and becomes deacetylated chitosan in Cryptococcus
neoformans. Glucans are the most abundant polysaccharides in
fungal cell walls, accounting for 50—60% of the dry mass.’”” f-
1,3-Glucans comprise 65—90% of all S-glucans in the cell walls,
where their content varies from 25—30% in the filamentous
fungus Aspergillus fumigatus to 50—S55% in Saccharomyces
cerevisiae.> >3 737377 f-1,6-Glucan is also important, with a
proportion of 5—12% in S. cerevisiae cell walls and around 20% in
C. albicans cell walls. There are no linear $-1,6- or -1,4-glucans
in A. fumigatus; however, branched $-1,3/1,6-glucans (with a -
1,6-linkage as the branching point) and linear $-1,3/1,4-glucans
have been identified. Compared to f-glucans and chitin,
mannans are less rigid and constitute ~10—20% of the cell
wall in A. fumigatus and C. albicans.””® In C. neoformans, cell
walls are embedded in a capsule that contains up to 90% of
glucuronoxylomannan (GXM) and galactoxylomannan
(Galxm).””

A conceptual understanding of the fungal cell wall includes an
inner layer made up of branched f3-1,3-glucans, which covalently
connect to chitin and other glycan components, as well as an
outer layer rich in glycoproteins.”*™**” Such supramolecular
organization was based on biochemical assays that include initial
chemical/enzymatic digestion, fractional solubilization, and
isolation of cell-wall components followed by sugar composi-

tional and linkage analysis.”*"*** This method allows for the
assessment of biopolymers’ susceptibility to chemicals (such as
alkali) and enables the identification of key connections between
different cell-wall components. The cumulative results lead to
the structural scheme in which the chitin—f-glucan center (and
further complexed with mannan), an alkali-resistant fraction
stabilized by intermolecular covalent bonds, is proposed as the
mechanical core (Figure 11A).>%** Mass spectrometry
techniques, with a focus on the surface layer, have identified
the presence of mannans, proteins, a-glucans, and GAGs. 385386
These molecules are often proposed to regulate fungal virulence
by covering the inner cell-wall components and evading the
detection of immune receptors.

However, most biochemical techniques are detrimental to the
sample, and the imaging methods lack sufficient resolution for
precisely disclosing polymer interactions in this complex
biomaterial. Therefore, ssNMR methods have been recently
developed to investigate polymer composites or whole-cell
samples of major fungal pathogens, thus complementing the
information collected using conventional methods to advance
our understanding of cell-wall architecture.

4.3. Function and Assembly of Biopolymers in Fungal Cell
Walls

Recently, we combined ssNMR with MAS-DNP to disclose the
cell-wall organization of uniformly *C,"*N-labeled A. fumigatus
mycelia.*”***” Different from the conventional vision of
biochemical assays, which are mostly focused on covalent
linkages and the resistance of polymer assembly to chemicals,
now we are considering the mobility, hydration, and physical
packing of these molecules. Structural polymorphism is found to
be a conserved feature of polysaccharides in the native cellular
environment. This insight is enabled by the high resolution,
typically within 0.7 ppm "*C line width, provided by high-field
NMR (800 MHz or above) at room temperature.”” With the
unprecedented resolution, it was found that a-1,3-glucan
molecules in A. fumigatus mycelia have a structural function
beyond expectation. Water-editing and relaxation-based experi-
ments revealed its hydrophobicity and rigidity, respectively, just
like chitin (Figure 11B), while 2D *C—"C/"*N intermolecular
cross peaks, many of which were enabled by the sensitivity
enhancement of DNP, directly revealed the sub-nanometer
association of a-1,3-glucan and chitin. This concept had never
been reported before because the bulk of a-1,3-glucan can be
easily digested by alkali treatment, thus lacking the covalent
linkages to the chitin-B-glucan core. However, physical
associations allow for the coexistence of a-glucans and chitin
to form a rigid and waterproof scaffold around the cell,
protecting it from external stresses. These results provide a
picture in which the #-glucans serve as tethers between multiple
chitin—a-1,3-glucan domains underneath the outer layer of
proteins and mannans (Figure 11C).49

Ehren et al. investigated the cell-wall organization in the
basidiomycete Schizophyllum commune,*” which is one of the
most commonly found fungi and can be a pathogen.”® In this
work, they extracted cell-wall components from uniformly '3C,
"“N-labeled mycelia by sequentially subjecting the mycelia to
PBS washing to remove the cytoplasm, SDS extraction to
deplete hot-SDS-soluble components such as -1,3/1,6-glucans,
and alkali extraction treatment to remove a-1,3-glucan. Over the
course of these steps, an increasing number of molecules have
been removed from the cell wall, as shown by the 2D *C—"C
INEPT-TOBSY and PARIS spectra (Figure 11D). The mobile
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part of 3-1,3/1,6-glucan is left behind as the primary molecule
found in the J-based spectra of the final, alkali-treated sample.
Signals from lipids and amino acids were exclusively found in the
hydrated mycelium but not the treated samples, indicating that
they are not part of the cell wall but rather the inside of the cell.
ssNMR analysis showed that various forms of glucans, mannose,
chitin, and surprisingly fucose constitute the primary compo-
nents of S. commune cell walls (Figure 11E). The rigid part of the
cell wall is made of chitin that is likely branched to glucans, while
the mobile part comprises the terminal hexoses included in a-
and f-linked glucans. Distinct types of mannose species were
observed in the mobile region, indicating mannose as being part
of an extended, mobile component that is either branched or
integrated into mannosylated proteins. These findings con-
firmed the previously reported arrangement of the cell

wall®®*73%! and further provided new insights that the rigid

part of the S. commune cell wall contains a-(1,3)-glucan and
polymeric fucose.®” In contrast to what has been reported for S.
commune,””> Ehren et al. found no evidence of peptides engaging
in polysaccharide cross-linkage.*”

4.4, Reorganization of Fungal Cell Walls in Mutants

It is noteworthy that ssNMR and biochemical analysis have
remarkable synergism. Molecules are distinguished by their
distribution in the mobile and rigid phase using ssNMR, which
complements the view of their covalent linkages and alkali
solubility as probed by chemical approaches. In a recent study,
the functional diversity of @-1,3-glucan, the molecule overlooked
in biochemical assays, was confirmed through its heterogeneous
distribution in the alkali-soluble (AS) and alkali-insoluble (AI)
portions of the inner and outer domains of cell walls (Figure
12).**’ This study also evaluated the function of GM and GAG,
two molecules not discussed in the previous study,49 and both
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were found to mainly reside in the mobile phase of the cell wall.
An unexpected finding is the co-localization of valine and the
alkali-insoluble core of the cell wall. The resistance of valine to
hot alkali extraction suggested a putative role of this amino acid
in stabilizing the macromolecular complex of cell walls.

The combination of ssNMR with functional genomics
allowed us to compare the cell-wall organization in a widely
used strain (AakuB¥*%) of A. fumigatus and four mutants
constructed based on this parental strain.’®’ Each mutant
selectively eliminates a major structural polysaccharide,
including chitin, @-1,3-glucan, galactomannan (GM), and
GAG. Using this strategy, we evaluated the structural function
of each polysaccharide and monitored the compensatory
changes of the cell wall in response to internal stresses.
Comparison of different strains indicated that gene deletion
significantly reshuftled the molecular composition and spatial
organization of cell-wall polysaccharides (Figure 12). These
changes were correlated with the sophisticated modification of
polymer dynamics and the decreased water retention of cell-wall
polysaccharides to rationalize the reorganization of macro-
molecules in each mutant. The results suggest that fungi tend to
produce denser and more hydrophobic cell walls as a mechanism
to address structural defects, and further studies are ongoing to
validate if this is a generally applicable compensatory mechanism
for different fungal species and internal and external stresses.

4.5. Structural Polymorphism of Chitin and Chitosan in
Different Fungal Species

Chitin is one of the most important carbohydrate components of
fungal cell walls and has a prominent role in protecting and
supporting the cell wall.” Widely found in almost all fungal
species, chitin naturally serves as a promising target for novel
antifungal agents. 73 Three model allomorphs (a, f, and y) of
chitin, with major variations in the chain orientation and the
hydrogen-bonding pattern, have already been reported by
crystallographic studies.””* In these allomorphs, adjacent chains

are positioned in an antiparallel or parallel arrangement, namely,
the a- and f-forms, respectively (Figure 13A). Recently, high-
resolution ssNMR was combined with statistical methods, such
as principal component analysis (PCA) and linear discriminant
analysis (LDA), to compare the "*C chemical shifts of chitin
using uniformly *C-labeled cells of six fungal strains from
Aspergillus, Rhizopus, and Candida species.””* The structure of
chitin was found to be intrinsically heterogeneous, with peak
multiplicity observed in each sample and with distinct features
across fungal species (Figure 13B). Partial similarity was found
between fungal chitin and the model structures of a- and y-
allomorphs (Figure 13C). It was also shown that the addition of
salt and commercially available antifungal drugs did not
significantly perturb chitin’s structure, emphasizing the struc-
tural resistance of chitin to external stresses. In the same study,
the structure of fungal chitosan, a deacetylated form of chitin,
was found to resemble a relaxed 2-fold helix conformation. This
study provided a promising strategy for analyzing the structure
of many other polysaccharides and their numerous conformers
across a broad spectrum of fungal species.

