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ABSTRACT

This dissertation summarizes the recent findings on complex biomacromolecules in cell
wall of plants and fungi which perform important roles in cell recognition, structural build up, and
energy storage. Because of the technical difficulty in characterizing these biomacromolecules,
which are often polymorphic and disordered in structure, the functional structure of these
biomacromolecules remains elusive. In this dissertation, | present two solid-state nuclear magnetic
resonance (SSNMR) and dynamic nuclear polarization (DNP) studies of carbohydrate-rich
biosystems: the energy-rich plant biomass and disease-relevant, pathogenic fungi.

First, we have investigated the secondary cell wall of plant biomass which is a
carbohydrate-rich biosystem using solid state nuclear magnetic resonance spectroscopy. In the
intact stems of energy crops, such as switchgrass and maize, lignin self-aggregates to create
hydrophobic nanodomains, which are connected to cellulose microfibrils via broad xylan
interfaces. Through electrostatic interactions, non-flat xylan conformers bind the intrinsically
disordered aromatics of lignin, whereas flat conformers bind the cellulose microfibrils surface. In
woods, lignin principally packs with the xylan in a non-flat conformation via non-covalent
interactions and partially binds the junction of flat-ribbon xylan and cellulose surface as a
secondary site. All molecules are homogeneously mixed in softwoods; this unique feature enables
water retention even around the hydrophobic aromatics. These findings shed light on into the
functional structure of polysaccharides, their interaction with other biomolecules such as lignin
and proteins, and the molecular architecture structure of cell walls. Additionally, the statistical
analysis and structural elucidation of unlabeled biomacromolecules using DNP is discussed.
Indeed, DNP is frequently used to overcome sensitivity limitations and to examine the

intermolecular interface interactions.
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Second, we studied the fungal cell walls of a major pathogen Aspergillus fumigatus and
found it to contain a hydrophobic frame of a-1,3-glucan, and chitin, which is encased in a hydrated
model of diversely connected glucans and, glycoprotein-rich outer layer. These findings created
the first high-resolution model of fungal cell walls using ssNMR, allowing for in-cell, high-
resolution drug impact characterization to aid in the development of antifungals that target fungal

cell walls.
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CHAPTER 1. INTRODUCTION

1.1. Carbohydrate-Rich Cell Wall
1.1.1. Background

The carbohydrate-rich cell wall is a unique and versatile component found in plants,
bacteria, fungi, and algae that concurrently provides the cell with sufficient mechanical strength to
keep its integrity and morphology under stress and retains remarkable plasticity to expand during
cell growth'2. These functions are carried out by polysaccharides, protein and lignin in cell wall
whose three-dimensional structure, interactions and packing have not been fully characterized due
to the amorphous and insoluble nature of nature of the cell wall.

Plant cell walls are made up of primary and secondary cell walls. These polysaccharides in
both primary and secondary cell walls are very essential in plants because they perform key roles
such as energy storage, structural building, and cell recognition. Polysaccharides are polymeric
carbohydrates made up of long chains of monosaccharide units linked by glycosidic linkages. They
range from simple linear structures to complex branched structures. The identity and configuration
of the subunits, the position of the glycosidic linkages and their anomeric configuration, the
eventual branching pattern on the main chain and substitution by methyl or acetyl groups, and
more subtly, variations in the torsional conformations, all play a role in the structural
polymorphism of complex carbohydrates.

1.1.2. Plant Cell Wall
1.1.2.1. Primary Cell Wall of Plants

The primary cell wall of plants mainly contains cellulose, hemicellulose and pectins. Cellulose
consists of B-(1-4)-glucan chains and exist as microfibrils of ~5 nm in diameter?* in primary cell

wall®. Hemicellulose has shorter chains compared to cellulose and is highly branched. The



branching of hemicellulose provides a ground for interaction with cellulose. In dicots, for example
Arabidopsis, the major hemicellulose is xyloglucan (XG), which is made up of a B-1,4-glucose
backbone with a-D-xylose (Xyl) replaced substituted at regular intervals. Some of the Xyl is
replaced with B-D-galactose (Gal) and a-L-fucose (Fuc). Pectins are anionic polysaccharides rich
in a-D-galacturonic acid and they take part in some complex physiological process like plant
growth and cell differentiation and therefore determine the integrity and rigidity of plant tissues.
In dicots, homogalacturoran (HGA), rhamnogalacturoran (RG) | and RG Il constitute the main
pectins. RG | is made up of alternating 1,4-0-D-GalA and 1,2-a-L- rhamnose (Rha) units>®. Pectins
have a variety of functions, including regulating cell wall porosity, cell signaling, controlling cell
adhesion and, and adjusting pH and ionic balance’.
1.1.2.2. Interactions in Secondary Cell Wall

Secondary cell wall is deposited once the plant stops growing, and is mainly made up of
cellulose, hemicellulose (glucomannan and xylan), and aromatic biopolymer lignin. In secondary
cell walls, glucomannan and xylan have been found to bind cellulose microfibrils®, but the
mechanism of their interaction is not well known. Being the main hemicellulose in plant secondary
cell wall, xylan interaction with cellulose is expected to have great effect on the cell wall
characteristics and properties such as wood recalcitrance. This is supported by the fact that
Arabidopsis, a plant with reduced xylan quantity has weak cell walls and is unable to develop a
robust vascular system®. Molecular dynamic studies have shown that xylan layers can wrap
cellulose microfibrils. Recently, Dupree and colleagues pioneered the study of secondary cell wall
using ssSNMR to probe the interactions between xylan and cellulose. They revealed that xylan
shows polymorphism in secondary cell wall of Arabidopsis and interacts with cellulose by

adopting two-fold conformation (one 360° twist per two glycosidic bonds)°. These studies provide



a fundamental foundation in understanding the molecular architecture of secondary cell wall in its
native state. However, lignin which accounts about 20-35% of the dry weight of cell wall has not
been fully studied on atomic level. Extraction and dissolution of lignocellulosic material using
organic solvents has been relied heavily for solution-NMR characterization and analysis!*3,
These methods greatly interfere with molecular interactions making it difficult to fully understand
cell wall structure.
1.1.3. Fungal Cell Wall

Fungal cell walls contain glucans, glycoproteins, and a small portion of chitin. Fungal
glucans contain predominantly linear -1,3-linkage, and a small portion, about 10% of -1,6- and
B-1,4-linkages. Using ssSNMR, we discovered that chitin and o-1,3-glucans form a hard and
hydrophobic scaffold that is surrounded by a soft and well-hydrated matrix of -glucans in a recent

work on Aspergillus fumigatus. Glycoproteins and a small fraction of a-1,3-glucans coat the cell

wall surface in a highly dynamic shell**.
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1.1.4. Proteins

Proteins are also a vital component of the cell wall's structure. Plant cell walls have
relatively small amounts of proteins compared to other biomolecules such as cellulose, with the
exception of some algae that have cell walls comprised entirely of proteins, hemicellulose and
pectins®®. Primary cell walls contain more proteins than secondary cell walls. The best known
structural proteins are extensins or hydroxyproline (Hyp)-rich glycoproteins (HRGPs)!®. These
extensins are rich in lysine (Lys) making the basic proteins, and their basic nature make interact
with the acidic pectic blocks in the cell wall’.

1.1.5. Significance of Cell Wall Study

Although plant cell wall chemical compositions are well known, how they interact and
form three-dimensional network to provide rigidity and mechanical have not been fully
understood. For decades, cell wall structure and characterization mainly involved sequential
chemical extractions of the cell wall components, sugar analysis and microscopy. These methods
are limited by highly cross-linked structure of the wall polymers to obtain sufficient resolution.
The hydrogen bonding interactions in cellulose pattern have been well studied using X-ray
diffraction and ssNMR studies. However, the interactions between cellulose microfibrils and
hemicellulose has been a subject of discussion and debate for several decades. Xyloglucan, the
main hemicellulose in primary cell wall have been thought to cross link cellulose microfibrils®é.
Recent studies have employed multidimensional ssSNMR spectroscopy to study the spatial
arrangement of macromolecules in **C-labeled primary cell walls, the fast-growing part, of several
plants as well as and the mechanism through which the functional proteins unlock polysaccharide
networks to initiate cell expansion during plant growth. In recent years, Hong and colleagues
pioneered the study of the plant primary cell wall using high resolution magic angle spinning

(MAS) ssNMR spectroscopy. They have revealed that only a small portion of xyloglucan interacts
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with cellulose but they observed a strong interaction between cellulose®® and pectin from the dicot
model plant Arabidopsis>? they investigated in their studies. They have also shown that cellulose
interacts with GAX in Brachypodium?-?2 which provides insights to the polysaccharide
interactions in grasses.

Due to the lack of high-resolution methods to study the insoluble and disordered polymers
in native cell walls, we do not fully understand how complex carbohydrates interact with each
other and other biomolecules to form polymer networks with versatile functions?. For example,
the up-to-date model of secondary plant cell walls, the majority of plant biomass, depicts cellulose
microfibrils to be aggregated to form loose bundles that are typically tens of nanometers across

(Figure 1.2a).
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Figure 1.2. Putative models of a) secondary plant cell walls and b) fungal cell walls. Panels (a) and
(b) are adapted with permission from reference® Copyright 2021 Frontiers and Elsevier
respectively

It has been proposed that xylans and lignin are extensively coating the cellulose surface,

and glucomannan crosslinks multiple cellulose aggregates®, but this hypothetical model is still



ambiguous at the molecular level. Another important system is the fungal cell walls, which have
attracted tremendous attention in the last decade due to its potential as the target of antifungal
compounds. As the plant cell walls, the detailed structural information of fungal cell walls remains
debatable, and the prevailing models differ considerably in the spatial distribution of wall polymers
(Figure 1.2b)%. All models depict chitins to be close to the plasma membranes, and most
glycoproteins to be on the surface, but it is unclear whether chitins can penetrate throughout the
cell wall, which, by expectation, will provide the cell wall with more homogeneous rigidity. A
broader question is if there is a generalized structural module that is commonly adopted by all
types of cell walls, and if yes, under what biochemical principles are these polysaccharides placed
and interacted to empower cell walls to fulfill its functions?

ssSNMR and DNP#% helps us to clarify and substantiate the molecular evidence of
lignocellulose structure. The *C-labeled stems of three energy crops (maize, rice, switch grass)
and the model plant Arabidopsis were investigated®. In chapters 5 and 6, we show that xylan
bridges lignin and cellulose microfibrils in a conformation-dependent way. This finding, together
with a prior study®® showing that flat xylan conformers bind cellulose, has revealed the structure-
function relationship for xylan as well as the versatility of branching hemicellulose in bridging
distinct biomolecules due to its variable conformational shape. These results provide a revised
understanding of the architecture of secondary cell wall in plants which will facilitate development

of higher digestibility crops biomass conversion into biofuels.

1.2.1. Techniques for Investigating Cell Wall Biomacromolecules Using Solid-State NMR
sSNMR spectroscopy is a non-destructive method which is suited for determining the
atomic structure of insoluble, complex biosystems and biopolymers. sSNMR has been utilized to

study 13C labeled cell walls of fungal cell walls, bacteria, primary cell walls, and secondary cell



walls of intact plants in native state to probe polysaccharide structure, hydration, molecular
interactions, and dynamics to reveal biochemical and structural information that other orthogonal
methods such as solution NMR, single crystal X-ray, and biochemical assays are unable to reveal.
This section reviews the solid-state NMR techniques used in this thesis to investigate uniformly
labeled *C plant secondary cell walls of plants, and fungi.
1.2. Introduction to Nuclear Magnetic Resonance Spectroscopy

When atomic nuclei are put in an external magnetic field and a specific frequency of
electromagnetic radiation is given, a physical phenomenon of resonance known as Nuclear
Magnetic Resonance (NMR) happens when transition between the magnetic energy levels occurs.
Atomic nuclei have a physical feature called spin, which can be viewed as the rotation of a nucleus
on its own axis: the rotation of a charged nucleus generates a magnetic field, giving the nucleus a
magnetic moment. In the presence of an external static magnetic field, the nuclear magnetic
moment aligns parallel to the external field resulting in a net magnetic moment within the sample.
The sample temperature (T), the strength of the external magnetic field (Bo), and gyromagnetic
ratio (y) of the nucleus, all influence the amount of this bulk magnetic moment, also known as net

magnetization (M,)?.
M, o (yhB,)/kT (1.1)

h — Planck’s constant
k — Boltzmann constant
The gyromagnetic ratio (y) is nucleus dependent, and this thesis covers the spin %2 nuclei such as
'H, 13C, N as some of the biologically relevant NMR-active nuclei. It is worth noting that *H has
the largest gyromagnetic ratio and it is the most abundant isotope in nature, therefore, it is mostly

used for cross-polarization (CP) experiments to enhance sensitivity of lowly abundant isotopes



such as 3C and ®N through polarization transfers. To obtain information on molecular
environments of atoms, radiofrequency (rf) pulses with varying B1 fields strengths and frequencies
close to the Larmor frequency of the nuclei of interest are used to manipulate the bulk
magnetization vector.
1.2.1. Static and Magic Angle Spinning Spectroscopy

Nuclear magnetic interactions are anisotropic which means that their energy levels and
resonance frequencies, are determined by the direction of the resulting magnetic moment with
respect to the static magnetic field. Rapid isotropic motions of molecules in solution result in
efficient averaging out of nuclear magnetic interactions' orientational dependence, leaving only
the isotropic component discernible. NMR investigations in solid-phase samples, which means
that they don’t undergo fast isotropic molecular tumbling, produce broad lines with intensity and
frequency profiles that depict the molecular orientational patterns in the sample?’. Under the static
state, orientation-dependent dipolar couplings, chemical shift anisotropy (CSA), and quadrupolar
couplings all lead to broad "powder patterns”. While these broad lines provide important
information about the electronic structure and local geometric of the molecules being studied
investigated, they are also associated with resolution loss, that prevents studying multiple sites in
the sample, as well as severely reduction in sensitivity due to spectral intensity distribution over a
large range of frequency. As a result, by spinning the sample rotor at the magic angle (54.74°) with
respect to the external magnetic field direction, anisotropic interactions are averaged out. If the
spinning frequency is substantially higher than the coupling strength, dipolar interactions will be
averaged out to zero under magic angle spinning (MAS). Under moderate MAS frequencies,
however, the 2*C-!H dipolar coupling is not averaged out. The MAS-achieved narrow spectral line

widths provide enough spectral resolution for chemical shift assignment, allowing for the solid-



state analysis of complex biomolecules and biosystems. Similarly, if the MAS frequency is high
enough, dipolar interactions will be averaged out to zero. For example, spinning frequencies
substantially higher than 22 kHz will be necessary to average out the **C-'H dipolar coupling
strength of 22 kHz (for a C-H bond distance of ~1.1A). To sharpen *3C peaks and avoid signal loss
due to homogenous line widening, 3C-'H dipolar decoupling sequences are required for moderate
MAS of 20 kHz.

In practice, depending on the sample under investigation and the information being sought,
both total and averaging regimes via MAS are extensively used in solid-phase specimen
experiments. When many sites must be identified, MAS NMR observations are frequently
performed in a multidimensional format, with isotropic chemical shift dimension supplemented
with the indirect dimension, which records anisotropic chemical shifts, isotropic interactions, or
multiple-quantum coherences. Specially tailored rf pulse techniques are employed to restore
anisotropic information in the indirect dimension, where the interference between sample rotation
and the rf field, also known as recoupling, causes the perturbation of MAS averaging?’.

1.2.2. Multidimensional Correlation Spectroscopy

Multidimensional correlation NMR spectroscopy is usually required because of chemical
shift overlap of biomolecules. Although one dimensional (1D) can provide information relative to
chemical shifts and quantification, it cannot be fully used for characterization and analysis due to
overlap and ambiguity. In addition, various polarization transfer methods and selective filters are
particularly important for characterizing biomacromolecules in the cell wall. Various selection
methods using CSA, chemical shift, and T1 or T2 relaxation times are useful for selectively

determining magnetization at a specific site with specific dynamic range compared to other sites



in the sample. In this section, I will discuss several multidimensional homonuclear experiments
used for structural determination of complex plant cell walls in chapters 3-7.
1.2.3. Homonuclear Correlation Spectroscopy

High resolution two dimensional (2D) homonuclear *C-*C is particularly useful in
determining chemical shifts of lignocellulose and studying their intramolecular and intermolecular
interactions. Intramolecular correlations are very useful in resonance assignments while
intermolecular correlations provide insight to interactions and arrangement of molecules in space.
The intramolecular correlations are defined by the short **C-13C polarization transfer periods while
intermolecular correlation utilizes long mixing time which probe both intra and inter-residue
correlations. Different nuclei and techniques also define short- and long-range correlation. The
higher the gyromagnetic ratio of a nuclei, the larger the distance-reach of polarization, for example,
'H and *°F that have higher gyromagnetic ratios. Therefore, 13C-13C correlation measurements are
only limited to sub-nanometer scale.

Most of the multidimensional experiments comprise of a few fundamental building blocks
namely: initial excitation, mixing time for polarization transfer, t1 evolution for indirect
dimension, and t2 detection for direct dimension. Initial polarization is routinely created using
cross polarization (CP), direct polarization (DP) or through insensitive nuclei enhanced by
polarization transfer (INEPT)?. Since *H spins are abundant in biological samples, CP is widely
used in biomolecular ssNMR to increase the of the low-y nuclei such as **C or *N. Theoretically,
polarization is enhanced by a factor of yn/yx. which translates to about 4-fold for $3C and 10-fold
for SN NMR. During CP, the *H spins (source) and sink nuclei like 3C are respectively spin
locked in the transverse plane by a synchronized rf radiation on *H and the observed **C nucleus

satisfying the “Hartmann-Hann condition” (o1,4 * ®1,c = Nor)?®. The INEPT scheme which is J-

10



coupling based works strictly for protonated nuclei. INEPT preferentially detects very mobile
regimes while CP preferentially detects rigid species. DP is used to detect mobile components but
not very mobile as is the case for INEPT.

The structure of plant cell wall in this thesis is studied by a variety of 2D 3C-13C
homonuclear and heteronuclear correlation experiments. Spins that are close together in space can
transfer polarization via dipolar interactions, whereas spins coupled by chemical bonds can do so
via the scalar J-coupling. These experiments serve diverse purposes, have varying distance
restrictions, and have varied operational circumstances since they use different mechanisms. Here,
I will discuss the three major schemes for homonuclear correlation spectroscopy: proton-driven
spin diffusion (PDSD), Incredible Natural Abundance Double Quantum Transfer
(INADEQUATE) type, and CHHC experiments.

Proton-driven spin diffusion (PDSD) is a homonuclear correlation experiment where
magnetization is transferred from a highly abundant nuclei like *H to a lowly abundant nucleus
like $3C through CP and from here it is transferred to other *3C that are close in space. This *3C-
13C polarization transfer is assisted to a great extent by reintroduction of *H-3C dipolar
couplings®®32. With relatively slow spinning (<20 kHz), weak **C-'3C dipolar couplings are
averaged by MAS. However, due of their interactions with the environment, polarization transfer
between carbons is still possible. **C-tH dipolar couplings are reintroduced by turning off the *H-
13C dipolar decoupling during the mixing period, therefore, broadening the carbon lineshapes and
increasing spectral overlap. The spectral overlap between two broadened carbons peaks with a
small chemical shift difference, or the overlap between a carbon signal and the spinning sidebands

of another peak®® allows effective polarization transfer among different 3C spins. To minimize
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magnetization due to ms timescale *C T2 relaxation, the magnetization is stored along z-axis. To
retain site resolution, *H-*3C decoupling is applied during t1 evolution ad t2 detection periods.

PDSD experiment is commonly used for measuring long-range correlations because the
mixing period does not require rf irradiation which heats up the sample. In PDSD, however, short
mixing periods of about 100 ms can be employed to establish intra-residue **C-13C short range
correlations. For the studies in this thesis, the optimal mixing time for inter-residue correlations is
1-1.5 s to optimize between maximum distance-reach and the signal loss due to *3C T1 relaxation.

Under low spinning speeds ~10 kHz and low to moderate magnetic fields (<14 kHz), the
PDSD experiments are more efficient. At higher MAS frequencies and under higher magnetic
fields, the dipolar-broadening effect is reduced, and larger chemical shift differences decrease
spectral overlap, reducing the polarization transfer efficiency. Therefore, the dipolar recoupling
methods, such as RFDR, CORD, and DARR sequences, can be used to achieve efficient
polarization transfer under high magnetic field and fast MAS. However, CORD, and sequences
utilize constant rf irradiation for dipolar recoupling, thus, cannot be set for a very long time due to
rf heating.

In CHHC experiments®***®, (Figure 1.3b), the strong *H-'H dipolar couplings and small
chemical shift distribution in protons allow the H spin diffusion to be much more efficient than
13C spin diffusion. Compared to PDSD, the CHHC scheme makes use of H spin diffusion. The
'H-H magnetization transfers of 10-15A are in principle achievable with mixing times of a few
milliseconds. However, the efficient *H spin diffusion in the dense *H network within a sphere of
10-15A radius causes the immediate loss of *H magnetization to the *H cloud making the

sensitivity of any individual transfer very small. In these experiments, three cross-polarization
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steps are used to transfer polarization between *H and **C, which causes a significant reduction in
sensitivity. Additionally, the nature of the sample can affect the efficiency of this experiment.
Another method for *C-C homonuclear correlation is the INADEQUATE3®?’
experiment. This experiment utilizes J-couplings for polarization transfer and provides
unambiguous through-bond correlations for resonance assignments. During the first t-180°-t
period, the *C magnetization evolves under *C-3C J-coupling to generate anti-phase terms,
which are then converted to double quantum (DQ) coherence of -21,Sx — 2lySx by the second 90°
pulse. The DQ coherence evolves under the sum of the chemical shifts of two directly bound
carbons during the t1 evolution and is encoded in the indirect o1 dimension. The third 90° pulse
converts DQ coherence to antiphase single-quantum (SQ) coherence, while the second t-180°-t
period establishes Iy, + Sy in phase single quantum coherence for t2 detection. The resulting

spectrum is asymmetric and diagonal-free.

a) 2D PDSD b) 2D CHHC
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Figure 1.3. Homonuclear correlation experiments. a) 3C-13C spin diffusion experiment **C-'H
dipolar couplings are reintroduced. b) 3C homonuclear correlation experiment that utilizes *H -'H
spin diffusion. ¢) J-INADEQUATE experiment. d) dipolar-based INADEQUATE experiments.
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The DP J-INADEQUATE experiment favors sharp signals from dynamic species since the
combination of direct polarization and the long J-evolution period (10-20 ms) preferentially detects
the signals of mobile species. The CP-based version of INADEQUATE preferentially detects rigid
components. This experiment recouples the homonuclear **C-3C dipolar coupling to transfer
polarization between directly bonded carbon spins and creates DQ coherence via the symmetry-
based SPC-5 recoupling sequence. SPC-5 block requires rotor-synchronization of rf field
strengths: the 3C field strength is to achieve SPC-5 recoupling, and the *H-1*C decoupling strength
should be at least 2.5 times the *C rf field strength for it to be effective. For 12 kHz MAS with a
13C-13C recoupling field strength of 60 kHz, we should use *H decoupling of >150 kHz, which is
not feasible for the conventional NMR probe circuit. Therefore, slow spinning rates and low-field
magnets are favorable for this sequence in order to avoid very strong rf pulses.

1.2.4. Molecular Dynamics: Rate and Amplitude

The heteronuclear dipolar couplings and NMR relaxations provide important structural
information on the orientation and dynamics of the molecule. Plant cell wall provides a perfect
niche for studying dynamics because it is chemically and dynamically heterogenous and these
dynamics are important in characterizing the cell wall. Correlating the one-bond **C-*H dipolar
couplings with *C chemical shifts, the dipolar-chemical-shift DIPSHIFT33° and Lee-Goldberg
CP (LG-CP) determine the site-specific information about rigidity of a given chemical species.

In my thesis research, DIPSHIFT was used extensively. The motionally averaged dipolar
coupling (6p) is directly measured. The ratio of the measured dipolar coupling to the rigid-limit
value (6p) is the dipolar order parameter (Sxn) of a bond X-H. The angle between the motional
axis and the bond of interest, denoted by (Sxn), represents the motional amplitude. In this

experiment, the **C-H dipolar coupling is allowed to evolve for a fraction of a rotor period under
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'H-'H homonuclear dipolar decoupling such as MREV*® or FSLG* which prevents 'H spin

diffusion and maintains site specificity. Chemical shift evolution is refocused by a 180° pulse,

placed after one rotor period, before detection of 3C magnetization. Variable dipolar evolution

times are measured and correlated with **C isotropic chemical shifts to get a *C-'H dipolar

dephasing curve for each 3C site.
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Figure 1.4. 3C-H DIPSHIFT pulse program and experiments. a) Single version DIPSHIFT
pulse sequence. b) Double version DIPSHIFT pulse sequence ¢) Single- and double- dipolar
dephasing curves using FSLG for 1 H homonuclear decoupling. Dephasing is more significant
and well-dispersed with small order values of 0.3 or 0.4 for double DIPSHIFT than in the single

DIPSHIFT.

The experimental 3C-'H dipolar dephasing curves are fit to obtain the measured **C-tH

dipolar coupling for each C chemical shift. Homonuclear decoupling reduces the effective *3C-

H coupling and the measured coupling is divided by a scaling factor to obtain the true motionally-

averaged *C-'H dipolar couplings. The scaling factor is 0.577 for FSLG and 0.47 for MREV-8

schemes. The ratio between the apparent dipolar couplings and the theoretical rigid limit value (3

= 22.7 kHz) is the molecular order parameter Sch
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It's worth noting that both chemical shift interaction and **C-*H are doubled after the first
180° pulse but the isotropic and anisotropic chemical shifts are refocused after the second 180°
pulse. Figure 1.4c shows smaller order parameters (<0.5) due to weak dipolar couplings and have
better separation by use of double DIPSHIFT experiments. This experiment was used in chapter 4
to compare the motion of highly dynamic polysaccharides in two mutants and wild-type cell wall
samples.

1.3. Dynamic Nuclear Polarization

The use of dynamic nuclear polarization (DNP) for signal amplification is one of the most
recent significant discoveries in NMR. DNP is based on a concept similar to CP: using the
abundant polarization of a receptive spin to boost the polarization of a less abundant one. The
polarization of electron spins is transferred to nuclear spins in DNP (most commonly to H spins).
Only 1.1 % of carbon pairings can yield a 2D **C-'3C correlation because the first 3C nucleus
must be neighbored by another *3C nucleus to be measured. The most common method to conduct
experiments is using magic angle spinning- dynamic nuclear polarization (MAS-DNP) which
utilizes the use of stable biradicals doped into the sample and spinning the sample in NMR
spectrometer under cryogenic temperatures (~100 K) while irradiating the sample with microwave.

