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Atomistic, macromolecular model of the Populus
secondary cell wall informed by solid-state NMR

Bennett Addison't, Lintao Bu't, Vivek Bharadwaj't, Meagan F. Crowley"z,
Anne E. Harman-Ware', Michael F. Crowley’, Yannick J. Bomble3*, Peter N. Ciesielski'*

Plant secondary cell walls (SCWs) are composed of a heterogeneous interplay of three major biopolymers: cellu-
lose, hemicelluloses, and lignin. Details regarding specific intermolecular interactions and higher-order architec-
ture of the SCW superstructure remain ambiguous. Here, we use solid-state nuclear magnetic resonance (ssNMR)
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measurements to infer refined details about the structural configuration, intermolecular interactions, and relative
proximity of all three major biopolymers within air-dried Populus wood. To enhance the utility of these findings
and enable evaluation of hypotheses in a physics-based environment in silico, the NMR observables are articu-
lated into an atomistic, macromolecular model for biopolymer assemblies within the plant SCW. Through molecu-
lar dynamics simulation, we quantitatively evaluate several variations of atomistic models to determine structural

details that are corroborated by ssNMR measurements.

INTRODUCTION

Lignocellulosic biomass is one of the largest CO, sinks and source of
renewable carbon on earth and has attracted major attention as a feed-
stock for renewable fuels, chemicals, and materials (I, 2). The lignified
plant secondary cell wall (SCW), the primary source of mass in ligno-
cellulosic biomass, is composed of a complex and heterogeneous
framework of three major biopolymers: cellulose, hemicelluloses, and
polyaromatic lignin (3, 4). The structure of these polymers and emer-
gent properties that arise from their complex interaction compose a
lignocellulosic material with mechanical integrity and robust struc-
tural features that impart impressive recalcitrance to enzymatic, chem-
ical, and mechanical deconstruction methods (5, 6).

Solving the macromolecular puzzle of lignocellulose structure/
property relationships holds the key to efficiently disentangle and de-
construct biomass for conversion to fuels and chemicals and to ac-
celerate development of advanced lignocellulose-derived materials
(7). Molecular dynamics (MD) simulation is a powerful tool to quan-
titatively assess important attributes of a system, including thermo-
dynamic properties and mechanical behavior, as a function of the
composition, arrangement, and connectivity of the atoms in a system
(8,9). In principle, MD simulations enable the in silico exploration of
atomistic design strategies and their impact on emergent properties.
However, large-scale prototype molecular models of the lignified
plant SCW containing all three major biopolymers are extremely
sparse. A major impediment to realistic MD simulations of SCW
biopolymer assemblies is the lack of experimentally validated, quan-
titative details describing the relative atomic positions and confor-
mations of molecules, which are necessary to confidently construct
realistic molecular models. For example, several insightful studies
used a three-component model of the softwood SCW to investigate
nanoscale wood-water relationships; however, the molecular models
were based on largely qualitative observables derived from the
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literature rather than a rigorous, quantitative comparison of experi-
mental and modeled molecular proximities (10, 11). While struc-
tural data (e.g., x-ray crystallography) are readily available for some
biomolecular systems (e.g., proteins and DNA), this is not the case
for heterogeneous biopolymer composites that constitute plant cell
walls. Solid-state nuclear magnetic resonance (ssNMR) methods are
capable of extracting structural information of heterogeneous mate-
rials in situ in their native and unaltered states (12-14). Incremental
progress has been made toward understanding hardwood (15-19),
softwood (19-21), and grassy (22-24) SCW superstructure in the
past decade using ssNMR methods on '*C-enriched biomass. A ma-
jor breakthrough demonstrated that most xylan within the SCW of
plants is decorated with acetyl or glucuronoyl groups on every other
xylose unit (Fig. 1), thereby potentially enabling xylan to form a dis-
tinct hydrophilic surface for cellulose binding and a hydrophobic
surface for lignin interaction, assuming that xylan adopts an extended
twofold (two xylose units per 360° turn) orientation (25-27). It
was then suggested through a multitude of two-dimensional (2D)
and 3D ssNMR techniques applied to model and engineered hard-
woods that xylan likely adopts an extended conformation down the
length of the polymer when bound to cellulose microfibrils; however,
xylan can adopt a range of disordered threefold helical screw-like
structures when unbound (15-17). MD simulations have also been
key in supporting this hypothesis (25, 28, 29). A separate research
group applied magic angle spinning ssNMR methods to probe
lignin-saccharide interactions within the SCWs of model lignocel-
lulosic feedstocks. Detailed results informed a revised conceptual
model of lignin-polysaccharide packing within grassy SCWs in
which lignin self-aggregates into nanoscale domains and retains ex-
tensive surface-area contact with xylan, but limited direct contact
with cellulose microfibrils was suggested (22). In a follow-up study
on woody tissue, it was shown that polymer mixing is more homoge-
neous on the nanoscale compared to grasses, and xylan/lignin inter-
actions were most dominant (19). Supporting some of these
conclusions for hardwoods, we used a selective 1D >C-°C spin-
diffusion ssNMR method to better understand spatial arrangements
and polymer-polymer interactions within biomolecules, including
hardwood plant SCWs, in which tight lignin-xylan surface interac-
tion was confirmed for Populus woody stems (18).
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To build upon these findings and translate the current SCW archi-
tectural understanding into an atomistic representation, the hard-
wood SCW architecture must be quantitatively characterized to
provide experimental points of validation or rejection to enable con-
struction of realistic molecular models. Here, we present quantitative
insights into the relative proximities of biopolymers in air-dried Populus
wood derived from ssNMR to experimentally guide the construc-
tion of representative in silico plant SCW models. By combining
quantitative °C excitement with selective 1D *C-*C spin-diffusion
measurements, we estimate the extent of polymer-polymer interac-
tion within the hardwood SCW whereby we determine the relative
percentage of each °C environment that has gained *C magnetiza-
tion during a variable spin-diffusion period. We also estimate inter-
polymer distances within the hardwood SCW. These findings, along
with other structural features elucidated by previous studies, are ar-
ticulated into molecular models that are compared against experi-
mentally derived constraints.

RESULTS

ssNMR quantitatively reveals spatial arrangement of
biopolymers in air-dried Populus wood