4.6. Melanization of Fungal Cell Walls

Another important feature of fungus cell walls that can be
described by ssNMR is the pigment deposition in C. neoformans,
which is both a pathogen and a key model system for
understanding fungal virulence.””® This basidiomycete fungus
is a cause of meningoencephalitis, inflammation of the brain and
associated tissues, in immunodeficient individuals.*”® C. neofor-
mans grown in a nutrient-deficient medium will polymerize and
oxidize external phenolic compounds (such as catecholamines),
depositing a group of structurally different pigments into cell
walls.””” For example, 3,4-dihydroxyphenylalanine (DOPA)
melanin, also called eumelanin, can be synthesized using external
precursors.”” Despite its contribution to cell-wall integrity and
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melanin and its association with carbohydrates are still not well
understood.

Isolating melanins from the fungi preserves the morphology of
the cells, causing hollow spheres called melanin “ghosts”. Using
NMR cryoporometry on C. neoformans melanin extract,
Eisenman et al. determined that this assembly is porous, with
pore diameters mainly ranging from 1 to 4 nm in diameter, with
only a few larger particles around 30 nm.*"" Interestingly, the
available volume inside the pore was reduced once antibodies
were attached to melanin. This observation led to a proposed
antifungal mechanism. Melanin granules are held together in
layers, and small nutrient molecules, such as sugars and amino
acids, can pass through the pores between the granules, while
larger antifungal molecules get blocked (Figure 14A) Ao
Camacho et al. further combined ssNMR with EPR, microscopy,
and proteomics to determine whether the melanin granules are
also associated with non-pigment cellular constituents. In this
study, melanin is found to accumulate into much larger spheres
of ~200 nm in diameter, called melanin granules, each of which
is made up of nanospheres with diameters ~30 nm.*’>
Therefore, they uncovered the connection of crude melanin
granules to polysaccharides and provided evidence that melanin
granules are also connected to proteins.

The biosynthesis of melanin was investigated using the
catecholamine precursors, with significant differences observed
between the synthetic and isolated melanins due to the
requirement of exogenous substrates for melanization (Figure
14B).** As revealed by 2D '*C—'3C ssNMR and DNP-assisted
ISN—'3C correlation spectra of C. neoformans cell walls, different
precursors not only yield distinct melanins but also alter the

structural scaffold of melanized cell walls.””* Chatterjee et al.
applied a set of 1D *C CP/MAS and 2D "*C—"3C correlation
techniques to elucidate the mechanism of melanin deposition in
C. neoformans.””®**> They studied the development of melanin
conformation over time in the cell wall and identified an early
stage developing aliphatic scaffold comprised of polysaccharides
and acylglycerides and a late-developing aromatic pigment
together with indole and pyrrole structural moieties. They were
also able to observe a structural network that contains close
indole—indole connections and pyrrole—chitin covalent bonds.
The observed development of multicomponent melanized
assemblies confirmed and substantiated an interlayer deposition
model that was proposed previously, *****” which will practically
guide the therapeutic drug delivery targeting melanoma
fungj, 395408409

Zhong et al. developed labeling protocols to enable more
detailed investigations of C. neoformans melanin using CP-MAS
and HR-MAS methods.”'"™*'* Briefly, implementation of
2,3-13C,-L-dopa and ring-"*C4-1-dopa precursors resulted in an
indole structure formed from an L-dopa side chain, which
revealed the site and structural modification involved in the
cross-linking and polymer chain elongation of melanin. With the
use of 1-'*C-mannoses, it was further demonstrated that purified
melanin ghosts contain mannose as f-pyranose, which indicates
the integration of 1-'°C-mannoses into the pigment-linked
fraction of polysaccharides. In addition to mannose, D-
glucose-"*Cg was found to be integrated into the polysaccharide
and aliphatic groups that may be linked to melanin.*'?

The presence of lipid components in C. neoformans melanin
ghosts was discovered using J-coupling-based 2D '*C—'H
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INEPT and “C—"*C INADEQUATE experiments, which
resolved the signals from triglycerides (TGs), sterol esters
(SEs), and polyisoprenoids (PPs). Although the polymer
composition (quantified using 1D '*C DP spectra) is
comparable in the melanized and non-melanized cells, the
melanized cells are particularly rich in SEs and PPs (Figure
14C). Also, the identification of these lipids in the non-
melanized cells prepared in nutrient-limited media for a long
time period (10—14 days) indicates that they could be produced
even under nutrient stress, likely in anticipation of melanin
synthesis.

Chrissian et al. compared two Cryptococcus species,
Cryptococcus neoformans and Cryptococcus gattii, that share
some phenotypic traits. They found that the high content of
chitosan in C. gattii is associated with the distribution of melanin
across the cell walls.""® It was also shown that lipids and
polysaccharides, especially chitosan, play important roles in
attaching and layerin§ melanin across the cell walls of C. gattii
and C. neoformans.*"” Interestingly, the spore cell wall from a
different fungus, S. cerevisiae, which lacks melanin,*'* bears a
composition similar to the melanized cells in C. neoformans.>”’
Indeed, both species use chitosan as a backbone to host either
dityrosine or melanin. Similarities observed in these two
evolutionarily separated species indicate that chitosan, poly-
aromatics, and triglycerides are basic elements in the formation
of cell walls. These observations indicate that the composition
and architecture of fungal cell walls are crucial factors in hosting
and organizing pigments.

4.7. Understanding Structural Dynamics and the
Antifungal Mechanism

Solid-state NMR has been and is currently being employed to
understand the mechanisms of actions of antifungal drugs.
Recently, Anderson et al. proposed a new vision of the functional
mechanism of amphotericin B (AmB), which is one of the
mainstay agents in the antifungal armamentarium (Figure
15A).*" In this study, the long *C—T; relaxation times of
AmB suggest the formation of rigid aggregates. AmB is also far
from lipids, as shown by the slow 'H polarization transfer from
the lipid acyl chains of phospholipid membrane (Figure 15B)
and the lack of a PRE effect from the paramagnetic DOXYL
motifs covalently linked to the C; and C4 of the lipids. These
results lead to a structural model where AmBs dwell mainly in
the form of large extramembranous accumulations (sponges),
which extract ergosterol from the membranes and eventually
lead to cell death (Figure 15C). The extraction of this
polyfunctional lipid underlies the resistance-refractory anti-
fungal action of AmB and opens a new perspective for describing
its cytocidal and membrane-permeabilizing activities.*'> These
structural findings revised the prevailing hypotheses that AmB
forms ion channels for permeabilizing the membrane and
deforming the fungal cell.”'°~*** The results also challenge the
models where AmB deposits in the intermediate/headgroup
region of membranes for sequestering ergosterols.*'”***

AmBs also exhibited considerable toxicity to human cells,
which originates from the binding of this molecule to undesired
sterols due to the similarity between fungal ergosterols and
human cholesterols.***** Nakagawa et al. used two labeled
ergosterols (on the methyl end-group carbons 26/27 or on
carbon 4) and two labeled AmB molecules (on carbon 32 or
carbon 14) to study AmB—ergosterol and AmB—AmB
interactions using *C{’F} REDOR measurements.””> The
data revealed that AmB attaches to ergosterols in both parallel

and antiparallel orientations at a ratio of 7:3 (Figure 15D).
Intermolecular distances showed that the mycosamine part of
the macrolide of AmB and the flat a-face of ergosterol directly
interact, promoting a face-to-face van der Waals interaction in
both parallel and antiparallel alignments. The described van der
Waals interaction might help us better understand the sterol
recognition mechanism and develop ways to reduce the
undesired interaction with human cholesterols.

The exploratory studies discussed in section 4 have
demonstrated the capability of ssNMR for deciphering the
supramolecular organization of biopolymers in native-state
fungal cell walls. Interestingly, the unexpected function of a-1,3-
glucan in A. fumigatus echoes with the omitted role of pectin in
plant primary cell walls, as discussed in section 3.3. Despite the
dramatic difference in their dynamics, both molecules are
partially extractable by alkali, and therefore, their structural
contributions have been overlooked in biochemical analysis.
Besides cell walls, ssNMR was also used to characterize the
biofilms formed by fungi, for example, in A. fumigatus*® by
quantifying different carbon pools inside the extracted ECM. We
expect that the methods will result in a wide range of
applications, from the systematic assessment of antifungal
compounds targeting the cell walls to the structural principles
undeﬂgiﬁg pathogenesis and the emerging drug resist-
ance. "

5. THE HIGHLY DIVERSE CELL-WALL COMPLEXES OF
UBIQUITOUS ALGAE

5.1. Algal Cell Walls Are Structurally Diverse but
Under-Investigated

Alga is an informal term regrouping different representatives in
the Eukarya as well as in the Bacteria domains (Figure 1). They
are a puzzlingly varied group of species, including multicellular
and unicellular organisms, which are usually categorized
primarily based on their photosynthetic pigment used for light
harvesting during photosynthesis. The 70,000 species of
microalgae (small and unicellular aquatic photosynthetic
organisms) and 20,000 types of macroalgae (large multicellular
aquatic photosynthetic plant-like organisms) include, among
others, 8000 green-blue algae, 14,000 red algae, 2000 brown
algae, and 10,000—30,000 diatoms.**""*** They are ubiquitously
found in almost all biomes and are adapted to different
environments. Algae have a size ranging from less than a micron
in diameter (e.g., microalga Prochlorococcus) to ~60 m long (e.g.,
macroalga Macrosystis).">>*** Strong from their 2.5 billion years
of evolution, microalgae not only populate shallow oceans but
are also found as deep as 300 m (e.g., Navicula pennata diatom),
in polar ice, and even in aerial environments.*>~*** Due to the
extremely high diversity of algae, most studies only focus on the
production of molecules of biotechnological interest, usually by
microalgae because of their rapid growth, rather than the
structural principles of cell-wall assembly, for example. Indeed,
some natural or artificially designed algae can be optimized to
overproduce fatty acids for biofuels,”*”*** or minerals, proteins,
vitamins, and polysaccharides for human health and nutri-
tion.*