MAS-DNP benefits from the huge sensitivity enhancement from the unpaired electrons
Under identical experimental conditions, the gyromagnetic ratio of the unpaired electron spins
results in polarization that is ~660 times larger than ‘H and 2660 times greater than 3C.
Experimentally, this is achieved by either dissolving or suspending the material in a radical
solution, which is then frozen during the experiment. By impregnating a sample with a radical-
containing solution, surfaces of materials can be polarized. This places the radical near to the

surface, resulting in a high sensitivity.
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1.3.1. DNP Characterization of Unlabeled Biomaterials

To date, most of the biomolecular NMR investigations require isotope-labeling for feasible
sensitivity but it becomes too costly for biosystems with large size and long lifecycles (trees for
example). It also becomes impractical for in-situ investigations of many biomedical materials such
as the fungal isolates from patients. The difficulty and expenses associated with isotope labeling
have turned into a major barrier. The development of DNP, a technique enhances NMR sensitivity
by tens to hundreds of times by transferring the polarization from electrons in radicals to NMR-
active nuclei in biomolecules (Figure 1.5 a-c), has enabled the measurement of 2D *C-3C/*N
spectra on unlabeled samples using the very low natural abundance of 3C (1.1%) and *°N (0.4%).
This method has been employed with spectral editing methods as well as statistical chemical shift
analysis to determine the structure of polysaccharides in whole-cell systems.
To achieve this goal, we need to overcome three technical barriers: the very low sensitivity due to
the low natural abundance of isotopes, the limited resolution due to the high structural
polymorphism of molecules in intact cells, and the difficulty in correlating NMR chemical shifts
with carbohydrate structure. We propose to employ DNP to enhance the NMR sensitivity, and
spectral editing techniques that selectively detect a subset of molecules at one time to improve
resolution. We have employed this method to investigate the functional structure of cotton with
and without mechanical processing (Figure 1.5c-e)*> and rice mutants with altered degree of
acetylation in the hemicellulose arabinoxylan. We are also able to investigate many plant and
fungal mutants with the attenuated biosynthesis of cell wall components, which will further reveal
the structural function of the related polysaccharides. These samples include mutants with altered
cellulose crystallinity, decreased content of lignins, or xylans with different sidechain substitution

patterns for plants, and chitin and glucan mutants of fungi.

17



b microwave Cc d control rocessed e
e~23 =
1584 -
with DNP T
radicals E 160 A
:\ 2H 2 a I { l
§ 1624 A I J
2H 1H 2H 2:3 = =) } o .
2 () | - =
s Ny 0 DNP, x2 o 16 .
H 66 g |
—_— 1 -
carbohydrate 100 80 '3C (ppm) 90 o d =

a8

8Q 3¢ (ppm) observe

Figure 1.5. DNP methods for characterizing unlabeled biomaterials. a) Representative DNP
sample. b) DNP mechanism. ¢) DNP enhances the NMR sensitivity for 23-fold on cotton. d)
Natural-abundance *C-3C 2D spectra of unlabeled cotton reveal structural changes by mechanical

processing. e) Statistical analysis of NMR chemical shifts help identify the comparable structure
(black cross).

1.4. Thesis Organization

This thesis is primarily composed of published studies that use solid-state NMR and DNP
to better understand the structure, interactions, hydration, and dynamics of plant cell walls and
fungi. Chapter 1 introduces plant cell wall and fungi and the significance of the research work.
Additionally, discussion of ssNMR techniques and methods are included in this chapter.

Chapter 2 is a protocol showing how **C and **N fungi samples can be produced and how
they can be processed for ss NMR experiments and DNP. The plant biomass sample preparation
procedure is extensively described. Measurement of 1D and 2D **C-3C/*°N for high resolution
structural elucidation is possible with sSNMR with sensitivity boosting DNP. Quantifying the
intensity in 1D spectra and the polarization transfer efficiency in 2D correlation spectra, as well as
looking at the relaxation durations, can be used to investigate isotope labeling. Isotope labeled
samples have faster relaxation times compared to natural abundance samples.

Chapter 3 utilizes the sensitivity-enhancing technique of dynamic nuclear polarization
with statistical analysis of chemical shifts reported and in literature to investigate the molecular

structure of unlabeled cotton cellulose. The atomic resolution allows us to track the loss of la and
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IB allomorphs as well as the formation of a unique structure during ball-milling, demonstrating the
necessity of high crystallite size in sustaining la and 18 model structures. A discrete distribution
of well resolved peaks has been observed in the "disordered" regions, indicating partial order.

In Arabidopsis primary cell walls, a pectin methyltransferase regulates polysaccharide
dynamics and interactions. In chapter 4, we determined the pectin modification in Arabidopsis
wild-type and mutant cell walls using *3C-labeled cell walls. Microsecond dynamics were
improved in the mutants due to polymer disorder, but motional amplitudes were constrained due
to tighter pectin-cellulose interactions, as measured by relaxation and dipolar order parameters.
These findings shed light on the polymer structure and packing in these two pectin mutants,
allowing researchers to better understand how pectin influences cell wall design, cell wall
dynamics, and plant growth at the nanoscale.

In chapter 5, we investigated the secondary cell wall of plant biomass using Zea mays
which is a carbohydrate-rich biosystem using ssNMR. Using isotopically enriched whole-cell
samples, we determined the conformation, packing, hydration, and motion of polysaccharides and
associated biomolecules. DNP is required for overcoming the sensitivity limitation for probing the
polymer interface. We found out that lignin preferentially binds to the non-flat region of xylan,
which is linked to the flat-ribbon xylan domains that are coating the even surface of cellulose
microfibrils.

The cell wall of Aspergillus fumigatus, a major fungal pathogen, is examined in chapter
6. The sub-nanometer packing, ns-us motion, and hydration of biomolecules in intact cell walls of
native fungi were measured using a series of 2D *C-C/*N studies. The hydrophobic framework
of chitin and a-1,3-glucan present in fungal cell walls is surrounded by a hydrated matrix of

diversely connected -glucans and capped by a dynamic, outer layer rich in glycoproteins.
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CHAPTER 2. PREPARATION OF FUNGAL AND PLANT MATERIALS
FOR STRUCTURAL ELUCIDATION USING DYNAMIC NUCLEAR
POLARIZATION SOLID-STATE NMR

2.1. Introduction

Carbohydrates play a central role in various biological processes such as energy storage,
structural building, and cellular recognition and adhesion. They are enriched in the cell wall, which
is a fundamental component in plants, fungi, algae, and bacteria 2*3#4. The cell wall serves as a
central source for the production of biofuel and biomaterials, as well as a promising target for
antimicrobial therapies*>°,

Our understanding of these complex materials has been substantially advanced by decades
of efforts that were devoted to the structural characterization using four major biochemical or
genetic methods. The first major method relies on sequential treatments using harsh chemicals or
enzymes to break down the cell walls into different portions, which is followed by compositional
and linkage analysis of sugars in each fraction®’. This method sheds light on the domain
distribution of polymers, but the interpretation may be misleading due to the chemical and physical
properties of biomolecules. For example, it is difficult to determine whether the alkali-extractable
fraction originates from a single domain of less structured molecules or from spatially separated
molecules with comparable solubility. Second, the extracted portions or whole cell walls can also
be measured using solution NMR to determine the covalent linkages, also termed as crosslinking,
between different molecules'#%>%%, In this way, the detailed structure of covalent anchors could be

probed to a great detail, but limitations may exist due to the low solubility of polysaccharides, the

This is adapted from Kirui, A., Dickwella Widanage, M. C., Mentink-Vigier, F., Wang, P., Kang,
X., Wang, T. Preparation of Fungal and Plant Materials for Structural Elucidation Using Dynamic
Nuclear Polarization Solid-State NMR. J. Vis. Exp. (144), €59152, doi:10.3791/59152 (2019).
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relatively small number of crosslinking sites, and the ignorance of non-covalent but similarly
important effects for stabilizing polysaccharide packing, such as the hydrogen-bonding, van der
Waals force, electrostatic interaction and polymer entanglement. Third, the binding affinity could
be determined in vitro using isolated polysaccharides®®-°, but the purification procedures may
substantially alter the structure and properties of these biomolecules. This method also fails to
replicate the sophisticated deposition and assembly of macromolecules after biosynthesis. Finally,
the phenotype, cell morphology and mechanical properties of genetic mutants with attenuated
production of certain cell wall component shed lights on the structural functions of these
polysaccharides, but more molecular evidence is needed to bridge these macroscopic observations
with the engineered function of protein machineries®.

Recent advances in the development and application of multidimensional solid-state NMR
spectroscopy have introduced a unique opportunity for solving these structural puzzles. 2D/3D
Solid-state NMR experiments enable high-resolution investigation of the composition and
architecture of carbohydrate-rich materials in the native state without major perturbation.
Structural studies have been successfully conducted on both primary and secondary cell walls of
plants, the catalytically treated biomass, bacterial biofilm, the pigment ghosts in fungi and, recently
by our group, the intact cell walls in a pathogenic fungus Aspergillus fumigatus!®?>61-9 The
development of Dynamic Nuclear Polarization (DNP)’%7" substantially facilitates the structural
elucidation, and its sensitivity enhancement markedly shortens the experimental time on these
complex biomaterials. Here we present a protocol for isotope-labeling the fungus A. fumigatus and
the procedures for preparing fungal and plant samples for solid-state NMR and DNP

measurements. Similar labeling procedures should be applicable to other fungi but with altered
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medium, and the sample preparation procedures should be generally applicable to other
carbohydrate-rich biomaterials.
2.2. Protocol

2.2.1. Growth of 13C, ®*N-labeled Aspergillus fumigatus Liquid Medium

2.2.1.1. Preparation of unlabeled and *3C, *N-labeled growth medium

Note: Both Yeast Extract Peptone Dextrose medium (YPD) and the improved minimal medium?®
were used for maintenance of fungal culture. All steps after autoclaving are performed in a laminar
flow hood to minimize contamination.

2.2.1.1.1. Preparation of unlabeled liquid medium

Dissolve 6.5 g of YPD powder is dissolved in 100 mL water and then autoclaved for 25 min at 134
°C.

2.2.1.1.2. Preparation of unlabeled solid medium

- Add 1.5 g agar and 6.5 g YPD powder in 100 mL distilled water.

Autoclave the medium for 25 min at 121 °C and then cool down to approximately 50 °C.

- Transfer 13-15 mL of the medium into each pre-sterile plastic Petri dish and cover the dish using
a lid immediately.

2.2.1.1.3. Preparation of $3C, >N-labeled liquid medium

Note: To prepare the growth solution for isotope labeling, a minimal medium containing 3C-
glucose and *N-sodium nitrate and a trace-element solution are prepared separately and then
mixed before use.

- Prepare 100 mL solution of the isotope-containing minimal medium as listed online in Table 1.
Adjust the pH to 6.6 using NaOH (1 M) or HCI (1M) solution.

Autoclave the minimal medium for 25 min at 134 °C.
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- Prepare 100 mL (1000x) trace elements solution, dissolve the salts listed in the online Table 2 in
the distilled water. Autoclave the solution for 25 min at 134 °C. Cool down and storethe solution
at 4 °C for short-term use. The pH will be about 6.5 and can be checked using a pH meter.

- Add 0.1 mL trace elements solution to 100 mL 3C, *N-labeled minimal medium before use.

Table 2.1. The composition of the minimal medium

Chemical name Chemical formula Concentran_on
(grams per liter)

13C-Glucose 13Glucose 10.0g

5N- Sodium Nitrate ’NaNO3 6.0g
Potassium Chloride KCI 0.52¢g
Monopotassium Phosphate KH2PO4 0.815¢g
Dipotassium Phosphate K2HPO, 1.045¢
Magnesium Sulfate Heptahydrate MgS0.-7H,0 0.52¢g

Table 2.2. The composition of the trace-element solution (concentrated).

Chemical name Chemical formula Conczg?lt_r)atlon
Zinc Sulfate Heptahydrate ZnS04-7H0 22¢g
Boric acid H3BO3 11g
Manganous Chloride Tetrahydrate MnCl;-4H,0 59
Ferrous Sulfate Heptahydrate FeSO,-7H.0 59
Cobaltous Chloride Hexahydrate CoCl,-6H,0 169
Cupric Sulfate Pentahydrate CuSQ4-5H,0 169
Ammonium Molybdate Tetrahydrate (NH4)6M07024-4H,0 11¢g
Tetrasodium Ethylenediaminetetraacetate Na,.EDTA-4H,0 609

Note that for preparing unlabeled fungi, unlabeled glucose and unlabeled sodium nitrate can be
used.

2.2.1.2. Growth of the fungal materials

- Transfer a small amount of fungi from the storage onto a YPD plate using an inoculating loop in
a laminar flow hood. Keep the culture at 30 °C for 2 days in an incubator.

- Use an inoculating loop to transfer an active growing fungal edge to the *C,*°N-labeling solution
in a laminar flow hood. Keep the culture at 30 °C for 3-5 days at 220 rpm in a shaking incubator.

- Centrifuge at 5000 rpm (4000 x g) for 20 minutes. Remove the supernatant and collect the pellet.
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- Keep the collected pellet hydrated for NMR studies or long-term storage. Loss of hydration at
any point will substantially worsen the spectral resolution. If needed, a small amount (0.1 gram)
of the hydrated mycelia can be separated and fully dried in a hood or a lyophilizer to estimate the
hydration level and calculate the dry mass percentage. Usually, we can obtain a pellet containing
~0.3 g dry mass after 3 days.

- Mix the remaining material with 20% (v/v) of glycerol and keep in a -80 °C freezer for long-
term storage.

2.2.2. Preparation of A. fumigatus for Solid-State NMR and DNP Studies

2.2.2.1. Preparation of A. fumigatus for solid-state NMR experiments

- Dialyze the fungal sample in phosphate buffer (pH 7.0) using a dialysis bag with a 3.5 kDa
molecular weight cutoff to remove residual small molecules from the growth medium for a total
period of 3 days. The buffer is changed twice daily.

- Transfer the sample into a 15 mL tube and centrifuge for 3-4 mins. Remove the supernatant and
collect the remaining fungal materials.

- Pack 70-80 mg of the uniformly 3C-labeled and well-hydrated sample paste into a 4-mm ZrO;
rotor or 30-50 mg to 3.2 mm rotors for solid-state NMR experiments. This is achieved by squeeze
the sample gently using a metal rod and use a piece of Kimwipes paper to absorb the excess water.
This process is repeated until no more materials can be added.

- Tightly cap the rotor and insert the sample into the spectrometer for solid-state NMR
characterization.

Note: The brand-new rotors are suggested to minimize the possibility of rotor crash and sample
spill in the NMR spectrometer. If needed, a disposable Kel-F insert with sealing screws can be

used to serve as a secondary container inside the rotor.
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2.2.2.2. Preparation of A. fumigatus samples for DNP experiments

- Prepare 100 pL of DNP solvents®”"® (also known as the DNP matrix) in an Eppendorf tube for
13C,5N-labeled fungal samples. This DNP matrix contains a mixture of ds-glycerol/D,O/H.0
(60/30/10 V0lI%).

Note: If unlabeled samples are to be investigated, then prepare the DNP matrix using **C-
depleted ds-glycerol (*2Cs, 99.95%; Ds, 98%, Cambridge Isotope Laboratory) and D20 and H2O

to avoid **C signal contribution from the solvents.

Add 0.7 mg of AMUPoI® to form 10 mM radical stock solution. Vortex for 2-3 minutes to
ensure that radicals are fully dissolved in the solution.

- Soak 10 mg of dialyzed *3C, *N-labeled fungal materials into 50 uL of AMUPol solution, and
mildly grind the mixture using a pestle and a mortar to ensure penetration of the radicals into the
porous network of fungal cell walls.

Note: To reduce the rate of hydration loss, the grinding can also take place in an Eppendorf tube
using an Eppendorf micropestle.

- Add another 30 pL of the radical solution to the grinded pellet to ensure well-hydration of the
fungal sample.

- Pack the pellet into 3.2-mm sapphire rotor, squeeze mildly and remove the excess DNP solvent.
Add a silicone plug to prevent the loss of hydration. Typically, 5-30 mg of sample can be packed
to the rotor and the exact amount need to be determined by the sensitivity requirement of the
experiments to be conducted.

- Insert and spin up the sample in a DNP spectrometer, test the sensitivity enhancement under

microwave irradiation and run the designed experiments to determine cell wall structure.
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2.2.2.3. Preparation of plant biomass for NMR and DNP studies

2.2.2.3.1. Preparation of plant materials for solid-state NMR

- Uniformly *C-labeled plants could be directly purchased from isotope-labeling companies or
produced in-house using **CO; supplies in a growth chamber or **C-glucose medium as described
previously®:82,

Note: *C-glucose can only be used in dark growth to avoid the introduction of 1C to the samples.
- Cut the uniformly *3C labeled plant material into small pieces (typically a few mm in dimension)
using a laboratory razor blade.

- If the sample was previously dried, add 100 puL water to 30 mg of plant materials in an Eppendorf
tube, vortex, equilibrate at room temperature for 1 day. Centrifuge at 4000 x g for 10 mins and
remove the excess water using a pipette.

- If the sample was never-dried at any point, the sample can be directly used without further
treatment.

- Pack the resulting plant materials into 3.2-mm or 4-mm ZrO2 rotors for solid-state NMR
experiments.

2.2.2.3.2. Preparation of plant materials for DNP studies

- Prepare 60 pL stock solution of 10 mM AMUPol radical as described in steps 2.2.2.2.

- Weigh 20 mg of the plant materials that were generated in prior steps (3.1.2).

- Hand grind the plant pieces prepared in 3.1.2 into small particles (~1-2 mm in size) using a mortar
and pestle. The final powders should have a homogenous appearance.

- Add 40 pL of the stock solution to the plant material and grind mildly for 5 minutes to ensure
homogeneous mixing of the plant material and the radical.

- Add another 20 puL of the stock solution to the plant material after grinding.
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- Pack the equilibrated plant sample into a 3.2-mm sapphire rotor for DNP experiments. Insert a
silicone plug to avoid the loss of hydration.

2.2.2.4. Standard Solid-State NMR experiments for initial characterization of carbohydrate-
rich biomaterials

Note: a brief overview of the NMR experiments is provided in this section. However, structural
elucidation typically requires extensive expertise. Therefore, collaborative efforts with NMR
spectroscopists is recommended.

- Measure 1D C Cross Polarization (CP), *C Direct Polarization (DP) with 2-s and 35-s recycle
delays, and 'H-3C INEPT®?® spectra to obtain a general understanding of the dynamical
distribution of cell components (Figure 2.1a). The cell walls are typically the relatively rigid
portion and should exhibit dominant signals in the CP spectrum.

- Measure a series of standard 2D **C-'3C correlation experiments for resonance assignments of
13C signals. Start with refocused INADEQUATE®¢ to obtain carbon connectivity, which need to
be assisted by a series of through-space experiments such as 1.5-ms RFDR®’ (Figure 2.1b) and 50-
ms CORD/DARR® experiments.

- Conduct 2D *N-3C correlation experiments can be measured to facilitate the resonance
assignments of proteins and nitrogenated carbohydrates.

Note that the resonance assignment is typically time-consuming. A method is currently being
developed in our group to facilitate the resonance assignment of carbohydrate signals for those
scientists without prior experience.

- Measure more specialized experiments to determine the spatial proximities (Figure 2.1c, d),
hydration and mobilities of complex biomolecules to determine the three-dimensional structure of

the carbohydrate-rich materials as systematically described previously
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2.3. Representative Results

The isotope labeling substantially enhances the NMR sensitivity and makes it possible for
measuring a series of 2D 3C-13C and *C->N correlation spectra to analyze the composition,
hydration, mobility and packing of polymers, which will be integrated to construct a three-
dimensional model of cell wall architecture (Figure 1). If the uniform labeling succeeds, a complete
set of 1D 3C and °N spectra could be collected within an hour and each standard 2D spectrum
should take no longer than 24 hours of measurement.

Well-prepared samples usually have both high NMR intensities and sharp lines and
compensation to any of these two parameters indicate un-optimized sample preparation. The
fungal samples should be prepared in a never-dried manner, and partial dehydration during the
packing steps could lead to a notable broadening of the linewidth. If the experimental time is
substantially longer than expected for a fully packed NMR sample, the labeling level might be
low. If off-diagonal signals are difficult to obtain in the 2D *C-'3C correlation spectrum, statistical
labeling might have occurred (Figure 2.1b). The two 3C peaks at 96 and 92 ppm are signature
carbon 1 signals of glucose®, therefore, their strong intensities in the quantitative *C direct
polarization (DP) spectra measured with long recycle delays of 35 s typically indicate the
dominance of small molecules due to insufficient dialysis (Figure 2.1a).

2.4. Discussion

Compared with the biochemical methods, solid-state NMR has advantages as a non-
destructive but high-resolution technique. NMR is also quantitative in compositional analysis, and
unlike most other analytical methods, does not have uncertainties due to limited solubility. It

should be noted that, however, the resonance assignment and data analysis can be time-consuming
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and usually require systematic training. Our group is currently developing tools and databases to

help scientists without prior experience to overcome this barrier.
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Figure 1. Flow chart for characterizing fungal cell wall structure using solid-state NMR. (a) 1D
spectra for initial sample screening. From the top to the bottom are INEPT, $3C DP with 2-s
recycle delays, **C DP with 35-s recycle delays and 3C CP spectra, with decreasing mobility for
the detected molecules. (b) 2D 3C-13C correlation spectrum measured using 1.5-ms RFDR
recoupling. (c) Representative intermolecular cross peak detected using 15-ms PAR spectrum.
(d) Structural model obtained from NMR data.

DNP is often necessary to these challenging whole-cell systems. Typically, a 20-40-fold
enhancement of sensitivity could be achieved on an optimized sample on a 600 MHz/395 GHz
DNP spectrometer and this value increases with decreasing field, for example, almost doubled on
a 400 MHz/263 GHz DNP?>%1 There are several factors that could affect the DNP efficiency.
First, the penetration of radicals into the porous network of cell walls is crucial and this process
can be substantially facilitated by mild grinding of the biomaterials in the radical-containing DNP
matrix. Second, the physical properties, the stiffness for example, of the sample affects the choice
of microwave power, the DNP matrix “melts” under 12 W irradiation as evidenced by the
sharpening of H resonances, which was not a problem for the stiffer plant stems. As a result, a
more isotropic pattern of the H solvent peak is observed, with substantially lower spinning

sidebands and attenuated DNP enhancement. Therefore, weaker power is recommended for softer
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materials. Third, the composition of DNP matrix should be optimized. It turns out that ds-
glycerol/D>0O/H,0 is generally the overall best solvents for soft materials while a simpler and
cheaper choice of D>O/H20 can also be effective in some cases because the presence of sugars
also serves as a cryoprotectant to some extent. In contrast, the ds-DMSO/D>0/H20 solution fails
in both the plants and fungi, with less than 10-fold of sensitivity enhancement, thus it is not
recommended for use unless for special purposes. A matrix-free protocol has recently been
demonstrated to be highly effective due to solvent depletion, which creates additional space to
accommodate more materials’>%2. However, the loss of hydration presents a major perturbation to
the structure of biomolecules, thus this method might not be suitable for biological systems. If
unlabeled cell walls are to be studied, *C-depleted ds-glycerol/D,O/H,0 is the optimal solvent
that does not contribute any natural abundance *C signals nor sacrifices any sensitivity

enhancement.
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CHAPTER 3. ATOMIC RESOLUTION OF COTTON CELLULOSE
ENABLED BY DYNAMIC NUCLEAR POLARIZATION SOLID-STATE
NMR

3.1. Introduction

For decades of studies on cellulose structure and crystallinity, solid-state NMR (sSNMR)
has been a standard method that relies primarily on the measurement of 1D *3C spectra followed
by analysis of peak multiplicity and intensities®*-6. Due to limited resolution, ambiguity may exist
in the spectral deconvolution and resonance assignment of different components. Recent studies
on uniformly 3C-labeled plant materials have substantially improved the resolution by measuring
two- and three-dimensional (2D/3D) *C-'3C correlation spectra, which have advanced our
understanding of the structure of cellulose and its interactions with matrix polymers'®61.6%97 The
atomic resolution of ssSNMR allows us to resolve seven types of cellulose allomorphs in plant
primary cell walls and directly measure their spatial location and hydroxymethyl conformation??%,
Two types of glucan chains that primarily adopt the gauche-trans (gt) conformation for the O-6
primary alcohol are found on the cellulose surfaces, while another five types of glucan chains
having O-6 in the trans-gauche tg conformation form the internal cores of microfibrils. The
conformational structures of these cellulose forms in primary plant cell walls are found to differ
substantially from the crystallographic structures of Ia and If allomorphs that were determined
using purified cellulose microcrystals from tunicate and algae®-1%l. This inconsistency is also
retained in the secondary cell walls from the mature stems of grasses and woods® indicating that

cellulose structures in their native cell walls are far more complicated than in the purified, highly

This chapter was previously published as A Kirui, Z Ling, X Kang, MC Dickwella Widanage, F
Mentink-Vigier, AD French, T Wang, "Atomic Resolution of Cotton Cellulose Structure Enabled
by Dynamic Nuclear Polarization Solid-State NMR, in Cellulose, (2019) 26:329-339, copyright
2021 Springer Nature. All rights reserved. https://dx.doi.org/10.1007%2Fs10570-018-2095-6
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crystalline state. Therefore, it becomes imperative to establish non-destructive and high-resolution
methods to evaluate the consistency and diversity of cellulose structure from a wide range of
sources using 2D ssNMR. However, isotope enrichment, a pre-requisite for multidimensional
ssNMR, has been a major barrier. Feeding a plant with *CO, and/or *3C-glucose as the sole carbon
source is typically very expensive and becomes impractical for plants with large size and/or long
lifecycles. Without isotope-labeling, we can still rely on the very low natural **C abundance (1%)
for 1D experiments, but the probability for observing a cross peak between two carbons in 2D
spectra is only 0.01%, making it unrealistic for conventional NMR. This issue can be addressed
by the implementation of the cutting-edge technique of Dynamic Nuclear Polarization (DNP),
which enhances NMR sensitivity by tens to hundreds of times by transferring polarization from
the electrons in radicals to the NMR-active nuclei in biomacromolecules?24+7192 This method
has been applied to study many *3C/*°N-labeled carbohydrate-rich systems such as the cell walls
in plants, bacteria, and fungi'#?*?°, More importantly, it enables structural characterization of
unlabeled materials using 2D *C correlation spectroscopy®>1%31% thus allowing us to rapidly
screen cellulose structures in various systems without worrying about isotope-enrichment.

Here we employ DNP ssNMR on a Wiley-milled cotton sample (the control) and a
subsequently ball-milled cotton sample to characterize the structural change of cellulose using
unlabeled samples. 2D 3C-13C correlation on these unlabeled samples, assisted by statistical
analysis of 3C chemical shifts, allows us to obtain unprecedented molecular information on the
structural changes of cellulose. First, the control cotton sample has a good match with the Io and
IB structures from model cellulose. Second, these la and If structures of Wiley-milled cotton

cellulose are fully removed by 2 hours ball-milling. Third, the ball-milled cellulose adopts a new
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type of chain-arrangement that cannot align with any of the existing structures. Fourth, the
disordered domains consist of a collection of discrete conformers instead of a continuous
distribution of conformations. Statistical analysis of *C chemical shifts revealed how these
observed sub-forms correlate with literature structures. These data suggest that the crystallographic
structures only apply to model cellulose with relatively large crystallite size and revise our
understanding of the disordered domains that were otherwise difficult to characterize. These
methods are widely applicable to other functional cellulose or lignocellulosic materials.
3.2. Methods
3.2.1. Wiley-Milled and Ball-Milled Cotton Samples

Wal-Mart White Cloud cotton balls were chopped in a Wiley mill (Eberbach E3300 mini
cutting mill, Eberbach Corp., Belleville, Michigan) until they passed through a 20-mesh screen.
Subsequently, the powdered samples were placed in a locally built ball mill with a motor running
at 1750 rpm. The 1 L steel jar was chromium plated and the balls (500 mL) were 0.25 in. (~4 mm)
stainless steel. A fan was blown at the mill to minimize heating during the milling for 120 minutes.
Samples were processed in an air-conditioned laboratory but without other attention to moisture
at this stage.
3.2.2. Matrix-Free Preparation of DNP Samples

The Wiley-milled cotton sample and the 120 min ball-milled material were processed using
the matrix-free protocol for DNP experiments®>1%, Briefly, the stock solution of 10 mM AMUPol
radical (Sauvee et al. 2013), the DNP matrix, was prepared using D.O and a radical concentration
of 10 mM. About 60 mg of the cotton sample was immersed in 150 pL of the AMUPol solution.
The sample was stored in an Eppendorf tube and dried in a desiccator under vacuum for about ten

hours. The excess radicals that did not mix well with cotton formed orange crystals that were
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manually removed using a needle. Another 3 pL D20 were added to ensure the moisturization of
these cotton samples, previously reported to be essential for ensuring sensitivity enhancement®?.
Around 50 mg of sample was packed into a thin-wall 3.2 mm zirconium rotor for DNP
experiments. No silicone soft plug is used so that more space will be created. These thin-wall rotors
allow us to pack 10-20 mg more material than the standard sapphire rotors.