A 1D "H-"C cross-polarization magic angle spinning (CP-MAS) "°C
ssNMR spectrum (Fig. 1) provides an overview of the Populus SCW
and its constituent polymers. °C resonances arising from cellulose,
acetylated xylan, and lignin are easily identified in high abundance,
while protein, pectin, and lipid signals are sparse. Neutral carbohy-
drate backbone signals generally reside between 60 and 110 parts per
million (ppm). In our case, this region is dominated by cellulose
(~45%), but acetylated xylan (~20%) and other polysaccharides in-
cluding non-xylose hemicelluloses and pectin units also contribute to
the signal intensity (~5%). The "*C ssNMR spectra of cellulose within
plant cell walls give rise to two unique glucose environments. Specifi-
cally, the cellulose C4 site shows two distinct environments at 89 ppm
(sharp) and 84 ppm (broad), and the C6 site also has two components

centered at 65 ppm (sharp) and 62 ppm (broad). To be consistent with
Dupree et al. (15), we refer to these environments as domain 1 (ca,
1C6) and domain 2 (3C4, 2C6) because, as our data confirm, both cel-
lulose environments appear at the cellulose fibril surface in the dense
hardwood secondary wall environment [see fig. S35 and (15)]. Else-
where, domain 1/domain 2 signals are assigned as crystalline/amor-
phous or interior/surface, or based on their C6 hydroxymethyl
orientation (30). Evidence of abundant acetylated xylan is obvious
from the acetyl Ac™® and Ac“© at 22 and 170 ppm, respectively. Re-
solved lignin signals (~25%) can be seen in the aromatic region and
from the lignin OMe at 56 ppm. Lignin inter-unit linkages, dominated
by B-O-4 Ca, CP, and Cy resonances, are expected in the 60- to
90-ppm range but are not easily visible by 1D ssNMR methods due
to their overlap with polysaccharide signals. 2D through-bond and
through-space >C-°C ssNMR techniques (figs. $4 to S6) helped re-
solve overlapping signals and extract accurate °C chemical shifts and
peak profiles of the constituent carbon types along with representative
monomeric structures in Fig. 1. The combined information from 1D
and 2D ssNMR methods were subsequently used to inform spectral
deconvolution efforts to quantify polymer-polymer through-space
interactions.

To gain a more complete understanding of how the constituent
polymers are arranged into high-level superstructures within the
lignified poplar stem, we collected a series of 2D (Supglementary Mate-
rials) and selective 1D (Fig. 2) proton-driven Be B¢ spin-diffusion
experiments ranging from short to long mixing times. Since the
BC-1C spin-diffusion process is driven by the strength of the dipolar
coupling interaction between the exchanging nuclei, which inher-
ently contains distance information, inter-nuclear contacts that are
present within approximate distance constraints can be probed by
varying the spin-diffusion mixing period ty,. Shorter (1 to 100 ms)
mixing times typically highlight tighter intramolecular contacts in
the upper range of roughly 0.3 nm, while longer (>500 ms) mixing
times can be used to identify contacts in the ~0.5- to 1-nm length
scales (31). As anticipated from prior works (15, 18, 19, 22), our data
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Fig. 1. 1D "H-"3C MultiCP-MAS ssNMR provides a broad overview of lignified Populus SCWs. General assignment regions are indicated for the predominant constitu-
ent polymers cellulose (gray), xylan (blue), and lignin (green), along with representative structures and their assignments indicated with color-coding. Chemical shift in-
formation and peak profiles extracted from a combined set of 1D and 2D ssNMR data were used to inform spectral deconvolution efforts used throughout this work. The
raw data are shown in black, and the resultant fit is shown in red. C, cellulose; Xn, xylan; Ac, acetyl; GalA, galacturonic acid (pectin); GIcA, a-p-glucuronic acid; [40OMe]

GIcA, (4-O-methyl)-a-p-glucuronic acid.
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A Selective 1D [C-"*C] MultiCP-DARR difference pulse sequence
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Fig. 2. Selective 1D MultiCP-DARR difference data quantify polymer-polymer contacts in the ~1nm length scales. (A) Selective MultiCP 1D DARR difference pulse se-
quence. The experiment results in a selective 1D '3C spectrum for which only 'C signals (sinks) that have exchanged magnetization with the selected resonance (source)
during the variable spin-diffusion period 1, are observed, while all other carbons are not observed because of deconstructive cancelation. (B) Example xylan-selected (AcMe
site at 22 ppm) 1D MultiCP-DARR difference spectrum (t,, = 3 s, red trace) is shown next to a nonselective 1D MultiCP-DARR experiment with the same mixing time (relaxation
compensated, black trace), which shows all carbons. Comparing the selective and nonselective 1D spectra reveals the relative abundance of '3C sites that have or have not
received polarization from the selected resonance during the mixing period. (C) Double-difference spectrum at 3 s reveals the 13C sites that reside outside of '>C-"3C spin-
diffusion range from the selected site during T, = 3 s, resembling that of Avicel cellulose (D). (E) Cellulose, xylan, and lignin representative structures with carbon positions,
along with their 3C spectral assignments indicated on sub-spectra obtained from selective 1D MultiCP-DARR difference data. '*C-'3C spin-diffusion rate constants that de-
scribe how quickly magnetization moves from source to sink carbons are indicated with red arrows, imparting distance information. (F) Stacked plot of xylan-selected 1D
MultiCP-DARR difference spectra with 7, ranging from 200 to 5000 ms. Plots are scaled by the intensity of the Xn A" site. (G and H) Magnetization recovery plots represent-
ing calculated xylan-sourced (G) and lignin-sourced (H) through-space contacts at each mixing time out to 5000 ms. Traces from five samples from two biological replicates
are shown with thin lines, and their averages are shown with thick lines. Error bars are propagated from the signal to noise.

qualitatively confirm subnanometer, through-space contacts be-  For example, this information alone cannot describe the extent of
tween all three polymers (fig. S5). However, there are many possible  interactions: How much of the lignin is within ~1 nm of acetylated
macromolecular configurations that satisfy constraints specified by  xylan? How much of the cellulose resides within ~1 nm of xylan
polymer composition and observation of subnanometer contacts. and lignin?
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Here, we aim to reduce these degrees of freedom through quanti-
fication of the abundance and length scales of these polymer-polymer
spatial interactions. We collected a series of xylan-selective (Xn Ac™,
22 ppm) and lignin-selective (S35/Gs/4, ~150 ppm) 1D *C-"*C spin-
diffusion experiments (18) to understand the time-dependent equili-
bration of ">C magnetization as it moves from the selected moiety
(source) to other carbon environments (sink) that reside within spin-
diffusion range (upper limit of ~1 nm) (31-33). Through these data, it
is possible to (i) extract the spin-diffusion time constants (Tsp) that
describe how *C polarization exchanges from the source to the sink,
which imparts inter-nuclear distance information, and (ii) estimate
the percentage of each carbon type that has gained *C polarization
from the selected signal during the variable spin-diffusion period. The
method was shown to be quantitative by using the MultiCP (34) pulse
sequence block for initial ">C polarization, as validated using ">C-
enriched standards (see the Supplementary Materials for details).
Data are visualized as fraction magnetization recovered (Fig. 2, G and
H) for both xylan and lignin magnetization sources.

Xylan-sourced and lignin-sourced selective 1D *C-"*C spin-
diffusion results from five samples from two biological replicates are
shown in Fig. 2. The Be e spin-diffusion time constants Tsp de-
scribing how magnetization moves from the xylan acetate methyl
(source) to the xylan backbone, lignin, and cellulose (sinks) were esti-
mated as ~100 ms, ~300 ms, and ~1 to 2 s, respectively (Fig. 2E and
figs. S27 to S29). The fast transfer to lignin sites but slow transfer to
cellulose carbons reveals that xylan acetyl carbons are closer in space
to lignin (~3 to 5 A) than they are to cellulose (~5 to 10 A), which is
consistent with xylan adopting an extended arrangement with acetate
decorations orientated toward lignin when adsorbed to the cellulose
surface. Even at short (50 to 100 ms) mixing times, minor lignin sig-
nals are clearly visible (Fig. 2 and fig. S6), suggesting that at least a
subpopulation of lignin carbons are within 0.3 nm of Xn Ac™ sites.

