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ABSTRACT

Plant biomass has become an important source of bio-renewable energy in modern society. The mole-
cular structure of plant cell walls is difficult to characterize by most atomic-resolution techniques due to
the insoluble and disordered nature of the cell wall. Solid-state NMR (SSNMR) spectroscopy is uniquely
suited for studying native hydrated plant cell walls at the molecular level with chemical resolution.
Significant progress has been made in the last five years to elucidate the molecular structures and in-
teractions of cellulose and matrix polysaccharides in plant cell walls. These studies have focused on

Keywords: primary cell walls of growing plants in both the dicotyledonous and grass families, as represented by the
Cellulose . model plants Arabidopsis thaliana, Brachypodium distachyon, and Zea mays. To date, these SSNMR results
g{a;;:(s;owsacmande have shown that 1) cellulose, hemicellulose, and pectins form a single network in the primary cell wall;
Lignin 2) in dicot cell walls, the protein expansin targets the hemicellulose-enriched region of the cellulose
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microfibril for its wall-loosening function; and 3) primary wall cellulose has polymorphic structures that
are distinct from the microbial cellulose structures. This article summarizes these key findings, and
points out future directions of investigation to advance our fundamental understanding of plant cell wall
structure and function.

© 2016 Elsevier Inc. All rights reserved.
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1. Plant cell walls: an emerging system in energy and
biomaterials

Plants have been a fundamental component of human society
for many millennia, providing the source of food, energy, con-
struction and clothing. In recent years, the necessity to reduce our
dependency on fossil fuels has made the conversion of plant bio-
mass to an economically viable renewable energy an important
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area of research. Lignocellulose materials from plant cell walls,
which are not a food source, can be converted into solid fuel, liquid
fuels, or biogas [1]. A better understanding of the plant cell wall
structure on the molecular level is important for this effort, by
giving insight into how to increase cell wall mass per hectare, how
to reduce cell wall recalcitrance to enzymatic degradation, and
how to optimize cell wall composition to increase the yield of
fermentation of monosaccharides to fuel [1-4]. Elongating plants
cells are surrounded by a primary cell wall whose composition
differs from that of secondary cell walls when plants cease growth.
Understanding the molecular structural basis for how primary cell
walls provide both mechanical strength and extensibility to the
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cell is thus also a fundamental question of interest in plant
sciences.

The molecular structures and intermolecular interactions of
plant cell wall polymers have been difficult to study using mi-
croscopy and diffraction methods due to the insoluble and mixture
nature of the cell wall. Recently, magic-angle-spinning (MAS)
multidimensional correlation SSNMR spectroscopy began to be
employed to investigate the structure, dynamics, and inter-
molecular interactions of wall polysaccharides and proteins in
important model plants [5]. This SSNMR approach is made possi-
ble by the ease of >C enrichment of plants. By growing plants in
liquid culture in the dark with 3C-labeled glucose as the only
carbon source, ~100% '3C enrichment of the plants can be
achieved [6]. Both the dicot model plant, Arabidopsis thaliana, and
two grass model plants, Brachypodium distachyon and Zea mays,
have been investigated, and are further complemented by analysis
of genetic mutants of Arabidopsis and partially extracted Arabi-
dopsis cell walls with altered physical and chemical properties. The
choice of these model plants with fully sequenced genomes and
extensive collections of mutants facilitates NMR structural studies,
and the focus on primary cell walls makes the structural findings
independent of tissue type. This review summarizes the com-
plexity of plant cell walls, key findings from the SSNMR results to
date, and future topics of interest in plant cell wall research that
are amenable to SSNMR spectroscopy.