Compared with the conventional methods that typically sacrifices a large volume for
solvents, such as dgs-glycerol, D20, and H-O, the matrix-free method maximizes the amount of
cotton material that can be packed into an NMR rotor, which increases the absolute sensitivity and
accelerates the measurement of 2D 3C-13C correlation spectra at natural abundance. This protocol
is appropriate for our cotton samples and other cellulose materials that are largely dried in their
native state, but it is not suitable for well-hydrated bio-samples, such as plant seedling or stems.
3.2.3. DNP-NMR Experiments

The DNP experiments were carried out on a 600MHz/395 GHz MAS-DNP
spectrometer'®. The experiments were conducted using a 3.2 mm probe under 8 kHz MAS
frequency. The microwave irradiation power was set to ~12 W and the temperature was 104 K
with the microwave on and 98-100 K with the microwave off. The DNP buildup time was 7.2 s
for the control cotton and 2.5 s for the material processed with 120 min ball-milling, which has
better association with paramagnetic radicals due to enhanced disorder or surface area. 2D *C-1*C
INADEQUATE spectra®” were measured using the SPC5 sequence!®” under 8 kHz MAS with 5
ms total recoupling time (2.5 ms each for excitation and reconversion). The recycle delays were
set to be 1.3 times of the DNP buildup time: 9.4 s for the control cotton and 3.2 s for the ball-
milled sample. The acquisition time was 18 ms and 5-6 ms for the direct and indirect dimensions.

A spectral width of 60 ppm (130-190 ppm) was used for the indirect dimension of both spectra.
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This spectral width can effectively cover the double-quantum chemical shifts of cellulose and
many other polysaccharides in plants, but it should be extended slightly (130-200 ppm) if arabinose
exists in the sample. The number of t; increment is 110 and 90 for the Wiley-milled and ball-milled
samples, respectively. The number of scans was 32 and 64 the Wiley-milled and ball-milled
samples, respectively. The experimental time is 9.5 hrs for the control sample and 5 hrs for the
ball-milled sample.

3.3. Results and Discussion

3.3.1. DNP Enables structural Characterization of Unlabeled Cotton Cellulose with Atomic
Resolution

Multidimensional (2D/3D) solid-state spectroscopy is an indispensable method for
characterizing the structure of cellulose, especially for those with substantial structural disorder
and polymorphism, or those mixed with other biopolymers such as pectin, hemicellulose, and
lignin®°. This method, however, was not applicable to materials without isotope-enrichment due
to the challenging sensitivity until the recent development of Dynamic Nuclear Polarization (DNP)
technique. Figure 1a shows the 23-fold enhancement of NMR sensitivity achieved for the Wiley-
milled cotton sample, which translates to a saving of NMR experimental time by 529-fold. It is
remarkable that the spectral resolution is retained at the low temperature (104 K) of DNP
experiment, evidenced by the 0.8-0.9 ppm *C linewidth of resolved peaks, which could be
explained by the high structural order of these cellulose materials. The peak multiplicity is also
consistent with the Io. and If allomorphs in literature (Kono et al. 2003b). A slightly lower
enhancement, 18-fold, is achieved for the ball-milled sample, providing a time-saving of 324 fold

for NMR experiments (Figure 3.1b).
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Figure 3.1. Sensitivity enhancement from Dynamic Nuclear Polarization (DNP). The DNP-
enhancement spectra measured with microwave irradiation provide sensitivity enhancement of 23
and 18-fold for (a) Wiley-milled cotton and (b) ball-milled samples, respectively. The &onsoft IS the
enhancement factor by comparing spectra recorded with microwave on and off. In contrast, the
non-DNP spectra have very low intensities even with the same number of scans and measurement
time. The representative positions for Ia and If cellulose and their non-equivalent glucose units
are labeled in magenta

Compared with room-temperature spectra’®®, the intensity of the disordered cellulose
(relative to the ordered forms) has reduced for both Wiley-milled and ball-milled samples. This
can be attributed to the better association of DNP radicals with the surface disordered cellulose,
which causes a more pronounced paramagnetic relaxation enhancement that suppresses the
intensity of molecules nearby, within a few nanometers. In contrast, the room-temperature samples

do not contain DNP radicals and their spectra are reported in an accompanying paper%,

The benefit from the good sensitivity is that these 1D experiments can be finished within
5 mins, with only 8 to 32 scans, and the signal-to-noise ratios are 400-700, which is almost
“noiseless.” With this sensitivity boost, we measured 2D *C-13C correlation spectra that allow us

to resolve many unique molecular environments, for both crystalline and non-crystalline domains.
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Figure 3.2. DNP enables 2D spectroscopy on unlabeled cellulose. All 2D spectra are measured
using the natural abundance (1.1%) of *C. 2D 3C-*C INADEQUATE spectra have been
measured on (a) Wiley-milled cotton and (b) ball-milled sample. The two spectra were plotted so
that the crystalline domains of cellulose show comparable contour lines. Representative carbon
connectivity is shown in magenta. The representative regions of crystalline and disordered
cellulose are highlighted using red and blue dashed-line circles, respectively

The de novo assignment is achieved by first identifying the well-resolved C4-C5 and C3-C4
signals, from which the connectivity to other carbons can be found. Peak intensities are tracked to
validate the connectivity-based assignment and carbons from the same cellulose form should have
comparable intensities. The control cotton sample mainly contains the crystalline cellulose, with
negligible signals for non-crystalline domains, and the representative carbon connectivity is shown
in Figure 3.2a, without any ambiguity. In contrast, the ball-milled sample shows dominant signals
from the disordered cellulose (Fig. 2b). The complete **C-connectivity and resonance assignments
have been identified for all crystalline forms and for two types of disordered cellulose, among the

five forms identified (Fig. S1). The **C-chemical shifts have been documented in Table 1.
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Table 3.1. 3C-chemical shifts of cellulose in Wiley-milled and ball-milled cotton samples.

Sample Type C1 C2 C3 C4 C5 C6
(ppm)  (ppm)  (ppm)  (ppm)  (ppm)  (ppm)

A 105.0 71.1 74.1 89 71.8 64.9

Wiley-milled cotton | A' 105.0 71.4 74.9 89.8 72.5 64.9
B 105.8 714 74.9 88.5 70.7 65.5
B' 103.8 715 74.3 89.2 724 64.9
Crystalline, major 104.5 71.7 74 88.8 72 64.9

Ball-milled Crystalline, minor 104.5 725 74.9 87.1 74.1 63.6
Disordered, type-1  105.1 73 75.6 84.9 75.6 61.1
Disordered, type-2  105.1 73.1 75.1 82.8 75.1 59.8

3.3.2. The Standard Ia and Ip Structures are Removed After 120-min Ball-Milling

The 2D spectra of crystalline cellulose in Wiley-milled cotton allow us to resolve the
signals of all carbons in four glucose units (Figure 3.3a), The typical signal-to-noise ratio is 10-20
and the full-width at half maximum linewidth (FWHM) is as sharp as 0.9 ppm (Figure 3.3a). The
13C chemical shifts of these glucose residues dovetail well with the Ia and I allomorphs that were
previously measured on 3C-labeled samples from Cladophora and tunicate (Kono et al. 2003b;
Kono and Numata 2006). The four glucose types are better resolved at the C4, C5 and C1 sites
rather than the C6 site, suggesting that the C6 hydroxymethyl conformation and the y’ (C4-C5-
C6-06) torsion angle are relatively focused, primarily at the tg conformational minima as revealed
by the C6 chemical shift at 65 ppm.

The limited resolution of 1D spectra in the many conventional sSNMR studies on cellulose
and carbohydrate-rich materials can easily lead to misinterpretations, and here is an example. The
C4 region of crystalline cellulose (88-90 ppm) in Wiley-milled and 120-min ball-milled sample
shows comparable spectral patterns in 1D spectra except for the substantially reduced intensity
(Figure 1), which naturally misleads us to assume that the remaining crystalline cellulose retains
the same molecular structure, but with a considerably decreased amount. However, this is wrong.
The well-resolved signals of the crystalline C4 unambiguously differ for these two samples (Figure

3.3b). Although both samples show a major signal at 89 ppm for single-quantum (SQ) chemical
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shift, which will result in similar 1D patterns in the C4 region, their double-quantum (DQ)
chemical shift that sums the SQ chemical shifts of two bonded carbons completely differs,
revealing a change in the adjacent carbons, C3 and C5. Therefore, the Ia and IP structures are not

retained in the heavily ball-milled samples.

(@) wiley milled, control (b)  wiley milled Ball milled, 120 min
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Figure 3.3. High-resolution structural insights of cellulose in unlabeled cotton. (a) Resonance
assignments of Ia and Ip signals in Wiley-milled cotton. Representative C cross section shows a
typical 3C linewidth is 0.9-1.0 ppm. The double-quantum and single-quantum chemical shifts are
abbreviated as DQ and SQ, respectively. (b) The crystalline region of cellulose is altered after 2 h
of ball-milling. The spectral features of Ia and If} cellulose in the control Wiley-milled sample are
fully removed in the ball-milled sample. (c) The C4 region of disordered cellulose in ball-milled
sample resolved five sub-forms as indicated using arrows

This substantial change cannot be detected in conventional NMR studies since they only
use the well-resolved C4 peaks as the indicators of structure, sometimes with the help of partially
resolved C1 and C6 signals, while the C2, C3 and C5 signals are fully ignored. Therefore, any
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structural change of these spectroscopically “invisible” carbons will be omitted in the conventional
1D work, as shown above.

What is the cause of the structural inconsistency observed here? We speculate that the To
and IP can only exist in large cellulose aggregates with high crystallinity across a large dimension.
After 120 min of ball milling, the remaining material is not bulky enough to support the molecular
organization of these model allomorphs. This is supported by the recent observation that Ia and I3
structures are not present in the native cell walls of plant seedlings, coleoptile, mature stems,
woody branches, and bark in a variety of plants, from dicot to monocot and from grasses to
trees®2%°, Examples include Arabidopsis, Brachypodium, maize, switchgrass, rice, spruce, poplar,
and Eucalyptus, which collectively indicate that the Io. and Ip model structures cannot be extended
to cellulose from many of the natural sources.

The exact size of the crystallites is difficult to measure directly but could be roughly
estimated using NMR-derived crystallinity, a parameter reflecting the ratio between internal and
surface chains in cellulose??1%, The crystallinity of the control sample (68%) derived from room-
temperature 1D 3C spectra best fit a simplified model with 81 crystalline chains arranged as a 9 x
9 matrix, with another 40 disordered chains coating the surface. This will result in large lateral
dimensions of 6-9 nm, which is enough to support the presence of Ia and If structures. Because
there is rising evidence that plants produce fundamental or elementary fibrils with 18 molecules'*®-
114 "the averaged cellulose structure of cotton cellulose should contain at least six or seven such
fibrils. Note that the real dimension of these crystallites may be substantially larger than the value
estimated above because the signals of disordered chains may have contributions from primary
cell walls, whose cellulose is much smaller. Also, other processes may introduce structural

disorder, for example, the bundling process of multiple elementary microfibrils. If we adopt a
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previous model that include both accessible and inaccessible surfaces (the aggregated surface
between multiple elementary fibrils), a lateral dimension of 11-12 chains is estimated®®. However,
we should be aware that large uncertainties may exist due to the ambiguity of these models and
our limited understanding of the crystalline and disordered cellulose, as well as their spectral
characteristics (Figure 4).
3.3.3. Partial Structural Order Exists in the “Disordered” Domains

Our contemporary views of the disordered domains of cellulose usually involve a less
ordered form in the interior of the fibril (para-crystalline cellulose) and multiple components of
fibrillar surface. The inaccessible surface induced by fibril aggregation is often assumed as a
dominant disordered form (70-90% of the surface chains), which is typically presented as a very
broad component (FWHM linewidth of 4-9 ppm) resonating at ~84 ppm in 1D 3C spectra®®!15,
The introduction of this component simplified the spectral deconvolution process, and the broad
lineshape used in fitting usually suggest a Gaussian distribution of conformations. The disordered
C4 region of the ball-milled sample, however, shows several well-resolved peaks, the linewidth of
each one is not much broader than the crystalline forms (Figure 3c). These high-resolution data
indicate that conformational disorder happens in a discrete manner instead of a continuous
distribution: several energetic minima of cellulose conformation are present even in the heavily
ball-milled sample that bears a great degree of disorder. Although the concept of “crystallite
surface” was proposed two decades ago*®, our 2D data provides, with high-resolution, a far more
direct and striking view of this partial order.
3.3.4. Structural Comparison of Cellulose from Various Sources

It has long been difficult to extract useful structural information out of the NMR

observables, for example, chemical shifts, which sometimes are “indirect” for non-NMR scientists.
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To begin to understand the 3C chemical shifts for these samples, they can be compared with those
for cellulose from other sources. Figure 4 shows “heat maps” of the root-mean-square deviation
(RMSD) values for comparisons of the chemical shifts of the corresponding peaks from each
source with those of the control and ball-milled samples. A good correlation between two
structures will exhibit low RMSD values. The *3C chemical shifts of o and IB, IT and III have been
systematically measured by Kono and coworkers using a series of 2D *C-3C and *C-H
correlation spectra on uniformly *3C-labeled model cellulose!'’**°, These cellulose materials are
typically produced in model algae, bacterial or tunicate for the ease of **C-labeling, followed by
isolation, purification, or chemical treatment. VValues for cellulose in native cell walls of dicots and

grasses are also included for comparison®®.

The crystalline cellulose in Wiley-milled cotton exhibits poor correlation with surface
disordered chains (f and g) in plant cell walls or cellulose 1I/111 structures (Figure 4). Instead, it
correlates better with the Io and If allomorphs and the interior crystalline chains in native cell
walls. For the B and B' units in cotton and tunicate, a very low RMSD of 0.2-0.3 ppm is observed,
indicating a highly preserved structure of If. For A and A' in cotton, however, reasonably good
correlations (0.4-0.6 ppm RMSD) are established with many cellulose subtypes, including the A
and A" in Cladophora, the B' in tunicate and the a and e types in plant cell walls. Clearly, in cotton,
the structural characteristics of o allomorph are more ambiguous than those of Ip. This finding
might be relevant to an unresolved question of how these two major allomorphs are mixed on the

molecular level.
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Figure 3.4. 13C chemical shift RMSD map for comparisons between cotton and other cellulose
sources. The color scale is shown and the units are ppm. The x-axis contains the observed cellulose
forms in Wiley-milled and 2 hr ball-milled cotton. The y-axis contains various cellulose types
including Ia, IB, II, III and cellulose in native cell walls. The source and treatments are in italic.
All good correlations with RMSD of 0.6 ppm or less are highlighted in bold. The crosses indicate
very good correlations with RMSD of 0.3 ppm or less.

A more interesting goal here is to identify similarities between the ball-milled cotton and
the known cellulose structures. The major signals of crystalline cellulose in the ball-milled sample
have high similarity to tunicate Ib B, with a low RMSD of 0.4 ppm. In If, B' and B only form B-
B or B'-B' repeating units, each forming a different type of glucan chain arranged in alternating
sheets (the center and origin chains): one sheet contains only B units and the adjacent sheet only
has B' unitst®190:120 The fact that the remaining crystallites resemble B' rather than B indicate
that, after thorough ball-milling, the remaining crystallites adopt a structure that could be viewed
as stacked B' sheets. Further computational effort is needed to connect 3C chemical shifts with
molecular structure and reveal how this structure is stabilized by inter-sheet C-H O hydrogen
bonds!?123, In contrast, a minor type of crystalline cellulose in the ball-milled sample does not

match la or Ip structures. Instead, similarity is found with the type-d cellulose in plants, which is
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a special type responsible for interacting with matrix polysaccharides, and thus, is considered to
bear higher disorder. Therefore, this minor form can be treated as an intermediate between
crystalline and disordered cellulose. In contrast, the disordered component of ball-milled cellulose
clearly shows better correlations with the surface chains (type-f and g) of cellulose microfibrils in
plant cell walls than with any of the crystalline structures.

3.4. Conclusions and Future Perspectives

This study shows how atomic-level structural insight can be obtained on unlabeled
cellulose samples by integrating DNP ssNMR spectroscopy with chemical shift analysis. The
methods presented here can be readily applied to various functional cellulose materials or
carbohydrate-rich polymers. This strategy can be substantially facilitated by the implementation
of a solid-state NMR database and its auxiliary software that systematically indexes and analyzes
the megadata of cellulose and other complex carbohydrates, which are currently being developed
by our lab.

The high-resolution and large data analysis presented in this study also provides novel
insights into cellulose structure. A large crystallite size is needed to accommodate the Ia and If
crystallographic structures, causing their absence in many types of plants. These model allomorphs
will be fully abolished by ball-milling, thus our evaluations of the function-structure relationship
of cellulose-based materials need to be cautious under many circumstances, especially for those
with mechanical processing, chemical treatment, or other structure-perturbing mechanisms. The
fact that partial order exists in the “disordered” domains also urges us to revise our thinking of
cellulose structure and substantiate it with further molecular evidence from different physical

methods.
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CHAPTER 4. APECTIN METHYLTRANSFERASE MODULATES
POLYSACCHARIDE DYNAMICS AND INTERACTIONS IN
ARABIDOPSIS PRIMARY CELL WALLS: EVIDENCE FROM SOLID-

STATE NMR
4.1. Introduction

Cell walls are carbohydrate-rich composites that are constructed outside the plasma
membrane. They are common components of cells in plants, bacteria, fungi, and algae. As a natural
biomaterial, the cell wall confers mechanical strength and flexibility to simultaneously maintain
cellular integrity and facilitate morphological changes *#. The versatile functions of cell walls are
enabled by delicate adjustments of biopolymer structures and interactions at the molecular level.
Polysaccharides are long, unbranched, or branched chains of monosaccharide units bound together
by glycosidic bonds. Structural polymorphism can exist across the identities and anomeric
configurations of monosaccharide subunits, patterns of glycosidic linkages and branching,
chemical substitution by methyl or acetyl groups, and distributions of torsional conformations 2,

In the primary walls of growing plant cells, three classes of carbohydrate polymers, namely
cellulose, hemicelluloses, and pectins, interact to form the bulk of the wall. Cellulose consists of
B-(1-4)-glucan chains and exists as microfibrils of coalesced glucan chains that are ~3-5 nm in
diameter in primary walls . Hemicelluloses contain shorter chains than cellulose and are often
branched. The major hemicellulose in the primary walls of eudicots, for example Arabidopsis
thaliana, is xyloglucan, which consists of a $-1,4-glucan backbone substituted with a-xylose (Xyl)

sidechains 12°. Some of the Xyl are substituted with B-galactose (Gal) and a-fucose (Fuc). Pectins

This chapter was previously published in as A Kirui, J Du, W Zhao, W Barnes, X Kang, C.
Anderson, C Xiao, T Wang, “A Pectin Methyltransferase Modulates Polysaccharide Dynamics
and Interactions in Arabidopsis Primary Cell Walls: Evidence from Solid-State NMR”,
Carbohydrate Polymers 270, 118370 (2021), copyright 2021 Elsevier Ltd. All rights reserved
https://doi.org/10.1016/j.carbpol.2021.118370.
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are typically anionic due to the presence of deprotonated a-D-galacturonic acid (GalA). Pectins
have diverse functions that include regulating wall porosity, influencing cell expansion and
differentiation, modulating pH and ionic balance, participating in wall integrity signaling, and
controlling cell-cell adhesion 7128,

Homogalacturonan (HG), rhamnogalacturonan-I (RG-I), and RG-II constitute the major
structural domains of pectins ?’. HG is the most abundant pectic domain in that it constitutes 50-
70% of all pectic polysaccharides in primary walls, and is composed of unbranched a-1,4-linked
GalA residues 2. The carbon 6 (C6) carboxyl groups of GalA residues in HG are often methyl-
esterified upon delivery to the cell wall and become negatively charged after de-methyl-
esterification *2°. The degree of HG methyl-esterification can therefore affect the net charge and
chemical properties of pectin, and furthermore, the physical properties of cell walls 127130131 RG-
| is the second most abundant form of pectin in primary walls and has a backbone of alternating
1,4-a-GalA and 1,2-a-rhamnose (Rha) units with neutral sidechains largely composed of arabinan
and galactan ®. RG-11 is a complex molecule composed of at least 12 sugar types and 20 linkages,
which are embodied in six types of sidechains along a backbone of homogalacturonan. The
adhesive properties of pectic polymers are determined by their degree of methyl-esterification,
which is regulated by the pectin methyltransferases (PMTSs) that add methyl groups to pectin
during synthesis in the Golgi apparatus 12 and the pectin methylesterases (PMESs) that de-methyl-
esterify homogalacturonan in the apoplast 3313,

Mounting evidence suggests that pectins can exist in integrated complexes formed by
polysaccharides and proteoglycans. Treatments by glycosyl hydrolases or harsh chemicals, such
as strong acids or bases, are required to isolate the pectic carbohydrates RG-1l1 and RG-I due to

their linkages to the other wall polymers **°. For example, RG-I and HG chains can exist as the
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side chains of arabinogalactan proteins (AGPs) such as arabinoxylan pectin arabinogalactan
proteinl (APAP1) 135136 AGPs have been found to complex with pectins and xylan in other studies
137,138 ‘and rhamnose residues on the arabinogalactan side chains of AGPs have also been suggested
as potential attachment sites for RG-1 3. HG, RG-I, and RG-II can be covalently interconnected
through their backbones, but it remains unclear whether these HG and RG fragments are grouped
in a particular order or not.

Relatively little is known about the structural roles of pectins and their contributions to the
interactions between cell wall components. This is because these acidic polysaccharides are easily
extracted from cell walls using hot water, ionic solutions, or alkali and do not efficiently bind to
cellulose in vitro except for some neutral sidechains %814, Recently, the concept that pectins and
cellulose exist in different “phases” in native cell walls has been partially reshaped by solid-state
NMR (ssNMR) studies that revealed extensive physical contacts between cellulose and pectic
polymers, in particular HG and RG-I, in the intact primary cell walls of Arabidopsis. This was
achieved through a series of structural studies of plant primary cell walls using multidimensional
(2D and 3D correlation) magic-angle spinning (MAS) ssNMR spectroscopy #'. This method is
particularly powerful for detecting intermolecular interactions on the sub-nanometer scale 42,
which is a gap between the scales of microscopic and diffraction approaches 199143145 These
methods have also revealed that cellulose only interacts with xyloglucan at specific spots %146,
Instead, at least 25-50% of the surfaces of cellulose microfibrils lie in close contact with pectins °,
via a robust polymer interaction that is independent of the hydration history of the samples 5.

The extent of pectin-cellulose interactions is also correlated with cell wall extensibility 561,
This has been demonstrated using two transgenic lines targeting POLYGALACTURONASE

INVOLVED IN EXPANSION1 (PGX1), a gene encoding a polygalacturonase that hydrolyzes the
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HG backbone #7148 These two transgenic lines either promote (in the case of PGXI1AT
overexpression line) or limit (in the case of pgx1 knockout line) cell expansion, shoot elongation,
and adult plant development. The alterations in cell and organ growth can potentially be ascribed
to changes in the structural characteristics of HG and its interactions with cellulose '4’. For
example, increased polygalacturonase activity in PGX1AT plants could contribute to the production
of short HG chains with high esterification, potentially weakening the extent of calcium cross-
linking and producing self-aggregated clusters of HG that lie apart from cellulose microfibrils. In
contrast, reduced polygalacturonase activity in the pgx1-2 mutant gives rise to longer HG chains
with low esterification, and tighter packing with cellulose. These findings imply that it is the pectin
backbones rather than side chains that might interact with cellulose to regulate wall extensibility
148 “although in vitro binding assays show that the neutral arabinan and galactan sidechains bind
cellulose to a greater extent than charged pectin backbones %3140, highlighting differences between
in vitro and in vivo cell wall assembly.

It should be noted that in addition to pectin-cellulose interactions, many additional
structural factors are likely to modulate cell wall extensibility and plant growth, with notable
examples being HG content and pectin-pectin interactions. For example, a pectin biosynthesis gene
galacturonosyltransferase 4 (GAUT-4) has pectin biosynthetic activity, and its knockdown
decreases the content of HG and RG-II in cell walls. When GAUT4 is downregulated, HG-Ca?*
and RG-Il-borate diester cross-linking also decrease, which increases wall porosity. The model
derived from these data postulates that the increases in growth and biomass degradability in
GAUT4 knockdown plants are attributable to reductions in pectin-pectin interactions and in the

tightness of interactions between wall polymer networks 4°,
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Several putative methyltransferases and acetyltransferases have been implicated in pectin
biosynthesis in Arabidopsis. The GalA residues can be acetylated at the O2 or O3 positions in both
HG and RG-I. Acetylation is carried out by pectin acetyltransferases, which transfer acetyl groups
from donor acetyl-CoA to the GalA residues of HG or RG-1 2, Although no specific protein has
yet been validated as a pectin acetyltransferase in vivo, recently, PMRS5, a protein involved in plant
resistance to fungal pathogens, was determined to transfer acetyl groups to oligogalacturonides
(OGAS) in vitro 0. Methyl-esterification of GalA has been proposed to be conducted by the
methyltransferase QUASIMODO2 (QUAZ2) and other related enzymes such as QUASIMODO3,
COTTON GOLGI-RELATED2 (CGR2), and GGR3 1% put the precise contribution of each of
these enzymes to HG methyl-esterification remains to be determined. Recently, it was shown that
QUA2, a Golgi-localized Arabidopsis protein with a methyltransferase domain, displays
homogalacturonan methyltransferase (HG-MT) activity in vitro 1*2, In Arabidopsis, qua2 mutants
have a dwarfed phenotype and contain less extractible HG in alcohol-insoluble residue %3, Mutant
screening studies have identified genes that are required for normal plant development and
morphogenesis 1*°. A mutant allele of QUASIMODO2, called tumorous shoot development2 (tsd2),
develops tumor-like tissue which causes uncoordinated shoot development. The tsd2 mutant
displays increased activity of axial meristems, reduced root growth, and reduced cell-cell adhesion
154 Each allele encodes a premature stop codon in the QUASIMODO?2 gene, and morphological
phenotypes are more severe in the tsd2 sample than in the qua2 sample>31%4,

Recently, we reported that both qua2 and tsd2 mutants exhibit compromised cellular
adhesion and plant growth *2. Moreover, both mutants show significant alternations in the
patterning of cortical microtubules and the orientation of cellulose microfibrils deposited in their

cell walls. In these mutants, cellulose microfibrils are more heterogeneously oriented 2. We
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hypothesize that the phenotypes and cell wall properties are caused by perturbations in cellulose-
pectin interactions precipitated by the deficiency in pectin biosynthesis, but this hypothesis
requires support from molecular evidence regarding polymer packing. Here, we employed one-
and two-dimensional (1D and 2D) ssNMR methods to examine cell wall structure in uniformly
13C-labeled Arabidopsis samples, including wild-type, qua2, and tsd2 seedlings. Pectin structure
has been modified in these mutants: compared to the wild-type control, both qua2 and tsd2 walls
show an increase in the amount of arabinans, together with an increased degree of branching in
these pectic sidechains. The mutants also show stronger pectin-cellulose cross peaks in 2D
correlation spectra, pinpointing the enhanced intermolecular contacts between these
polysaccharides. In addition, cellulose and its associated pectic polysaccharides are both more
mobile on the microsecond timescale in the mutants due to enhanced disorder but show reduced
motional amplitudes that are restricted by the tight packing of these polymers. These findings have
provided valuable data for us to examine the potential contributions of pectin-cellulose interactions
to cell wall properties and plant growth phenotypes. The methods applied here are also widely
applicable to other biomaterials rich in carbohydrate polymers.
4.2. Materials and Methods
4.2.1. Preparation of 3C-labeled Cell Walls

Arabidopsis (Arabidopsis thaliana) ecotype Colombia (Col), qua2, and tsd2 mutants were
used in this study. Never-dried primary cell walls were prepared according to a recently developed
protocol 148, Briefly, 100 mg Arabidopsis seeds were surface-sterilized in 30% bleach containing
0.1% (w/v) SDS. After washing four times with sterile water, the seeds were grown in a Murashige
and Skoog (MS) liquid medium (pH 5.6) with 3C-labeled glucose (Cambridge Isotope

Laboratories) as the sole carbon source in dark in a 22°C chamber with a rotation of 100 rpm.
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Seedlings were harvested after growing for 14 days, then frozen and ground into fine powder in
liquid nitrogen. About 250 mg wall materials were treated with a-amylase (5,000 units per 30 mL;
Sigma-Aldrich) in MES buffer (pH 6.8) at 37°C overnight, and treated with Pronase (200 units, 5
mg/20 mL, Sigma-Aldrich) in MES buffer (pH 7.5) to digest proteins at 40°C overnight. The
samples were washed with 1.5% (w/v) SDS in water, and starch, cell membranes, and proteins
were removed by centrifugation at 4500 g for 10 min. Bulk water was removed by centrifugation
with 4500 g for 30 min; the resulting cell walls remained well-hydrated with 40-50 wt% water
content and were kept at 4°C before use. In total, 69 mg of wild-type, 71 mg of tsd2 mutant and
104 mg of qua2 mutant material was packed in 4-mm zirconia rotors for solid-state NMR analysis.
Therefore, the data collected on each sample represents the averaged composition and structure of
many seedlings.
4.2.2. Solid-State NMR Analysis

Solid-state NMR is a powerful tool for analyzing carbohydrate-rich materials 54%, All the
solid-state NMR experiments were conducted on a 400-MHz Bruker AVANCE spectrometer at
9.4 Tesla using a 4-mm MAS probe. The typical radiofrequency field strength was 62.5 kHz for
13C and 62.5 to 83 kHz for *H. The *C chemical shift was externally referenced to the adamantane
CH: peak at 38.48 ppm on the tetramethylsilane (TMS) scale. Spectra were recorded at 293 K
under 10 kHz MAS frequency unless specifically mentioned. All 1D *C MAS spectra were
measured using either direct polarization (DP) or *H-'3C cross polarization (CP) to create the initial
13C magnetization. DP experiments were measured with a long recycle delay of 30 s, which is
sufficient for quantitatively detecting all polysaccharides in uniformly 3C-labeled cell wall
samples, wherein the longest *C spin-lattice relaxation times are ~6 s 5262, A short recycle delay

of 2 s was also employed in the DP experiment to selectively detect dynamic polysaccharides. The
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intensity ratios between these two spectra represent the relative mobility of cell wall molecules.
CP experiments were measured to select the rigid molecules. For signal averaging, we collected
256 scans for each 1D 3C DP spectrum and 1024 scans for 1D CP spectra.