At moderate mixing times, '>C magnetization that originated on
AM® carbons is actively equilibrating into lignin but does not sub-
stantially penetrate into cellulose; at T, = 500 ms, roughly 25% of all
lignin groups but only 5% of all present cellulose carbons have re-
ceived *C magnetization. For lignin aromatic and methoxy groups,
this increases to roughly 35% at 750 ms and 45% at 1 s, and an asymp-
totic saturation of ~80% is reached in the 3- to 5-s range (Fig. 2G).
Meanwhile, the xylan-cellulose contact increases to ~10 to 15% at 1-s,
~25% at 2-s, ~35% at 3-s, and ~40% at 4- to 5-s °C-">C spin-diffusion
times (Fig. 2G), meaning that roughly 60% of all cellulose resides
further than ~1 nm from xylan acetyl carbons (Fig. 2C, double
difference).

The above estimates for cellulose magnetization recovery repre-
sent the cumulative sum of all cellulose signals derived from spectral
deconvolution and are unbiased toward any individual signal. Simi-
larly, lignin recovery represents the sum of resolved lignin signals.
Careful analysis of the cellulose buildup profile for each cellulose
signal suggests that both domain 1 (crystalline-like) and domain 2
(amorphous-like) cellulose units are represented at the cellulose bun-
dle surface, consistent with an interpretation by Dupree et al. (15), for
Arabidopsis stems, although domain 1 signals may be slightly more
prevalent in the fibril interior (fig. S35).

Lignin-selected (S3/5/G3s/s ~150 ppm) 1D MultiCP-DARR
(dipolar-assisted rotational resonance (DARR) difference data re-
veal lignin/cellulose subnanometer contacts, but the magnetiza-
tion recovery profile lags behind xylan/cellulose interactions. At
500 and 750 ms spin-diffusion times, °C magnetization has not

Addison et al., Sci. Adv. 10, eadi7965 (2024) 3 January 2024

penetrated substantially (<5%) into the cellulose microfibril, sug-
gesting that direct lignin/cellulose surface interaction is minimal
within the poplar secondary wall. At longer mixing times, lignin/
cellulose contact is observed more clearly; the percentage of glu-
can sites that receive magnetization from lignin increases to ~5%
at 1-s, ~10% at 2-s, ~15% at 3-s, and ~20% at 4- to 5-s spin diffu-
sion (Fig. 2H).

Further, the spin-diffusion rate constants Tsp for B3¢ magnetiza-
tion from the lignin ring carbons into lignin methoxy, xylan acetyl,
and cellulose sinks were ~40 ms, ~300 ms, and 3 to 4 s, respectively
(Fig. 2E and figs. S30 to S33). These data correspond to interpolymer
distances of 3 to 5 A for lignin/xylan and 5 to >10 A for lignin to cel-
lulose. Lignin is likely farther away from cellulose compared to the Xn
AcMe/cellulose distance based on longer Tgp rates. This observation
is rationalized if the xylan acetyl decorations point generally away
from the cellulose surface toward the lignin layer. Our MD simula-
tions described in subsequent sections further corroborate these ex-
perimental findings.

Magnetization recovery is asymmetric between xylan and
lignin sources

Magnetization recovery from lignin (source) to xylan (sink) is asym-
metric when comparing to recovery from xylan source to lignin sink;
percent of xylan that is recovered at the longest mixing times (~1 nm,
4 to 5 s) only reaches ~60%, not 80% as in the reverse case. The obser-
vation of a magnetization recovery asymmetry is curious and was not
expected. As will be argued, we believe that the asymmetry is likely a
result of multiple factors, including a true architectural asymmetry in
which there may be more xylan that is spatially isolated from lignin
than there is lignin spatially isolated from xylan.

One possible explanation would be if the magnetization transfer
kinetics were asymmetric either due to differing initial °C excitation
of lignin and xylan or possibly due to the differing proton densities
surrounding xylan and lignin. The former is ruled out because we
used MultiCP for initial °C excitation, resulting in uniformly and
quantitatively polarized carbons before spin diffusion. We argue that
the latter is also an unsatisfying explanation because the "*C-">C spin-
diffusion rate constants for lignin-to-xylan and xylan-to-lignin were
symmetric. In support, we confirmed that the MultiCP-DARR-
difference method is inherently quantitative and symmetric by apply-
ing our methodology on control samples [U-"*C]-alanine (Cambridge
Isotopes) and on microcrystalline peptide formyl-Met-Leu-Phe
(CortecNet). Results for both control samples show that ~100% of all
sink carbons are recovered for both selected signals (no observed asym-
metry), and the spin-diffusion rate constants are nearly identical for
each source/sink pairs regardless of which carbon is selected (figs. S1
and S3). Another plausible explanation of the asymmetry is that the
selected °C regions near 22 and 170 ppm do not exclusively belong to
xylan acetate carbons. Gel-state heteronuclear single-quantum coher-
ence NMR results on ball-milled biomass (fig. $34) and also 2D CP-
INADEQUATE ssNMR data (fig. S4) together suggest that roughly
10% of the carbons in the 22- or 170-ppm region belong not to xylan
acetate carbons but instead to lipid, pectin, and/or protein moieties.
Thus, some of the signal in the 22- and 170-ppm regions that is not
recovered after lignin selection and spin diffusion could simply repre-
sent other biopolymers that are not spatially close to lignin. This may
account for some but not all of the asymmetry; thus, the data suggest
that ~80% of lignin is within 1 nm of xylan, while more than 60% but
less than ~80% of xylan is within ~1 nm of lignin.
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Therefore, our working hypothesis is that (i) some of this observed
asymmetry is an artifact of ~10% of the signal in the 22- and 170-ppm
regions corresponding not to xylan but to other components (pectin,
protein, and lipid), and (ii) the remainder of the asymmetry is truly
architectural and due to the existence of a subfraction of acetylated
hemicelluloses that are trapped between cellulose bundles and there-
fore spatially isolated from lignin. This contention is partially sup-
ported through subsequently described molecular models and is
consistent with other works that also suggest trapped hemicelluloses
(35-37), but the discrepancy serves as a reminder that the reported
ssSNMR data reflect an ensemble average and may miss architectural
heterogeneity or differences among tissue and cell types. Regardless,
the observation that upward of 80% of all ssNMR-observable lignin
is in direct contact with acetylated xylan strongly suggests that
lignin within hardwood SCWs is most likely linearized with small
subnanometer domain sizes, as opposed to larger multi-nanometer
isolated globules. Well-averaged "*C T, values caused by efficient
C-13C spin diffusion further corroborate our overall conclusions of
extensive polymer mixing on the nanometer length scale (fig. S36).
Nanoheterogeneous polymer mixing implied by our results is
consistent with Kirui et al. (19) for hardwoods. Since the four-fiber
molecular models failed to replicate this asymmetry, larger models
were built with some entrapped hemicellulose.

ssNMR observables provide crucial metrics for construction
and evaluation of SCW atomistic models

Our objective was to construct a periodic molecular structure that is
consistent with the following ssNMR conclusions: (i) BC-BC spin-
diffusion rate constants and approximate interpolymer distances
confirm that xylan is predominantly “in the middle” of lignin and
cellulose; (ii) xylan in direct contact with cellulose adopts a conforma-
tion such that its decorations point generally away from the cellulose
surface; (iii) ~80% of all lignin and ~40% of cellulose chains are with-
in ~1 nm of xylan acetyl carbons; (iv) ~60% of all xylan and ~20% of
all cellulose carbons are within ~1 nm of lignin ring carbons; and (v)
lignin and xylan are most likely of extended morphology, not globu-
lar, and lignin/xylan homogeneous domain sizes are generally not
larger than ~1 nm in size.