2. Challenges: structural and dynamical heterogeneity of plant
cell walls

A major challenge in SSNMR studies of plant cell walls is the
structural heterogeneity of the cell wall. This heterogeneity is
manifested on three levels. First, the constituent polymers and
intermolecular networks differ between primary and secondary
cell walls, and between dicots and grasses [7]. Cellulose, the main
polysaccharide in all plant cell walls, exists as relatively thin mi-
crofibrils of 3-5 nm diameter in primary walls but form larger
bundles of 10-20 nm diameters in secondary cell walls [8]. Al-
though cellulose is the most crystalline component of the cell wall,
the packing and conformation of the f(1 >4) D-glucan chains in
the microfibril are still not well understood because of the ex-
tensive interaction of cellulose microfibrils with matrix poly-
saccharides. This feature does not exist in cellulose produced by
algae, bacteria and marine animals, which do not interact with
other biopolymers and are thus highly crystalline. The composi-
tion of matrix polysaccharides also differs significantly between
different cell walls. For example, the main hemicelluloses are xy-
loglucan (XyG) in dicot primary walls but glucuronoarabinoxylan
(GAX) and mixed-linkage glucan (MLG) in grass cell walls. Both
dicot and grass cell walls also contain polyanionic pectins and
structural proteins, but their amount is much lower in grasses. The
secondary cell walls are distinguished from primary cell walls by
having xylans and glucomannans as the main matrix poly-
saccharides and by possessing lignin [7], a highly crosslinked
phenolic polymer that interacts with cellulose to render secondary
cell walls recalcitrant to chemical pretreatment and enzymatic
degradation [9,10]. These chemical compositional differences
complicate resonance assignment of solid-state NMR spectra.

The second level of structural heterogeneity is the fact that
each type of sugar can have multiple linkages with other sugars in
matrix polysaccharides. Fortunately, under favorable conditions,
these linkages can be resolved in multidimensional MAS spectra.
For example, arabinose is present in rhamnogalacturonan (RG) I
and GAX, which undergo large-amplitude motions to give rise to
narrow '2C linewidths of 0.2-0.5 ppm at high magnetic fields [5].
In the Brachypodium cell wall, we resolved nine sets of arabinose

signals and five sets of xylose (Xyl) signals [11]. The arabinose
signals can be assigned to different covalent linkages at C1, C2, C3,
and C5 positions of the sugar (Fig. 1a), depending on whether the
arabinose resides in GAX or RG I. Similarly, the multiple sets of Xyl
chemical shifts can be assigned to different linkages and sub-
stitutions of Xyl in the GAX xylan backbone and in the XyG side-
chains. For example, Xyl structures can include t-Xyl in GAX, 3,4-
Xyl with Ara substitution at the O3 position, and t-Xyl in XyG, all of
which display distinct chemical shifts.

Third, each cell-wall polysaccharide can exhibit polymorphic
structures. For example, the cellulose microfibrils of primary cell
walls have been estimated to contain between 18 and 36 hydro-
gen-bonded and parallel packed chains, each of which containing
tens of thousands of D-glucose rings [12]. Structural heterogeneity
perpendicular to the microfibril axis exists due to the distinct
environments of interior chains and surface chains, and con-
formational heterogeneity along the chain axis is also suspected
[5]. Thus, it is not surprising that >C MAS spectra of primary wall
cellulose show relatively broad linewidths of 2-3 ppm at low
magnetic fields of 9.4-14.1 T. However, at higher fields of 18.8-
211 T, the linewidths decrease to 0.7-1.0 ppm, allowing the re-
solution of at least seven sets of chemical shifts in 2D 3C-13C
correlation spectra (Fig. 1b). This high-field resolution enhance-
ment indicates that the cellulose linewidths are not entirely in-
homogeneous but contain significant homogeneous contributions
due to 3C-13C scalar couplings and residual *C-'3C and *C-'H
dipolar couplings. Interestingly, for 11% '*C-enriched wood cellu-
lose, spin-echo-detected 3C T, values have been reported to be
15-20 times longer than the apparent T,'s, indicating that the
linewidths of this wood cellulose are predominantly in-
homogeneous and will not decrease at higher magnetic fields [13].
This means that the high-field resolution enhancement of the
13C-labeled primary wall cellulose is due to the 100% >C enrich-
ment, which increases the contribution of field-independent di-
polar and scalar couplings to linewidths. In addition, the linewidth
differences also imply that the conformation distribution of pri-
mary wall cellulose is narrower than that of secondary wall cel-
lulose. Overall, these results show that high-field multi-
dimensional SSNMR spectroscopy can significantly overcome the
challenge of cell-wall heterogeneity and resolve the signals of the
multitude of structurally polymorphic polysaccharides in intact
primary cell walls.