To assign C signals of different polysaccharides, we performed a 2D refocused J-
INADEQUATE experiment ¥, which correlates the double-quantum (DQ) or sum chemical shifts
of two directly bonded *3C spins with the single-quantum (SQ) chemical shifts of each 3C. The
experiment was conducted using DP; the use of *3C-1*C J coupling and short recycle delays of 1.6
s substantially suppresses the dominant signals from rigid cellulose, which allows us to resolve
and assign the $3C chemical shifts of mobile matrix polysaccharides. The spectral widths were 496
ppm and 80 ppm for the direct and indirect dimensions, respectively. The *H decoupling field
strength is 81 kHz for both the J-mixing period and the decoupling. The number of scans is 384-
448 for these samples, with a measurement time of 13-14 h for each sample. In addition, 2D **C-
13C correlation spectra were measured with 53-ms CORD mixing **’ for resonance assignment.

To determine intermolecular interactions of wall polysaccharides, we performed 1.5 s long-
mixing proton-driven spin diffusion (PDSD) experiments for all three samples to obtain through-
space correlation signals. These spectra were measured at 253 K to immobilize both cellulose and
pectin, facilitating magnetization transfer. The window width of the indirect dimension was
minimized to be 140 ppm. Key cross sections of cellulose and pectin spectra were extracted and
compared among the wild-type and mutant samples. For each sample, 320 scans (25 h) were
collected in order to obtain enough sensitivity for identifying intermolecular cross peaks.

To investigate the mobility of polysaccharides, we measured the *C-T; that reflects
nanosecond motions and the *H-T, that reflects microsecond motions relaxation times. *H-Ti,

was measured using a spin-lock field on the *H channel, with an effective field of 62.5 kHz and a
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variable spin-lock time of 0-19 ms. The *H polarization is then transferred to 3C viaa 1 ms Lee—
Goldberg (LG) CP for heteronuclear detection. The LG-CP is used to avoid *H spin diffusion
during the 1 ms contact time and ensure site-specificity. During the LG-CP, the *3C field is 62.5
kHz and the 'H effective field is set to 62.5 kHz (transverse field of 51 kHz). A two-pulse phase
modulated (TPPM) decoupling sequence of 71 kHz was employed. Standard inversion recovery
sequence with 1*C DP was used to measure 3C T experiment, with long recycle delays of 30 s to
obtain quantitative intensities. Motional amplitudes were probed using a 2D *C—!H dipolar
chemical shift (DIPSHIFT) correlation experiment 3°% under 7.5 kHz MAS frequency using a
recycle delay of 2 s. The experiment was imitated with a CP for magnetization creation. 'H
homonuclear decoupling was achieved using the frequency-switched Lee-Goldburg (FSLG)
sequence ** which has a theoretical scaling factor of 0.577 based on measurements of the rigid
model peptide formyl-Met-Leu-Phe. The H transverse field used for FSLG was 83 kHz, which is
projected to 102 kHz of effective field. The ratio between the true coupling and the rigid-limit
value of 22.7 kHz gives the dipolar order parameters (Scn). It should be noted that the rigid-limit
values for the C-H dipolar coupling in both CH and CH2 groups are the same (22.7 kHz). However,
the difference of CH and CH> was accounted for during the fitting of these dipolar curves using a
custom Python script (available at http://meihonglab.com/hong-lab-software/).
4.3. Results and Discussion
4.3.1. Polysaccharide Structure and Composition are Altered in qua2 and tsd2 Mutants

To determine how nanoscale polysaccharide structure and cell wall architecture are
modified by mutation of the pectin methyltransferase gene QUASIMODO2, we produced
uniformly *3C-labeled Arabidopsis primary cell walls for solid-state NMR characterization.

Uniformly 3C-labeled cell walls were isolated from 14-day-old Arabidopsis seedlings that were
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grown in the dark using *3C-glucose as the sole carbon source. This method has proven useful for
investigating plant cell walls, especially for characterizing the structure and physical packing of

cellulose and matrix polymers 2261, Carbohydrate composition was quantified using 1D *3C spectra
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Figure 4.1. Polysaccharide composition revealed by 1D quantitative *C spectra. 1D **C spectra of
Arabidopsis cell walls at 293 K under 10 kHz magic-angle spinning of wild-type (black), qua2
(blue), and tsd2 (orange) seedling samples. The representative structure of cellulose and pectin
backbones and sidechains are shown, with the key functional motifs or carbon sites connected to
their corresponding peaks in the spectra. The assignments include the NMR abbreviations of
carbohydrates and the carbon numbers. For example, R6 is short for Rhamnose (Rha) carbon 6.
The spectra were plotted after multiplying the tsd2 spectral intensities by 1.26 and qua2 spectral
intensities by 0.79 to account for sample amount differences. The ratios of the height of peaks
among the three samples are indicated by intensity values.

measured with *C direct polarization (DP) and long recycle delays of 30 s (Figure 4.1). The

recycle delays are more than five times longer than the *3C-T; relaxation times of polysaccharides
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(typically below 6 s for uniformly C-labeled cell walls), to ensure re-equilibrium of
magnetization between two scans and enable the quantitative detection of all molecules.
Wild-type, tsd2, and qua2 samples exhibited similar quantitative 3C spectra, indicating
similar compositions. Minor changes (10-20%) were observed for a few pectin peaks due to
changes in abundance or structure (Figure 4.1). When comparing across samples, we normalized
the spectra by the integral (area) of the whole spectra, that is, the total amount of carbon in each
cell wall sample. In order to account for differences in sample amounts, the qua2 and tsd2 mutants
were scaled by a factor of 0.79 and 1.26, respectively. These scaling factors were determined by
comparing the spectral integral of each mutant to that of the wild-type sample. The differences in
peak height across genotypes were relatively minor (0-20%) for all molecules as detected in
quantitative DP (Figure 4.1) and for the rigid portion as shown using *3C-'H cross polarization
(CP) (Supplementary Figure 4.1). This is the same method used recently to analyze a series of
Arabidopsis seedlings and inflorescences 8148, We did not use deconvolution methods and peak
integrals to avoid further uncertainties introduced by fitting procedures. Compared to wild-type
cell walls, cellulose content remained comparable in tsd2 but decreased by ~10% in the qua2
mutant (Figure 4.1), which is signified by the change of peak height at 89 ppm for interior cellulose
C4 (i4). The amount of Rha increased by ~10% in both tsd2 and qua2 mutants. In addition, the
pectin mutants consistently showed a 20% increase in the intensity of Ara carbon 1 (Al) at 108
ppm, with an error bar of 10-12% as propagated from NMR signal-to-noise ratios (Supplementary
Figure 4.2). Because arabinans are neutral sidechains of RG-I and a component of AGPs '*°, we
interpret this result as indicating that the number of arabinan side chains in RG-I and/or the amount
of arabinan in AGPs have increased notably in these two mutants. For better comparison, overlays

of spectra collected on the wild-type and mutant samples are shown in Supplementary Figure 4.3.
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It should be noted that spectral overlap can lead to uncertainty for some peaks; therefore,
only relatively resolved peaks were used for compositional comparison as a standard way of
analysis used in previous studies 81148, The signal-to-noise ratios of most peaks are between 20
and 100; therefore, all intensity ratios labeled in Figure 4.1 have relatively small error margins.
For example, when comparing the qua2 mutant with the wild-type sample, even the relatively
weak peaks of i4 (89 ppm) and R6 (18 ppm) still have reasonably decent error bars below 5%.
However, due to the insufficient resolution, 1D spectra can only be used for initially screening
these plant materials and in-depth structural information can only be obtained using 2D/3D
correlation experiments 4. Also, Arabidopsis seedlings change dramatically in polymer
composition (Supplementary Figure 4.4); therefore, the wild-type control and different mutants
are always grown under identical conditions. Some mutants exhibit significant changes with
certain polymers fully or largely depleted while other samples may only have minor changes of
10-20% in carbohydrate composition®148,

All three samples had similar intensities for the methyl ester peak at 53 ppm, which agree
with the results showing that the relative degree of methyl-esterification did not change drastically
in the mutants 2. These observations collectively indicate that QUA2 is likely not the only
regulator of pectin methyl-esterification, although QUAZ2 itself is a methyltransferase for
homogalacturonan **2, Based on the cellulose-deficient phenotypes of qua2 and tsd2 mutants 2,
it has been hypothesized that QUA2 might play a more prominent role in facilitating the production
of HG forms that contribute to pectin-cellulose interactions.

To further resolve the structures of matrix polysaccharides, we measured 2D 3C-1*C
refocused J-INADEQUATE spectra, which rely on 3C-3C J-coupling to detect correlations

between covalently bonded carbons (Figure 4.2a). With an additional dimension, the 2D spectra
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provide higher resolution than their 1D counterparts, allowing for the unambiguous assignment of
carbon connectivities in biomolecules. These spectra selectively probe mobile wall components;
therefore, the cellulose signals are suppressed, and pectin signals are unambiguously detected. All
of the 3C chemical shifts are summarized in Supplementary Table 4.1. The assignment of cellulose
and pectin signals was based on a series of published studies of Arabidopsis primary cell walls
19.20,226181,148 = AI| these studies relied on high-resolution 2D/3D 3C-'3C correlation spectra
collected for uniformly 3C-labeled cell wall samples, occasionally assisted by the use of mutants
or chemical treatments that selectively remove certain wall components. The signals of cellulose,
GalA, Rha, and Ara were unambiguously assigned. These chemical shifts were indexed in the
Complex Carbohydrate Magnetic Resonance Database (CCMRD) %,

The chemical structure of arabinan is highly complex, with major covalent linkages at
carbons 1 and 5, and linkages at carbons 2 and 3 also possible. This structural polymorphism has
inevitably resulted in spectroscopic complexity, resulting in 8 types of arabinose units (annotated
using superscript a to h) as we recently reported . In addition to the arabinan signals being
increased in the qua2 and tsd2 mutants (Figure 4.1), they were also more branched in the pectin
mutants as both tsd2 and qua2 showed higher signals for 2-Ara residues (type-f and -g in Figure
4.2b), which are responsible for creating additional, branched linkages at C2 in addition to C1 and
C5 linkages for linear structures (Figure 4.2c). In addition, qua2 also showed a new type of Ara
(type-b) signal that is absent in the wild-type and tsd2 samples (Figure 4.2, Supplementary Figure
4.5). In addition, the rhamnose carbon 6 showed three distinct peaks in qua2 but showed a single
peak in the wild-type and tsd2 samples (Figure 4.2a and Supplementary Figure 4.5), indicating a

more complex environment experienced by the rhamnose residues in the qua2 mutant.
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The signals of A1 and A1%9 are beyond the noise level as confirmed by analysis of the 1D
13C cross sections (Supplementary Figure 4.6). Although major A1 signals resonate at 108 ppm, a
minor form is also present at 110 ppm (Figure 4.2b), which is unresolvable in 1D quantitative
spectra (Figure 4.1) due to the limited resolution and the dominance of cellulose peaks. These
arabinose forms have been repeatedly observed in Brachypodium seedlings as well as the seedlings

and inflorescence stems of Arabidopsis 6281148,
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Figure 4.2. Structural change of matrix polysaccharides pinpointed by 2D INADEQUATE spectra.
(a) 2D 3C DP J-INADEQUATE spectrum of Arabidopsis wild-type cell walls. (b) Comparison of
arabinose C1-C2 regions of wild-type, qua2 and tsd2 samples. The qua2 and tsd2 samples showed
stronger A1"9and A2"9signals (carbon 1 and 2 of type f and g arabinose units), which belong to
branched arabinans with additional linkage at carbon 2. (c) Representative structure of linear (left)
and branched (right) arabinan.
4.3.2. Cellulose and Pectin are Tightly Associated in qua2 and tsd2 Mutants

To investigate the physical packing of polysaccharides, we carried out a 2D 3C-13C
correlation experiment using a 1.5-s PDSD mixing time. This method has been employed to
investigate non-covalent interactions between cellulose and matrix polysaccharides as well as

between cellulose and lignin in plant biomass 81%160-162 \Wjith this long mixing time, strong
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intermolecular cross peaks can be identified bridging cellulose carbon sites, namely 89 ppm for i4
and 65 ppm for i6, with pectic Rha and GalA C1 signals at 101 ppm and 100 ppm (Figure 4.3a).
These cross peaks originate from the sub-nanometer spatial correlations of carbons in different
polysaccharides, which allows for polarization transfer from pectin to the surface chains and then
to the internal chains of cellulose microfibrils. Such physical associations between cellulose and
pectin have been found to be robust in Arabidopsis primary cell walls, regardless of the history of
sample hydration and chemical treatment 8. Even alkaline treatment does not affect these pectin-
cellulose cross peaks. We previously found that alkali only digests the mobile portion of pectin,
without perturbing the rigid domain of pectin that is associated with cellulose microfibrils 52, It is
impractical to precisely define intermolecular distance, but an upper limit could be provided for
the observed correlations. Despite the use of a long mixing time and low temperature, the
intermolecular 3C-13C correlations should still fall within 1 nanometer. Therefore, the direct
contacts between pectin and cellulose surface should be closer than 4-5 A, considering the cross
peaks observed between pectin and interior cellulose, which are spaced by the surface layer of
glucan chains in cellulose.

Key 1D *3C cross sections were extracted to provide a better view of the relative intensities
of these intermolecular contacts (Figure 4.3b). In the 89 and 65 ppm cross sections that are
characteristic of the interior glucan chains of cellulose microfibrils, both qua2 and tsd2 mutants
showed stronger pectin cross-peaks with GalA/Rha C1 (101 ppm) than the wild-type sample.
Consistently, in the 101 ppm cross sections of pectin, both pectin mutants showed stronger
cellulose intensities at 89 ppm and 65 ppm, as well as the cellulose-dominant 105 ppm peaks. The
99 ppm cross section showed similar intensities of interior cellulose peaks (i4 at 89 ppm and i6 at

65 ppm) in the mutant and control samples, but with stronger intensities observed at the surface
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cellulose (84 and 62 ppm) positions in the mutants. Compared with the wild-type cell walls, the
qua2 and tsd2 mutations displayed stronger or more extensive interactions between cellulose and

the GalA/Rha residues in the rigid domains of HG and RG-1 backbones (Figure 4.3c).
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Figure 4.3. Cellulose-pectin interactions are stronger in qua2 and tsd2 mutants. (a) 1.5-s PDSD
spectra measured at 253 K under 10 kHz MAS using 1.5 s mixing time on the wild-type (WT)
sample and mutants. (b) Representative cross sections for cellulose (89 ppm and 65 ppm) and
pectin (101 ppm and 99 ppm) compared among the three samples, with normalization by the
diagonal peaks (asterisk). Dashed lines indicate cellulose-pectin cross peaks of interest. (c)
Representative physical contacts between cellulose and the GalA and Rha residues of pectin
backbones (HG and RG-I). The carbon sites are labeled in blue.

4.3.3. Polysaccharides Have Different Motional Dynamics in Wild-type and Pectin-
Deficient Walls

Because the plant cell wall is a composite of interconnected but dynamic molecular
networks, we hypothesized that the alteration in intermolecular interactions between pectin and
cellulose in qua2 and tsd2 cell walls would be accompanied by abnormal motional characteristics
of these polysaccharides in the mutants. Thus, motional rates on the microsecond (us) and

nanosecond (ns) timescales were probed using H-Ti, and *C-T; relaxation measurements,
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respectively (Figure 4.4 and Supplementary Figure 4.7). The H-T;, relaxation curves of cellulose
exhibited a slower decay than those of pectin because cellulose microfibrils are much more rigid
than matrix polysaccharides (Figure 4.4a). Compared to the wild-type sample, both qua2 and tsd2
mutants exhibited faster *H-T), relaxation, both for cellulose and pectin. The *H-T, relaxation
time constants of cellulose peaks were 39-63 ms in the wild-type sample but dropped to 11-24 ms
in the tsd2 and qua2 mutants (Figure 4.4b). Consistently, the *H-T, of pectin dropped from 13 ms
in the control sample to less than 7 ms in the mutants. These halved relaxation times indicate that
local disorder is higher in these pectin-deficient mutants, facilitating collective motions among
several sugar units on the microsecond timescale.

Although all the relaxation curves in Figure 4.4 were fit using single-exponential functions
for the ease of comparison, the pectin relaxation data for all three genotypes displayed a feature of
double-exponential decay, with a noticeable kink in the middle. As a result, the initial data points
were underneath the single-exponential curve (faster relaxation), while the latter ones were higher
than the curve (slower relaxation). We hypothesize that this double-exponential pattern is induced
by the separation of pectin into two domains consisting of a rigid fraction tightly associated with
cellulose microfibrils and a more mobile fraction filling the more open spaces between cellulose
microfibrils. Another possible explanation is the structural heterogeneity of pectic polymers. This
double-exponential feature has been observed for pectin in Arabidopsis and for the hemicellulose
glucuronoarabinoxylan (GAX) in Brachypodium distachyon; the weighting factor of the slow-
relaxing component has been used to estimate the fraction of matrix polymers that are closely
associated with cellulose microfibrils %2, For our samples, the double-exponential decay is
particularly pronounced in the tsd2 and qua2 mutants (Figure 4.4a and Supplementary Figure

4.4Db), potentially due to the stronger packing between cellulose and pectin (RG-I and HG). As CP-
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based measurements are already specific to the rigid portion of pectin, the observation of a multi-
exponential feature further suggests the presence of two distinct populations of pectic polymers in
the relatively rigid domain.

To examine faster motions occurring on the nanosecond timescale, we measured *C-T;
relaxation using a CP-based method that preferentially detects rigid molecules (Figure 4.4c) and a
quantitative DP method that probes all molecules without bias (Figure 4.4d). The latter generally
has shorter 1*C-T1 relaxation times than the former due to the co-existence of both rigid and mobile
molecules. In the rigid phase, pectin had longer **C-T1 in the mutants than in wild-type samples
(Figure 4.4c). For example, *C T; of the 100-ppm peak of Rha/GalA C1 increased from 0.7 s in
wild-type sample to 1.1 s in both tsd2 and qua2 mutants (Figure 4.4c and Supplementary Table
4.2). In contrast, the trend was inverted for cellulose peaks. This is mainly due to the **C-'3C spin-
exchange, which happens efficiently in uniformly labeled materials during the 3C-Ti
measurements. The smaller difference in relaxation times between pectin and cellulose confirmed
the stronger interactions of these two polysaccharides in the mutants. Under quantitative detection,
this trend was no longer detected: for both pectin and cellulose, the **C-T1 was longer in wild-type
than in the mutants (Figure 4.4d). For example, *C T for the 100-ppm peak of Rha/GalA C1
decreased from 0.4 s in the wild-type sample to 0.2 s in the mutants (Supplementary Table 4.2).
This finding indicates that the mobile phase of pectin is even more dynamic in tsd2 and qua2 walls.

To project the motional amplitudes of cellulose and pectin, we measured *C-H dipolar
couplings using the dipolar chemical-shift (DIPSHIFT) correlation experiment. Figure 4.5a shows
the C-H dipolar dephasing curves and the corresponding order parameters (Sch) of major
polysaccharides. A more pronounced decay, in general, presents a larger C-H dipolar coupling, a

larger order parameter, and a higher rigidity, but this trend does not hold across different chemical
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motifs (for example, CH or CHy). Cellulose was highly rigid in all three samples, showing deeply
dephased curves and large dipolar order parameters ranging from 0.8-1.0 for various carbon sites
(Figure 4.5a, top row). In contrast, the order parameters of pectin carbon sites were generally in
the range of 0.5-0.8, with only two exceptions happening at 101 ppm and 79 ppm in the qua2

mutant, which are in the range of 0.85-0.90 (Figure 4.5b).
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Figure 4.4. Change of polysaccharide dynamics revealed by NMR relaxation. (a) *H T1, of wild-
type (left), qua2 (center) and tsd2 (right) cell walls. Pectin has faster relaxation than cellulose.
Polymers in the pectin mutants have faster *H-Tx, relaxation than those in the wild-type sample.
b-d, Relaxation time constants of (b) *H T, (c) **C-T1 of rigid molecules as probed using CP, and
(d) *3C-T1 of all molecules as probed using quantitative DP and inversion recovery pulse sequence.
Error bars represent the standard deviation of the fit parameters.

Since this CP-based experiment preferentially detects more rigid components, the large
dipolar order parameters of pectin in the qua2 and tsd2 mutants (Figure 4.5b) indicated a very
small fluctuation angle of the CH bonds, which are likely due to the restriction imposed by tighter
pectin-cellulose packing in this mutant. Therefore, the rigid domain of pectin that interacts with
cellulose might become even more rigid in the mutants. This hypothesis is supported by the
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stronger pectin-cellulose cross peaks in the mutants (Figure 4.3b). At the same time, other possible
mechanisms, such as alternations in pectin-pectin interactions and supramolecular assemblies of
pectic polymers, might also contribute to these dynamical changes. In addition, arabinan and
galactan sidechains of pectic polymers are invisible in these experiments due to their high mobility.
If more prominent interactions with cellulose are present, these pectic sidechains should have
detectable signals. Therefore, our observations support the hypothesis that it is pectin backbones

rather than side chains that primarily interact with rigid cellulose microfibrils 48,

a b
[ cowr qua2 sz |
1.0 89 ppm. i4 s cellulose- matrix
ppm, cellulose X )
CH dominant  polysaccharide
061 1 1 1 | ] 1
1 1 1 | I 1
e 104 1 |& 1 | I !
024 124 kHz 12.9kHz 12.4 kHz 120kHz 120kHz 118kHz| 113.1kHz 129kHz 129 kHz e : : : ! : :
0.95 0.98 0.95 0.92 0.92 0.80 1.00 0.99 0.99 00, , o X ! ‘ ,
A 100, 1 : I 1
> 10 - J 5 094 1 O 01 1O 1
5 . 105 ppm, ifs/Gal1 62 ppm, s6/x5 101 ppm, GA/R1 f c.\? 1 1 (o 0} I 1 1
5 cH CH, | CH 4 Lo I
= o ] 1 1 ! 'o!
= 0.6 ® Ko} i 1 1 1 ! I 1
B g 08 I ! 100 ol 1 ©
N o | 1 1 (o I 10O
© @
g a ] 1 1 o I 1
S 02]11.5kHz 126 kHz 11.8 kHz 104kHz 11.3kHz 104kHz| 1 9.6kHz 11.2kHz 10.1kHz - | | | I I |
2 0.88 0.96 0.90 0.79 0.86 0.79 0.73 0.86 0.77 L 07 | | | | I |
T T T T T T T T T T T T T T T T T T 6 1 1 | | O | 1
T ] 1 1 | 101 o
1.0 79 ppm, GA4/R2 99 ppm, x/IGA/R1 4 69 ppm, GA2/R5 S | | | \ | |
I
b4 1 1 1 1 | I 1
I 1 1 | 1
06 1 I I I "o
054 ] 1 1 ! I 1
. 1 | 1 I I |
0.2{ 85kHz 11.8kHz 108kHz 70kHz 102kHz 88kHz | {84kHz 105kHz 10.0kHz ! ! ! : | !
0.65 0.90 0.82 0.53 078 0.67 0.64 0.80 0.76 ! ! ! ! ! !
40 80 120 40 80 120 40 80 120 89 B84 65 105 62 101 99 79 68
Time (ps) Time (ps) Time (ps) 13C chemical shift (ppm)

Figure 4.5. *C-'H dipolar order parameters of polysaccharides in intact cell walls. (a) **C-'H
dipolar dephasing curves of cellulose and pectin. DIPSHIFT spectra were measured at 297 K under
7.5 kHz MAS. Best fit dipolar couplings and the corresponding order parameters are indicated in
each panel. The chemical motif (CH or CHy) is indicated in each panel. (b) C-H dipolar order
parameters. Matrix polysaccharides (mainly RG-I and HG signals here) are generally more rigid
in qua2 (blue) and tsd2 (red) mutants than in the wild-type sample (black).

4.3.4. Postulated Molecular Rationale for Mechanical Defects in Pectin Mutants
Despite evidence for disorganization of cell wall ultrastructure and defects in pectin content

in the tsd2 and qua2 mutants **?, the direct molecular cause of the shorter hypocotyls and cell
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adhesion defects observed in these mutants has remained elusive. Because QUA2 is a HG
methyltransferase, it is natural to suspect that changes in polysaccharide structure, in particular,
the chemistry associated with GalA residues, might lead to the phenotype changes. In fact, several
recent studies have suggested a structural role of HG backbones in primary cell walls >61.81:163 |n
particular, chemical changes in GalA units, while subtle, may substantially affect the structural
properties of HG. These variations include the protonation and deprotonation of carboxylates
mediated by pH, as well as the methyl-esterification that hinders the formation of calcium cross-
linked pectin networks. Recently, the crucial role of these chemical modifications has been
confirmed by ssSNMR studies of the seedlings of PGX1AT and pgx1-2 mutants 43, in pH-regulated
primary cell walls %4, as well as along the inflorescence stem of Arabidopsis 8. An increased
degree of methyl esterification has been connected to stronger pectin-cellulose interactions and
slower plant growth 8. However, it is intriguing that the qua2 mutant retains a similar apparent
level of HG methyl esterification as the wild-type sample (Figure 4.1). In fact, both qua2 and tsd2
seedlings retain a polymer composition resembling that of wild-type sample as shown by their
similar spectral patterns. The compositional difference is relatively trivial, typically within the
range of 10-20% for each polymer, which was consistently revealed by solid-state NMR data and
monosaccharide composition analysis **2. Therefore, other mechanisms are likely to alter cell wall
and tissue mechanics in these mutants.