In addition to ssNMR observations, compositional analyses pro-
vide further constraints to guide construction of a representative
molecular model. These measurements, described in Materials and
Methods, include cumulative biopolymer ratios, water content, lig-
nin monomer composition and linkage abundances, and character-
ization of xylan decoration pattern.

Despite the wealth of experimental insight described here and in
prior studies, the construction of representative atomistic models is
stymied by the lack of detailed quantitative metrics pertaining to the
relative placements of component biopolymers. Here, we built multi-
ple variations of molecular models and systematically compare them
to the criteria described above to determine which macromolecular
arrangements provided the best overall agreement with the ssNMR
observables. The atomistic models were subjected to MD simulations,
and then equilibrated snapshots of the systems were analyzed for re-
production of ssNMR magnetization recovery behavior and consis-
tency with interpolymer distances. A subset of the molecular model
variations is presented in Fig. 3 (left), and the entire set is shown in the
Supplementary Materials (figs. S37 and S38). Atoms in the molecular
model corresponding to the source and sink atoms from ssNMR ex-
periments were identified, and the cumulative number of sink atoms
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within 1 nm of source atoms was calculated (see the Supplementary
Materials). This proximity analysis enables direct comparison of the
distance criteria obtained from ssNMR magnetization recovery data,
which is presented as a polar plot in Fig. 3 (right).

The simplest model consisted of four, 18-chain elementary cellu-
lose fibrils surrounded by the lignin-xylan polymeric matrix. This
model formed a basis for exploring variations in lignin and xylan
placement in the SCW; including negative controls that verify the ef-
ficacy of the proximity analysis, and to evaluate whether substantial
rearrangement of polymers occurs during MD simulations. We did
not observe migration or rearrangement of polymers for any of the
systems investigated here over the course of the 100-ns simulations
(fig. S$39), which reinforce the importance of the initial placement
during model construction.

Each of the eight (a to h) four-fiber variants (figs. S37 and S38)
demonstrate subnanometer interactions as anticipated by prior ex-
perimental observations, making it difficult to discern which poly-
meric arrangement is most correct without additional quantitative
metrics. For example, even negative control variants like d.4, in which
lignin is deposited in the middle between cellulose and xylan, have
subnanometer xylan-cellulose interactions mediated through a lignin
layer. Herein lies the key insight—All of these systems including nega-
tive controls satisfy the previously published experimental observa-
tions of subnanometer through-space interactions between the three
major biopolymers; however, the extent of these interactions varies
substantially on the basis of the initial relative placement of the bio-
polymers (figs. S37 and S38). Therefore, the extent of interactions
measured in this work establish additional criteria for building and
evaluating atomistic molecular models.

Among the four-fiber variants, a.4 had the best agreement with
experiment in terms of lignin/cellulose and xylan/cellulose proximi-
ties. This variant has all of the xylan bound on cellulose (i.e., no
mixing of xylan and lignin in the surrounding matrix). However, ex-
perimental data indicate that ~70% xylan is observed in extended,
presumably twofold (2,) helical screw morphology (fig. S4), suggest-
ing that a fraction of hemicellulose is likely interspersed with lignin.
Variant b.4 was built with 70% of the xylan in direct contact with cel-
lulose, and the remaining 30% of the xylan interspersed with the sur-
rounding lignin matrix. While xylan/cellulose proximities were well
represented in this model, lignin/cellulose proximities were overesti-
mated. A similar observation was noted for variants c.4, built with
xylan randomly interspersed with lignin, and the negative control d 4,
built with lignin in direct contact with cellulose and xylan on the out-
er surface of the lignin. In addition, c.4 and d.4 variants also severely
underpredict xylan/cellulose proximity.

Variants d.4 and e.4 were, in part, designed to test direct cellulose/
lignin deposition. We note that the extent of direct lignin-cellulose
contact within lignocellulose is actively debated. For example, prior
molecular modeling results suggest that lignin might interact directly
with cellulose preferentially on the hydrophobic face (38). Dupree et al.
(15) presented ssNMR evidence that there may be extensive direct
lignin/cellulose surface contact within Arabidopsis stems, but other
reports claim that direct lignin/cellulose interaction is minimal in
grasses (22) but somewhat more abundant in woody tissue (19). Our
molecular models, particularly the negative controls d.4 and e.4, sug-
gest that if substantial lignin is directly deposited onto the cellulose
surface, lignin/cellulose proximity is overpredicted relative to our ex-
perimental data. Our interpretation of these data is that the cellulose
bundle surface is well covered by acetylated hemicelluloses, leaving
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Fig. 3. Atomistic SCW periodic model variants and comparison of their proximity analyses with ssNMR spin-diffusion experiments. (Left) Snapshots of several
molecular model variants for the poplar SCW. The naming convention is as follows: The letter refers to the relative arrangement of hemicellulose and lignin, where “a”
denotes a model with all xylan bound on cellulose, and no xylan interspersed with lignin; “b” denotes a model with 70% hemicellulose bound to cellulose, and the remain-
ing 30% interspersed in the surrounding lignin-xylan matrix; “d” denotes a model with lignin-bound cellulose and with hemicellulose as the surrounding layer; “e” denotes
a model with phase-separated hemicellulose and lignin both bound to cellulose at the top and bottom, respectively; “h” denotes a model with hemicellulose interspersed
within the 18-chain elementary cellulose fibril leaving room for increased direct lignin-cellulose interaction. The number after the decimal denotes the number of 18-chain
elementary fibrils in the model. b.8 and b.10 are larger systems constructed with 70% of xylan bound to cellulose, and the remaining 30% interspersed with lignin and
consist of eight and ten 18-chain cellulose elementary fibrils, respectively. (Right) Calculated percentage of sink atoms within 1 nm of source atoms in the model variants
compared to that obtained from ssNMR spin-diffusion experiments depicted on a polar plot. The four dashed lines originating from the center indicate the four ssNMR
magnetization metrics, with the experimental values indicated as black dots and the colors indicating the various models.

little room for direct lignin-cellulose contact. Instead, lignin-cellulose
subnanometer contacts observed by *C-*C spin-diffusion methods
are largely mediated through the xylan layer.