The morphology of algal cell walls can also be very different,
with assemblies being simple “scales” coating the cell surface,
more organized organic assemblies, or even almost purely
crystalline mineral phases such as the silicon or bicarbonate
crystals found in diatoms.*** As for the composition, the main
structural elements are polysaccharides, although highly rigid
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glycoprotein granules and biosilica shells are also found (Figure
2)." Typically, algal-cell-wall polysaccharides include cellulose,
mannan, xylan, alginic acid, chitin, sulfated glycans,443”444 agar,
keto sugars, extensin, lignin, and homogalacturonan.4 Research
on algal-cell-wall composition and structure started as early as in
the 1950s using enzymatic reactions and chemical titration, with
a focus on the chain length and branching of xylan in red algae
and polysaccharide metabolism in marine species.”*>~**/

Structural models have been proposed for some algal cell
walls, although a considerable variation should exist within each
specific group (Figure 16). Most related studies focus on
polymer cross-linking and cation complexation.***~*° Water
molecules are important to the organization of cell walls, where
hydrogel binding and ion interactions play key roles in
maintaining the wall integrity. Green algae are the most studied
systems due to their rapid growth and universal availability in
nature. They usually have a fibrous cell wall, sometimes
including cellulose fibrils associated with more dynamic
xyloglucan and glucoronan (Figure 16A). Green algae also
contain long polymers called ulvans and a higher protein content
compared to plant cell walls. Compared to green algae, red algae
contain more sulfated glycans including glucans and xyloga-
lactans and usually have more and thicker cellulose (Figure
16B). Red algae also have mannan-rich polymers cross-linking
with other glucomannan or cellulose fibrils. As for brown algae,
they have a thicker cell wall with cellulose microfibrils and a
hydrated complex formed by alginate, in which glycoproteins
can be found associated with other xylan/glucan-rich poly-
saccharides and fucans (Figure 16C).

The complexity of the algal cell wall requires a variety of
solution and ssNMR methods as well as nuclei to characterize its
different organic and inorganic components. Solution 'H NMR
was employed to detect the cell-wall components of several
brown algae including Fucales and Himanthalia elongata, which
revealed the interaction between fucose-containing sulfated

polysaccharides, proteins, and cellulose in the cell wall and the
association of alginate with phenolic compounds in the
surrounding matrix.””' They also managed to track the
modification of glycan linkages and metabolomic dynamics of
H. elongata, in response to a changing habitat. Besides the '*C
methods for identifying carbohydrate components (Figure 16),
ssNMR has also exploited '*N signals to track the cellular
degradation of Botryococcus barunii green allgae,452 3P to study
phosphate—calcium complexes in Ulva lactuca cell walls,*>* and
»Si to characterize the mineral components in diatoms.***
However, the algal cell wall remains substantially under-
investigated (Figure 1). Solid-state NMR has been mostly
used to identify algal-cell-wall components but never as
intensively as for plants or even the fungal or bacterial cell walls.

5.2. Plant-Like Extracellular Matrixes

Most NMR publications dedicated to algal cell walls report
organisms whose constituents are similar to the carbohydrates
found in higher plants.*® Cellulose is an important poly-
saccharide found in almost all types of algae, and its structure,
degree of polymerization, production, and extraction have been
especially studied in green algae, mostly Cladophorales and
Siphonocladales orders.”***** For example, Valonia ventricosa has
been investigated because this large unicellular organism
(diameter up to S cm) produces square-shaped cellulose
crystallites,***™**® which allowed the identification of the
biphasic character of type I cellulose (I and 1) by *C CP-
MAS data.*®”

A plant/liverwort-like*’® mannose-rich cell surface and cell
walls have been reported in Codium fragile—the giant-cell
alga—based on *C ssNMR data.”’" This work identified two
types of 1,4-linked B-p-mannans in the cell wall replacing
cellulose fibrils: mannan type I alkali-soluble fibrils and mannan
type II alkali-resistant fibrils. Similar to cellulose, ssNMR has
also been used to describe the coexistence of crystalline and non-
crystalline mannan and orientational order/dynamics in the cell
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Figure 17. Characterization of the diatom cell wall and frustule using ssNMR. (A) SEM images of the diatom showing valve biosilica that have organic
threads (white arrows).*®° Panel A is adapted with permission from refs 505 and 506. Copyright 2018 Frontiers Media S.A and copyright 2010
Springer Nature. (B) DNP-assisted '*N-edited > C—'*C PDSD correlation (top) and N(CA)CX experiments (bottom) detecting amino acid signals as
mostly in the f3-sheet conformation in S. turris.”*° The structural model contains a 3 nm layer of carbohydrates and proteins covering the 40—80 nm
silica domain with LCPAs enclosed. Organic matter and silicon can be detected within (C) whole cell and (D) extracted diatom shells (frustule), as
adapted from Tesson et al.>*” (C) 3'P NMR detects lipids, glycerol 1,2-cyclic phosphate, and polyphosphates, while >Si data reports Q2, Q3, and Q4
silicon environments. (D) '*C ssNMR reporting organic molecules including proteins and carbohydrates. Extracted shells with SDS conserve their
overall native structure as seen by SEM.>*® The valve costa (green line), cross-connections (orange lines), areola pore (red circle), and fultoportula
(yellow/blue circles, tube-like structures) can be observed. Panel B is adapted with permission from ref 220. Copyright 2015 John Wiley and Sons.
Panel C is adapted with permission from ref 507. Copyright 2008 Springer Nature. Panel D is adapted with permission from refs 507 and 508.
Copyright 2008 Springer Nature and Copyright 2019 Springer Nature.

wall of the alga Acetabularia, known as mannan weed.*”? characterized using solution NMR, and these molecules are
Specifically, the transition of the less-crystalline mannan-rich cell found decorating cell-wall polysaccharides in native samples,
wall in diplophase to the cellulose-dominant cell wall in mainly on galactans in red algae (Rhodophyta)****** and on
haplophase has been examined, which goes with mannan fucans of brown algae (Phaeophyta).*** Oceanic green algae of
being the scaffold for the early stage of alga prior to cellulose. In the genus Codium have also been demonstrated to have a large
this work, other molecules have also been identified in these amount of sulfated galactan. In a study of Codium isthmocladum,
flexible assemblies, including xyloglucan, pectic polysaccharides, Farias et al.** extracted and characterized 4-sulfated 3-f-p-
as well as a small number of homorhamnan, galactomannan, galactopyranosyl units using solution NMR. Sulfated fucans
glucogalactomannan, and also xylan. cross-link different elements in the brown alga Fucales, leading to
Similar to the plant counterpart, algal cellulose is perceived as complex NMR spectra. Therefore, cell-wall extraction and
stiff fibrils mixed with other polysaccharides such as the purification are necessary to recover the structural information
insoluble portion of xylan."”**"* This insoluble complex coexists and, for example, to confirm the presence of sulfated fucans and
with soluble fractions mostly containing other types of xylan, unique a-1,3-L-fucans.**’
sulfated carbohydrates, and xyloglucan, as identified by °C Several fucose-containing sulfated polysaccharides called
ssNMR in Nemaliales, Palmariales, and Caulerpa species.475_479 fucoidans have been reported in brown algae and exhibited
Some algal species (such as Charophyceae) even contain HG, antioxidant or anti-inflammatory activities.48t§487 Agar units can
RG-I, and henaicellulosic polymers, as well as MLG and lignin- also be sulfated or methylated at different positions, giving
like molecules.” Finally, another important constituent found in furcellaran, funoran, porphyran, and carrageaenan, which have

algae is arabinogalactan-rich proteins called AGPs, which are been differentiated using °C ssNMR.***~*° Solid-state NMR
usually found in the extensin-like portion of photosynthetic

organism cell walls**” including in plants.**" In algae, AGPs are
typically associated with hydroxyproline-rich glycoproteins
(HRGPs) or N-glycosylation.

has also been conducted to separate agars and carrageenans
extracted from red algae.**”

Alginate is the most abundant gel-forming molecule in the cell
walls of brown algae and is considered as the main component

5.3. Sulfated Polysaccharide and Other Aliphatic for the control of ECM rigidity. The regulation of the gel
Components strength is based on the frequency of polyguluronate blocks in
Other glycans have been reported in algal cell walls, most the polymeric chains of alginate through the enzymatic
notably a wide range of sulfated saccharides.*’® Sulfate moieties conversion of #-(1—4)-mannuronate to a-( 1—4)—guluronate.491
are often described in soluble extracts and therefore Ulvan is a water-soluble sulfated polysaccharide found in green
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seaweeds and is the only one predominantly rich in rhamnose.
Ulvan has been identified in different seaweeds using 13C NMR,
together with other polysaccharides such as xyloglucan,
cellulose, and glucoronan.Ar92

Algaenan is a highly aliphatic molecule widely distributed in
unicellular algae cell walls.*”> This biopolymer coexists with
polysaccharides in many algal cell walls. For example, *C CP/
MAS characterization of cell-wall extracts revealed the
coexistence of algaenan with proteins and other polysaccharides
such as cellulose and f$-1,4-mannan in Coelastrum sphaericum
green algae.””* Algaenan is thought to induce local heterogeneity
by creating gaps in crystalline materials, thus providing the
flexibility needed for cell division.”” Furthermore, this work
reports the assignment of '*C signals from algaenan and fibrillar
polysaccharides as well as the linkages within algeanan or
between algaenan and cellulose. More recently, HR-MAS NMR
and ESI-MS have been used to describe the structural features of
the Botryoccocu braunii algaenan-rich cell wall, where hexane-
insoluble botryals is found to reticulate and form algaenan.*”®