In a recent study, GAUT4 knockdown (KD) plant biomass had lower levels of HG and RG-
I1, suggesting that GAUT4-produced HG might serve as precursor for RG-1l synthesis. RG-I1l has
an HG backbone, unlike RG-I, which has an alternating Rha/GalA backbone, and hence might
have been affected in GAUT4-KD plants by the absence of a specific HG subtype. As a result of

the reduced HG- and RG-II-mediated cross-linking, overall wall integrity was hypothesized to be
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compromised, resulting in an increase in biomass saccharification and plant growth 4. This idea
indicates that HG and RG-I1 are required for maintaining normal wall integrity.

The supramolecular structure of the plant cell wall is stabilized by numerous physical
interactions between different polysaccharides *°. Extensive data derived from Sum Frequency
Generation (SFG), Atomic Force Microscopy (AFM) and Field Emission Scanning Electron
Microscopy (FESEM) have consistently shown that cellulose is disorganized in qua2 and tsd2 cell
walls 2, Unlike the well-bundled fibrils arranged in a uniform direction in wild-type walls,
microfibrils in these two mutants appear more separated from each other, with shorter lengths and
a broader distribution of orientations within a lamella. This has been attributed to compromised
wall integrity and attenuated cellulose deposition in the mutants 2. These microscopic
observations can help explain the stronger cross peaks between cellulose and pectin observed in
the mutants by ssNMR (Figure 6): with cellulose microfibrils more dispersed in the matrix, the
surface of cellulose should become more accessible to pectin, which will enhance sub-nanometer
physical interactions between these two polysaccharides. As anticipated for reduced microfibril
bundling, both cellulose and pectin might become more dynamic on the relatively slow,
microsecond timescale (Figure 4.4a, b). However, likely due to stronger pectin-cellulose
interactions, the motional amplitudes of wall polysaccharides have been restricted, in particular
for the rigid portion of pectin that should be tightly associated with cellulose microfibrils (Figure
4.5). In this way, the mutations might substantially modulate the nanoscale organization of cell
walls despite inducing only relatively minor changes in the chemical structure and composition of

carbohydrate polymers.
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Figure 4.6. Schematic models of wild-type and mutant cell walls. The HG-containing polymers
(green) primarily include the HG polysaccharide and HG-domains connected to RG-I, with
possible minor contributions from the HG domains connected to RG-11 and proteoglycans. This
conceptual structure of pectin is adapted from 4. In the mutants, more arabinan sidechains are
included in the pectic polymers. These arabinans also exhibit a higher degree of branching.
Cellulose microfibrils (yellow) become shorter and orientationally diverse, which results in more
extensive contacts with pectin and increased cell wall dynamics. The hemicellulose xyloglucan
(purple) is not discussed here. Other mechanisms, such as pectin-pectin interactions, are possible
but are not included in the current discussion. This illustrative figure is not intended to be to scale.

4.4. Conclusions

In this work, we have evaluated the abundance, molecular structure, physical packing, and
motional characteristics of pectic polymers and cellulose in the qua2 and tsd2 mutants of
Arabidopsis. Using high-resolution solid-state NMR spectroscopy, we have shown that in both
mutants the pectin extensively associates with cellulose microfibrils, which correlates with the
restricted motional amplitudes of pectic polysaccharides. In addition, both cellulose and pectin
backbones become more dynamic on the microsecond timescale, which is supportive of a model
where cellulose microfibrils are dispersed in the soft matrix, with extensive intermolecular contacts
and enhanced disorder of cell wall polymers. This study provides a clearer structural picture of the
cell walls of tsd2 and qua2 mutants and sheds light on the nature of cellulose-pectin contacts,
supporting a potential role of RG-1 and HG pectic backbones in stabilizing these polysaccharide

interactions.
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CHAPTER 5. LIGNIN-POLYSACCHARIDE INTERACTIONS IN PLANT
SECONDARY CELL WALLS REVEALED BY SOLID-STATE NMR

5.1. Introduction

The secondary cell wall comprises the majority of plant biomass and is a sophisticated
composite of cellulose, hemicellulose (mainly xylan and glucomannan) and lignin®®=. This
supramolecular network formed by complex carbohydrates and aromatic polymers provides the
cell with sufficient mechanical strength and rigidity, but it also makes the lignocellulosic materials
inherently recalcitrant to chemical and enzymatical treatments during biofuel production®,
Decades of efforts have been devoted to genetically engineering the plants to improve the
composition and structure of cell wall polymers, aiming at increased digestibility®®>1¢7, This
method offers the potential for effectively generating sustainable bioenergy, however, a major
hurdle here is our inadequate understanding of the cell wall architecture on the molecular level.

In secondary cell walls of woody materials, bundles of cellulose microfibrils, typically 10-
20 nm across'®, are proposed to be coated by a xylan-lignin complex and crosslinked by
glucomannans®¢8-17°. However, due to the inherent, technical constraints of traditional analytical
methods, detailed molecular information about secondary cell wall organization has remained
scarce. Conventional methods either rely on sequential extractions followed by compositional
analysis or require partial dissolution of the lignocellulosic materials using organic solvents and
ionic liquids for solution-NMR characterization''"*3, These procedures substantially perturb the

physical state and molecular interactions of biomolecules, introducing considerable uncertainty to

This chapter was previously published as X Kang, A Kirui, MC Dickwella Widanage, F Mentink-
Vigier, DJ Cosgrove, T Wang, “Lignin-Polysaccharide Interactions in Plant Secondary Cell Walls
Revealed by Solid-State NMR”, in Nature Commununications, January 21, 2019, copyright 2019,
The Authors. https://dx.doi.org/10.1038%2Fs41467-018-08252-0
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our understanding of the cell wall structure. This limitation has been partially alleviated by the
recent solid-state NMR (ssSNMR) work that characterized xylan polymorphism in native secondary
cell walls of Arabidopsis, revealing a two-fold helical screw symmetry with a regular pattern of
acetate or glucuronate substitutions in cellulose-bound xylan'®83, However, many structural
aspects still await investigation and a key question, examined here, is how lignin and
polysaccharides are packed in intact secondary cell walls.

The atomic resolution of sSNMR spectroscopy and the sensitivity enhancement provided
by the dynamic nuclear polarization (DNP) technique have enabled us to clarify and substantiate
our ambiguous view of lignocellulose structure with detailed molecular evidence. The *C-labeled
stems from three energy and agricultural crops (maize, rice, switchgrass) as well as the model plant
Arabidopsis were investigated. Dominant interactions between xylan with non-flatten
conformations and lignin units rich in methyl ethers are observed whereas direct lignin-cellulose
interactions are less prominent. Because the degree of hydration and timescale of motions are
distinct between the lignin and polysaccharides, we propose that lignin self-aggregates in
distinctive nanodomains with extensive surface contacts to hemicelluloses. These results provide
a substantial revision of our understanding of the supramolecular architecture of secondary plant
cell walls, which can facilitate the development of crops with higher digestibility and improve the
efficiency of biomass deconstruction and conversion to biofuels.

5.2. Results
5.2.1. Polysaccharides and Lignin are Structurally Polymorphic

Uniformly 3C-labeled stems of maize, rice, switchgrass, and Arabidopsis were produced

for ssSNMR analysis by growing the plants in a closed growth chamber with continuous supply of

13CO,. Isotopic enrichment provides adequate sensitivity for systematically measuring two-
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dimensional (2D) 3C-13C spectra, which provide atomic resolution for determining the
composition, sub-nanometer packing, site-specific hydration and ns-pus motion of lignin and
polysaccharides in the near-native state.

Figure 1 shows representative 2D 3C-13C correlation INADEQUATE spectra and
molecular structures of biomolecules in intact maize stems. These samples contained
predominantly secondary cell walls, as xyloglucan (a primary wall component) was negligible
(Figure 5.1a). The major hemicellulose, xylan, is dominated by its 2-fold, extended conformers
(Xn?, accounting for ~70 mol% as indicated by the peak volume (Figure 5.1b). This is potentially
due to the extensive interaction of xylan with cellulose microfibrils, which promotes the 2-fold,
flat conformation. The interactions with cellulose rigidifies the 2-fold xylan and further enhance
its signal in the current spectrum that relies on the *H-3C cross-polarization (CP) to preferentially
detect rigid components. These 2-fold xylans are structurally polymorphic (Figure 5.1a) and only
a subgroup is in close contact with lignin as shown later. The 2- and 3-fold xylan conformers are
both heavily acetylated and mixed on the sub-nanometer scale because a moderate cross peak
exists between the C1 of 2-fold xylan and the C4 of the 3-fold conformer (Xn1%-Xn4%\
(Supplementary Figure 5.1a).

The glucan chains in cellulose microfibrils of secondary cell walls are highly polymorphic
in structure. Among the six major allomorphs, types a-d are the internal chains while types g and
f originate from surface residues (Figure 5.1a). With the high resolution attained here, NMR further
reveals subtle differences in cellulose organization in cell walls from growing coleoptiles versus
mature stems (Figure 5.1c) where microfibrils aggregate extensively'®2, The increase in relative
intensities of the deeply embedded allomorph (type-c) and the reduced number of surface chains

(Figure 5.1c and Supplementary Table 5.1) collectively indicate the restructuring of elementary
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microfibrils on the aggregation interface, likely enabled by cooperative activity of multiple

cellulose synthase complexes during secondary wall formation!%:172,
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Figure 5.1. The polymorphic structure of lignin and polysaccharides in intact maize stems. (a)
Representative 2D *C-13C correlation spectrum resolves the polymorphic signals of cellulose and
xylan. The xyloglucan (XyG) signals are missing (blue circles), indicating a negligible amount of
primary cell walls. Abbreviations are used for assignment, e.g. s49 is carbon 4 of glucose type-g
on the microfibril surface. (b) Representative polysaccharide structures. (¢) Cellulose signals in
maize coleoptile and mature stems. The six cellulose allomorphs are labeled using letters a-g. The
intensity of type-c cellulose is 2X greater in mature stems compared with coleoptiles. (d) An
illustrative figure of two adjacent microfibrils, with the restructured chains boxed in blue, which
increase the intensity of type-c cellulose in panel c. These chains restructure by changing the
hydroxymethyl conformation. The number of glucan chains in the figure may not represent the
actual microfibril structure. The aromatic signals of lignin are resolved using 2D 3C-13C spectra
measured using (e) 53-ms CORD and (f) INADEQUATE methods. (g) Representative structures
and C chemical shifts of lignin.

Maize lignin is mainly composed of p-hydroxyphenyl (H), guaiacyl (G), syringyl (S) and
ferulate (FA) residues (Figure 5.1e-g). The H, G and S lignin units differ in the number of methoxyl
substitutions at carbon 3 and 5, which results in well-resolved signals for the ring carbons. These
aromatics bear conformational heterogeneity since they show broad linewidth and peak

multiplicity (Supplementary Figure 5.1). The 3C NMR chemical shifts are documented in
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Supplementary Table 5.2, and the well-resolved signals of aromatics and carbohydrates enable
further determination of their intermolecular packing as detailed below.
5.2.2. Lignin Binds Xylan Through Electrostatic Interactions

Both native and modified lignins have been extensively studied using solution
NMR21352173 "hyt native interactions with other wall components are lost in the ball-milled,
fractioned and dissolved samples. Using the intact maize stems, we have measured a long-mixing
(1.0 s) 2D spectrum, which displays 74 intermolecular cross peaks that are absent in the 0.1-s
short-range correlation spectrum (Figure 5.2a). This experiment provides exquisite details on the
spatial proximities (instead of covalent bonding) of cell wall polymers as each cross peak
represents a unigque sub-nanometer contact between two distinct atoms in adjacent molecules.
These intermolecular interactions are well-resolved in the NMR spectra and can be classified into
four major categories depending on the interaction site and the structural motifs. First, cross peaks
may occur between two different lignin units, for instance, the H4-S3/5 cross peak at (159, 153
ppm). Second, the methy| ethers of lignin may be spatially proximal to xylan and cellulose. Notable
examples include the OMe-s4 at (57, 84 ppm) and the OMe-Xn4%"at (57, 78 ppm) caused by the
contacts between lignin methyl ethers and surface cellulose carbon 4 and 3-fold xylan carbon 4.
Third, the aromatic carbons of lignin may correlate with the ring carbons of carbohydrates, for
example, the S3/5-Xn4%f cross peak at (153, 78 ppm). Fourth, the xylan acetyl group may correlate
with lignin as reflected by the AcMe-FA9 cross peak at (21, 169 ppm) and the AcMe-S3/5 cross
peak at (21, 153 ppm), which originate from physical contacts between the methyl carbon of xylan
acetyl groups with the carbon 9 of ferulate and the carbon 3/5 of syringyl units.

All intermolecular correlations are categorized by the interacted molecules and the relative

intensities of these cross peaks (Figure 5.2b). Xylan is the primary polysaccharide interactor of
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lignin with 47 cross peaks (Figure 5.2b) and tightly contacts S-lignin (<5 A), evidenced by cross
peaks with only a short mixing period (Figure 5.2c). Although cellulose-lignin contacts have been
proposed in-silicol™, the scarcity of cross peaks indicate few direct interactions in these non-

woody samples (Figure 5.2b).
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Figure 5.2. Electrostatic interactions of xylan and S units dominate lignin-polysaccharide
interactions in maize. (a) Representative **C-13C spectra measured with short (0.1 s, orange) and
long (1 s, black) mixing times on maize. The 1-s spectrum shows many long-range intermolecular
cross peaks that are absent in the 0.1-s spectrum. Only intermolecular cross peaks are labeled. (b)
Summary of the 74 intermolecular cross peaks in maize. For each category, the peaks are grouped
by their strength. Cellulose is abbreviated as cellu. Lignin-xylan contacts dominate, with the most
cross peaks for S. (c) The Xn-S and Xn-OMe cross peaks in the 100-ms spectrum reveal close
contacts.

We have extended these experiments to two other economically important grasses,
switchgrass, and rice, and to Arabidopsis, a model dicot (Figure 4.3 and Supplementary Figure
5.2). The lignin composition varies substantially among species: maize contains all the four units;
in Arabidopsis S and G predominate; switchgrass lacks S and rice lacks H (Figure 5.3a, b and
Supplementary Figure 5.1c). In these plants, we have identified 234 distinctive intermolecular

cross peaks, and the large number of correlations identified here allows us to conduct statistical
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analysis of polymer contacts in this collection of plant species. Lignin has 155 cross peaks with
xylan but only 25 contacts with cellulose, confirming the anchoring role of xylan (Figure 5.3c).
Despite its modest abundance (29% on average) (Figure 5.3b), the S-residue has the most abundant
cross peaks with xylan (Figure 5.3d). The amount of G and FA (52%) is almost twice that of S but
their xylan cross peaks are less prevalent. The number of physical contacts with polysaccharide
correlates with the number of methyl ether groups (OMe) in lignin and decreases in the order: S >
G/FA > H. Consistently, 80% of the OMe-Xn cross peaks are either strong or medium (Figure
5.3d), indicating that electrostatic interactions between lignin methoxy groups and xylan polar
functionalities dominate their physical contacts. The strong polysaccharide interaction of S units
may be related to its early deposition during lignification!”™ and the weak H-Xn interaction

enlightens the higher lignin extractability in H-rich plants'’®.
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Figure 5.3. Lignin composition and carbohydrate interactions in four species. (a) Spectral
deconvolution of quantitative *3C spectra for compositional analysis of lignin. (b) The molar
composition of lignin from different species. Note that the FA/G is only G in Arabidopsis. (c)
Summary of lignin-carbohydrate interactions. Lignin mainly interacts with xylan instead of
cellulose. (d) The 155 xylan-lignin cross peaks categorized by the lignin type and peak intensities.
5.2.3. Xylan With a Non-Flatten Conformation Binds Lignin

The lignin-binding capacity of xylan is found to be conformation-dependent. We measured
a lignin-edited spectrum to selectively probe the interface between lignin and polysaccharide

(Supplementary Figures 5.3 and 5.4). This challenging experiment is enabled by a 23-fold
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sensitivity enhancement (Figure 5.4a) that is achieved using the Dynamic Nuclear Polarization
(DNP) technique, which transfers polarization from electrons to NMR-active nuclei?®>?>"", The
lignin-bound polysaccharides contain xylan and part of the cellulose surface (Figure 5.4b). In these
maize walls, xylan in 3-fold conformation constitutes less than one-third of all xylans but accounts
for almost half of the lignin-bound xylans; therefore, 3-fold conformation facilitates xylan-
aromatic interactions. In contrast, the 2-fold xylans are structurally polymorphic and lignin only
binds subtypes b and ¢, whose signals are sandwiched between the flat conformer (type-a) and the
3-fold allomorph. Since the xylan 3C4 chemical shift indicates glycosidic bond conformation, it
shows that the flat ribbon structure of the 2-fold conformation is not favorable for binding the

intrinsically disordered lignin polymer.
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Figure 5.4. DNP reveals the conformational selectivity of xylan for lignin-binding. (a) DNP
enhances the NMR sensitivity by 23-fold on maize. The inset shows a representative DNP sample.
(b) Lignin-edited (top) and control (bottom) *C-13C correlation spectra measured using DNP. The
lignin-edited spectrum only shows polysaccharides spatially proximal to lignin, including 3-fold
and a subset of 2-fold xylan (type b and c) and surface cellulose (s).
5.2.4. Lignin Self-Aggregates to Form a Highly Hydrophobic Domain

To probe the hydration profile of secondary cell walls, we have compared the intensities
of water-associated molecules with those of the whole cell wall (Supplementary Figure 5.5). The

relative intensities correlate with the extent of water retention and reveal a decreasing hydration

gradient in the order: 3-fold xylan > 2-fold xylan ~ cellulose surface > cellulose internal chains >
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lignin (Figure 5.5a). This experimental observation dovetails with a simulation reporting 50%
faster diffusion for water molecules in lignin than those bound to xylan'’®. The distinctive
hydration of lignin and 3-fold xylan excludes homogeneous mixing, instead suggesting proximity
of separate domains: lignin nanodomains close to a well-hydrated matrix of 3-fold xylan (Figure
5.6). The hydrated matrix further connects the junctions of 2-fold xylan and surface cellulose!”®,
two molecules with comparable hydration (Figure 5.5a), thus bridging lignin with cellulose (Figure

5.6).
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Figure 5.5. Lignin is highly hydrophobic and dynamically distinct from polysaccharides. (a)
Water-edited intensities showing the hydration level of molecules in maize. Error bars are standard
deviations propagated from NMR sensitivity. The hydration level decreases in the order of 3-fold
xylan, 2-fold xylan, surface cellulose, interior cellulose, and lignin. (b) *H-T}, relaxation times of
four plants detect molecular motions on the microsecond timescale. (c) 3C-T; relaxation times of
hydrated (magenta) and dried (grey) maize reflect nanosecond timescale motions. Distinct from
the polysaccharide, lignin has long 3C-T1 but short *H-T1, relaxation. Error bars are standard
deviations of the fit parameters. The x-axis corresponds to well-resolved cross peaks or carbon
sites as tabulated in Supplementary Table 5.7-5.10.

Compared with primary cell walls®?, secondary walls have considerably weaker water
associations, evidenced by 2-4 times slower H polarization transfer from water to macromolecules
(Supplementary Figure 5.6). The lignin and polysaccharide peaks in maize secondary cell walls
only reached 20-30% of the equilibrium intensity within 4-ms *H mixing (Supplementary Figure
5.6). This water buildup rate is notably slower than in the primary cell walls of Arabidopsis, which,

at 4-ms, exhibits as high as 60-80% and 30-40% intensities for pectins and cellulose,
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respectively®. This can be attributed to the deposition of hydrophobic lignin, decreased water
content®, tighter packing of polymers, and lack of pectins with their water-stabilizing action. Tight
packing also explains the unexpectedly large number of spatial contacts that are more prominent
than those of highly porous primary cell walls>®?,
5.2.5. Lignin and Polysaccharides are Dynamically Distinct

The domain separation of lignin and polysaccharide is confirmed by their distinct
dynamics. Lignin has the shortest *H-T1, relaxation times of all wall polymers (Figure 5.5b) and
its fast relaxation can be attributed to us motions similar to the ring flips of protein tyrosine or
phenylalanine sidechains®® or the collective motions of multiple rings. Similar motions are not
feasible in the hydrogen-bonded glucan chains of cellulose microfibrils, which exhibit the longest
'H-T,, relaxation times. This trend is fully reversed for the 1*C-T; relaxation, with the longest times
for lignin, ~5 s for hydrated sample and 8 s for dried materials (Figure 4.5¢), indicating that
aromatics resist rapid local reorientation on the ns timescale. In contrast, the **C-T; relaxation is
markedly shorter for all polysaccharides due to efficient spin diffusion across the tightly packed
polysaccharides. These dynamical heterogeneities support the concept of inhomogeneous mixing
on the nm scale. The aromatic rings exhibit pronounced ps motion, thus are unlikely to adopt the
partial alignment observed in woods using Fourier-Transform Infrared (FTIR) and Raman
spectroscopy®*8L. In addition, lignin contains both rigid and mobile components (Supplementary
Figure 5.7, 5.8), indicative of the coexistence of aggregated rings and polysaccharide interfaces.

The fact that pronounced **C-T; differences between lignin and carbohydrates still exist in
dehydrated samples suggests a large domain size far beyond the reach of relayed spin diffusion, a

process that reduces relaxation heterogeneity for molecules within a few nanometers. Therefore,
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lignin domains may be as large as a few to tens of nanometers across so that the unique

characteristics of motion and hydration can be fully retained.
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Figure 5.6. A revised model of lignin-polysaccharide packing and secondary cell wall architecture.
Cellulose microfibrils, 2-fold and 3-fold xylan, and lignin are depicted in red, purple, blue and
yellow, respectively. The secondary cell wall adopts much tighter packing than the primary cell
walls, and the two hydrophobic cores of lignin and cellulose are bridged by xylans in a
conformation-dependent manner. The key findings of this study have been annotated in the model.
Polysaccharides are abbreviated as polysac. The depiction may not be to scale.
5.3. Discussion

This study provides heretofore unavailable molecular evidence to define the 3D
architecture of secondary cell walls. The exceptional resolution and sensitivity of sSNMR and
DNP, assisted by a novel experiment for analyzing the lignin-carbohydrate interface, allow us to
identify 234 intermolecular cross peaks that pinpoint the packing interactions, 325 relaxation
curves that probe polymer mobilities on microsecond and millisecond timescales, and 62 site-
specific hydration data (Supplementary Tables 5.3-5.10). This large dataset markedly alters the
paradigm for lignocellulose structure. The two hydrophobic cores of lignin and bundled cellulose
are bridged by xylan in a conformation-dependent manner (Figure 5.6): the dehydrated 2-fold
xylan with a flat-ribbon structure coats the microfibril surface®® and the remaining, well-hydrated
xylans with uneven conformations connect the lignin nanodomains via extensive interfaces, along

which electrostatic interactions occur between lignin methyl ethers and sugar polar groups. This
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well-defined boundary between aromatics and polysaccharides validates the modeling results in
which lignin and xylans tend to self-aggregate to form separate phases, between which only limited
interpenetration can happent@,

The numerous cross peaks between xylan and lignin, and between different carbon sites,
mainly represent through-space, sub-nanometer contacts rather than covalent linkages. In fact, the
lack of through-bond correlations between the arabinose sidechains of xylan and the ferulate lignin
in the INADEQUATE spectrum (Figure 5.1a, f) refines the hypothesis that xylan sidechains are
crosslinked to lignin via ferulate or diferulate residues'®>!8, Such covalent bonding may only
occur at limited spots, well below the detection limit of ssNMR. The abundant noncovalent
interactions documented here predominate the physical interactions between xylan and lignin.

Pectin has also been assumed to be covalently connected to lignin via ester or ether linkages
and bridge the lignin to hemicellulose!®*. Pectin has also been proposed to play a crucial role in
lignification, especially in the initiation steps, as evidenced by biomimetic polymerization process
of coniferyl alcohol in pectin solutions'®-187. The intact stems analyzed here only contain a minor
fraction of pectic substances and we have not identified any lignin-pectin cross peaks. Therefore,
the proposed covalent linkages between lignin and pectin are scarce, if they exist, or only
happening at the early stage of lignin deposition. These two molecules are not extensively co-
localized within the sub-nanometer scale in the mature plant stems.

The structure that emerges from this sSNMR study differs substantially from contemporary
views of complex lignocellulose in four aspects. First, lignins are found to bind mainly xylans
rather than cellulose. For decades, lignin has been considered as the glue that connects cellulose
microfibrils with hemicellulose®. The minor cellulose-lignin interactions observed here largely

discounts previous models in which cellulose aggregates are proposed to be directly coated by
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lignin®® but rather suggests that lignin and cellulose are spaced and joined by xylan. Second, the
phase-separation of lignin and xylan have revised an earlier model, where these two polymers are

depicted to be well-mixed via entanglements and covalent linkage®"°

. Third, we have emphasized
the importance of electrostatic interactions over the hydrophobic contact, which is another possible
mechanism proposed by simulation'™. Finally, we have revealed, for the first time, that distorted
xylan structure favors lignin-binding. This discovery, integrated with the previous finding that flat
xylan conformers bind cellulose?®, has fully revealed the structure-function relationship for xylan
and resolved how this versatile hemicellulose can bridge different molecules with diverse
conformational structures. These novel molecular characteristics provide the structural basis for
designing more digestible crops and further optimizing the biomass degradation process to
facilitate the production of biorenewable energy. Similar approaches can be applied to biomasses

from other plants and organisms.

5.4. Methods

5.4.1. Isotope Labeling and Preparation of Plant Materials

The uniformly 3C-labeled stems (97% 3C) of four plants were prepared by IsoLife
(Wageningen, The Netherlands) using the following protocol. Briefly, uniformly **C-enriched (97
atom % 13C) plant stems of maize (Zea mays; Age 2 months after sowing), rice (Oryza sativa; Age
7 months), switchgrass (Panicum virgatum; Age 3.5 months), and Arabidopsis thaliana, (ecotype
Columbia-O; Age 1 months) were produced under identical growth conditions in custom-designed,
air-tight, high-irradiance labelling chambers of the Experimental Soil Plant Atmosphere System.
Plants were grown hydroponically under controlled environmental conditions: photosynthetic
photon flux density 900 (700 for A. thaliana) pmol m2 s (top of plants), 16 h (A.th. 14 h) day
length, day/night temperature 24/16 °C, RH 75%, in a closed atmosphere containing 97 atom%

13CO;, (CO; enriched with the stable isotope *C; from pressurized cylinders, Cambridge Isotope
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Laboratories) from germination till harvest. Minerals and water were supplied as a modified
Hoagland-type nutrient solution with micronutrients'® and iron as Fe(I11)-EDTA, modified to
contain a maximum of 25% of total N as ammonium, maintaining pH between 5 (maize: 4) and 6.
At harvest, immediately after removing the plants from the growth chamber, plant shoots were
dissected into leaves and stems, cut to 2-4 cm pieces, weighed, packaged in food-grade PE
pouches, and stored at -30°C. After freeze-drying, representative subsamples were prepared for
13C analysis by high-abundance isotope ratio mass spectrometry (IRMS; Stable Isotope Facility,
UC-Davis, CA, USA). 3C abundance of CO: in the chamber atmosphere was kept close to 97
atom% 3C, continuously monitored during culture by non-dispersive infra-red detection. All the
four plant samples were hydrated to ~40 wt % and 80-100 mg were sliced and packed into a 4 mm
Bruker magic-angle spinning (MAS) NMR for ssNMR experiments. Around 30 mg of maize were
packed into a 3.2-mm Revolution NMR rotor. Another 28 mg of maize was proceeded in DNP
matrix and transferred to a 3.2-mm sapphire rotor for MAS DNP experiments as detailed below.
5.4.2. Solid-State NMR Experiments for Resonance Assignment

Solid-state experiments were conducted on a Bruker Avance 600 MHz (14.1 Tesla)
spectrometer and a 400 MHz (9.4 Tesla) Bruker Avance spectrometer using 3.2-mm and 4-mm
MAS HCN probes respectively. Most experiments except those with MAS-DNP were collected
under 10-14 kHz MAS at 294-298 K. 13C chemical shifts were externally referenced to adamantane
CH> signal at 38.48 ppm on the TMS scale. Typical radiofrequency field strengths were 80-100
kHz for *H decoupling and hard pulse, 62.5 kHz for *H CP and 50-62.5 kHz for '3C.