Limitations of all four fiber systems include the inability to repre-
sent the experimentally observed asymmetry in lignin/xylan and
xylan/lignin proximities. This led us to build two larger systems con-
sisting of eight and ten 18-chain elementary fibrils, denoted b.8 and
b.10, respectively. Each included a fraction of xylan isolated from lig-
nin and present between the cellulose microfibrils in an effort to ratio-
nalize the experimentally observed asymmetry (35, 36). The isolation
of a portion of xylan from lignin enables a notable reduction of xylan-
sourced magnetization onto lignin sinks for both these systems. These
models were also built with 70% xylan bound on cellulose and the
remaining xylan entangled with lignin as suggested by ssNMR data
(fig. S4) (19). Model b.10 overpredicts xylan/cellulose proximities
presumably because here xylan is entrapped between elementary
18-chain microfibrils. Ultimately, the eight-elementary fiber system
b.8 where xylan is entrapped between larger core cellulose bundles
shows the best agreement for xylan-sourced magnetization on cellu-
lose and lignin sinks, lignin-sourced magnetization on cellulose sinks,
and the least mismatch with experiment for lignin-sourced magneti-
zation on xylan sinks. This model is presented in greater detail with a
summary of its defining features in Fig. 4.

The clustered arrangement of multiple, 18-chain elementary fibrils
within the macrofibril core is consistent with studies of SCW synthe-
sis, where multiple cellulose synthase enzymes have been shown to
act in concert to produce larger aggregates (39). Adjacent elementary
cellulose fibrils (i.e., those that were not separated by xylan) within the
macrofibril interior exhibit a center-to-center distance of ~2.5 nm, al-
though these tended to further aggregate during MD simulations to
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form larger, well-ordered domains in the macrofiber core, which
agrees well with x-ray and neutron scattering measurements of mi-
crofibril size and spacing in hardwoods (37, 40). This feature of ag-
gregated element fibrils also differentiates our model from previously
published molecular models of the SCW, wherein individual elemen-
tary cellulose fibrils are completely ensheathed with matrixing bio-
polymers, which prevents their assembly into larger highly ordered
bundles (10, 41).

Acetate group orientations dictate xylan

polymer conformation

Our simulations indicate three major conclusions with respect to
xylan conformation: (i) Xylan conformation is primarily determined
by initial conditions and does not change substantially over the course
of MD simulation (fig. $39); (ii) the xylan conformation is better de-
scribed by acetate group orientation rather than glycosidic torsional
angles; and (iii) xylan conformation is only ordered when bound to
cellulose, while unbound xylan is primarily disordered. Previous
NMR and modeling studies have characterized xylan conformations
as twofold (2;) or threefold (3;) helical screws based on the sum of ¢
and y glycosidic torsion angles of adjacent residues. The 2; conforma-
tion of p(1-4) linked glycans is characterized by a ¢ + y sum ~120°,
whereas the 3; conformation is characterized by a ¢ + y sum ~50° or
190° (17, 25, 42, 43). It has also been suggested that xylan in solution
assumes the 3 conformation, while xylan bound on cellulose assumes
a 2; conformation driven by the orientation of evenly patterned ace-
tate groups on xylan away from the cellulose surface (17, 25, 43, 44).
Unlike these previous computational studies, which simulated indi-
vidual hemicellulose chains on a cellulose surface in a solvated
environment, our simulations afford the exploration of xylan
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Fig. 4. Atomistic model of the lignocellulose assembly within the Populus SCW that best represents ssNMR observables. (A) Molecular representation of the indi-
vidual biopolymer constituents. (B) Macromolecular assembly of cellulose, xylan, and lignin. The xylan domains on the surface of cellulose adopt an extended configura-
tion with decorations pointing away from the cellulose surface toward lignin. (C) Visualization of the cellulosic components only, showing two core bundles comprising
four 18-chain elementary fibrils. (D) Visualization of the hemicellulose components only shows the nearly complete sheath formed around the cellulose minimizing direct
contact between cellulose and lignin; also, some xylan is found between core bundles, isolated from lignin. (E) Lignin interacts predominantly with hemicellulose and

displays minimal direct contact with cellulose.

conformations in the SCW in its cellulose-bound and unbound states
in a representative crowded environment in the presence of lignin.

Xylan conformations over the course of our MD simulations are
not clearly described by the sum of backbone glycosidic torsion an-
gles. For example, at @ + y equal to 50°, 120°, and 190°, where we
would expect to see peaks in populations for 2, or 3; conformation
based on previous computational studies, we instead found dips in
populations (fig. S39B). This discrepancy may be attributed to the
longer xylan polymers (DP40) considered here compared to the
shorter (DP9-DP10)xylan polymersinvestigated by Busse-Wicheretal.
(25) and Mazeau et al. (42). Busse-Wicher et al.’s (43) MD simulations
of DP16 xylan chains bound to cellulose suggest that the torsion an-
gles of xylan bound to cellulose may not be limited to 120° but also
have large populations distributed around 90° and 180°, as we observe
in our simulations. In addition, the dense cell wall matrix may pre-
clude xylan from assuming idealized conformations that are observed
in more simple systems (25, 42).

Glycosidic torsional angles therefore provide an imprecise metric
for xylan conformation in the SCW. To remedy this discrepancy, and
since the core hypothesis describing xylan conformation as 2, versus
3, is linked with acetate group orientation on xylan, we propose a re-
definition of the metrics used to describe 2; xylan. The 0% (0,-Cs-
Cs-0,) dihedral involves the acetate-bound oxygen (O, or Os) and
the Cs cyclic carbon atom of acetylated xylose residues (Fig. 5G).
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Analysis of the 6% dihedral for xylan polymers over the simulation
trajectory showed that xylan in contact with cellulose does assume a
linear 2; conformation with acetate groups pointed away from the cel-
lulose surface, while xylan away from cellulose is in a disordered non-
2; conformation with acetate groups oriented nonuniformly. This
behavior is illustrated in Fig. 5 (A to E).

DISCUSSION

The ssNMR results presented here for air-dried '*C-enriched lignified
poplar stems, when interpreted through the lens of atomistic molecu-
lar models, substantially advance our understanding of the hardwood
plant SCW. Polymer-polymer contacts on the 1-nm length scale, esti-
mated from selective 1D *C-'*C spin-diffusion measurements, have
provided crucial knowledge of molecular arrangements of biopoly-
mers to guide the construction of representative atomistic models of
the SCW. Our MD simulations demonstrate that initial polymer place-
ment is extremely crucial when building SCW atomistic models given
that polymers do not substantially rearrange even over several hun-
dred nanoseconds of simulated time. Among the many SCW variants
with distinct initial polymer placements, the best agreement with
ssNMR observables was achieved with model b.8 (Fig. 4), containing
core cellulose bundles with some entrapped xylan and the full micro-
bundle encased in a xylan-lignin matrix. The xylan in this matrix is
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Fig. 5. Contrasting conformation of xylan polymers with different proximities to cellulose. (A) Xylan bound to cellulose (orange) adopts conformations that enable
acetate groups to consistently orient away from the cellulose surface. Unbound xylose (light blue) adopts a more random orientation of acetate groups. Exemplary xylan
polymers are shown in licorice representation, with their acetate groups highlighted as spheres, and cellulose is shown as a white surface. (B) Unbound xylan ¢ +  dis-
tributions are not exclusively 3; and span a large range of values with a peak at ~170°. (C) For xylan chains with similarly oriented acetate groups, a wide distribution of
canonical ¢ + y conformations is observed, although a peak ~100°is prominent. (D) er(Oz-Cs-C5-Oz) values for the unbound xylan chain are widely distributed corre-
sponding with the nonuniform acetate group orientations. (E) Bound xylan exhibits a narrow 0% distribution centered at 0°% which highlights the consistent orientation
of acetate groups. Definition of canonical ¢ + y and 62(0,-Cs-Cs-O,) dihedral measurements is portrayed in (F) and (G), respectively.

predominantly cellulose bound, while direct lignin-cellulose interac-
tion is minimal and instead is mediated through the xylan layer.
Through ssNMR criteria and by redefining the metrics of xylan con-
formational analysis, we also confirm that bound xylan predominantly
orients its acetyl groups away from cellulose and enables hydrophobic
interactions with lignin.