5.4. A Dilemma of Non-Cellulosic, Fungi-Like Cell Walls

Chitin is the second most available polysaccharide in the
biosphere but is far less studied compared to cellulose. Usually,
chitin is found in arthropods, nematodes, and fungi, but it has
been reported in some microalgae, mostly diatoms. The studies
of chitin using XRD and FTIR""**® are typically associated with
biomineralization happening in diatoms.*”””**” NMR studies of
diatoms will be reported below in section 5.5. Nonetheless, 'H
NMR data has also reported chitin in the freshwater green
microalgae Chlorella;*® however, chitin is also associated with
algal pathogens, which might explain the presence of chitinases
in many microalgae. Chitinase from Volvox carteri has been
isolated, and its crystal structure was determined by X-ray
crystallography. Solution 'H and "N NMR, in combination
with isothermal titration calorymetry (ITC), allowed the
interaction strength of chitinase with chitin oligosaccharide to
be determined.’”® Therefore, caution is needed when referring
to older publications mentioning chitin as an algal-cell-wall
component. However, microalgae can be genetically modified to
produce chitin, as shown with Chlorella using chloroviruses.””!
Solid-state NMR might be a suitable tool for exploring this type
of algal cell walls, as it can resolve the signals of chitin and related
cell-wall molecules using intact cells.*”*

5.5. The Diatom Mineral Shell

Diatoms include over 20,000 species and are among the
most common form of phytoplankton, being responsible for
more than 25% of the world’s net primary production (NPP).
These microorganisms are primary producers mostly found in
fresh water and oceans, where they support the survival of most
higher organisms. Diatoms are covered with a silicified skeleton
(frustule), which is a natural hybrid of organic and mineral
material. Its external shell is made of two distinct regions, i.e., the
valves (on top) separated by the girdle bands (on the side)
(Figure 17A). The valves are the nanoscale-sculpted parts of the
diatom shell that allow molecular transport and efflux, while the
girdle bands are the structural elements holding the valves
together. Diatom cell walls are rich in silica and also contain
organic components such as proteins, long chains of polyamines,
and polysaccharides.”” Silica production in diatoms has been
proposed to be initiated in silica deposit vesicles (SDVs) where
the valves and girdle bands are built. However, mobilization and
trafficking precursors, exocytosis, and even associated protein
are still either poorly understood or unknown.’”® Current

431,432

knowledge on the synthesis mechanisms involved in diatom cell
di\;l'()s;Lion and cell-wall building is summarized by Shrestha et
al.

Baldus, Brunner, and co-workers have employed MAS-DNP
methods to characterize ['3C, °N, 2°Si]-enriched biosilica from
Stephanopyxis turris>° and T. pseudonana.>®” 2D BC-"3C/"*N
experiments distinguish the secondary structure of the proteins
involved in the diatom cell wall of Stephanopyxis turris,>*°
showing mainly a f-sheet structure (Figure 17B). The low DNP
enhancement observed on LCPA suggests these molecules as
being included in the thick (40—80 nm) biosilica matrix instead
of the thin (3 nm) protein layer in which the polarizing agent
should penetrate and diffuse easily.

Little is known about the frustule biosynthesis, but our
understanding of the cell-wall architecture and association of
organic molecules has been improving. Two major proteins,
namely, silaffins/silacidins and long-chain polyamines (LCPAs),
have been identified in the organic phase of the diatom cell
wall,>'® while cingulins were found to be associated with the
girdle bands and involved in the 3D organization of the frustule
in Thalassiosira pseudonana.”'' Interestingly, chitin has also been
described in T. pseudonana cell walls, where it would be
associated with valve formation,®'? suggesting that the
architecture of the biosilica cell wall is solidified with a chitin
network. In addition to these soluble materials, insoluble
microtubule and actin microfilament networks were found in the
cell. These insoluble regions were found to be associated with
the SDVs during valve formation and were important for SDV
positioning and mesoscale organization of silica.”'*>"*

Silica is the most abundant component in the diatom matrix;
therefore, the *°Si spin '/, nucleus is of interest for ssNMR
characterization despite their ~5% natural abundance (Figure
3). The ensuing low sensitivity makes it difficult to characterize
silica in cellular systems. Using isotopically enriched *SiO,,
NaH'*CO,, and Na'*NO,, Tesson et al.>"” and Kolbe et al.>"”
produced labeled samples of T. pseudonana and Cyclotella
cryptica diatoms. The combination of 3p, 3¢, BN, and ¥Si
ssNMR methods allowed the identification of signals from
carbohydrates, nucleic acids, biosilica, lipids, and proteins using
a single sample (Figure 17C,D). Three *Si broad peaks were
detected, namely, Q% @, and Q% corresponding to different
levels of condensation of SiOH moieties, referring to different
numbers of hydroxyl groups converted to Si groups in the
building block of biosilica (Figure 2). Therefore, 1D *°Si spectra
are suflicient for determining the degree of condensation of
SiOH using the Q*/Q? ratio (Figure 17C).*'® Tesson et al,*"’
together with other groups,’'” further showed that changing the
medium salinity modifies the material density and packing and
increases the amount of organic component in the frustule, even
if the organic phase is made of the same elements. "*C and *’Si
ssNMR results confirmed the presence of proteins’*’ and
polysaccharides within the silica network.>®” Comparison
between *'P DP and CP differentiated the mobile polyphos-
phates from the more rigid inorganic phosphates, phospholipids,
and glycerol-1,2-cyclic phosphates (20—30% of the diatom’s
phosphorus).

Tesson and Hildebrand also reported the cell-wall composi-
tion of many other diatoms,’'® such as Amphora salinam,
Stephanopyxis turris, or Navicula cryptocephala, in which glucans
were identified. The major form contains $-1,3-linkages and is
called chrysolaminarin as an energy storage molecule or callose
when in a fibrillar form associated with the cell wall. Mannan-
rich carbohydrates and more recently chitin have also been
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reported. Chitin occurs in numerous calcium-based biomin-
erals”"? where it forms insoluble compartments within the cell
wall that is associated with mineralization. This phenomenon
has been studied in detail only recently using ssNMR,**?
although it was reported almost 60 years ago.””” Indeed, most
recent works report both surface’®” and interior’'> chitin
molecules that can be important within the cell wall of T.
pseudonana. 3C labeling allowed the identification of a- and -
chitin allomorphs in C. cryptica®” and T. pseudonana,”"”
respectively associated with silica and structural chitin. Finally,
glucoronomannan was found to be of high significance to cell-
wall biogenesis in some diatoms. In Phaeodactylum tricornu-
tum,>*' 'H and *C NMR allowed the resonance assignment of
the a-1,3-mannans that are decorated with sulfate ester groups
and f-p-glucuronic residues.***

The contacts between biosilica and organic molecules in
Thalassoria pseudonana and Cyclotella cryptica cell walls have
been assessed using both {'H}—"*C—*Si double CP-based
HETCOR and *C{*’Si} REDOR expriments.”">*** Contacts
were observed between the **Si in silica and the '*C sites of long-
chain polyamine (LPA) and chitin.

5.6. Trends in Whole-Cell Investigations of Microalgae

Multiple solution NMR methods have been developed to allow
the use of whole-cell samples for characterizing the dissolved

components or gels made of very mobile aquatically available
molecules.””® This has been achieved using suspensions of intact
B3C-labeled cells of Chlamydomonas reinhardtii, Chlorella
vulgaris, and Synechocystis sp. green microalgae placed in solution
NMR tubes or through more complex setups. For example,
Farjon and co-workers have flown a microalgae suspension
through a benchtop solution NMR spectrometer to allow live-
cell metabolomic studies focusing on lipid metabolism.”>***
Based on a more solid-like method, Simpson and co-workers are
developing comprehensive multiphase NMR (CMP-NMR) to
probe the dynamically distinct phases in intact cells. Indeed,
MAS can be combined with magnetic field gradients and also
lock andfull susceptibility matching, all of which can be built
with a solid-state circuitry to allow high power pulses needed for
characterizing gel/solid samples.”>® Application of this method
to microalgae led to the identification of several cell elements in
native Hyalella azteca, such as different amino acids, glucos-
amine, glucose, and trehalose.”>® Using these methods,
multidimensional NMR experiments reported the signals of
polysaccharides from the very mobile, gel-like, and even rigid
fractions of cell walls as well as metabolites. It should be noted
that the same multiphase NMR approach has also been applied
to higher organisms such as Daphnia magna.>”’

https://doi.org/10.1021/acs.chemrev.1c00669
Chem. Rev. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00669?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00669?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00669?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00669?fig=fig18&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00669?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

A Starch(S)
Glucose(G)
Rhamnose(R) Starch associated glycans(Sa)
Starch non reducing end-groups(Se)
[ | i
132 0 09 S5 SeP
Sa5 -~ Sa6'
154 AN 4
se5'.Gal K Se6',G6'
. 1367 Se5? 0 Seo £ "
£ G5 G6' S | PAR-0.4*CORD
5 138 Sa5) ,Sa6? £
= y O 181%Sed, o /s1c-5e4‘
o 2 NV al—s10-50
g GO/ - e Al - ~ancrans
o 170 724 S1 -2‘10@,81-2
- 1 p S1¢-Se5'! 66 Hz 66 Hz
1724 4 5.4 )
| I L o SR
1747 764 Q) ”[’)';\g i
1 A X45-3¢ 5
176 / X14-2 S1°-8a2’ @ IR / \C
] 78 4 3
T/ T T T T T T
105 100 80 78 76 74 72
'3C 8Q (ppm) 3C (ppm) 3C SQ (ppm)
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Precursors and degradation products can be analyzed using
multidimensional solution NMR, which allowed one to assign
amino acids and glycans released by microalgae in the medium
after natural enzymatic hydrolysis (Figure 18A).”> HR-MAS
data have been associated with statistical tools such as PCA to
differentiate microalgal species (Figure 18B).>*® In fact, HR-
MAS is of interest for gel-like materials, even for those included
in whole-cell samples. Chauton et al. focused on the character-
ization of P. tricornutum, Chaetoceros muelleri, T. pseudomona,
Dunaliella sp., and many other marine microalgae using both
ssNMR and HR-MAS techniques.””” ' PCA results of the 'H
and *C data of a large number of metabolites and middle-sized
molecules provided reproducible differences between strains
and species, which are further linked to the nutritional values of
those samples.