The structural polymorphism of the wall polysaccharides im-
plies heterogeneous molecular motions. Cellulose is the rigid
scaffold of the cell wall, as confirmed by long NMR relaxation
times and near-rigid-limit dipolar order parameters. In compar-
ison, matrix polysaccharides are much more mobile. For example,
while 3C T; relaxation times of cellulose are 5-10 s at 14.1-18.8 T,
matrix polysaccharides exhibit much shorter *C T; relaxation
times of ~1s [6,14,15]. Interestingly, the pectin T, relaxation is
heterogeneous with at least two components: a fast component of
~0.4 s and a slow component of ~5 s (Fig. 1c). This strongly sug-
gests that some pectins fill the interfibrillar space and are highly
dynamic while other pectin segments are immobilized by contact
with cellulose. This in turn implies that pectins may contribute to
the crosslinking of cellulose microfibrils in the cell wall. In addi-
tion to relaxation times, the dipolar order parameters of wall
polysaccharides also differ substantially, from ~0.9 for cellulose to
0.4-0.6 for matrix polysaccharides. In the Brachypodium cell wall,
the dipolar order parameters of GAX are ~0.4, which are smaller
than those of Arabidopsis matrix polysaccharides. Thus, GAX in
grass cell walls is more mobile than matrix polysaccharides in
dicot walls [11]. The dynamic heterogeneity of wall poly-
saccharides allows the use of relaxation and dipolar filters to
suppress either the mobile or the rigid component's signals to
simplify the NMR spectra [11,16]. However, the mobility of
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(b) Cellulose Polymorphism
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Fig. 1. Structural and dynamical heterogeneity of primary plant cell walls. (a) Structural heterogeneity of arabinose in Brachypodium cell walls [11]. Eight sets of arabinose
signals (a-h) are resolved (top), many of which can be assigned to the different linkage types shown at the bottom. (b) Conformational polymorphism of cellulose in
Brachypodium cell walls [23]. Seven sets of cellulose signals are partially resolved, with five forms attributed to interior crystalline cellulose (type a-e) and two types to
surface cellulose (type fand g). Type-d cellulose can be assigned to XyG-proximal cellulose and is unique to plant cell walls. (c) Representative >C T relaxation data (left) and
3C-"H dipolar coupling data (right) of cellulose (red), hemicellulose XyG (blue) and pectins (green) in Arabidopsis cell walls. Cellulose is mostly rigid while pectins and
hemicellulose are partly mobile. The pectin '*C T, relaxation is double-exponential, with the slow component (~5 s) resembling the cellulose '*C Ty, indicating that this slow
relaxation originates from cellulose-containing pectin segments. The fast-decaying component of ~0.5 s likely results from interfibrillar pectins [15]. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

interfibrillar polysaccharides makes it difficult to measure the
distances of these matrix polysaccharide segments to cellulose.
Thus, structural interpretations of intermolecular cross peaks
should take into account this bimodal nature of the matrix
polysaccharides.

3. Recent progress in investigating plant cell wall structure by
SSNMR

3.1. Structural polymorphism of plant cellulose

Cellulose is the most abundant biopolymer on earth: it is the
dominant component of plant cell walls, whose estimated annual
worldwide production is ~160 billion metric tons [17]. Highly
crystalline cellulose of bacteria, algae, and marine animals have
been extensively studied using X-ray diffraction, neutron and
SSNMR [18-21]. These studies indicate the coexistence of two
major allomorphs, It and IP, in these native cellulose [18]. Crystal
structures [19,22] show that the I allomorph is composed of
identical chains with two alternating glucose units while the If
allomorph contains two types of chains in alternating sheets. In
comparison, plant cell wall cellulose has been more difficult to
characterize because of its low crystallinity and the difficulty of

isolating these microfibrils without perturbing their native
structure.