To assign the NMR signals of polysaccharides and lignin, 2D double-quantum (DQ)
correlation spectra were recorded using the refocused CP J-INADEQUATE pulse sequence?=¢,

which relies upon the scalar coupling between two *3C nuclei to obtain through-bond information
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regarding directly couple *C nuclei. A 2D *C-13C correlation spectrum is also measured with 53-

157 All the assigned *3C chemical shifts of both polysaccharides and lignin have

ms CORD mixing
been summarized in Supplementary Table 5.2.

To analyze the lignin composition in four different plants, spectral deconvolution of the
13C quantitative DP spectra was conducted using the software DMfit'®!. The peak area of the 159
ppm, 153 ppm and 147 ppm were assigned to the H4, S2/6 and the mixture of G3/4 and FA3/4/7,
respectively (Supplementary Figure 5.1c). To convert the peak area into molar percentage, the
carbon numbers of each peak and the residue multiplicity need to be considered. We have thus
divided the relative intensity of S2/6 by 2, and the G3/4 and FA3/4/7 peak intensity by either 2 or
3 to account for the two extreme conditions. The resulting error margin was well below 3% for the
H and S residues in all plants and below 5% for the G/FA residues.

The aromatic signals of lignin are typically difficult to analyze in solids due to the signal
suppression caused by large chemical shift anisotropy. Here we employ a modified version of the
standard proton-driven 3C spin diffusion (PDSD) method that reintroduces 3C-'H dipolar
coupling via a gated decoupling period to enhance lignin signals against the proton-rich
polysaccharides (Supplementary Figures 5.3 and 5.4)!%?, A total dipolar dephasing period of 68 ps
is employed to reintroduce *C-'H dipolar couplings that selectively suppress the signals of
protonated carbons. This dipolar dephasing period is asymmetric with respect to the m pulse in the
Hahn echo, containing two undecoupled delays of 46 ps and 22 pst®. A 100 ms mixing period is
applied to both the gated-PDSD and the standard DARR experiment. The standard DARR

experiment better detects the protonated carbons due to the use of CP while the gated-PDSD

preferentially detects the nonprotonated carbons. Adding these two spectra with the same number
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of scans better presents the lignin signals due to the compensation of spectral asymmetry caused
by the proton density heterogeneity in the aromatic motifs.
5.4.3. Solid-State NMR Experiments for Structural Determination

To determine lignin-carbohydrate interactions, 2D gated proton-driven **C spin diffusion
(PDSD) experiments were measured on all four plant samples using 100 ms mixing time for
detecting intramolecular cross peaks and 1 s for long-range intermolecular cross peaks. 74, 62, 59
and 39 intermolecular cross peaks have been identified for the rice, Arabidopsis, switchgrass, and
rice, respectively. These 234 long-range cross peaks were categorized into 87 strong, 68 medium
and 79 weak cross peaks according to the relative area of each single cross peak within a whole
1D BC cross-section. For the 74 cross peaks in maize, they include 26 strong, 24 medium and 24
weak cross peaks. The intensity cutoff is set to >5.0% for strong restraints, 2.5-5.0% for medium
restraints, and <2.5% for weak restraints (Supplementary Table 5.3-5.6). This strategy has been
recently employed to determine the structure of fungal cell walls'*. These structural restraints,
together with the lignin-edited spectra measured using MAS-DNP, provide site-specific
information of the cell wall packing.

To determine the site-specific hydration of lignin and polysaccharides, we conducted the
water-edited 2D 3C—3C correlation experiment (Supplementary Figure 5.4¢)%21%  which
generated 62 hydration restraints. This experiment uses a tH-T> relaxation filter of 0.71 ms x 2 to
suppress the polysaccharide signals to less than 2% but retains 75% of water magnetization. The
water-polarization is further transferred to spatially proximal polysaccharides using a 2.25-ms H
mixing period and a 1 ms *H-'3C CP for *C detection. A 100-ms DARR mixing period is used for
both the water-edited spectrum and the control 2D **C-'3C correlation spectrum showing full

intensity. Both the control and water-edited 2D spectra are plotted with normalization to the worst
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hydrated iC4-iC6 cross peaks at (89, 65 ppm). Both spectra are plotted using a bottom level that is
set to 20% of the 1C4-iC6 peak height, a level increment for multiplication of 1.2 and 28 contour
lines. The intensity ratio between the 2D water-edited spectrum and the control spectrum is
quantified, which is further normalized by that of the Xn®?2/3-4 cross peak with the highest water-
edited intensity (Supplementary Table 5.7). The 2D spectra are processed using QSINE window
function (SSB 2.5) for the polysaccharide region and Gaussian Multiplication (LB, GB: -30, 0.03)
for the lignin region. A series of 1D water-buildup curves are also measured using a *H-T
relaxation filter of 1 ms x 2 and a *H mixing period that varies from 0.1 ps to 100 ms to obtain the
water-to-polysaccharide/lignin buildup curves.

To systematically determine the molecular mobility, we have generated 325 relaxation
curves (Supplementary Table 5.8-5.10) by measuring 1D/2D *3C spin-lattice (T1) relaxation and
H rotating-frame spin-lattice relaxation (T,) relaxation at 298 K under 10 kHz MAS on the 400-
MHz spectrometer. The *H- T, is measured usinga 62.5 kHz for spin-lock. The *C-T1 is measured
using both the standard inversion recovery and the z-filter versions'®>. The inversion recovery
experiment is measured using a long recycle delay of 30 s, thus providing quantitative detection
of all molecules. The Torchia T: measurement is CP-based, thus preferentially probes the rigid
molecules. Furthermore, we have measured a series of 2D 3C-13C correlation experiment with a
variable z-filter time to probe the *C-T; relaxation with enhanced resolution (Supplementary
Figure 5.4d)'®. For the dried sample, 9 of 2D spectra were measured using z-filter times of 0, 0.1,
04,1,2,35,5,7.5and 10.5 s, and the total experimental time is 89 hours. For the hydrated sample,
7 spectra were measured using z-filter times of 0, 0.1, 0.4, 1, 2, 3.5 and 5.5 s, and the total

experimental time is longer, 118 hours, due to an increase in the number of scans. The intensity of
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each cross peak in the 2D spectra was quantified and plotted as relaxation curves. These data were
fit using a single exponential decay function to obtain the site-specific relaxation times.

The dynamical profile of cell wall components is also examined using a series of one-
dimension (1D) '3C spectra measured using four different methods on a 600 MHz spectrometer
under 14 kHz MAS. Refocused INEPT?® were measured using a total polarization of 5.74 ms,
which consists of two delays of 1.72 ms followed by two delays of 1.15 ms. 1D *C direct
polarization (DP) spectra were measured using a 2 s recycle delay for the detection of dynamic
components and a 40 s recycle delay to obtain quantitative detection of cell wall molecules. The
difference spectrum was obtained by subtracting the 2 s DP spectrum from the 40 s DP spectrum
with normalization by the number of scans, and this difference spectrum only reports rigid
molecules. 1D *3C cross polarization (CP) spectra were measured with 1-ms contact time, which
preferentially improves the sensitivity of the rigid molecules.

5.4.4. MAS-DNP Sample Preparation

The maize stem sample was processed for MAS-DNP experiments'%21%197 The stock
solution of AMUPol radical'®, the DNP matrix, was prepared using a solvent mixture of d-
glycerol/D>0O/H,0 (60/30/10 Vol%) and a radical concentration of 10 mM. About 28 mg of the
13C maize sample was impregnated into 60 pL of the AMUPol solution and grinded for 15-20
minutes to allow the radical to penetrate through the plant cell wall. 28 mg of well-hydrated plant
sample was then transferred into a 3.2-mm sapphire rotor. The NMR sensitivity has been enhanced
by 23-fold with and without microwave irradiation. The lignin has shorter DNP buildup time (2.1
s) compared with polysaccharides (3.7 s), indicating a better association with the paramagnetic
radicals. Three possible reasons might account for this preferential binding: 1) radicals may be

better trapped in the aromatic network of lignins during the hand grinding of biomass in DNP
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matrix; 2) the polysaccharide cores are so tightly packed that the radicals, with the largest
dimension of ~13 A cannot effectively penetrate through; 3) the lignin-coating on the
carbohydrate cores substantially decrease the surface-to-volume ratio of polysaccharide complex,
which also explains the decrease in polysaccharide accessibility upon lignin deposition.

5.4.5. MAS-DNP Experiments

The DNP experiments were carried out on a 600 MHz/395 GHz MAS-DNP spectrometer
using a 3.2 mm probe under 10 kHz MAS frequency. The cathode currents of the gyrotron were
120 mA and the temperature was 104 K with microwave on. The gyrotron microwave source was
equipped with a shutter to program the duration of microwave irradiation during the
experiments%,

With the sensitivity enhancement from DNP, we are able to design a novel spectral editing
experiment that combines dipolar and frequency filter to achieve clean selection of the aromatic
signals of lignin over the signals (Supplementary Figure 5.4b), the highest peak of which is 270
times higher than lignin peaks (Supplementary Figure 5.3d-g). The microwave is on during the
recycle delay and the CP excitation but turned off by the shutter after CP to prevent repolarization
of the dominant signals. A short recycle delay of 2.7 s is also applied to further enhance the lignin
signals over the polysaccharides that have a longer DNP buildup time of 3.7 s. The selected lignin
polarization is transferred to polysaccharides using a 0.5-s PDSD mixing period and the signals of
these lignin-proximal polysaccharides are detected as a 2D *3C-13C correlation spectrum with 20-
ms PDSD mixing. The carrier frequency was set to 153 ppm for dipolar and frequency filters but
changed to 114 ppm during the t1 evolution and t2 detection. A control spectrum with 20-ms PDSD
is also measured for comparison. The DNP measurement time is 41 h for the lignin-edited 2D and

2 h for the control spectrum.
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CHAPTER 6. CARBOHYDRATE-AROMATIC INTERFACE AND
MOLECULAR ARCHITECTURE OF LIGNOCELLULOSE

6.1. Introduction

With solar energy and carbon dioxide transformed into carbohydrate-rich cell walls,
terrestrial plants constitute eighty percent of the biomass distributed in the biosphere!®®. The
secondary cell wall is a lignocellulosic composite deposited once the cellular expansion has
ceased, which has evolved into a major source of biopolymers and biofuels®®2%. Lignification
mechanically strengthens secondary walls, however, the presence of these intractable polyphenols
and their association with carbohydrate components contributes to the biomass recalcitrance that
renders the feedstock resistant to enzymatic hydrolysis during its conversion to liquid
transportation fuel?**?%2, To cost-effectively access structural polysaccharides for ethanol
fermentation, vast efforts have been dedicated to tailoring plants to produce more digestible walls
and optimizing deconstruction procedures in biorefineries'®”2%2%4 These efforts have not yet
reached the full potential due to our limited understanding of cell wall architecture.

The secondary cell wall is assembled by carbohydrate and aromatic constituents, with
remarkable complexity and variability. Each elementary cellulose microfibril contains eighteen
1,4-B-glucan chains, which are held together by a hydrogen-bonding network!?%. The exact
organization of these glucan chains is unresolved, but recent density functional theory (DFT)
calculations suggest a six-layered organization, likely with 2, 3, 4, 4, 3, and 2 chains in each layer
(Figure 6.1a)?%. Elementary microfibrils frequently coalesce, forming large fibrils that often span
across tens of nanometers'®2%7. Hemicelluloses, such as xylan, glucuronoxylan, arabinoxylan, and
glucomannan, are highly variable in their monosaccharide composition and linkage pattern. Xylan
is among the most found hemicelluloses, and its backbone comprises -1,4-xylose units in a wide

range of conformations, with substitutions by arabinose (Ara) or glucuronic acid (GlcA), and
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modifications by acetyl (Ac) groups. Lignin contains guaiacyl (G), syringyl (S), and p-
hydroxyphenyl (H) phenolic residues, which are interconnected by different types of covalent
linkers such as B-O-4 ether-O-aryl, B-B’ resinol, and B-5° phenylcoumaran?%%2%°,

Conceptually, the mechanical scaffold of crystalline cellulose is dispersed in a matrix
formed by hemicellulose and lignin®. Our understanding of cell wall organization is supported by
many studies that employed diffraction methods to reveal the spatial arrangement of cellulose
microfibrils, imaging techniques to map out cell wall meshes and the microscopic distribution of
lignin, and solution NMR spectroscopy to identify lignin-carbohydrate linkages?'%-?'2, However,
the interface between lignin and polysaccharides, the focus of this study, is not yet well understood.
This is partially due to the hardly accessible length scale (angstrom to nanometer) and the
requirement of both chemical and atomic resolutions. In addition, only a small number of
molecules reside on this lignin-carbohydrate interface, which needs to be deconvoluted from the
bulk of the cell wall. As both lignin and polysaccharide exist in the solid state, conventional
separation methods often perturb their structures and interactions, making it difficult to investigate
this polymer interface.

Recently, multidimensional solid-state NMR spectroscopy of Arabidopsis and Zea mays
(maize) has spotlighted a structure-function relationship of the molecules involved in the
lignocellulosic interface!*"2'3, Lignin tends to form hydrophobic and disordered nanodomains, the
surface of which binds the xylan in a three-fold helical screw conformation (three sugar residues
per helical turn: a non-flat structure; Figure 6.1a) through non-covalent interactions. The three-
fold domain is connected to its two-fold flat-ribbon region, which is coating the smooth surface of
cellulose microfibrils®1%1863 To generalize these structural principles, we need to examine other

plant systems to evaluate three critical aspects: (i) the conformational bias of hemicellulose’s
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function, (ii) the absence of cellulose-lignin contact, and (iii) the self-aggregating nature of
aromatic polymers.

The combination of solid-state NMR and DNP methods has allowed us to unveil the
structural and chemical principles underlying the formation of lignocellulosic materials. We
investigated the *3C-labeled stems of two hardwoods, eucalyptus (Eucalyptus grandis) and poplar
(Populus x canadensis), and the softwood spruce (Picea abies). These plants are non-food energy
candidates for the development of second-generation biofuels to reduce our dependence on grain
crops?!4, Despite lignin’s preference for binding non-flat xylan, direct contacts are also observed
between the aromatics and the junctions of cellulose surface and flat-ribbon xylan, which is
probably enforced by molecular crowding. In these woody plants, molecules experience a highly
homogeneous mixing on the nanoscale, which inevitably involves polymer interpenetration and
entanglement. Consequently, the counter-intuitive hydration of aromatics is observed, where water
is retained and stabilized by the polysaccharides closely packed to lignin. These molecular insights
have brought our understanding of lignocellulose architecture to an unprecedented level of detail,
allowing us to envision better biomass-conversion schemes for sustainable energy production.
6.2. Results
6.2.1. Polymorphic Structure of Carbohydrates in Woody Stems

We obtained *3C-labeled plant stems by providing poplar, eucalyptus (gum tree), and
spruce with *CO,. Free from chemical treatments, the hydrated lignocellulosic materials were
directly analyzed using solid-state NMR. Therefore, all biomolecules have fully retained their
chemical structure and physical packing. Atomic-level information of polysaccharide structure

was obtained using two-dimensional (2D) *C-'3C correlation experiments (Supplementary Figure
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Figure 6.1. Solid-state NMR resolves the polymorphic structure of polysaccharides using intact
wood cells. a) Representative structures of cellulose and major types of hemicellulose (xylan and
galactoglucomannan). The cross-section of an elementary cellulose microfibril is shown, with a
close view of an individual glucan chain and the hydroxymethyl conformation of surface (gauche-
trans, gt) and internal (trans-gauche, tg) glucan chains. Xylan has two-fold or three-fold helical
screw conformation in the backbone, with glucuronic acid (GIcA) or arabinose (Ara or A)
sidechains. Acetyl motifs (Ac) are present in hemicelluloses. b) Representative 2D *C J-
INADEQUATE spectrum of eucalyptus, which is based on **C cross polarization selecting rigid
molecules. Dash lines track the carbon connectivity of xylan conformers. ¢) A model of three
elementary cellulose microfibrils fitting the NMR observables. The hydrophilic (s?) and
hydrophobic (s?) surfaces, the embedded chains (i°), and the middle layer (i*®) are color-coded. d)
Carbon-4 regions measured using *C direct polarization (orange spectra selecting mobile
molecules) and cross polarization (grey spectra selecting rigid molecules). Both two- and three-
fold xylan backbones are rigid while arabinose is mobile. €) Arabinose carbon-1 and carbon-2
regions. The only rigid arabinose is the terminal one in xylan sidechain. f) Eucalyptus has a high
content of GICA and spruce is rich in mannose (M). g) Composition of the rigid molecules in cell
walls determined by peak volumes from 2D spectra.
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6.1), which spotted 69 allomorphs of monosaccharide residues in three samples (Supplementary
Tables 6.1 and 6.2).

These sugar units, with a wide range of linkages and conformations, were mainly found in
cellulose and four hemicelluloses, including glucuronoxylan, arabinoxylan, galactoglucomannan,
and a very low amount of xyloglucan (Figure 6.1a). The remarkable resolution is evidenced by the
narrow *3C linewidths of 0.5-0.9 ppm, which allowed us to inspect the multifaceted polymorphism
of polysaccharide structures. Locally, the structural variation of cellulose happens to the glucose
hydroxymethyl conformations defined by the O5—C5-C6—06 () torsional angle (Figure 6.1a)%.
The surface (s) and internal (i) chains primarily and respectively adopt gauche-trans (gt, y=+60°)
and trans-gauche (tg, y=180°) conformations®®, which resulted in well-resolved signals (Figure
6.1b). Upon bundling, the averaged structure of a fibril was restrained using the number of glucan
chains residing in different environments, including the hydrophilic (s") or hydrophobic (s9)
surface, the inaccessible core (i), and the middle layer (i*") sandwiched in between (Figure 6.1¢)?.
A satisfactory fit includes three elementary microfibrils, with 15, 12, 6, and 21 chains for the s’ ¢
i° and i*® forms, respectively. Assuming uniform interfibrillar association, this averaged structure
only designates the minimal bundle size, without considering loose packing. Other arrangements
disagree with spectral observables (Supplementary Figure 6.2).

Hemicellulose structure is highly complex as evidenced by the peak multiplicity. The
backbones of hardwood xylan encompass two-fold (Xn?"), three-fold (Xn®"), and mixed (Xn)
conformations (Figure 6.1d). The mixed form is absent in spruce; therefore, softwood xylan has
higher homogeneity. Xylan was found to be rigid, suggestive of a close association with the stiff
cellulose microfibrils. This observation differs from previous findings in Arabidopsis, where three-

fold xylan remained mobile due to its spatial separation from cellulose®°. Four types of arabinose
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(A) signals were identified, likely induced by the varied linkage sites at carbon 1, 2, 3, and 5
(Figure 6.1e). Only a single type is partially rigid, which is attributed to the terminal arabinose of
xylan sidechains in secondary cell walls, whereas the mobile ones are from pectic polymers in
primary walls. Hardwoods showed a high content of glucuronic (GIcA), while the softwood spruce
exhibited unique signals of mannoses (M), one of the major constituents of galactoglucomannan
(Figure 6.1f)%,

Analysis of the spectral intensities led to the molar composition of rigid polysaccharides
(Figure 6.1g). Around three quarters (74-81%) are cellulose, making it the most abundant polymer
in woody stems (Supplementary Table 6.3). Xylan makes up 18-26% of hardwood
polysaccharides. Spruce has equal shares of xylan and mannan, each accounting for 10-12%.
Consistent across these samples, the amount of two-fold xylan has doubled that of the three-fold
counterpart, likely due to their promoted interactions with cellulose. Xylan sidechains are
predominantly GIcA (therefore, glucuronoxylan) in hardwoods but mainly Ara (that is,
arabinoxylan) in spruce.

6.2.2. Complex Structure and Linkage of Lignin

Wood lignin mainly contains guaiacyl (G) and syringyl (S) residues, with a single and two
methoxyl groups, respectively (Figure 6.2a, b). The unsubstituted ring, p-hydroxyphenyl (H), was
not observed in solid-state NMR spectra due to its low abundance in these plants. The aromatic
signals are dispersed over an extensive range of chemical shifts. For instance, four types of S/S’
residues and four forms of G units were identified in eucalyptus and spruce, respectively. The
multiplicity should be triggered by the varied oxidation states (for example, S’ is a Ca-oxidized
form of S unit), the assorted linkages, and presumably, the wide-ranging conformation and packing

in native solids.
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Aromatic rings are interconnected by a diverse array of covalent linkers. For example, -
ethers (A), with a characteristic one-bond cross peak between carbons f and y at (85, 59) ppm
(Figure 6.2a), have the B-O-4 linkages that are readily cleavable during degradation. Other signals
emerged from resinol (B) that has B-p connections, phenylcoumaran (C) that encompasses -5 and
a-0-4 linkages and spirodienone (E) that contains -1 and a-O-a links (Figure 6.2c). These signals
are detectable by two experimental schemes based on *H-13C cross polarization (CP) and 3C direct
polarization (DP) methods, indicating the distribution of these linkers in the rigid and mobile
phases of lignin (Supplementary Figure 6.3). Despite the low intensity, we managed to detect
several cross peaks between these linkers and aromatic carbons (Figure 6.2a). For example, the
connection between the carbon a of B-ethers and the carbon 1 of S residues yielded a cross peak
at (72, 135) ppm in eucalyptus and poplar. Similar correlations were also found between the carbon
1 of S residues and the carbon a of B and E linkers. In spruce, analogous connections were
observed for G units. These junctions typically evade solution-NMR characterization because the
aromatic carbon 1 of lignin is non-protonated. These results demonstrated the feasibility of using
solid-state NMR to characterize lignin structure and linkage, but the technical capability still
requires further development.

Hardwood samples are rich in S residues (63-86 mol%) while the softwood only contains
G units (Figure 6.2d). This observation agrees with our freshly collected solution NMR data of
ball-milled and dissolved lignocellulose (Supplementary Figure 6.4 and Table 6.4), average S/G
ratios found in the literature (Supplementary Table 6.5) as well as the quantification using
deconvoluted 1D solid-state NMR spectra (Supplementary Figure 6.5 and Table 6.6). Both solid-
state and solution NMR results (Figure 6.2e) suggest that these woody plants contain a large

amount of B-ethers?’®. Solution NMR spectra also show considerable signals of both resinol and
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phenylcoumaran in poplar and spruce (Figure 6.2e), while the phenylcoumaran peaks become very
weak in eucalyptus?®®21>-221 Since these linkers respond differently to degradation, such analysis

helps identify the plant candidates for saccharification.
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Figure 6.2. Chemical structure of lignin determined using solid-state and liquid NMR. Lignin
signals are resolved using the aromatic regions of a) 2D 3C-1*C RFDR spectra and b) 2D *3C J-
INADEQUATE spectra of intact plant cells of eucalyptus, poplar, and spruce. ¢) The structure of
lignin units and linkages resolved in wood stems. The observed C chemical shifts are labeled for
each carbon site. Key inter-residual linkages are highlighted. d) Composition of lignin units
quantified using the integration of one-bond cross peaks in 2D 3C RFDR spectra (left panel) and
using solution NMR as reported in the literature (right panel)?1%217:218220.222-224  F calyptus and
poplar are S-rich while spruce is G-rich. Source Data files are provided. e, Molar fractions of the
major linkage types quantified using the integration of one-bond cross peaks in 2D 3C RFDR
spectra. €) Representative lignin linkages detected by 2D H-*C HSQC spectra of ball-milled
biomass in de-DMSO.

6.2.3. Distinct Patterns of Lignin-Carbohydrate Packing across Plant Species
The supramolecular architecture of lignocellulose differs dramatically in hardwood and

softwood. In both eucalyptus and poplar, the use of a long-mixing period (1.0 s) in 2D 3C-13C
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correlation spectra has generated many long-range intermolecular cross peaks that are absent in
the short-mixing (0.1 s) spectrum (Figure 6.3a and Supplementary Figure 6.6). Puzzlingly, these
two spectra showed a comparable pattern in spruce, which signified that **C magnetization was
already equilibrated among polymers within 0.1 s. This is not caused by variations of spin diffusion
coefficients or polymer dynamics in hardwood and softwood as validated experimentally
(Supplementary Figures 6.7 and 6.8). Therefore, the rapid equilibrium observed in spruce indicates
that lignin and polysaccharides are well-mixed on the nanoscale in spruce but stay apart in
hardwoods.