Systematic ssNMR characterization of whole microalgae has
been conducted recently.”#>**>*** In 2015 and 2018, Arnold et
al. employed spectral editing methods to selectively detect cell
constituents based on their overall dynamics. Three organisms
have been investigated including the freshwater C. reinhardtii
(wild-type and cell-wall depleted strains) and marine microalgae
Nannochloropsis oculata and Pavlova lutheri (Figure 18C).
Combination of dynamic filters and 1D "*C ssNMR spectra
proved a valuable strategy for differentiating cell compartments
(Figure 18D) with sequentially increasing dynamics: the rigid
energy-storing starch grains, the intermediately dynamic
polysaccharides in the cell wall, and the very mobile saccharides
in the galactolipids found in membranes (Figure 18D,E). A
range of different magnetization transfer techniques and spin-
diffusion filters (ie, long PDSD mixing time) have been
combined to highlight starch, the most abundant and most
crystalline element of microalgae (Figure 18F). In C. reinhardtii,
the rigid fraction is dominated by starch, whose crystal type has
been determined directly in the cell,”” while the mobile fraction
includes lipids and several polysaccharides. 2D ssNMR experi-
ments, such as TOBSY, DARR, and PDSD, enabled the

unambiguous identification of galactofuranose and arabinofur-
anose, which are likely associated with cell-wall glycoproteins.

Recently, we have introduced a broadly applicable protocol
for quantifying the content and linkages of glycans in microalgae
using ssNMR spectroscopy.”>* The method was demonstrated
on a naturally cellulose-deficient strain (CK-S) of the green
microalga Parachlorella beijerinckii, which is a promising
candidate for producing high-value fermentable carbohydrates.
2D BC-"C correlation spectra of uniformly *C-labeled cells
revealed that most of the carbohydrates in the glycolipids and
cell walls are highly mobile; therefore, we can use 2D *C DP
INADEQUATE with short recycle delays (Figure 19A), an
experimental scheme preferentially detecting mobile molecules,
to quantify the glycan composition. Starch was found to
dominate the rigid phase of this microalga, and its content was
separately calibrated using a calibration factor, which was
obtained by comparing the starch intensities in two 1D *C
spectra with either selective detection of mobile components or
quantitative detection of all molecules. This nondestructive
method provides accurate quantification of the amount and
linkage of glycans using whole-cell samples, as verified by the
good agreement with MS results.

In addition, starch was found to adopt a well-organized
structure in the cell, as shown by the extensive intermolecular
contacts between its constituent molecules (Figure 19B).534
Some xyloses were found to exist in both the mobile and rigid
regions of the cell wall, with their chemical shifts partially aligned
with the flat-ribbon 2-fold xylan that was initially recognized in
plants. Therefore, some structural components of algal cell walls,
probably the glycoproteins, provide the even surface required for
accommodating the flat-ribbon structure of 2-fold xylan. For the
first time, one-bond scalar couplings ('Jcc) were systematically
observed for almost all carbohydrate components in cellular
samples, enabling future explorations using J-coupling in ssNMR
to facilitate structural determination (Figure 19C).

In conclusion, the ssNMR studies reported the remarkable
complexity of the architecture and synthesis of microalgal cells.
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Figure 20. Composition and architecture of PG and teichoic acids in Gram-positive bacteria. (A) AFM images of PG in S. aureus cells revealing the ring
architecture made of concentric peptidoglycan fibers. The strand width and inner-strand distances of PG were also shown. Panel A is adapted with
permission from ref 550. Copyright 2020 Springer Nature. (B) Representative structures of PGs in S. aureus and B. subtilis, with different stems and
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Copyright 2019 Elsevier. (D) WTA was another important component of the Gram-positive cell wall. >'P and "*C spectra detect the different structural
motifs in WTA. Panel D is adapted with permission from refs 552 and 553. Copyright 2009 American Chemical Society and Copyright 2018 American
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Due to the incredible diversity of microalgae, only a small
fraction of these organisms has been studied in detail so far.
Further developments are to be expected, with interesting
insights from a variety of nuclei that can be detected and
incorporated into this kind of organism.

6. SOLID-STATE NMR INVESTIGATIONS OF
BACTERIAL EXTRACELLULAR MATRIXES

6.1. Bacterial Cell Walls and Biofilms

Bacteria are universal sspecies found in all biomes and can survive
extreme conditions.”> Commonly considered as the simplest
living organisms, bacteria may closely resemble the Earth’s
original living organisms due to their prokaryotic cellular
organization. Bacteria play key roles in atmosépheric nitrogen
capture and degradation of organic matter.”*® They are also
associated with toxic or contaminated environments where
uncontrolled bacterial growth can be devastating as well as with
many diseases found in humans, animals, or plants. Exposure to
antibiotics has been dated back to 350—550 Common Era, as
revealed by traces of tetracycline found in human skeletal
remains.”””>** Today, antibiotics target a broad spectrum of
metabolic pathways in bacteria, such as depolarizing cell
membranes and inhibiting the synthesis of specific proteins,
nucleic acids, and cell-wall components.539 However, bacteria
readily adapt to antibiotics and develop resistance mecha-
nisms,”*” the timeline of which can be as short as 1 year as seen
with daptomycin.”*" The resistance mechanisms developed by
bacteria include efflux pumps, limitation of drug uptake by cell
surface modification, modification of cell-wall precursors or
target molecules, and direct degradation of antibiotics.”****

AA

This is why bacterial infection and multidrug resistance will
continue their significant impacts on all living organisms.”"**
Nowadays, most antibiotics are targeting bacterial cell walls.
From a structural point of view, Gram-positive bacteria have a
thick peptidoglycan (PG) cell wall, with lipoteichoic acid (LTA)
cross-linking different PG layers and outer components such as
the glycoprotein-rich S-layer and the polysaccharide capsule
(Figure 2). Gram-negative bacteria have a thinner peptidoglycan
layer protected by a second outer membrane mainly made of
lipopolysaccharides (LPS), with further coverage by entangled
S-layer and capsule components. Bacteria can also be found in a
highly organized multicellular arrangement called biofilms.**
Once bacteria adhere to a surface, they can adopt a sedentary
behavior and grow in a complex organic viscoelastic material.
This extracellular polymer substance (EPS) consists of an
assembly of curli amyloids and different polysaccharides such as
cellulosic derivatives. The carbohydrate components facilitate
surface adherence and act like glue to help curli association and
coherence. Biofilms protect the microorganisms from chemical
and mechanical clearance processes, making bacterial commun-
ities a threat to human health, as seen with medical devices and
implants.”***** It has been estimated that 60—80% of chronic
human microbial infections are associated with bacterial
biofilms.>*® Understanding the overall architecture, synthesis,
and remodeling of cell walls and biofilms is thus of great interest.
An increasing number of research groups have been using
ssNMR to elucidate cell-wall architecture and the structural
factors driving cell adherence and biofilm assembly.'”**"~>%
We will highlight the recent advances in understanding bacterial
ECMs using bacterial cells or extracts. We will also briefly
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Figure 21. Peptidoglycan and lipopolysaccharide in Gram-negative bacterial cell walls. (A) Representative E. coli PG architecture with a non-protein
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Microbiology.

describe the remodeling process of ECMs in response to
antibiotics or other bioactive molecules.

6.2. Bacterial Cell Architecture and Antibiotics

6.2.1. Structural Components of Bacterial Cell Walls.
Since the cell wall is a relatively rigid surface presenting many
microscopic elevations, its ultrastructure has been examined by
atomic force microscopy (AFM) and other imaging techniques.
For example, AFM 3D reconstitution and other imaging
techniques”>”>>" have been used to identify the surface pores
formed by loosely packed peptidoglycans (PGs) and make a
comparison with the much denser material of the inner cell wall
where polysaccharide strands are only apart by less than 7 nm
(Figure 20A).5°0 Such microscopic arrangements can be
substantiated by the atomistic description of polymer structure
and packing provided by ssNMR of extracts and even intact cells.