Our recent analysis of the high-field 2D *C-'3C correlation MAS
spectra revealed that plant primary-wall cellulose is structurally
polymorphic and differs from the Ioc and Ip structures of algal,
bacterial and animal cellulose. This polymorphism is manifested as
seven sets of >C chemical shifts [23], all of which differ significantly
from the loe and If chemical shifts. Five of these conformations
(types a—e) can be assigned to interior cellulose, while two types (f
and g) can be assigned to surface cellulose [23]. An additional minor
surface cellulose (h) is identified in the maize cell wall but is absent
or unresolved in Arabidopsis and Brachypodium cell walls. Each
cellulose form has at least one '>C chemical shift that differs from
the chemical shifts of the other forms by more than 1.0 ppm. One of
the reasons for these distinct chemical shifts is the C6 hydro-
xymethyl conformation. DFT calculations of *C chemical shifts in-
dicate that the C6 exocyclic group mainly adopts the trans-gauche
(tg) conformation in four of the five types of interior cellulose, ex-
cept for type d, which can adopt both tg and gt conformations.

We attribute the structural polymorphism of plant cell wall
cellulose to matrix polysaccharides, which are expected to affect
chain packing, hydrogen bonding and local conformation. [23,24].
The chemical shift multiplicity is present in Arabidopsis, Brachy-
podium and Zea mays cell walls, all of which share the same sets of
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Fig. 2. Intermolecular interactions of cell wall polysaccharides and proteins from SSNMR. (a) Polysaccharide-polysaccharide through-space contacts from 'H-driven >C spin
diffusion (PDSD) buildup curves [36]. Representative buildup curves are shown for intra-residue iC4-iC6 and inter-chain iC4-s/G/AC4 cross peaks within cellulose (black),
intermolecular s/G/AC4-R/GAC1 cross peaks between surface cellulose and pectins (blue), and between interior cellulose iC4 and pectin R/GAC1 (red). (b) Hydration of wall
polymers obtained from water-polysaccharide 'H spin diffusion [39]. Water polarization transfer to pectins GAC2/RC5 (green) is faster than to cellulose iC4 in both intact and
extracted cell walls. However, partial extraction of pectins significantly slows down water polarization transfer to all polymers, which can be attributed to the removal of Ca®*
ions, which immobilize water in the intact cell wall. (c) Expansin binding to dicot cell walls from >C-'°N filtered '>C spin diffusion experiments [25]. Representative 1D C
spectra without spin diffusion, which show only the protein C signals, and with 3s spin diffusion, which show both protein and polysaccharides signals, indicate that cellulose
signals are enhanced by polarization transfer from wild-type expansin and a hyperactive mutant expansin. Representative protein-cellulose (iC4) magnetization transfer curves
are shown for an active expansin mutant versus wild-type expansin. These data indicate that the functional binding target of the expansin is cellulose. (d) Structural model of the
expansin-cellulose complex [25]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

13C chemical shifts (Fig. 1b); thus the cellulose polymorphism is
conserved among many plants [5]. Interestingly, two genetic mu-
tants of Arabidopsis, one removing XyG and the other mutating
cellulose synthase [4,6], showed a smaller number of cellulose
cross peaks but did not alter the chemical shifts of the remaining
peaks, suggesting that the cellulose structural distribution is suf-
ficiently robust to resist partial changes in the matrix poly-
saccharide composition of the cell wall and changes in cellulose
synthase activity.

The spatial locations of the different cellulose structures have
been probed from intermolecular cross peaks in long-mixing-time
spectra and from water-edited 2D correlation spectra [23]. These
data indicate that the different types of cellulose mix radially in
each microfibril, instead of being separated into different micro-
fibrils or domains along the fibril axis (Fig. 1b). Cellulose f and g
interact with pectins on the microfibril surface and are well hy-
drated, while cellulose a and b do not contact matrix poly-
saccharides but are in contact with surface cellulose and water.
Cellulose ¢ exhibits much weaker cross peaks with both surface
cellulose and water, thus is embedded in the core of microfibrils.
Finally, cellulose d shows strong cross peaks with surface cellulose
but is poorly hydrated. This cellulose d is unique to plants: its >C
chemical shifts differ significantly from those of all other pub-
lished celluloses; it was previously observed to interact with
hemicellulose and is targeted by the wall-loosening protein ex-
pansin [25]; and in the XyG-depleted Arabidopsis mutant
xxt1xxt2xxt5, cellulose d signals disappear [23]. Thus, cellulose d is
important for wall mechanical properties.