The spatial association of polymers was pinpointed by 272 intermolecular cross peaks,
each of which represents a sub-nanometer, physical contact between two carbons from different
molecules (Figure 6.3b and Supplementary Figure 6.9). For example, the methyl carbon in the
acetyl group of xylan (AcM®) exhibited cross peaks with the carbon 3 or 5 of S-lignin (S3/5) at (21,
153) ppm and with the carbon 3 of G-lignin (G3) at (21, 148) ppm (Figure 6.3b). These interactions
happen between i) acetyl groups and lignin, ii) xylan and lignin, iii) acetyl and cellulose, iv) acetyl
and lignin methyl, v) lignin methoxyl group and cellulose, and vi) different lignin residues
(Supplementary Figure 6.10).

switchgrass)®, validating the principal role of xylan-lignin interaction in stabilizing
lignocellulose. Mannan has a small number of resolvable sites; therefore, it only showed a few
cross peaks with lignin. However,

the equilibrated pattern in Figure 6.3a supports a widespread association of mannan and lignin in
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Figure 6.3. DNP-assisted detection of long-range interactions defines lignin-carbohydrate packing.
a, Overlay of long-range (1.0 s mixing; grey) and short-range (0.1 s mixing; orange) 2D 3C-1*C
correlation spectra. The long- and short-range spectra showed similar spectral patterns in spruce:
softwood polymers are homogeneously mixed on the molecular level. b, Dipolar-gated 2D *C-13C
correlation spectra showing 98 intermolecular cross peaks in eucalyptus. ¢, Summary of 272
intermolecular interactions identified in eucalyptus, poplar, and spruce. d, The count of lignin-
lignin, cellulose-lignin, and xylan-lignin interactions in eucalyptus, poplar, spruce, Arabidopsis,
and grasses (maize, rice, and switchgrass). Lignin-cellulose interactions are scarce in Arabidopsis
and grasses but become abundant in woods. e, DNP enhancing NMR sensitivity of eucalyptus by
24-fold. Inset shows a picture of the plant material in a sapphire DNP-NMR rotor. f, Comparison
of the equilibrium spectrum (bottom) of eucalyptus that detects all components with the aromatic-
edited spectrum (top) that only shows lignin-bound molecules. The lignin-bound polysaccharides
include the two-fold, three-fold, and mixed conformers of xylan as well as the surface and interior
cellulose. The deeply embedded glucan chains in cellulose (i) are absent as highlighted using the
dash line circle. g, DFT energy-minimized structures showing the possible packing between lignin
units and polysaccharides.the equilibrated pattern in Figure 6.3a supports a widespread association
of mannan and lignin in spruce.
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A statistical view of the number and intensities of intermolecular contacts (Supplementary Tables
6.7-6.10) designated xylan as the major interactor with lignin, which is manifested by the extensive
correlations between G/S and xylan carbons, including the carbonyl and methyl carbons of acetyl
(Ac®® and AcM®) and xylose ring carbons (Figure 6.3c). This result echoes with the recent findings
in Arabidopsis and commelinid monocots (grasses, for example, maize and

Unexpectedly, wood lignin also exhibited extensive correlations with cellulose (Figure
6.3c), which accounts for 20-30% of all intermolecular cross peaks (Figure 6.3d). Such interactions
are particularly abundant in spruce, consistent with the homogeneous mixing of molecules in this
sample. In contrast, cellulose-lignin contacts only account for 9-14% of polymer interactions in
Arabidopsis and grasses®. Thus, cellulose-lignin interaction is a unique feature of woody plants,
which should contribute, at least in part, to the mechanical strengths of their stiff stems.
6.2.4. Visualization of the Polysaccharide-Lignin Interface

The unanticipated lignin-cellulose interactions were verified using the sensitivity-
enhancing DNP technique?®?252%6_ The eucalyptus stem showed a 24-fold enhancement of NMR
intensity (Figure 6.3e), which was achieved by transferring the polarization of electrons in the
stable biradical AMUPol to the protons of biopolymers. This sensitivity enhancement shortens the
measurements by 576 times (a 1.5-year experiment in a day), allowing us to take snapshots of the
lowly populated boundaries between polysaccharides and lignin. Eucalyptus cellulose was found
in the lignin-bound part of polysaccharides (Figure 6.3f), but such signals were missing in maize®.
Only the surface glucan chains of cellulose (s) or those chains right underneath the surface layer
(i*P) correlated with lignin, while the embedded core (i) lacked such interaction. The three-fold
xylan (Xn% is still favorable for binding lignin, showing stronger signals than the two-fold (Xn?)

and the mixed (Xn) conformers.
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Favorable lignin-polysaccharide interactions were revealed using quantum mechanical
geometry optimizations conducted using the DFT method in continuum solvation models (Figure
6.39). The three-fold xylan formed a packet to enclose aromatics. Conversely, the flat chains from
cellulose surface or two-fold xylan relied on their pyranose/furanose rings to align with an
aromatic unit. Examination of recently reported DFT structures®®’ showed that S-units
preferentially aligned to carbohydrate rings as stabilized by the two methoxyl groups on both sides
of the aromatic ring (Supplementary Figure 6.11). The G unit, on the other hand, typically has its
single methoxyl group closer to the carbohydrates. Such orientational preference supports the
strong interactions experimentally observed between lignin methoxyl groups and xylan acetyls
(Supplementary Figure 6.10). Consequently, the methoxyl-rich S-residues correlate better with
xylan in space. Therefore, non-covalent interactions between these polar groups are essential to
the existence of lignin-xylan complex.

6.2.5. Landscape of Biomolecular Hydration and Dynamics

Biopolymers have sophisticated dynamics and variable water-association in their native
environments. Among the three plants, poplar turned out to be the worst hydrated sample as shown
by its slowest water-to-polymer *H polarization transfer buildup curves, which were consistent for
both cellulose and xylan (i4 and Xn®'1, Figure 6.4a), as well as lignin (Supplementary Figure 6.12).
The relative intensities (S/So) of a hydration heatmap reflect the degree of water association (Figure
6.4b and Supplementary Figure 6.13). Plots of the S/So ratios against 127 carbon sites show that
the hydration level increases sequentially from poplar to eucalyptus and spruce (Figure 6.4c).
Within each sample, polymer hydration generally increases from cellulose to xylan, and then to

mannan, if present.
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Figure 6.4. Site-specific hydration and dynamic landscape of biomolecules. a) Representative
water-to-biomolecule *H polarization transfer buildup curves. The data of interior cellulose carbon
4 (i4) and three-fold xylan carbon 1 (Xn3"1) are compared across plants. Poplar has slow buildup
due to the limited water contact. b) Hydration map on top of a 2D spectrum plotting the ratio (S/So)
of water-edited intensity (S) to the equilibrium intensity (So). A larger S/So ratio indicates better
polymer hydration. ¢) Distribution of the relative water-edited intensities (S/So) of polysaccharides
and lignin in eucalyptus, poplar, and spruce. Molecules with better water retention show higher
water-edited intensities. Poplar is poorly hydrated. d) *C-T: relaxation times of rigid (blue
rectangles) and all molecules (colored as yellow, red, purple, and magenta for different molecules)
in three woody plants, which represent nanosecond timescale motions. e) *H-T),, relaxation times
reflecting microsecond timescale dynamics. The average value and standard deviation (error bars)
are presented for each violin plot in panels c-e, the dataset of which are tabulated in Supplementary
Tables 6.11-6.15.

Surprisingly, wood lignin retained high S/So ratios, typically on the same range as those of
xylan, indicating a high level of hydration (Figure 6.4c). This is intriguing because these aromatic
polymers are perceived as relatively hydrophobic, which by expectation, should hinder water
retention. For example, maize lignin was previously found to self-aggregate, forming nanodomains
that are largely separated from water®. The water contact observed here should originate from

lignin’s tight association with those carbohydrates that kept water localized. Likewise, wood
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biopolymers should experience frequent entanglement and interpenetration instead of domain
separation.

Polymer dynamics were examined using *C-T; and H-Ty, relaxation measurements,
which generated 150 relaxation curves (Supplementary Figures. 6.14 and 6.15). When all
molecules were considered, the *C-T; relaxation time decreased in the order of cellulose, lignin,
xylan, and mannan, if any (Figure 6.4d). The short *C-Ti time constants of lignin and
hemicellulose revealed the efficient *C-T relaxation in these non-cellulosic polymers, and
furthermore, their enhanced motion on the nanosecond timescale. Such differences became
indistinguishable if only rigid molecules were focused on, for example, all rigid molecules of
eucalyptus showed *C-T1 time constants of 4-5 s. This observation contradicts previous results in
which maize lignin showed substantially longer *C-T1 than any polysaccharide®. This can be
comprehended using the efficient spin-exchange between lignin and carbohydrates (mediated by
the better molecular mixing), which has averaged the 3C-T; relaxation times in wood. On the
microsecond timescale, cellulose had the longest *H-T;, relaxation times (30-40 ms) due to the
restricted motion in the massively hydrogen-bonded microfibrils (Figure 6.4¢). Both lignin and
hemicellulose had short *H-T), times of 10-15 ms, like the counterparts in maize®. Compared to G
residues, S units exhibited slower 'H-T;, relaxation, indicating attenuated dynamics due to
interactions with polysaccharides (Supplementary Figure 6.15). Among the three samples, spruce
displayed the shortest *C-T; and *H-T),, relaxation times, revealing a unique profile of molecular
dynamics in softwood.

6.2.6. Effects of Rehydration on Water-Retention and Polymer Dynamics
Water molecules are important for stabilizing the nanostructure of cell wall biomaterials,

and the complete removal of water could potentially cause irreversible changes. In a recent NMR
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Figure 6.5. Molecular-level dynamics and water association after dehydration and rehydration. A
never-dried spruce sample was first measured, and then freeze-dried and rehydrated for direct
comparison. a) Overlay of spectra collected using never-dried (black) and lyophilized and then
rehydrated (orange) spruce stem samples showing high similarity for polysaccharides and lignin.
From top to bottom are the CP, quantitative DP, and short recycle-delay DP spectra. The key
regions of lignin, carbohydrate, and lipid are marked. b) 1D water-to-carbohydrate polarization
transfer spectra revealing similar water association for never-dried and rehydrated samples. The
well-hydrated molecules are selected using a short *H mixing time of 4 ms while the equilibrated
state is measured using 36 ms *H mixing. ¢) Water-edited 2D hydration map showing comparable
water-edited intensities for both lignin and carbohydrate regions in the never-dried and the
rehydrated samples. d) Average *C-T; relaxation plot, using the integrals of spectral regions for
carbohydrates (left) and lignin (right). ) Average Ti, relaxation of carbohydrates and lignin in
never-dried (black) and rehydrated (orange) samples. Error bars are standard deviations of the
fitting derived parameters.

study of the softwood Pinus radiata, oven-drying (for complete dehydration) and rehydration were
found to promote polymer association (e.g. xylan-cellulose and lignin-cellulose packing) and
irreversibly alter the dynamics and conformation of mannan in the secondary cell walls?%,

Similarly, the lyophilized-rehydrated grass sorghum (Sorghum bicolor L. Moench) has shown
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permanent changes of hemicellulose, with enhanced mobility for the three-fold xylan backbone
and some arabinose residues*®?, Differently, dehydration only caused reversible structural changes
to the primary cell walls of Arabidopsis, likely due to the high content of pectic polymers that can
efficiently associate with water molecules??°.

We measured the never-dried samples of spruce and eucalyptus, followed by re-
examination of the same materials after lyophilization and rehydration. In spruce, the
lignocellulosic complex was not dramatically affected by the rehydration process, which differs
from lipids and proteins (Figure 6.5a). The structure of the carbohydrates and lignin, as well as
their distribution in dynamically distinct domains, can be efficiently retained in the rehydrated
biomass, occasionally with minor intensity variations that are well below 10% for each
carbohydrate or lignin carbon site (Figure 6.5a). The retention of water molecules can also be fully
restored, as shown by the identical spectral patterns in 1D water-edited spectra (Figure 6.5b) and
the comparable 2D heatmap representation for both carbohydrates and aromatics in the never-dried
and rehydrated samples (Figure 6.5c). The nanosecond-timescale motion and the subnanometer
polymer packing (reflected by spin-exchange) are unaffected since there is no deviation of **C-T;
relaxation within the well-controlled error margin (Figure 6.5d). Both lignin and carbohydrates
showed a 10-20% increase in the *H-T1, relaxation time constants; therefore, the only notable
change happened to the microsecond scale motions of biopolymers (Figure 6.5e). Eucalyptus
behaves differently: this plant fully restored the structural and dynamical features but moderately
improved polymer-water association after rehydration (Supplementary Figure 6.16).

6.3. Discussion
The abundant molecular-level evidence presented four novel features of lignocellulosic

materials, each exploring a structural or chemical foundation of the supramolecular architecture
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(Figure 6.6). First, even though three-fold xylan is favored for binding lignin, in wood, other xylan
conformers can also coexist with lignin in part. Accompanying with this functional resemblance
is the hydration equivalence of these xylan forms (Figure 6.4c). These results have extended the
conceptual model of lignocellulose derived from maize, in which lignin mainly interacts with the
three-fold xylan, and vice versa. Actually, interactions between three-fold xylan and cellulose have
been reported in a grass Sorghum'®?, which also implies the interchangeable roles of xylan
conformers. Uniquely, wood xylan is mainly in two-fold helical screw, which is energetically
unfavorable unless forced by the binding to cellulose surface. Therefore, the unanticipated
proximity of lignin to the two-fold xylan, as well as its associated cellulose surface, might be a
destined consequence of spatial crowding in densely packed lignocellulosic materials.

Second, the packing between cellulose and lignin is plant-specific and only serves as a
secondary interaction. In Arabidopsis and grasses, lignin and cellulose are spatially separated?®.
The situation has changed for woody biomass, where lignin and cellulose become colocalized.
Although Arabidopsis is widely used as a model system for investigating the biophysical traits of
hardwoods, it becomes apparent that these plants differ in their cell wall organization. Our DFT

results and a recent molecular simulation study?*°

consistently suggest that lignin is mainly docked
on the hydrophobic surface of cellulose, with aligned phenyl and pyranose rings. The increased
coverage of cellulose surface by aromatic polymers might reduce enzyme accessibility and

contribute to biomass recalcitrance.
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Figure 6.6. Comparative schemes of secondary cell walls in grass, hardwood, and softwood. The
figure shows the spatial arrangement of lignin (yellow), cellulose (white fibrils), two-fold xylan
(red flat ribbons), three-fold xylan (blue twisted ribbons), mixed forms of xylan (magenta), and
mannan (GGM; green) in secondary plant cell walls. Numbered spheres highlight the structural
features of (1) lignin-xylan interaction in all plants, (2) cellulose bundles in woody plants, (3-6)
twofold and threefold xylan with different sidechains, and (7) galactoglucomannan. The molecular
fraction of polysaccharides is considered in the depiction, but the illustration may not be strictly
to scale. The model of grass cell wall is generated using the data recently reported®, for comparison
with the models of woody plants. Lignin and carbohydrates are much better mixed in woody plants
than in grass, resulting in the binding of lignin to both three-fold and two-fold xylan as well as to
cellulose microfibrils. The structural assembly of woody cell walls is thus different from the
domain-separation scheme of grass cell walls.

Third, the structural feature of aromatic polymer needs reconsideration. Lignin
nanodomains observed in maize are absent in woody plants due to the promoted polymer mixing
on the nanoscale (Figure 6.3). Accordingly, polymer entanglements and inter-penetration, rather
than superficial contact between domain surfaces, should govern lignin-carbohydrate interactions
in wood!. Once well-mixed with polysaccharides, even the aromatics could effectively retain and
immobilize water molecules (Figure 6.4c). The thermodynamical driving force of this peculiar

phenomenon awaits inputs from modeling methods.
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Finally, the ultrastructure of softwood is featured by homogeneous molecular mixing
(Figure 6.3a). This structural hallmark has revised the prevailing model in which well-aligned and
partially crystalline glucomannans were perceived as being sandwiched between an internal
cylinder of cellulose microfibrils and an outside tubular domain of lignin, with xylan forming an

outermost layer®®

. Actually, our results better align with a recent study reporting that glucomannan
and xylan could potentially associate with both cellulose and lignin®®*.,

Although the focus of this exploratory study is to understand the chemical and physical
principles underlying polymer packing and lignocellulose architecture, the structural foundation
and methodology established here would inspire more in-depth investigations for understanding
the structural diversity and mechanical properties presented by numerous plant species and
mutants, various cell types, and different growth stages?!. These structural insights will guide the
utilization of forestry resources for the production of biomaterials and biofuels?®, and the
spectroscopic toolbox will stimulate structural investigations of polymer assemblies in other
organisms, such as bacteria, fungi, and algae, as well as bio-inspired materials4233-240,

6.4. Methods
6.4.1. Plant Material.

Uniformly *3C-enriched stems (97% *°C) of eucalyptus (Eucalyptus grandis; age 16
weeks), poplar wood (Populus x canadensis; 27 weeks), and spruce (Picea abies; 16 weeks) were
obtained for structural characterization from IsoLife (The Netherlands). Eucalyptus and spruce
were obtained from seeds while poplar was obtained from stem cutting. Poplar plants were saplings
of close to 1 m height at harvest. Immediately after removing the plants from the growth chamber,

plant shoots were dissected into leaves and stems. The stem-sections were split, cut, and debarked

after freeze-drying. Debarking was strived to be complete, which was conducted through the
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longitudinal cutting of the bark followed by separation from the xylem at the cambium interface.
Debarked stems were hydrated for NMR analysis. The material was briefly hand-grinded using a
pestle and a mortar, resulting in small pieces on the range of a few mm across. The homogeneity
helps to avoid potential issues during magic-angle spinning. The technical details of isotope
labeling are presented in the Supplementary Methods.

To test the effect of freeze-drying, we obtained never-dried *C-labeled spruce and
eucalyptus wood from IsoL.ife, without lyophilization. The debarking process is finished manually
by carefully removing the outside soft bark layer with tweezers. Around 104 mg of debarked
spruce was cut into mm scale pieces, packed into 4-mm rotor, and measured under 10 kHz MAS
on a 400 MHz Bruker NMR spectrometer. The never-dried samples were first measured freshly.
After ssSNMR measurements, overnight lyophilization was conducted, giving 43.5 mg of freeze-
dried spruce stem. The sample is then sufficiently rehydrated (with a final weight of 107 mg), and
all ssNMR experiments were conducted again on the rehydrated material for direct comparison
with never-dried samples (Figure 6.5). Besides, never-dried (96 mg) eucalyptus stem, and the
dehydrated and then rehydrated material (94mg including 68 wt% H>O) were also examined
(Supplementary Figure 6.16).

6.4.2. Solid-State NMR Experiments for Assignment.

The plant stems were packed into MAS rotors for measurements on 600 MHz and 400
MHz Bruker spectrometers using 3.2-mm and 4-mm MAS probes, respectively. Most experiments
were collected under 10-14 kHz MAS at 293 K unless otherwise stated. *C chemical shifts were
referenced to the tetramethylsilane (TMS) scale. Radiofrequency field strengths were 80-100 kHz
for *H decoupling, 62.5 kHz for *H CP contact pulse, and 50-62.5 kHz for **C. The technical

parameters of all solid-state NMR experiments were summarized in Supplementary Tables 6.16
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and 6.17 for the initial batch of rehydrated samples, and in Supplementary Table 6.18 for the more
recently obtained never-dried and the subsequent freeze-dried and rehydrated samples.

To assign NMR signals, 2D correlation spectra were recorded using the refocused CP J-
INADEQUATE sequence®’, which was coupled with *3C DP for detecting mobile molecules or
'H-13C CP for detecting rigid polymers. A 2D *3C radio frequency-driven recoupling (RFDR)
correlation experiment was measured under 10 kHz MAS and 83 kHz *H decoupling to assign

241 A recoupling time of 1.6 ms was used to detect one-bond *C—13C

intra-residue cross peaks
cross peaks. An additional set of *C-DP PDSD experiments were conducted to examine the
structure of lignin in the mobile phase, which were selected through the short recycle delay of 2 s.
The standard flow chart of resonance assignment is presented in Supplementary Figure 6.17. All
chemical shifts are validated by comparison with literature-reported values (Supplementary Table
6.19).

To enhance aromatic signals, we measured a dipolar-coupling-gated version of the proton-
driven spin diffusion (PDSD) experiment®1%21% A dipolar-dephasing period of 48 ps was
employed to efficiently suppress the signals of protonated carbons, allowing the preferential
detection of non-protonated carbons in the aromatic lignin. This period was asymmetric with
respect to the 7 pulse in the Hahn echo, containing two undecoupled delays of 32 ps and 16 ps. A
0.1-s PDSD mixing was used to report intramolecular cross peaks in all samples. A 20-ms mixing
was also used for spruce. The observed chemical shifts were compared with values deposited in
the Complex Carbohydrate Magnetic Resonance Database to facilitate resonance assignment?*2.
6.4.3. Solid-State NMR Experiments for Structural Analysis.

The 2D gated PDSD experiment was also conducted to determine lignin-carbohydrate

packing, with a long mixing time (1 s) for intermolecular polarization transfer. We have identified

107



98, 80, and 94 cross peaks for eucalyptus, poplar, and spruce, respectively. These 272 correlations
were categorized as 112 strong, 75 medium, and 85 weak restraints according to their relative
intensities (area of a peak relative to that of the 1D cross-section), with cutoffs set to >4.0%
(strong), 2.0-4.0% (medium), and <2.0 (weak) as tabulated in Supplementary Tables 6.7-6.10.
Polymer hydration was determined using water-edited 2D 3C—3C correlation experiment at 277
K (Figure 6.4 a, b)®2243 which generated 44, 48, and 37 datasets for eucalyptus, poplar, and spruce,
respectively. This experiment used a 'H-T relaxation filter of 120 ps x 2 to suppress the
polysaccharide signals to <5% and retain >85% of water magnetization. Water-polarization was
transferred to spatially proximal polymers using a 4-ms *H mixing period, followed by a 1-ms CP
for 3C detection. A 100-ms DARR mixing was used for both water-edited and control spectra. 1D
buildup curves were measured at 277 K using a *H-T filter of 120 s x 2 and a H mixing of 0-81
ms for spruce, 0-121 ms for eucalyptus, and 0- 169 ms for poplar.

To probe dynamics, we measured *3C spin-lattice relaxation (T1) and 'H rotating frame
spin-lattice relaxation (Ti,). *C-T1 was measured using Torchia-CP 1% and standard *C DP
inversion recovery schemes. Torchia-CP preferentially detected rigid molecules, with a z-filter of
0-12 s. A 30-s recycle delay was used in the DP inversion recovery experiment for quantitatively
detecting all molecules, with a z-period of 0-35 s. *H-T),, was measured using an effective *H spin-
lock field of 62.5 kHz with a duration of 0-19 ms. Relaxation data were fit using single exponential
functions (Supplementary Tables 6.14 and 6.15). Also, the dipolar-chemical shift (DIPSHIFT)
experiment®** was conducted under 7.5 kHz MAS, to report dipolar order parameters of
biopolymers in three wood samples. Frequency-Switched Lee Goldburg (FSLG) *H homonuclear

decoupling sequence was utilized, the scaling factor was verified to be 0.577.
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6.4.4. Solution NMR Sample Preparation and Experiments.

To validate the lignin assignment obtained using the solid-state method, we conducted
solution NMR analysis, which has well-documented chemical shifts of lignin polymers. A
summary of the lignin chemical shifts is included in Supplementary Table 6.4. Wood samples were
ball-milled for 1 h with a motor running at 1750 rpm. About 30 mg of each powdered wood sample
was dissolved in 10 mL DMSO-ds with constant stirring using a magnetic stirrer for 2 h at 60°C
for solution NMR experiments. To identify linkages in lignin, we conducted 2D *H-3C HSQC
spectra conducted on a Bruker Avance 111 500 MHz *H Larmor frequency and equipped with a 5
mm z-gradient Prodigy TCI probe. Both the *H and the 3C chemical shifts gave indications of the
linkage types using the chemical shifts reported previously!352224:245-247
6.4.5. MAS-DNP Experiment.

About 30-35 mg of eucalyptus stems were impregnated into 50 pL. DNP matrix solution
containing 10 mM AMUPoI*®8 radical in ds-glycerol/D,0/H,0 (60/30/10 VVol%). The material was
softly ground for 10-15 min to allow radical distribution and packed into a 3.2-mm sapphire rotor.
The NMR sensitivity was enhanced by 24-fold with microwave irradiation on a 600 MHz/395
GHz MAS-DNP spectrometer under 10 kHz MAS. DNP analysis has been applied to various
carbohydrate and plant systems using different protocols?>224¢, Recently, we have demonstrated
that the radical can effectively and homogeneously polarize all molecules in cell wall materials*°.
Lignin had a slightly shorter DNP buildup time (1.8 s) compared with polysaccharides (2.2 s). The
recycle delay was set to 2.3 s to facilitate the selection of lignin against carbohydrates in the 2D
experiments. A lignin-edited 2D *3C-13C experiment was measured to detect the signals of lignin-

bound carbohydrates, with a 0.5-s PDSD mixing to transfer lignin polarization to carbohydrates,
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followed by a 20-ms PDSD mixing for 2D *C-1*C correlation®. For comparison, a 20-ms PDSD
spectrum was measured as a control.
6.4.6. DFT Calculation.

DFT calculations were used to investigate the interactions between the S or G units in
lignin and cellulose, or xylan with two- and three-fold conformations. Tetramers of -1,4-linked
glucose and xylose were built to represent cellulose and two-fold xylan, respectively. Hexamers
of B-1,4-linked xylose were built to represent three-fold xylan, based on a crystal structure of three-
fold xylopentaose (PDB ID: 1GNY).?° Six models were constructed: G unit-cellulose, G unit-
xylan (two-fold), G unit-xylan (three-fold), S unit-cellulose, S unit-xylan (two-fold), and S unit-
xylan (three-fold). Previously, it has been shown that for lignin-cellulose and lignin-xylan
interactions, the stacked configurations tend to have the largest interaction energies??’. Therefore,
the initial starting configurations of the six models were constructed by positioning the G/S units
parallel to the surface of the glucose/xylose residues, ~4 A away. The geometry optimizations were
conducted using the DFT method, M05-2X/6-31+G*2°! with the integral equation formalism for
the polarizable continuum model (IEFPCM)?%2 solvation model in Gaussian 0922, Although other
methods may be available, this exchange-correlation functional with dispersion corrections

performs reasonably well for carbohydrate and carbohydrate-aromatic interactions?%6:2542%,
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CHAPTER 7. MOLECULAR ARCHITECTURE OF FUNGAL CELL
WALLS REVEALED BY SOLID STATE NMR

7.1. Introduction

Fungi are a group of eukaryotic microorganisms, some of which are capable of causing
superficial infections or serious systemic diseases in humans. Superficial infections affect nearly
a quarter of humans, but more importantly, invasive infections caused by fungi such as unicellular
Candida species and filamentous Aspergillus fumigatus often result in fatality in individuals with
immunodeficiency. To date, life-threatening fungal infections affect more than two million people
worldwide, with an exceptionally high mortality rate of 20-95%2°°. As one of the most prevalent
airborne fungi, Aspergillus fumigatus causes fatal invasive aspergillosis in more than 200,000
patients, including a quarter of all leukemia patients, with an overall mortality rate of 50% for
patients with treatment and nearly 100% for those left untreated*”?°7-2%°, The high mortality rate is
also coupled with a substantial rise in occurrence due to a fast-growing population with
immunodeficiency and the wide application of immunosuppressive agents in medical treatments
such as cancer therapy or organ transplantation.

Despite the above-described medical significance, effective antifungal agents remain very
limited. Most available antifungals target ergosterols in the cell membranes and therefore are
highly toxic to humans 26%?62 In addition, these antifungal drugs have limited efficacy. For
example, Amphotericin B fails to prevent death in more than half of the patients with invasive

aspergillosis?®. Moreover, a substantial increase in drug resistance has been observed during the

This chapter was previously published as X Kang, A Kirui, A Muszynski, MC Dickwella
Widanage, A Chen, P Azadi, P Wang, F Mentink-Vigier, T Wang, “Molecular Architecture of
Fungal Cell Walls Revealed by Solid-State NMR” ”, in Nature Commununications, July 16, 2018,
copyright © 2018, The Authors. https://doi.org/10.1038/s41467-018-05199-0
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last decades 269262, Recent efforts have been devoted to developing agents that bind to the fungal
cell wall since the fungal polysaccharides are absent in human cells 26426, Echinocandins are such
new compounds that disrupt glucan-synthesis and perturb cell wall integrity with reduced
toxicity?%6-268, However, echinocandins are not broad-spectrum drugs and very expensive. All this
makes it imperative to develop new compounds with better functional mechanisms or different
primary targets such as the polysaccharides in the cell walls. One of the major challenges is that
the fungal cell wall structure is poorly understood, placing a barrier to the development of cell
wall-targeted antifungal agents.