Bacterial cell walls are mainly made of PG, which contains a
linear polymer of two alternating sugars: N-acetylglucosamine
(GleNAc or NAG) and N-acetylmuramic acid (MurNAc or
NAM). NAM units from different chains are linked via short
oligopeptide bridges (3—S amino acids), creating a compact and
strong material covering the bacteria surface. Variations exist in
the bridge structure and the amino acid sequence of the stem
(Figure 20B). For example, a penta-glycine bridge is present in S.
aureus but absent in Bacillus subtilis where diaminopimelic acid
(DAP), a non-protein amino acid, is found in the stem. Our
current ssSNMR methods for PG characterization are mainly
designed for C- and “N-labeled materials. However, the
recent development of ultrafast MAS and 'H detection might
have paved the way for rapidly and cost-effectively investigating
the structure of multi-gigadalton PGs using unlabeled bacterial
cells (Figure 20C).%

The building blocks of PGs are synthesized on the external
region of the cytoplasm and involve a precursor called lipid II—a
lipid covalently linked with a disaccharide connected to a

AB

pentapeptide. It is therefore not surprising that lipid II also
serves as a target of antimicrobial drugs.””* To initiate PG
building, from the inner membrane leaflet, lipid IL is translocated
outside of the cell by flipases, where the PG building blocks are
progressively encapsulating the cell with the assistance of the
well-known penicillin-binding proteins and other part-
ners, 555557

PGs can be covalently bound to other cell-wall molecules.
Depending on the bacteria species, they can bind to a
polysaccharide capsule (the glycocalyx) or to the glycoprotein-
rich S-layer (Figure 2).°**7°°" In Gram-positive bacteria, the
polyphosphate-rich LTA and wall teichoic acid (WTA) (Figure
20D) are associated with the thick PG layers (more than 30
layers corresponding to tens of nanometer thickness).**> In
Gram-negative strains, thinner PG sheets (less than 10 layers)
are covered with an outer membrane made of O-glycosylated
lipids called lipid-A, giving the well-known LPS.**®® These
components make both types of assemblies harder for
antibiotics to penetrate’®* and provide the mechanical proper-
ties needed for handling external and osmotic stresses and
acconéxmodating cell growth, communication, and multiplica-
tion.”*

6.2.2. Investigations of Bacterial Cell Walls. Simorre and
colleagues have compared the organization, metal coordination,
cross-linking, and flexibility of PGs across Gram-negative (E.
coli) and Gram-positive (B. subtilis and S. aureus) strains.”'”>*’
In E. coli strains, a tetrapeptide is linked to the NAM residue of
the PG with the sequence of p-Ala-X-p-Glu-L-Ala-MurNAc,
where X is a non-protein amino acid (e.g., meso-A,pm in many
Gram-negative bacteria and mycobacteria) (Figure 21A).”° This
structural scheme differs notably from that of PGs in Gram-
positive bacteria presented in Figure 20B. Overall, the dynamics
in PG, associated with the degree of peptide cross-linking, is the
highest in S. aureus, followed by B. subtilis and then E. coli
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(Figure 21B). Therefore, E. coli has a thin PG made of short
chains, with reduced cross-linking and therefore more
pronounced dynamics.

The 3D arrangement of S. aureus PG has also been discussed
for a long time, and ssNMR identified a 4-fold helical glycan
symmetry that allows PG stems to organize into parallel and
antiparallel orientations in the PG mesh.>®® In S. aureus, the PG
architecture and the cell-wall morphology were found to be
modulated by the variations in medium composition and 7grow‘ch
stage, highlighting the plasticity of bacterial cell walls.”®” Based
on high-resolution ssNMR data, Schanda et al. also proposed a
model of PG complexed with a transpeptidase enzyme that is
responsible for PG synthesis in B. subtilis.”*® Chemical shift
perturbation was used to identify the region of interaction
between this enzyme and PG.*%*

Gram-negative bacteria also have LPS that decorates the
surface of the outer membrane.””" This molecule is made of
different sections, as shown in Figure 21C. Jachymek et al.””
reported 1D 13C/'H HR-MAS and 2D HSQC/HMBC results,
assisted by MALDI-TOF MS, to assign the glycan component of
LPS. They showed that the O-glycan pattern of LPS called the
antigen remains identical in different strains of the Gram-
negative bacterium Yokenella regensburgei, even if the level and
position of acetylation can vary. Simorre, Schanda, and co-
workers applied ssNMR on extracted or reconstituted LPS
endotoxin in E. coli and P. mzruginosa,570 proving that the LPS O-
antigen is the structural domain for interacting with antibiotic
gentamicin (Figure 21C). Other components were also
identified in this extract, mainly PGs or enzymes involved in
PG synthesis found in the outer membrane.’”?

The negatively charged teichoic acids are crucial to surface
adhesion and metal binding in Gram-positive strains.”’* 3'P
ssNMR spectra and T, relaxation have been used to detect the
binding of the LTA to different surfaces. For example, the LTA
from S. aureus could use its glucosamine and alanine groups to
bind PGs and the solid surface, respectively.”’*”’® This
organization can help localize water molecules between the
PG and the surface. At high metal concentrations, 31p chemical
shift anisotropy (CSA) data suggested a bidentate coordination
model for both S. aureus LTA and B. subtilis WTA with
magnesium.552 However, at a low concentration of metal,
"Cd—3'P distances measured by REDOR experiments
suggested inequivalent monodentate P—Cd interactions that
lead to a linear Cd—P—Cd arrangement.””’

Notably, cell-associated components such as the lipoproteins
found in E. coli cell envelopes have also been studied by
ssNMR.>”® Using mostly INEPT-based methods, they examined
the structure of the recombinant outer membrane protein
(PagL) and other inner components of the cell envelope such as
lipids, PGs, and lipoproteins. They emphasized the effect of the
surrounding compartment on the molecular arrangement of
Pagl. and established ssNMR protocols for investigating cell-
associated molecules.

Nordmark et al. identified exopolysaccharides and acidic
polysaccharides from Pseudoalteromonas aliena cell walls.”””
Using "*C and *'P ssNMR, Bui et al. have examined Streptococcus
pneumoniae, revealing glycan chains with approximately 25
disaccharide units in the water-insoluble fraction (probably from
PG fractions). *'P resonances allowed the assignment of WTA
ribitol and phosphocholine lipid head groups, while 2D *C
ssNMR assigned protein side chains and resolved glycan
configurations.”® The structure of the S-layer was also
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examined, which was found to be sensitive to the temperature
and pH.>"'

Many studies used HR-MAS methods to examine oligosac-
charides in the bacterial cell-wall assembly. For example, signals
of arabinogalactan (AG) and lipoarabinomannan (LAM) were
assigned using 'H—">C HR-MAS HSQC and 3D HCCH-
TOCSY experiments. Also, a bottom-up approach was used to
reconstitute the signals, where the spectra of a whole-cell sample
were reconstructed from the signals of isolated fractions.”** 2D
and 3D HR-MAS methods were also used to monitor the cell
composition and characterize the abundant osmoregulated
periplasmic glucans in Ralstonia solanacearum.”*>>**

6.2.3. Interactions of Peptidoglycans and Other
Molecules with Antimicrobial Agents. Schaefer, Cegelski,
Kim, and colleagues have immensely contributed to the
development of ssNMR methods, involving the versatile use
of BN, BC, F, and *'P nuclei in the REDOR technique to
understand the bacterial cell-wall and biofilm architecture as well
as the effects of antibiotics.”*****7>*® The modes of action of
many different antibiotics have been examined, including
lipoglycopeptides such as vancomycin and its deriva-
tives.” > 7% In these studies, bacteria were typically labeled
using site-specifically labeled '*C-alanine and “N-glycine or
BC-glycine and "“N-lysine and treated with specifically -
labeled antibiotics, thus enabling the use of the REDOR pulse
sequence for probing PG structure and drug binding.”**>*"*’
For example, a vancomycin derivative named amphomycin was
found to cause thinner cell walls in S. aureus.”™® Also, the
observed inhibition of WTA synthesis is consistent with Park’s
nucleotide accumulation. The added lipoglycopeptide binds the
mature PG template to reduce the cross-linking in the cell walls
and deconstruct the PG template.’*>*”' Fighting against
resistance, another derivative (DFPBV) was found to use its
hydrophobic side chain to stabilize the binding to PGs in a
vancomycin-resistant strain of S. aureus.””

Similar approaches have been applied to Enterococcus faecium
and were further coupled with LC/MS analysis.”*”*"> MAS-
DNP was also employed to detect interactions between
antibiotics and lipid II in situ.””* The mechanism of antibiotic
resistance involving the cell walls of several bacteria such as B.
subtilis, S. aureus, E. coli, and Pseudomonas aeruginosa has also
been described.*****°%%%% In addition, antimicrobial peptides
(AMPs) often interact with the PG and other cell-wall
components, although they are not the final target of AMPs.
AMPs, such as the human cationic polypeptide ECP, have been
proved to interact strongly with the PG layer and indirectly
interfere with cell replication by interacting with genetic
materials.*”* ™%