There are some limitations to this study that could affect overall
results. For example, we observed an intriguing asymmetry between
lignin-sourced and xylan-sourced magnetization recovery curves:
~80% of all the lignin resides within ~1 nm of acetate methyl carbons,
but ~60% of acetate carbons reside within ~1 nm of lignin. Consider-
ing that (i) the data were collected using the quantitative MultiCP (34)
block for initial *C polarization (fig. S1), (ii) xylan-to-lignin and
lignin-to-xylan spin-diffusion time constants are identical (~300 ms)
in both directions, and (iii) the asymmetry was not observed on con-
trol samples alanine and n-formylmethionine-leucyl-phenylalanine
(fMLF) (figs. S1 and S3), we hypothesize that the asymmetry is truly
architectural and not an artifact of asymmetric magnetization transfer
kinetics. No single molecular model was able to completely reproduce
this feature. However, the ssNMR magnetization behavior obtained
from the poplar samples is an amalgam of more than one tissue or
cell type each with its own distinct biopolymeric arrangement, for

Addison et al., Sci. Adv. 10, eadi7965 (2024) 3 January 2024

example, primary wall and middle lamella, fiber and vessel cells, and
other heterogeneities. Structural variations are very probable in the
cell walls and a “one-size-fits-all” model is likely not a realistic view of
the SCW molecular architecture. A solution to the exact reproduction
of this experimental observable from the atomistic scale might neces-
sitate some representation from an ensemble of molecular model
variants described in this study. If practical, cell type differentiation
before ssNMR, for example, by using laser capture microdissection,
could help with distinguishing cell wall architecture variability among
differing cell types. Another possible degree of uncertainty emerges
from our heavy reliance on spectral deconvolution of 1D spin-
diffusion data. Resolved signals like xylan acetate and lignin aromat-
ics are confidently deconvoluted, but peak-fitting of overlapping
regions, in particular, the 110- to 60-ppm region, is indeed tricky.
While our spectral deconvolution strategy was carefully informed
(see the Supplementary Materials) and results are highly consistent
across all replicate samples, we acknowledge that this may impart
some unspecified level of uncertainty. Further, the *C-enriched pop-
lar stems studied in this work are young. Our data may represent ma-
ture wood (the stems are highly lignified and contain little primary
wall material, and the polymeric composition and lignin linkage
abundances match those in the literature for DN34 poplar), but it
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would be interesting to see whether the models hold true for second-
ary wall tissue in more mature trees. In addition, the ssNMR data
were obtained on destarched and extracted woody material that was
air-dried to ~3 to 8% moisture content. Some degree of irreversible
pore collapse due to water removal is expected. While our data sug-
gest that starch and extractive removal does not alter the wood mac-
rostructure (table S7), the results and models should therefore be
more applicable for partially dehydrated wood, while their ability to
represent never-dried wood warrants future investigation. Phenotypic
variability was also not investigated in this work; we collected data
on multiple replicates but only one Populus species, DN34 hybrid
poplar. Like other phenotypes, poplar cell wall architecture may vary
throughout the genotypic domain or as a function of other properties
including environmental growth conditions as well as the presence of
biotic and abiotic stresses.

Despite these limitations, our work to quantitatively inform poly-
mer/polymer interactions and articulate the current understanding
of cell wall superstructure into computationally accessible atomistic
molecular models represents the culmination of a decade of research.
The utility of the molecular models developed here extend beyond
improving our basic understanding of plant cell wall architecture.
Advances in our understanding of how molecular composition and
architecture affect function and conversion will accelerate utilization
of lignocellulose for a variety of applications. Many chemical conver-
sion processes require infiltration of the cell wall to promote catalytic
deconstruction (45). Similarly, structural applications of wood that
rely upon adhesives will benefit from improved intra-cell wall diffu-
sion and stronger intermolecular interactions (46). Experimental
studies of ionic diffusion within wood cell walls have demonstrated
that the process is sensitive to macromolecular architecture, water
content, and polymer dynamics (47, 48). MD simulation in the con-
text of reliable SCW models can provide a useful mechanistic under-
standing of molecular and macromolecular phenomena that govern
intra—cell wall migration and interaction for a variety of applications.
Beyond traditional applications such as biofuels, biochemicals, and
lumber, there has been a recent upsurge in lignocellulosic materials
for nonconventional applications, such as batteries (49), photonic
devices (50), and super-strong and malleable structural materials
(51, 52). These next-generation applications have potential to dis-
place nonrenewable and environmentally detrimental incumbents
with sustainable alternatives, and their development will be un-
doubtedly accelerated by improved molecular models and simula-
tion methods to understand and predict how molecular features of
lignocellulose and its derivatives affect bulk properties and function-
ality (53). This approach of building atomistic models with varied
spatial arrangements of constituent biopolymers, benchmarked with
ssNMR data, presents a robust protocol for the development of real-
istic and holistic plant cell wall models. These experimentally sup-
ported atomistic models lay the foundations for future in silico
explorations to gain unprecedented insights into the molecular level
determinants of the emergent properties of naturally occurring,
treated, and engineered biomass.

MATERIALS AND METHODS

Experimental design

The objective of this study was to provide quantitative metrics from
ssNMR measurements that can be used to inform the construction
and validation of atomistic molecular models of the woody secondary
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wall. The major tenants therefore include **C enrichment of biomass,
ssNMR measurements and analysis, and construction and analysis of
atomistic models in silico.

Preparation of '>C-enriched DN34 hybrid poplar

woody stems

BC-enriched hybrid poplar (DN34) trees were grown in a B¢ co,
(Sigma-Aldrich) atmosphere using a Percival Scientific (Perry, IA,
USA) growth chamber. Trees were initially rooted outside the growth
chamber and then transferred into the chamber for 6 weeks under the
following growth conditions: 16-hour day cycle, 23°C, 65% relative
humidity, 700 ppm "*C CO,, 8-hour night cycle, 18°C, 65% relative
humidity, and 500 ppm *C CO,. At the end of the labeling period, the
plants were harvested, and leaves, stems, and roots were separated.
The level of °C enrichment was ~80% as determined by pyrolysis mo-
lecular beam mass spectroscopy (fig. S42). Stems were debarked while
wet and then allowed to dry on the benchtop for many days. Debarked
stems were then cut into 1- to 2-inch segments, and each segment was
milled to 40 mesh using a Wiley knife mill. Five samples from two
biological replicates were analyzed after removal of starches and ex-
tractives as follows: Milled samples were wrapped inside a standard
mesh tea bag, then starches were removed using commercial amylases
as described by Decker et al. (54), and small-molecule polar organics
were removed by 95% ethanol extraction using a Soxhlet setup for
many hours. Samples were further washed with deionized (DI) water
and air-dried (20 to 40% humidity) and then stored in glass vials until
NMR analysis. To investigate the structural effects from the destarch-
ing and extraction procedure, proximity analysis for two more sam-
ples was analyzed from a third biological replicate that was washed
with DI water and air-dried but otherwise untreated (table S7).