These results lead to a three-layer cross-sectional model of the
cellulose microfibril in plant primary walls, where the core is se-
parated from the surface by an intermediate layer of glucan chains
(Fig. 1b). This structural model is consistent with the relative in-
tensities of surface and interior cellulose in quantitative >*C NMR
spectra, which shows that the average cellulose microfibril in
primary walls contains at least 24 chains [5]. Since recent bio-
chemical data, electron microscopy and molecular dynamics si-
mulation have converged on the model that the cellulose synthase
complex contains 18 enzymes [26-28], the larger cellulose chain
number deduced from the SSNMR data suggests that multiple
cellulose microfibrils coalesce [29], as also suggested by AFM data
of onion cell walls [30,31].

3.2. Cellulose-matrix polysaccharide interactions: changing the
paradigm of wall structure

An important question in plant cell wall research is how cel-
lulose interacts with matrix polysaccharides to form a load-bear-
ing network that not only provides stiffness to plant cells but is
also capable of loosening during rapid plant growth [32]. The
prevailing structural model, based on extraction and in-vitro
binding assays, depicts cellulose microfibrils as hydrogen-bonded
to and crosslinked by hemicellulose, and this cellulose-hemi-
cellulose network is embedded in a second phase formed by well-
hydrated anionic pectins. Thus, in this “tethered network” model,
hemicellulose is an essential structural component of the wall and
a target for wall loosening [33]. However, long-mixing-time 2D
and 3D SSNMR spectra show few XyG-cellulose cross peaks, sug-
gesting that XyG interacts with cellulose only at limited positions
[6,14]. This finding subsequently found support in biomechanical
assays where an XyG-specific endoglucanase (XEG) that hydro-
lyzes the majority of XyG failed to cause wall creep, while an en-
zyme (Cel12A) that hydrolyzes both cellulose and a minor com-
ponent of XyG that is resistant to XEG digestion induced sig-
nificant creep. This result indicates that only a minor fraction of
XyG is involved in wall mechanics [34]. The resulting “biomecha-
nical hotspot” model depicts cellulose as interacting with XyG at
limited sites to cause wall loosening [34,35].

In contrast to the sparseness of cellulose-XyG cross peaks, the
2D and 3D correlation spectra show many cellulose-pectin cross
peaks, whose equilibrium intensities represent 25-50% of inter-
chain cross peaks within the cellulose microfibrils (Fig. 2a), sug-
gesting that 25-50% of cellulose is in sub-nanometer contact with
pectins [36]. This extensive cellulose-pectin spatial contact was
unexpected, because it contradicts in vitro binding assays that
indicate low affinity between cellulose and pectins [37]. However,
four independent pieces of NMR data support this conclusion.
First, the cellulose-pectin cross peaks are confirmed in relaxation-
compensated difference 2D '3C correlation spectra that removed
intramolecular cross peaks while retaining intermolecular cross
peaks [38]. Second, water-to-polysaccharide 'H spin diffusion was
found to be correlated for pectins and cellulose, suggesting that
the two polymers are in close proximity (Fig. 2b). Third, the cel-
lulose-pectin cross peaks are reproduced in never-dried cell walls
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at both ambient and low temperatures, indicating that the spatial
contact is not a hydration artifact and is not caused by tempera-
ture-induced changes in molecular packing [15,39]. Fourth, similar
cross peaks are observed between intact Arabidopsis cell wall and a
40% homogalactoronan (HG)-extracted cell wall, indicating that
molecular crowding cannot explain the cellulose-pectin spatial
contacts [15]. >C Ty and 'H Ty, relaxation times suggest that the
mobile portion of pectins is easily extracted by trans-1, 2-cyclo-
hexanediaminetetraacetic acid (CDTA) and by sodium bicarbonate,
while the more rigid pectins remain in the wall, likely binding to
cellulose. Together, these data indicate that cellulose-pectin mo-
lecular contacts are an inherent feature of intact hydrated primary
cell walls. We attribute the discrepancy between this inter-
molecular contact and the weak cellulose-pectin affinity in in vitro
binding assays to the inability of the latter to fully mimic the wall
structure: during cell-wall biosynthesis, pectins may become en-
trapped between or within cellulose microfibrils, leading to close
contacts and reduced mobility of the cellulose-bound pectins that
cannot be readily mimicked in vitro.