6.3. The Biofilm: An Organized Complex Supporting
Bacterial Communities

6.3.1. The Formation of Biofilms. Biofilms ensure a safe
environment in which bacterial communities can cooperate
(such as synergistic microconsortia), evolve, and resist chemical
and physiological reactions. The density of cells in these
communities is high, ranging from 10% to 10' cells/g of
biofilm,””” with possible mixing of different species. To form
biofilms, microorganisms need to switch from individual cells
(planktonic) to a multicellular form (sessile) where micro-
colonies can be clustered.*”’ This process involves several
metabolism transitions’®"°"> and leads to the production of very
different biofilms. For example, to protect the internal material
of bacteria from desiccation, E. coli and B. subtilis can form a dry
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Figure 22. Schematic model of biofilm formation and maturation. Cells in solution first attach to a surface (stage 1) where it will grow (stage 2) and
produce EPS if conditions are favorable (stage 3). The bacteria microcolonies will mature (stage 3) and slowly develop a complex communication
system through the organized, spatially heterogeneous, and multilayered cell biofilm (stage 4). Bacteria colonies can then be released and dispersed in
the medium to colonize other space and repeat the cycle (stage S). Representative SEM images of biofilms are also shown. Colorized low-magnification
perspective view SEM image of the E. coli macrocolony. Higher magnification showed that the biofilm consists of bacteria covered with cellulose and
curli fibers on the surface (magenta), while all of the bacteria flagella form a dense mesh at the bottom (blue). SEM images are taken from Serra et al.o%
The SEM images are adapted with permission from ref 603. Copyright 2013 American Society for Microbiology.
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morphology. Phosphoethanolamine (pEtN) cellulose enhances the adhesion of E. coli on surfaces and also packs with curli amyloid. Panel A is adapted
with permission from ref 620. Copyright 2015 Elsevier. (B) E. coli biofilm mutants monitored by TEM and ssNMR®*" (top). Reconstitution of whole-
cell spectra from the individual spectra collected on cell extracts (curli or pEtN cellulose) to enable compositional analysis with a bottom-up approach
(bottom). Panel B is adapted with permission from refs 621 and 622. Copyright 2013 Elsevier and Copyright 2021 John Wiley and Sons. (C) *C{"*N}
REDOR spectrum (top) of Vibrio cholerae specifically detecting the one-bond C—N pairs, allowing simplification over the control spectrum (bottom).
The selected signals are from the carbon alpha of amino acids, phospholipids, or glycine modified from lipid A. Panel C is adapted with permission from
ref 623. Copyright 2015 Elsevier. (D) Amyloid component of Bacillus biofilm investigated using SO ms PDSD spectra, differentiating TasA proteins
from B. cereus (black) and B. subtilis (red). Panel D is adapted with permission from ref 624. Copyright 2019 John Wiley and Sons.
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surface layer, while P. aeruginosa produces a liquid-crystal
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individual planktonic cells settle and adhere to a substrate. Then,
sponge structure to maintain internal moisture.
Biofilm formation can be divided into five main stages,

under favorable conditions, bacteria are still capable of some
motion using pilus motility and start secreting EPS, resulting in

through which it becomes progressively more differentiated and

more strongly attached to the surface (Figure 22).°°%” First,
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more tightly attached cells to their substrate. Third, the biofilm
maturation begins: microcolonies start to appear, connected
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through water channels that allow communication, nutrient
flow, transversal gene exchange, and quorum sensing.°"®
Simultaneously, bacteria are creating a multilayered assembly
and a heterogeneous matrix with gradients of small molecules or
oxygen availability between the cells’ surface and interior.””’
Stage four consists of a mature biofilm where many coherent
layers of cells form a 3D assembly. Quorum sensing orchestrates
the overall biofilm development, mainly using water channels
that irrigate the colonies. Lastly, microcolonies from the
biofilm—that can be SO (aerobic) to 400 (anaerobic) ym
thick®'*—are released in the medium to colonize other surfaces
and start a new biofilm when physiological conditions are
optimal, for example, when an excess of nutrients is available.’"!

For a long time, ssNMR methods, together with EM, AFM,
and solution NMR techniques, have been combined to address
the composition and architecture of mature biofilms, to
understand the transition between the single cell and the
community, and to identify the response to antibiotics.

6.3.2. Determination of the Composition and Archi-
tecture of Biofilms. Biofilms are made of cells immobilized in
EPS made of proteins, polysaccharides, lipids, and nucleic acids.
The EPS is the backbone of a biofilm.’"* It provides mechanical
stability and has a significant role in retaining water, absorbing
nutrients, and protecting from external stress. Water represents
up to 97% of the biofilm material, while polysaccharides
(including modified cellulose), proteins (including enzymes and
curli6 ﬂnyloids) , DNA, and lipids each represents only 1—2% or
less.

Despite their biomedical significance, there are few reliable
quantitative methods to determine the composition and
structure of a biofilm matrix.”*” Quantitative analyses of EPS
are typically achieved using HPLC and MS methods, while
Fourier transform infrared (FTIR) and Raman spectroscopy can
qualitatively probe their chemical composition. Interactions and
affinity of EPS with other molecules have been probed with
surface plasmon resonance and small-angle X-ray scattering,
while spatial architecture can be imaged using confocal scanning
light, electron, or atomic force microscopy. Solution NMR
studies of soluble extracts were used to quantify the metabolites
present in the biofilm.°'* The interactions between EPS and
cerium oxide nanoparticles have been examined by *'P NMR,
since these particles create metabolic stress that leads to
phosphorus ejection.’’® Phosphorus integration was also
monitored as a function of temperature and oxygen availability
by detecting DNA and poly/pyro-phosphate within the EPS.%"°
Unfortunately, extraction and purification procedures, such as
filtration, heating, blending, and sonication, are often required
when characterizing biofilms, which might perturb the structure
and state of the biomaterial.*'’~¢"?

The biofilm of E. coli contains curli functional amyloid fibrils
and phosphoethanolamine (pEtN) cellulose, as shown by
ssNMR (Figure 23A).9%%*° This intriguing type of cellulose
has initially been described by Cegelski and colleagues using a
combination of ssNMR and EM imaging (refs 19, 547, 548, 620,
621, 625, 627, and 628). This modified cellulose is key to the
formation of long cellulose chains and helps the biofilm packing.
This likely confers resistance of this biofilm to cellulose-
degrading enzymes and might prevent amyloid curli fibers from
overstimulating an immune response when invading a living
organism. The fractions of cellulose and amyloids in whole-cell
samples of E. coli were also examined using ssNMR in
combination with EM and biochemical titration. Inhibition of
curli synthesis led to the production of a purely cellulosic biofilm
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(top of Figure 23B).°”' Later, Jeffries et al.”*” employed *C
ssNMR to assign, quantify, and characterize both the cellulose
and curli amyloids from biofilms of several strains of E. coli
(bottom of Figure 23B). They proposed that curli amyloids were
associated with adhesion, while pEtN cellulose favors cohesion.
They also studied how biofilm formation could be affected by
the surface where bacteria settle, and the data revealed that curli
became dominant in the biofilm formed on a plastic surface.
Other groups also reported interactions between amyloidogenic
fragments and the cell surface during the bacteria virulence
phase.62763!

Bc—cp along with REDOR methods involving B3¢, N, 31p,
and "F nuclei were applied to another biofilm extracted from
Vibrio cholerae®** (Figure 23C). A top-down approach was used
to describe the complex carbon pool of this bacterium, with
quantification of the carbohydrates (58%), lipids (33%), and
proteins (9%). They observed many amine moieties originating
from the lysine side chains and phospholipids and from
molecular modification of the free amine groups associated
with glucosamine, as shown by the REDOR results. They also
described possible modifications of amino acids and lipids that
can be glycosylated when involved in cell walls.

Biofilms in P. aeruginosa are mainly composed of alginate, a
polysaccharide made of 1,4-linked a-guluronate and f-
mannuronate residues, with acetyl groups on the mannuronate
residues. The T relaxation and spectral lineshapes of the EPS
isolated from P. aeruginosa have been monitored using '*C
ssSNMR, which has revealed two different mechanisms for
binding of Ca** and Mg**: calcium ions would create a
specifically chelated complex with mannuronate—guluronate
blocks in alginate, while the binding of magnesium is much
weaker and nonspecific.”*” Lithium chloride was also found to
strongly interact with alginate of the cell external matrix.”**
Mobility measurements using relaxometry revealed a very
mobile assembly, where alginate undergoes molecular tumbling
comparable to molecules in solution.

Bacillus subtilis is another important bacterium, studied by
Loquet and co-workers, with exopolysaccharides, hydrophobins,
and several functional amyloid proteins identified. A recent
model proposed that a major protein called TasA is surrounded
by polysaccharides in the biofilm. The TasA protein is a soluble
monomer with different oligomers characterized by X-ray, EM,
and solution NMR. Surprisingly, ssNMR on live biofilms gave
different structural insights. Once in biofilms, the TasA protein
has only one form that is protease-resistant with several f-sheet
fibrils.*** El Mammeri et al. also characterized the structure of
functional amyloids in both B. subtilis and B. cereus (Figure
23D).** Their data revealed both p-sheet and a-helical
conformations in the TasA protein, consistent with the
functional amyloid structure that is different from the commonly
reported f-sheet disease-associated amyloids. Although these
two Bacillus bacteria shared a largely conserved TasA
architecture, minor differences were detected using ssNMR
and FTIR in terms of conformation and polymorphism. The
data also led to a model where the two bacteria have different
synthesis pathways for biofilm amyloids.***

6.3.3. Metabolism Flexibility and Remodeling of
Biofilm in Response to Stress. Solid-state NMR has been
used to describe the viscoelasticity of the biofilm under different
conditions including sublethal concentrations of vitamin C or
inactivation of the eps operon responsible for EPS synthesis.’*®
Jiao et al. %3¢ reported the use of FTIR, MS, and ssNMR, among
others, to characterize the EPS of bacteria found in acid mine
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drainage and proved that the growth stage affects the EPS
composition. They showed that mature biofilms have more
carbohydrates and metals but fewer proteins and almost no
DNA. The insufficient resolution could not differentiate $-O-4
and $-O-3 linkages, which are important in PG, but the problem
was partially resolved in another study using extracted material
from V. cholerae.”** It was also shown that DMSO in the growth
media enhances the amount of curli amyloids in E. coli
biofilm.**’

Interestingly, magnetic resonance imaging (MRI) methods
have been employed to investigate bacterial biofilms. Using
high-resolution spectroscopy/microscopy, with MRI combined
to confocal laser scanning microscopy (NMR/CLSM), McLean
et al.”*® managed to build a 3D model of the biofilms of
Shewanella oneidensis strain and Streptococcus mutants, which are
associated with dissimilatory metal-reduction and caries disease,
respectively. NMR and MRI techniques have also been
employed to study biofilms in porous environments and flow
cells to investigate water dynamics and biofilm expansion on
various time and length scales. For example, 'H T, and velocity
MRI imaging were used in porous media that can be invaded by
biofilms, which gave information with spatiotemporal resolution
on this kind of assembly. This can be applied to mass transfer
and flow abnormalities in porous materials.**’

Caudill et al. used ssNMR to examine the interactions of
biofilms with external molecules.”****" Using *'P and °C
ssNMR, they showed that gold nanoparticles decorated with
cationic branched polyethylenimines interact electrostatically
with biofilms and form hydrogen bonds with the oxygen atoms
of phosphate groups of the teichoic acid residues in LPS. Such
interactions will be altered by variation in teichoic acid
composition (modification of the glucose or alanine quantities
in LPS), suggesting the important function of these moieties.