2D '3¢-"3C correlation ssNMR for shift assignments and
informing spectral deconvolution

To aid in accurate °C chemical shift assignments used for spectral
deconvolution and to provide a broad overview of the material, 2D
through-bond and through-space *C-">C correlation experiments
were collected at higher field (600 MHz, 14.1 T) and 2D through-
space measurements were collected at lower field (200 MHz, 4.7 T).
All (600 MHz) data were collected on a Bruker Avancelll NMR spec-
trometer equipped with a PhoenixNMR HXY MAS probe (Loveland,
CO) using either a 1.6-mm (30 kHz) or 4-mm (13.5 kHz) probe head
operating in HC double-resonance mode, while all 200-MHz (4.7 T)
data were collected on a Bruker AvancelllHD NMR spectrometer
equipped with a 4-mm Bruker HX MAS probe. 2D double-quantum
(DQ) CP-Refocused INADEQUATE (55, 56) was collected with the
following conditions: 1.6-mm PhoenixNMR probe head, 30-kHz
MAS, 128 scan averages, 192 pts. in f1, 2x DQ delays of t; = 2.5 ms,
T, = 2.1 ms, 5-s recycle delay, 60-kHz sweep width in both dimen-
sions, radio frequency (RF) field strengths of 140 kHz for 'H hard
pulses and decoupling, 100 kHz for °C hard pulses, and 'H-">C CP
achieved using a square 2-ms 67-kHz spin locking pulse on the >C
channel and a 10% ramped pulse on the 'H channel matched to the
+1 spinning side band. 2D INADEQUATE data were processed in
MestreNova using 20-Hz exponential line broadening in the direct
dimension, and in the indirect dimension, we used Gaussian apodization
(GF = 0.032) paired with —100 Hz exponential line broadening.
2D through-space *C-C correlation experiments (600 MHz) were
collected at 13.5-kHz MAS using a 4-mm PhoenixNMR probe head;
32 scan averages and 400 indirect points; 60-kHz sweep widths in
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both dimensions; and with mixing times of 30, 100, 500, 1000, and
2000 ms using CORD (57) recoupling. Hard pulses were 3 and 4 ps for
'H and "°C, respectively, and CP was achieved using a square 2-ms
57-kHz spin-locking pulse on the *C channel and a 10% ramped
pulse on the 'H channel matched to the +1 sideband. 2D “C-"C
DARR was also collected at 200 MHz using a short (50 ms) spin-
diffusion mixing time using continuous wave 'H recoupling (; = ;)
to further aid in °C shift assignments and to provide initial linewidth
estimates for spectral deconvolution of 1D datasets. Data were col-
lected at 10-kHz MAS with 64 scan averages and 256 indirect points,
and 20-kHz sweep widths in both dimensions. 2D through-space
spin-diffusion data were typically processed with MestreNova using
20-Hz exponential line broadening in the direct dimension and with
a 90° shifted sine bell apodization in the indirect dimension.

Selective and nonselective 1D MultiCP-DARR
1D C-"C spin-diffusion measurements were collected similar to
our previous work (18) with some modifications; most notably, we
used the MultiCP (34) block to obtain quantitative spin-diffusion in-
formation. MultiCP was performed using a total of three 1.1-ms CP
blocks (square 62-kHz spin-lock on *C, 14% ramped spin-lock step
on '"H matched to the +1 sideband) separated by 0.8-s t, repolariza-
tion delays, and a recycle delay of 0.5 s. Three CP steps is fewer than
typically used for biomass (34), but these conditions were confirmed
quantitative by comparing a clean MultiCP ">C spectrum with a
fully quantitative direct polarization (DP-MAS, 35-s recycle delay)
spectrum (fig. S7).

1D *C-*C spin-diffusion measurements were collected at 16 in-
creasing mixing times to track the time-dependent equilibration of °C
magnetization between the selected and all other "*C sites: 7., = 0.001,
2, 5, 10, 20, 50, 100, 200, 500, 750, 1000, 1500, 2000, 3000, 4000, and
5000 ms. At each of the 16 >C-">C spin-diffusion mixing times, three
experiments were collected: (i) a selective 1D MultiCP-DARR-
difference spectrum using Xylan Acetate methyl selection [10-ms
Gaussian Cascade Q3 (58) selective inversion pulse at 22 ppm], (ii) se-
lective 1D MultiCP-DARR-difference spectrum using Lignin S35/G3 4
selection [5-ms Gaussian Cascade Q3 (58) selective inversion pulse
centered at 150 ppm], and (iii) a nonselective 1D MultiCP-DARR
spectrum was collected to provide a quantitative and relaxation-
compensated reference. The latter experiment is effectively the first slice
of the conventional 2D DARR (59) experiment using MultiCP for ini-
tial *C polarization. During the spin-diffusion period t,, 'H dipolar
coupling was reintroduced using a continuous wave RF pulse matched
to the first rotor resonance condition of ®; = 10 kHz. All nonselective
1D MultiCP-DARR experiments were collected with 256 scan averages,
while selective 1D MultiCP-DARR-difference data were collected with
either 8192 or 4096 scan averages for Ty, greater than 1 s or 2048 scan
averages for T, = 1 s or shorter. For control experiments, we applied the
same methodology of quantitative MultiCP excitation and selective 1D
spin-diffusion measurements on *C-alanine (Cambridge Isotopes) and
BC-formyl-Met-Leu-Phe microcrystalline peptide (fMLE CortecNet).
MultiCP conditions were optimized on each sample and validated
by comparing 1D MultiCP to fully relaxed "*C spectra from direct exci-
tation. For alanine, selective inversion was performed using 10-ms in-
version pulses at Ala Cp and Ala CO, while for fMLF we used 5-ms
selective inversion pulses for Phe C8,e near 129 ppm and a 30-ms inver-
sion pulse for Leu C52 at 19 ppm. "*C chemical shifts for all measure-
ments were referenced externally to tetramethylsilane (TMS) at
0.0 ppm by setting the downfield adamantane signal to 38.48 ppm (60).
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All spectra were processed with 20-Hz exponential line broadening be-
fore Fourier transform, and resulting spectra were individually phased
and baseline-corrected before spectral deconvolution. Details of how
spectral deconvolution was performed are provided in the Supplemen-
tary Materials.