These SSNMR results, together with biomechanical assays and
microscopy evidence, shift the paradigm of the plant primary wall
structure. In the new single-network model, cellulose has limited
interactions with hemicellulose but extensive contacts with pec-
tins. To understand how this single polysaccharide network is
loosened during plant cell growth, we employed 2D correlation
experiments under dynamic nuclear polarization (DNP) [40-42] to
determine the binding target of expansin [32,43] in Arabidopsis
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4. Perspectives: underexplored areas

Although major progress has been made in the last five years in
SSNMR investigations of plant cell wall structure, many open
questions remain, as summarized in Fig. 3. For cellulose, it is still
unclear how the NMR-detected cross-sectional structure is related
to the cellulose synthase structure. The latest structural results
that the cellulose synthase complex likely contains a hexamer of
trimers of the enzyme [26,27,45,46] may be reconciled with the
NMR results that more than 24 chains exist in each microfibril by
the hypothesis that multiple microfibrils coalesce, but this hy-
pothesis needs to be tested experimentally. Second, the location
and structure of the XyG- and expansin-interacting cellulose d are
still not fully understood, and the nature of cellulose e is elusive.
Third, the structures of disordered and crystalline cellulose should
be investigated in greater detail through distance and torsion
angle experiments to complement the extensive chemical shift
data.

Lignin, the abundant aromatic polymer in secondary cell walls
[47], increases the stiffness of plant cell walls and limits biomass
conversion to biofuel [48]; thus lignin re-engineering is an im-
portant area of research [1,49]. SSNMR has been used to quantify
the amount of lignin in secondary cell walls [50-52], however
lignin interactions with polysaccharides and proteins on the mo-
lecular level have not been studied (Fig. 3). Dupree and coworkers
recently conducted the first SSNMR study of Arabidopsis secondary
cell walls in the dry state and identified intermolecular cross peaks
between cellulose and non-polysaccharide components. But it is
not known whether cross peaks in the 50-60 ppm region result
from lignin or structural proteins [24]. Since plant secondary cell
walls are the major feedstock for biofuel production, their struc-
tural study will be important in the future.

Structural proteins in plant cell walls, including hydroxypro-
line-rich proteins, glycine-rich proteins, proline-rich proteins, and
arabinogalactan proteins, are another under-studied class of
macromolecules. These proteins have been proposed to form
covalent crosslinks with each other and with polysaccharides, but
direct evidence for this interaction is scarce [53]. Using '*C-*H
REDOR and [ring-4-'3C] Tyr- and [ring->H4] Tyr-labeled soybean
cell walls, Schaefer and coworkers found that a quarter of tyrosine
residues are involved in isodityrosine crosslinks between proteins,
while lysine is not involved in covalent crosslinks [54]. 2D 3C-13C
correlation spectra of 3C-labeled Arabidopsis cell walls indicate
that structural proteins mainly adopt random coil and f-sheet
conformations, and are well separated from polysaccharides since
no intermolecular cross peaks were detected [36]. Further struc-
tural investigations of cell-wall proteins will be of interest to un-
derstand how structural proteins interact with polysaccharides to
participate in wall functions.

5. Concluding remarks

Plant cell walls are complex, insoluble and disordered bioma-
terials where the constituent macromolecules exhibit hetero-
geneous structures and dynamics. These properties make plant
cell walls challenging systems for most structural techniques. So-
lid-state NMR is uniquely suited for molecular-level investigations
of the cell wall structure. By combining isotopic enrichment with
multidimensional MAS NMR, we have made significant advances
in understanding the three-dimensional structural network
formed by polysaccharides in intact primary cell walls of several
model plants of the dicot and grass families, and moreover have
related this structural information to the mechanism of wall
loosening. Future topics of interest include the structures of sec-
ondary cell walls, lignin-cellulose interactions, higher-resolution

structures of cellulose in the wall, and the structures of function-
ally important cell-wall proteins.
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