Magnetic resonance techniques were also used to reveal the
function of biofilms in preventing invasion of other bacterial
species. MRI and ssNMR data on B. subtilis mutants showed that
the absence of EPS in this bacterium leads to the production of
less dense colonies, thus favoring the invasion by Pseudomonas
chlororaphis.** Transcriptomics and genomics helped identify
the main participants of the interactions between these two
bacteria: a lipopeptide surfactin in B. subtilis and T6SS
components in P. chlororaphis. This interaction between the
two bacteria has also been monitored on melon leaves and seeds
to understand the molecular phenomena orchestrating the
concomitant invasion of both bacteria on plant materials.

Righi et al. used HR-MAS and transcriptomics to describe the
metabolomics of biofilm, assigning and quantifying several
amino acids and comparin§ biofilms before and after treatment
by 2-aminoacetophenone.”** Solution NMR has been used to
characterize other soluble fractions and monitor metabolites in
medically relevant bacterial biofilms.”** Although with im-
proved resolution compared to ssNMR, 1D 'H HR-MAS
spectra were still insufficient for diﬂerentiatin§ P. aeruginosa
biofilms or planktonic cells using PCA analysis.”**

6.4. Other Bacterial Parts Exposed to the Medium

Other appendices can be found on the surface of bacterial cells.
These extracellular assemblies include flagella, fimbriae, needles,
and pili, which are essential for bacterial infection and adhesion.
Associated with cell motility, the cytoplasmic protein FliK is the
main protein of flagella. Solution NMR experiments®*® showed
that FliK is mainly a disordered protein in which only the C- and
N-termini are structured. The needles in P. aeruginosa have been
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examined by *C ssNMR.®** As for pili, they have rod-like
polymeric structures and can be categorized by the secretion and
adherence mechanisms: type I for surface attachment that can be
associated with adhesion,”*’ type III for secretion of toxin
outside of the cytoplasm, and type IV for another kind of
secretion and attachment system. The type II secretion system is
often associated with toxins, degradative enzymes, proteases, or
lipases.”*® Unfortunately, the pilus secretion has only been
reported in a few NMR publications, such as the work of Lopez-
Castilla et al., which used solution NMR to examine interactions
between calcium and the type II secretion system from Klebsiella
oxytoca.””” NMR combined with other techniques, such as X-
ray, provided information on the orientation and structure of
these extracellular protein assemblies.”*”**" The type I helical
pilus in E. coli was characterized using ssNMR, detailing the
interfaces between their FimA subunits.”*” Similar approaches
were also used to characterize other extracellular fractions, such
as the type III secretion systems purified from different strains
including Salmonella.**>¢>3765¢

6.5. Probing the Cell Surface Using DNP

Starting from 2012, MAS-DNP has been applied by Baldus,
Hediger, Simorre, and others*'”%*7 to investigate E. coli and B.
subtilis. It was shown that radicals tend to accumulate in the cell
wall, therefore improving the signal of the cell envelope only and
simplifying the overall spectra. Nevertheless, internal elements
seemed to be detected to some extent, including RNAs by '*N or
lipids by "*C approaches. The preferential partitioning and
nonuniform distribution of radicals in bacterial cell walls are
probably attributable to their strong interactions with the PG
layer likely via hydrogen bonding. On the contrary, the
carbohydrate-dominant cell walls of plants typically have
uniform polarization under MAS-DNP, as evidenced by
identical spectral patterns with and without microwave
irradiation.”*" In bacteria, PG signals can be selectively increased
or suppressed in a whole-cell sample by changing the radical
concentration. This selectivity allows for specifically monitoring
certain components of interest using intact bacterial cells.

7. CONCLUDING REMARKS AND PERSPECTIVES

Undoubtedly, ssNMR has demonstrated its unique capability to
investigate carbohydrates and associated biomolecules from the
ECM materials (including cell walls) in physically relevant and
chemically unperturbed states. Spanning across the plants, fungi,
algae, and bacteria, the identified structural principles underlying
the construction of ECMs should guide the development of
technology for better using their constituent molecules for the
production of biofuel, functionalized materials, nutrition, and
high-value bioproducts. In-depth knowledge of microbial cell
walls also serves as the basis for developing efficient antibiotics
and antifungals.

Despite the recent landmark studies highlighted in this review,
many structural aspects of ECMs remain unexplored, as
discussed in previous sections. There are promising oppor-
tunities in the characterization of algal cell walls (section 5.1)
and plant secondary cell walls (section 3.4), the supramolecular
organization of which have not been extensively investigated
using ssNMR. High-resolution methods need to be developed to
analyze the lignin structure, quantify molecular composition,
and screen unlabeled materials (section 3.5). ssNMR could also
emerge as a standard strategy for assessing the action mechanism
of antifungal drugs and antibiotics on bacteria or fungi, especially
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for those compounds targeting the ECM components (section
4.7).

Projecting forward, numerous grand challenges are awaiting
our efforts. What computational, statistical, and machine
learning techniques should we use to promptly convert
ssSNMR observables to averaged structures of polymer
complexes? Are we prepared for high-throughput and automatic
analyses of unlabeled ECMs and carbohydrate-rich biomate-
rials? Could we obtain high-resolution views of the sugar
components in mammalian and human cells?*"*** How should
we handle cellular mixtures like the communication and
interface between microbes and plants/humans? When could
we completely get rid of isotope labeling? The recent
development of high- and ultrahigh-field magnets, ssNMR
cryoprobes, MAS-DNP approaches and biradicals, proton
detection in solids, and database-oriented tools might be the
key to addressing these questions. Uniquely placed in this
rapidly evolving era of ssNMR and DNP technology, we are
eager to explore the many under-investigated research directions
related to ECMs and cellular carbohydrates.
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ABBREVIATIONS

AFM atomic force microscope

AG arabinogalactan

AmB amphotericin B

AMP antimicrobial peptide

AX arabinoxylan

CBM carbohydrate-binding module

CE cross effect

CesA cellulose synthase

CGMD coarse-grained molecular dynamics

CLSM confocal laser scanning microscopy

CMP-NMR comprehensive multiphase NMR

CORD combined R2, ’-driven

CP cross-polarization

Crl crystallinity index

CSA chemical shift anisotropy

cw continuous wave

DARR dipolar assisted rotational resonance

DD dipolar decoupling

DFT density-functional theory

DNP dynamic nuclear polarization

DOPA dihydroxyphenylalanine

DP direct polarization

ECM extracellular matrix

ECMs extracellular matrixes

EPS extracellular polymer substances

EXPB P-expansin

FESEM field emission scanning electron microscope

FTIR Fourier transform infrared

GAG galactosaminogalactan

GalA galacturonic acid

GalXM galactoxylomannan

GAX glucuronoarabinoxylan

GGM galactoglucomannan

GM galactomannan

gt gauche—trans

GXM glucuronoxylomannan

HG homogalacturonan

HRGP hydroxyproline-rich glycoprotein

INADEQUATE incredible natural-abundance double quan-
tum transfer experiment

INEPT insensitive nuclei enhanced by polarization
transfer

LAM lipoarabinomannan

LCPA long chain polyamine

LDA linear discriminant analysis

LPS lipopolysaccharide

LTA lipoteichoic acid

MAS magic-angle spinning

MD molecular dynamics

MLG mixed-linkage glucan

NMR nuclear magnetic resonance

oM outer membrane

PA polarizing agent

PAR proton assisted recoupling

PARIS phase-alternated recoupling irradiation
scheme

PASS phase-adjusted spinning sidebands

PCA principal component analysis

PDSD proton-driven spin diffusion

pubs.acs.org/CR
pEtN phosphoethanolamine
PG peptidoglycan
PM plasma membrane
PRE paramagnetic relaxation enhancement
PPs polyisoprenoids
REDOR rotational echo double-resonance
RFDR radiofrequency-driven dipolar recoupling
RG-1 rhamnogalacturonan-I
Rha rhamnose
SDV silica deposit vesicle
SE solid effect
SEs sterol esters
SFG sum frequency generation
S/N signal-to-noise
ssNMR solid-state nuclear magnetic resonance
TEM transmission electron microscopy
TGs triglycerides
tg trans—gauche
TSAR third-spin assisted recoupling
WTA wall teichoic acids
XyG xyloglucan
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