MD methods

Additional considerations for preparation of atomistic
molecular models

In addition to ssNMR observations, compositional analyses including
biopolymer ratios, water content, lignin monomer composition and
linkage abundances, and characterization of xylan decoration pattern
provide further constraints to guide construction of a representative
molecular model. The relative polymer ratios in the secondary wall
were set on the basis of percent dry weights of 45% cellulose, 20% hemi-
cellulose, and 25% lignin (see table S2), which represent the average
polymer ratios extracted from a large panel of poplar wood samples
(61) and closely match the percent dry weight values determined gravi-
metrically for DN34 poplar stems per NREL standard Laboratory Ana-
lytical Procedure “Determination of Structural Carbohydrates and
Lignin in Biomass” (NREL LAP TP-510-42618). In dicots, the dominant
hemicellulose polysaccharide is a (1,4)-linked xylan backbone that
is heavily substituted with acetyl and glucuronosyl residues at the O-2
and O-3 positions. For most of the xylan backbone, these substitutions
typically occur at every other xylosyl unit for acetyl groups or every
8 to 10 residues for glucuronosyl decorations (16, 17, 25, 26, 62, 63).
We therefore built each individual xylan polymer with a degree of po-
lymerization of 40, and with acetyl groups every two residues and gluc-
uronic acid moieties were also placed every eight xylose units to
represent the “major domain” of xylan within hardwoods. A schematic
model of lignin 20-mers proposed by Ralph et al. (64) for hardwoods
was used to construct the structure of the lignin model, which has an
S/G ratio of 1.8/1 and a p-O-4 content of 80%. These values closely
match experiment (fig. S34) and literature averages for poplar wood
(65). The cellulose domains were constructed on the basis of an emerg-
ing consensus that the elementary cellulose microfibril in the plant cell
wall is composed of 18 glucan chains in a 234432 arrangement (30,
66-69). How these individual microfibrils are arranged into larger-scale
macrofibrils is an active area of research, but quantitative comparison of
molecular models to ssNMR results along with recent literature evi-
dence (19) supports macrofibrils composed of a core cellulose bundle of
roughly three to four elementary 18-chain cellulose microfibrils, with
some acetylated hemicelluloses trapped between the core cellulose bun-
dles, and the entire substructure wrapped in matrix polymers.
Preparation of cellulose model

The 18-chain cellulose I (70) model with DP of 40 in the 234432
fibril motif was constructed as an individual cellulose bundle, which
exhibits surfaces of each of the (100), (200), (110), and (1-10) crys-
tallographic planes. Different sizes of cellulose models were consid-
ered in this work, i.e., the number of elementary 18-chain cellulose
microfibrils that composed the larger lignocellulose bundle varied
from 4 to 10.

Preparation of hemicellulose model

Four different substituted xylan models with DP of 40 were constructed
in this work. Experimental studies suggest that 40 to 70% of the
xylose residues are acetylated on C2 or C3 positions and p-glucuronic
acid groups are also attached to C2 or C3 positions in ~10% of the
xylose residues (71). In our models, the p-glucuronic acid groups are
attached to the C2 positions in every one of eight xylose residues,
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whereas the acetyl group is attached to the C2 position in every other
xylose residue. In models where the C2 position has been occupied by
a D-glucuronic acid group, the acetyl group is attached to the C3 posi-
tion instead. All the glucuronic acid and acetyl substitutions are lo-
cated on the even numbered xylose residues numbered from the
reducing end, leading to a xylan molecule with all substitutions on the
same side of the xylan backbone. Four different xylan models were
constructed in this work, with the first p-glucuronic acid group lo-
cated on the second, fourth, sixth, and eighth xylose residues, re-
spectively.

Preparation of lignin model

A schematic model of lignin 20-mers proposed by Ralph et al. (64) for
hardwood was used to construct the structure of the lignin model,
which contains 13 syringyl units and 7 guaiacyl units (S:G = 65:35).
Two different initial conformations of lignin 20-mers, i.e., one in a
fully extended conformation, and the other one in a globular confor-
mation, were considered in this work.

Assembly of whole plant SCW model

Table S2 summarizes the compositions of the SCW characterized by
experiments and the PCW models used in the simulations. The xylan
and lignin molecules were placed on cellulose bundles under various
arrangements to generate the SCW models. Ten different initial pack-
ing scenarios were considered for the SCW complex models: (i) All
the 30 xylan molecules with a twofold conformation were initially
placed on the surface of the cellulose microfibril; the 58 lignin mole-
cules were randomly placed surrounding the cellulose/xylan com-
plex; (ii) 21 xylan molecules (70%) with a twofold conformation were
placed on the surface of the cellulose microfibril; the remaining
9 xylan molecules (30%) and the 58 lignin molecules were randomly
placed surrounding the cellulose/xylan complex; (iii) all the 30 xylan
molecules with a twofold conformation and the 58 lignin molecules
were randomly placed surrounding the cellulose bundles; (iv) eight-
bundles model: 10% of xylan molecules with a twofold conformation
were placed between two cellulose microfibrils, each of which con-
tains four cellulose bundles; 60% of xylan molecules with a twofold
conformation were placed on the surface of the cellulose microfibril;
the remaining 30% of xylan molecules with a twofold conformation
and 116 lignin molecules were randomly placed surrounding the cel-
lulose/xylan complex; (v) 10-bundle model: 10% of xylan molecules
with a twofold conformation were placed among 10 cellulose bundles;
60% of xylan molecules with a two-fold conformation were placed on
the surface of the cellulose bundles; the remaining 30% of xylan mol-
ecules with twofold conformation and 145 lignin molecules were ran-
domly placed surrounding the cellulose/xylan complex; (vi) similar to
scenario b, but 30% of lignin molecules with a globular conformation
were used in the initial packing; (vii) similar to scenario f, but 10% of
xylan molecules were placed among the four cellulose bundles; (viii)
all the 30 xylan molecules with threefold initial conformations and
the 58 lignin molecules were randomly placed surrounding the four
cellulose bundles; (ix) all the 30 xylan molecules with a threefold ini-
tial conformations were randomly placed surrounding the four cel-
lulose bundles at the top half of the simulation box, whereas the 58
lignin molecules were randomly placed surrounding the four cellu-
lose bundles at the bottom half of the simulation box; (x) all the 58
lignin molecules were randomly placed surrounding the four cellu-
lose bundles first and then compressed. Subsequently, the 30 xylan
molecules with a threefold initial conformation were randomly placed
surrounding the cellulose/lignin complex to exclude any direct con-
tacts between cellulose and xylan molecules.

Addison et al., Sci. Adv. 10, eadi7965 (2024) 3 January 2024

MD simulation

The generated SCW complex models were compressed slowly by de-
creasing the simulation box dimensions until a desired density of 1.5 g/
cm® was achieved. The complex was then solvated with appropriate
number of TIP3P water molecules to maintain the moisture of 3 or 6%,
according to the experimental characterization (fig. S41). Sodium ions
were added accordingly to maintain the total charge of each system to
be neutral. The MD simulations were performed using the NAMD pro-
gram (72), with the CHARMM36 force field for carbohydrates (73, 74)
and the lignin force field (75). The force field parameters of acetylation
and glucuronic acid were generated using CHARMM General Force
Field (CGenFF) program (76, 77). Simulations were performed under
periodic boundary conditions. Electrostatic interactions were treated
with particle mesh Ewald with grid spacing of 1 A (78) and short-range
interactions with cutoff distance of 12 A. The chemical bonds involving
hydrogen atoms were constrained. Temperature was kept at 300 K with
Langevin thermostat (72). The simulations were performed in NVT en-
semble for 50 ns with a timestep of 1 fs for each of the 10 SCW models.
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