Fungal cell walls typically contain, by weight, 50-60% glucans, 20-30% glycoproteins, and
a small portion of chitin, for example, 10-20% for A. fumigatus®®*?%°. Fungal glucans contain the
predominantly linear -1,3-linkage, and a small portion, typically 10% or less, of B-1,6- and B-1,4-
linkages. The supramolecular assembly of these biomolecules remains vague due to the lack of a
non-destructive and high-resolution technique for characterizing the insoluble, complex and
amorphous biomolecules within the intact cell wall?. To date, chitin microfibrils are thought to be
deposited next to the plasma membrane following the biosynthesis of individual chain and the
fibril formation process through hydrogen bonding. These microfibrils may be covalently linked
to B-1,3-glucans® that extend through the cell wall and tether mannoproteins on the cell wall
surface through branched networks with B-1,6-linked glucans®. The current understanding of the
spatial packing has been shaped by the evidence from enzymatic digestion, fractional
solubilization and isolation of cell wall components followed by sugar analysis®>?". These
chemical and enzymatic methods, however, are destructive and often fail to reveal the complicated

polymer assembly generated by biosynthesis machinery.
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Recently, magic-angle spinning (MAS) solid-state NMR (ssNMR) spectroscopy has been
employed to elucidate the structure, spatial proximities and ligand binding of native or genetically
modified polysaccharides in intact tissues including the bacterial biofilm, plant biomass, and

10.18,21,63,65.66.97.238271 ‘Here, by integrating glucosyl linkage analysis, 2D

fungal pigment assemblies
1BC-BC/™N correlation ssNMR spectroscopy and the sensitivity-enhancing dynamic nuclear
polarization (DNP)?3:24.74105:226.272-275 technjque, we have successfully revealed the structural frame
of the cell wall in uniformly *C, *N-labeled A. fumigatus. We found that chitin and a-1,3-glucans
closely interact to form a rigid and hydrophobic scaffold that is surrounded by a soft and well-
hydrated matrix of B-glucans. Glycoproteins and a minor fraction of a-1,3-glucans form a highly
dynamic shell coating the cell wall surface. In addition, we have revealed that fungal cell wall
molecules adopt polymorphic structures and heterogeneous dynamics in order to perform versatile
functions. Our findings also shed lights onto the machinery and mechanisms of cell wall
component biosynthesis and their assembly. The methods presented in this study enables the
investigation of complex carbohydrates in intact cells and will allow the direct detection of fungal

responses to antifungal agents through in-situ assessment of cell wall structures.

7.2. Results

7.2.1. Chitin and Glucans Form the Stiff Fungal Cell Wall

Uniformly 3C, *N-labeled A. fumigatus samples were grown on a *3C/*®N liquid medium
for 14 days. For ssNMR experiments, the A. fumigatus samples are analyzed in the intact and
native state with minimal perturbation. We rely on the adequate sensitivity provided by isotope
labeling and the resolution from a series of two-dimensional (2D) **C-13C and 3C-1°N correlation
spectra for assigning the NMR resonances and analyzing the composition, mobility, intermolecular

packing, and site-specific water-interactions of these complex carbohydrates in muro.
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Glycosyl compositional analysis, assisted by ssSNMR, demonstrated a major component of
glucan (71%), chitin (9%), mannan (6%) and galactan (13%) and traces of chitosan and arabinan
in A. fumigatus (Supplementary Table 7.1). A gas chromatography-mass spectrometry (GC-MS)
glycosyl linkage analysis of partially methylated alditol acetates (PMAA) (Supplementary Figure
7.1) further revealed the highly diverse linkage patterns of fungal glucans. The major form 3-linked
glucopyranosyl (3-Glcp) accounts for 73% of all neutral sugars and 86% of Glcp residues,
indicating the dominance of 1,3-glucans (Table 7.1). Another five types of Glcp linkages are also
identified, comprising 11% of all neutral sugars. Since glucans are better solubilized in the linkage
analysis than in classical alditol acetates method of the compositional analysis, minor
discrepancies between these two methods are possible.

Table 7.1. **C-glycosyl linkages of fungal neutral sugars. The percentages reported are peak area

from relative El detector response (%). The intact cell walls of A. fumigatus and the alkali-
insoluble portion of A. niger cell walls are reported.

glycosyl residue A. fumigatus A. niger
terminally linked mannopyranosyl (t-Manp) 14 0.1
terminally linked glucopyranosyl (t-Glcp) 2.6 2.5
terminally linked galactofuranosyl (t-Galf) 1.8 04
3-linked glucopyranosyl (3-Glcp) 72.8 81.1
4-linked glucopyranosyl (4-Glcp) 3.9 4.3
2,3-linked glucopyranosyl (2,3-Glcp) 2.3 4.0
2,6-linked glucopyranosyl (2,6-Glcp) 0.5 0.3
3,6-linked glucopyranosyl (3,6-Glcp) 2.1 2.8
2-linked mannopyranosyl (2-Manp) 1.7 0.8
6-linked mannopyranosyl (6-Manp) 0.8 0.5
4-linked galactopyranosyl (4-Galp) 10.0 3.4

To assign the NMR resonances of cell wall polysaccharides, we measured 2D 3C-1°C
correlation spectra using 53-ms CORD mixing'®"?’® for through-space correlations (Figure 7.1a)
and refocused *3C INADEQUATE pulse sequence®*" for through-bond correlations (Figure 7.1b).
These 2D *3C-13C correlation experiments preferentially detect the stiff cell wall due to the use of
1H-13C cross polarization (CP). The A. fumigatus cell wall exhibits exceptionally high resolution

and the typical *C full-width at half-maximum (FWHM) linewidths range from 0.4 ppm to 0.7
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ppm. Major signals are from chitin, f-1,3-glucan, and a-1,3-glucan (Figure 6.1a, b), consistent
with the dominance of 3-Glcp in linkage analysis. The unique downfield *3C chemical shift of 80-
87 ppm at the linkage site of carbon 3 (C3) resolves the signals of 1,3-glucans, and the C1 chemical
shift tells the two anomers apart: 99-101 ppm and 102-105 ppm for o- and B-1,3-glucans,
respectively. Weaker signals from B-1,4- and B-1,6-glucans have also been identified, with

downfield $3C chemical shifts of 85 ppm and 67 ppm at the linkage sites of C4 and C6, respectively.
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Figure 7.1. Ch|t|n and glucans form the rigid domain of intact A. fumigatus cell walls. (a) 2D C-
13C correlation spectrum measured with 53-ms CORD mixing detects all intramolecular cross
peaks of chitin and four types of glucans. Abbreviations are used for resonance assignment and
different polysaccharide signals are color coded. (b) 3C CP J-INADEQUATE spectrum resolves
the 3C through-bond connectivity for each polysaccharide. (c) Identified polysaccharides and
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representative chemical shifts. All spectra were measured on an 800 MHz solid-state NMR
spectrometer.

The low intensity of -1,4- and B-1,6-glucans is also in good agreement with the glycosyl linkage
analysis: only 7% of neutral sugars are glucans with linkages at C4 or C6 (Table 7.1). The
representative structures are shown in Figure 6.1c and the 3C and ®N chemical shifts are
documented in Supplementary Table 7.2. These sugar units may be covalently linked to form
branched structures such as the 3-1,3/-1,6-glucan

Interestingly, the 2D 3C-13C correlation spectrum of the alkali-insoluble portion of cell
walls from Aspergillus niger, a related but non-pathogenic fungus, also shows a comparable
pattern to that of the intact A. fumigatus, with signals primarily from chitin, -1,3-glucan and a-
1,3-glucan (Supplementary Figure 7.2). Linkage analysis confirmed that more than 80% of neutral
sugars are 3-Glcp residues (Table 7.1). Therefore, the dominance of chitin, B-1,3-glucan, and a-
1,3-glucan in the stiff core of cell walls is a conserved feature in Aspergillus.
7.2.2. Fungal Polysaccharides are Highly Polymorphic in Structure

The decent 3C resolution of the A. fumigatus sample allows the unambiguous assignment
of seven types of polysaccharides, including chitin, a-1,3-glucan, three types of B-glucans,
mannan, and arabinan. In total 23 allomorphs have been identified for these molecules. 1D *°N
spectrum revealed multiple major types of nitrogenated polysaccharides, with two peaks of chitin
amides at 123 and 128 ppm and a sharp amine peak at 33 ppm from other amino sugars such as
chitosan. Chitosan is an enzymatically derivative of chitin and the degree of deacetylation (DD)?"’
is 10% as determined using the well-resolved **N signals (Figure 7.2a).

Chitin is found to be the most polymorphic molecule in fungal cell walls. 2D *N-%3C
correlation spectrum resolves three major forms of chitin (Figure 7.2b), and simply for the type-a

chitin, we can resolve at least six C2-Nn cross peaks, each representing a different sub-form. With
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another three minor types identified using DNP, we have discovered 11 types of chitins
(Supplementary Table 7.2). This level of structural polymorphism is beyond our current
knowledge obtained from X-ray and NMR studies on model chitins, and the 11 types of signals
could not be explained using the known ways of packing: the antiparallel a-chitin, parallel B-chitin,
and the mixed y-chitin 282, Signals from the known structures, both the a- and B-allomorphs**®,
can be found within the signals of type-a chitin, with a per-carbon chemical shift difference as low
as 0.3 ppm. In contrast, types-b and ¢ do not correlate with any known structures, and the chemical
shift difference increased to at least 0.7 ppm and 1.2 ppm, respectively. Thus, Chitin-b and ¢ belong
to two structures that have never been reported before. This unexpected level of structural
polymorphism is potentially caused by sophisticated patterns of hydrogen-bonds through the N-H

and C=0 groups in chitin when multiple chains are put together outside the plasma membrane

after the biosynthesis.
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Figure 7.2. Chitin is structurally polymorphic in intact A. fumigatus cell walls. (a) 1D *°N spectrum
resolved multiple amide and amine signals. (b) High-resolution ®N-'3C correlations spectra
resolved three major types of chitins. (c) DNP-assisted *®N-°N PAR spectra measured using 5-ms
(red) and 15-ms (black) mixing times revealed extensive cross peaks between different chitin
allomorphs. (d) DNP-assisted >N-13C correlation spectra measured using 3-mg A. fumigatus.
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It is striking that the three major forms of chitin identified in this study are thoroughly
mixed on the subnanometer scale in intact A. fumigatus cell walls. This is revealed by the strong
off-diagonal cross peaks between types-a and b and between types-a and ¢ observed in the 15-ms
1>N-1°N Proton Assisted Recoupling (PAR) spectrum (Figure 7.2c) 289281 For these interactions to
happen in the microfibrils, chitin allomorphs should coexist as tightly packed chains in the fibrillar
cross-section rather than as separated domains associated longitudinally along the fibril. This
organization of chitin bears a resemblance to the assembly of glucan chains in plant cellulose, in
which seven types of glucan chains are found to coexist in the cross-section of a single microfibril
22|t should be noted that the presence of amide, methyl and carbonyl groups substantially
facilitated the resonance assignments of chitin allomorphs (Figure 7.2d) and this unique chemical

structure further serves as the basis for spectral editing to determine the chitin-glucan packing (vide

infra).
a b 65 long-range interactions d | "
1 par & 1 chn carace ogp 25 Adb/AZe
y 10 (2,3) B1,4-glucan 1104 ChN,*-A1 ChN,, ChN,,2P-AdP/A2
& 210y -z P4
P - B —
° 5;4'/ Chitin Sl1a0g) 200 E p \
801 M. . ST T oo 1763 502 -pgg3gucan = 1P o N, p-B4s
: “&?E »/ T 12(6.4) £ H
* e PPN - ~HN a_gb hiN b ~hN. be_Aob
¥ ABRICHER-Che 1,3 glucan 2= S 1501 ChN,2-4°  ChN_"-H4 ChN>¢-A2
S #gd e AP 202)--->4.4 6-glucan T ——/— T T y T T
70 o §f (_;g s 1(1,0) b-1.6-g 110 100 80 70 60
ﬁ "»,-A.-’A i) 13¢c (ppm)
A\ 4.6 ped
B e A c e T TR P
8 god 4 ShadeB5e Ch2t-42 ~e h 1603 f
g % & Ch4e-A20d carbohydrate L Ch2ecs-B6? /
3 f’ — h28-A3% 4 o £
a 9‘3 e 704 G6-ChCO®
A3e5.Chde &~30 604 w
90 A3mechar . T —
A32c-B4 £ . -
. b . bhab with DNP 2 704 B5°-A3° 180 170
A1b-G4 A1P-Chdb A12°B2%G5 A1°-Chg protein & lipids 5. :
100 . 4 3532 AZ5-ChCH, <
12¢ h
704 @
B5e.CHs EL% é b
C 1 BB5R-Cha? aof B2>-
110 no DNP, x4 = Ch4“-BGbCh4_=‘_2(,:h4 Z1g0d S\ CncHee
MMMJ\«W B5:-ChCH,*¢
; : . : ) T T
%0 80 70 60 100 80 60 40 20 @ 80 70 e 50 20 10
"3C (ppm) '3C (ppm) 3C (ppm)

Figure 7.3. MAS-DNP solid-state NMR reveals the tight packing of chitin and a-1,3-glucan. (a)
15 ms BC-13C PAR spectrum (black) reports many intermolecular cross peaks, mainly between
chitin and a-1,3-glucans. A 100-ms DARR spectrum (orange) that primarily detects intra-
molecular correlations is overlaid for comparison. (b) Summary of 65 long-range restraints. For
each category, the number of all cross peaks and the number of strong and intermediate restraints
(in parenthesis) are listed. (c) Sensitivity enhancement €on/off 30-fold was obtained on A. fumigatus.
A picture of a DNP sample is also included. (d) DNP-assisted intermolecular-only °N-'3C
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correlation spectrum unambiguously detected several chitin-glucan cross peaks. () DNP-assisted
chitin-edited spectrum only shows signals from chitin itself or the glucans that are spatially
proximal. All DNP experiments were conducted on a 600 MHz/395 GHz spectrometer.

7.2.3. MAS-DNP Reveals a Tight Packing of Chitin and a-1,3-Glucans

It has been a long-standing question of how cell wall biomolecules interact to form the
polymer network. To address this question, we measured 15-ms *C-*C PAR spectrum and
discovered 23 long-range (5-10 A) intermolecular cross peaks (Figure 7.3a and Supplementary
Figure 7.3). Most of these cross peaks originate from intermolecular interactions between chitin
(Ch) and a-1,3-glucans (A), for instance, between type-b a-1,3-glucan carbon 1 and type-b chitin
carbon 4 (A1°-Ch4P) and between type-a/c a-1,3-glucan carbon 3 and type-a chitin carbon 4 (A3%¢-
Ch4?). In addition, several cross peaks are also found between the chitin-a-1,3-glucan complex
and B-glucans. Noteworthy examples include the a-1,3-glucan carbon 1 to -1,6-glucan carbon 3
(A1-H3) cross peak at (101, 79) ppm and a-1,3-glucan carbon 3 to -1,3-glucan carbon 4 (A3-B4)
cross peak at (85, 73) ppm. Therefore, despite the close packing of chitin and a-1,3-glucans, these
two molecules are still crosslinked by p-glucans.

To concurrently improve the sensitivity and resolution, we combined the DNP
technique®282 with spectral-editing methods and successfully identified another 35 long-range
interactions. The magic-angle spinning DNP (MAS-DNP) enhances the NMR sensitivity by tens
to hundreds of fold by transferring the polarization from the electrons in radicals to NMR-active
nuclei in biomolecules under microwave (UW) irradiation?*. With an optimized protocol ensuring
homogeneous mixing of radicals with cell wall biomolecules, a sensitivity enhancement (gon/off) Of
30-fold has been achieved using the intact cells of 13C, *°N-labeled A. fumigatus on a 600 MHz/395
GHz DNP spectrometer (Figure 7.3c). The feasible sensitivity not only facilitates the detection of

long-range cross peaks with weak intensities but also allows us to employ spectral-editing methods
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to alleviate the signal overlapping issue in intact cells. Briefly, the ®N magnetization of chitin
amide is first selected through a ®N-'3C dipolar filter 283284 and then transferred to spatially
proximal glucans via a proton-driven spin diffusion (PDSD) mixing period (Supplementary Figure
6.4). By subtracting two parent **N-'3C correlation spectra measured with short (100 ms) and long
(1 s) mixing times, we can eliminate all intramolecular signals'®® (Supplementary Figure 7.5). The
resulted spectrum only contains long-range intermolecular cross peaks that are structurally
important (Figure 7.3d). Using this method, we have identified seven additional cross peaks
between different chitin allomorphs, between the chitin and a-glucan, such as the chitin nitrogen
to a-1,3-glucan carbon 1 (ChNH-A1) cross peak, and between chitin amides and B-glucan carbons
such as the ChNx-H4 and ChNH-B4 cross peaks. The same strategy is extended to measure chitin-
edited 2D *3C-13C correlation spectrum, which enables the identification of another 25 long-range
cross peaks, for instance, between chitin carbonyl/methyl groups to -1,3- or $-1,6-glucans (Figure
6.3e).

Overall, these experiments have generated 65 long-range cross peaks, among which 54 are
intermolecular interactions and 11 are inter-allomorph cross peaks within chitin or a-1,3-glucans
(Figure 7.3b). The cross peaks are further categorized into 20 strong, 21 medium and 24 weak
restraints according to the relative intensity and the experimental methods (Supplementary Table
7.3). Eight out of the 17 cross peaks between chitin and a-1,3-glucan are strong, constituting 40%
of all strong restraints, supporting the proposed complex formed by tightly packed chitin and a-
1,3-glucans. These two molecules further exhibit 25 through-space cross peaks to 3-1,3-glucans,
among which only 7 are strong restraints, therefore, the -1,3-glucan, assisted by p-1,4- and 3-1,6-
glucans, may serve as tethers between multiple chitin-a-1,3-glucans segments. This finding is

further supported by the high hydration level and mobility of B-1,3-glucans (vide infra).
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7.2.4. Chitin and a-1,3-Glucans Form the Hydrophobic Core

To investigate carbohydrate-water interactions, we conducted the water-edited 2D 3C-13C
correlation experiment®2243285 This experiment relies on a *H-T. relaxation filter to eliminate all
original polysaccharide signals and then transfer the water *H magnetization to carbohydrates so
that only carbohydrates with bound water can be detected. The water-edited signals are compared
with the equilibrium intensities of a control spectrum (Figure 7.4a, b), and the intensity ratios tell
the polymer hydration in a site-specific manner. Among all the complex carbohydrates, a-1,3-
glucan and chitin are most hydrophobic and have the lowest water-transferred intensity. For
instance, all a-1,3-glucan cross peaks, including A4-1 (carbons 4 to carbon 1), A4-3, A4-2 and
A4-6, show substantial dephasing in the 2D water-edited spectrum (Figure 7.4a) and its 69.5-ppm

13C cross section (Figure 7.4b).
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Figure 7.4. Chitin and a-1,3-glucans form the hydrophobic core of A. fumigatus cell walls. (a)
Overlay of 2D water-edited (red) and control (black) *C-'3C correlation spectra and (b) 1D *C
cross sections. (c) Relative intensities of different polysaccharides in water-edited spectra. The
water-edited spectrum preferentially detects well-hydrated molecules. Error bars are standard
deviations propagated from NMR signal-to-noise ratios. Chitin and a-1,3-glucans have the lowest
intensities in water-edited spectra (shaded).
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The residual intensities are below 40% for chitin and a-1,3-glucan but are higher than 60% for all
the well-hydrated B-glucans (Figure 6.4c and Supplementary Table 7.4).

The hydration data dovetail nicely with the long-range correlation results, collectively
indicating that chitin and o-1,3-glucan tightly pack to form the hydrophobic domains that are
surrounded by a well-hydrated matrix formed of B-glucans. The formation of this dehydrated
domain might be facilitated by the assembly of chitin microfibrils, with a-1,3-glucans occasionally
deposited on the fibrillar surface or between multiple chains or several microfibrils to further
reduce the water accessibility.

7.2.5. Rigid Chitin and a-Glucan are Enclosed by Mobile g-Glucans

To systematically examine the dynamics of cell wall biomolecules, we measured NMR
relaxations and a series of 1D 3C spectra that select components with different mobilities. 1D 3C
spectrum measured using *3C direct polarization (DP) and a long recycle delay of 35-s provides
quantitative detection all cell wall components including polysaccharides, proteins, lipids and
small molecules (Figure 7.5a). This quantitative spectrum differs substantially from the spectrum
that favorably detects mobile molecules through the combined use of **C DP and short recycle
delays of 2-s. The difference between these two DP spectra is comparable to the C cross
polarization (CP) spectrum that favors the rigid components with stronger *H-3C dipolar
couplings (Figure 7.5b, ¢). The major peaks in this difference spectrum are from chitin and a-1,3-
glucan, unveiling the stiffness of these two molecules. At the same time, signals from relatively
mobile components, such as proteins, lipids, B-glucans and small molecules, are substantially
suppressed (Figure 7.5Db).

When compared with the quantitative detection, a-1,3-glucans have the highest CP

intensity in the CP spectrum selecting stiff polymers, doubling that of quantitative DP, but the
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lowest signals in the 2-s DP spectrum that favors mobile molecules (Figure 7.5d). Accordingly, a-
1,3-glucan is the most rigid polysaccharides in A. fumigatus. Two subtypes, a and b, of chitin are
found to be the second rigid molecules, with 50% higher signals in CP but 0-50% less intensity in
2-s DP spectrum than the quantitative spectrum. All the B-glucans, together with another two types
of chitins, fully retain their signals in 2-s DP spectrum, thus are dynamic (Figure 7.5d and

Supplementary Table 7.5).
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Figure 7.5. Fungal cell walls are dynamically heterogeneous. (a) 1D *3C DP spectra of intact
Aspergillus fumigatus cells with quantitative detection of all molecules (black) or selective
detection of the mobile components (red). Abbreviations of carbohydrate names, carbon numbers
and subtypes (superscripts) are included for the assignments. (b) Difference spectrum obtained by
subtraction of the two 1D DP spectra. (c) *3C CP spectrum that favors rigid molecules. (d) Peak
intensity ratios between different DP spectra and CP spectra show that a-1,3-glucan, and a subset
of chitins are relatively rigid. Error bars are standard deviations propagated from NMR signal-to-
noise ratios. (e) *H-T\, relaxation times. The open and filled bars represent the short and long-
components of H-T, relaxation. Error bars are standard deviations of the fit parameters.
Dashlines indicate the average value of the longer *H-T;, component for each type of
polysaccharides.
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The molecular motional rates are quantified by measurements of 3C-T; relaxation that
probes local reorientation and *H-Ty, for larger-scale motions such as cooperative movement of
multiple sugar rings. Cell wall polysaccharides exhibit distinct *H-T},, relaxation times, signifying
a highly heterogeneous profile of dynamics (Supplementary Figure 7.6a and Table 7.6). The
average H-T, is 4.5 ms, 2.8 ms and 1.1 ms for a-1,3-glucans, chitin, and B-glucan, respectively
(Figure 7.5e). Consistently, o-1,3-glucans also have the slowest 1*C-T; relaxation among all types
of glucans (Supplementary Figure 7.6b and Table 7.7). Therefore, a-1,3-glucan is the most rigid
molecule, followed by chitins and then p-glucans

Interestingly, chitin has the largest variance in relaxation times (Figure 7.5e), which,
together with the allomorph-specific 1D 3C intensities, suggests a functional-relevant structural
polymorphism: a subgroup of chitin allomorphs is responsible for forming rigid microfibrils
whereas the remainder retains considerable disorder due to unfavored conformations or unstable
hydrogen bonding patterns. Type-a chitin has similar chemical shifts as the a- and B-chitins, and
these allomorphs clearly bear high rigidity in the intact cell walls. 1t should be noted that for most
0-1,3-glucan peaks the satisfactory fit of 'H-T, data can only be achieved using double
exponential equations. It suggests a two-domain distribution: 70-90% of a-1,3-glucans interact
with chitins to form a stiff and hydrophobic scaffold conferring rigidity to the cell wall (the long
'H-T1, component of 3.8-5.0 ms) while the other 10-30% have very short *H-T;, relaxation of less
than a millisecond due to the interactions with the mobile B-glucans (Figure 7.5e, Supplementary
Figure 6.6a). Particularly, B-1,3-glucan is the major binding target of a-1,3-glucans as they have
12 intermolecular cross peaks, among which half are strong interactions (Figure 7.3b).

7.2.6. Glycoproteins and a-1,3-Glucans Forms a Highly Mobile Shell
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While the previous 2D experiments are CP-based and primarily focus on the relatively rigid
polysaccharides that are mechanically important, a **C DP J-INADEQUATE spectrum with short
recycle delays of 2-s is also measured to highlight the mobile domain of the cell wall (Figure 6.6a).
The primary signals have been attributed to proteins that are absent in CP-based experiments and
some polysaccharides. The very sharp *3C linewidths of 0.3-0.5 ppm confirmed the rapid motional
averaging of these molecules. Unambiguous signals of mannan and arabinan are observed (Figure
7.6b). Since mannan is a major component of fungal glycoproteins purposely forming an outmost
layer of fungal cell walls 2°62° our results revealed that this outer shell is highly dynamic and
spatially separated from the relatively rigid inner domain of chitin and glucans. Despite the fact
that most a-1,3-glucans participate in the formation of stiff and hydrophobic cores, a considerable
amount of a-1,3-glucan signals remain in the dynamic domain (Figure 7.6b), which supports a
hypothesis that a-1,3-glucans may form the outmost layer of cell walls to block the immune
recognition of B-glucan receptors in the host cells?®?® Thus, a-1,3-glucan is bi-functional:
supporting cell walls through the formation of hydrophobic scaffolds and increasing fungal
virulence by disabling the detection of invading microbes.

In addition to this mobile domain, we have also identified a rigid component of proteins
(Supplementary Figure 7.7a and Supplementary Table 7.8). These proteins are as hydrophobic as
the fatty acid chains of membrane and are apparently more hydrophobic than any polysaccharides
(Supplementary Figure 7.7b and Supplementary Table 7.9). These rigid proteins are mainly
membrane proteins but may also exist in the hydrophobin rodlet protein layer, a hydrophobic

coating preventing immune recognition?72,
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Figure 7.6. Glycoprotein and o-1,3-glucan form a highly mobile shell. (a) 2D *C DP J-
INADEQUATE spectrum selects only the very mobile molecules of proteins and polysaccharides.
(b) The polysaccharide region reveals the presence of -1,4-mannan, arabinan and a-1,3-glucans.
7.3. Discussion

This study presents a high-resolution and non-destructive method for determining fungal
cell wall architecture. Solid-state NMR and MAS-DNP results of 64 intermolecular and inter-
allomorph interactions, site-specific hydration, and molecular mobility steadily indicate a two-
domain distribution of molecules: glucans and chitins form a relatively rigid and inner portion of
cell walls, while mannoproteins and a-1,3-glucan form the extremely mobile outer shell. In the
inner domain, a-1,3-glucan and chitin are tightly packed as the most rigid and hydrophobic cores
that are embedded in a well hydrated and relatively mobile matrix formed by -1,3-, B-1,4- and -
1,6-glucans (Figure 7.7).

Compared with previous biochemical analyses, this NMR-derived model has both
consistency and revisions. For decades, we have been solubilizing different components using

chemical or enzymatical treatment, for example, alkali solubilization, and then determine the

composition and covalent linkages of the extracted portions® 55289293 A conserved skeleton of
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branched B-1,3 and 1,6-glucans with B-1,4-linkages to chitins is found in the alkali insoluble
component of most fungi, while the other molecules vary substantially in mould and yeast?2°.
Mannoproteins are found in the cell wall surface and connected to the cell wall via either non-
covalent connections or covalent linkages to B-1,6-glucans®**2%, These biochemical data and our
ssSNMR analysis dovetail well considering the structural roles of chitin and B-glucans and the outer
layer of proteins.

The current model also shifted the prevailing paradigm of fungal cell wall from three
aspects. First, we have identified the molecules that determine cell wall rigidity. As the most
abundant building unit of the fungal cell wall, B-glucans, especially the multi-branched polymers
of B-1,3/-1,6-glucan, have long been proposed to form the rigid network®2¢°. However, the high-
level of hydration and the intermediate mobility of B-glucans we found have clearly excluded this
structural role but suggest a rigid scaffold formed by chitin and a-1,3-glucan. The structural role
of a-1,3-glucan is unexpected since it is usually defined as the major alkali-soluble polysaccharide
in previous studies?. Second, the current model reveals the bridging role of p-1,3-glucans to a great
detail. At present, all B-glucans are indistinguishable in dynamics and hydration but among the
three types of B-glucans, -1,3-glucan absolutely has more pronounced interactions with other
molecules, in particular, with a-1,3-glucan. This can be seen from the 12 intermolecular cross
peaks between B-1,3-glucan and a-1,3-glucan in which half are strong restraints (Figure 7.3b). p-
1,3-glucan and chitin also have a large number of cross peaks, 13 in total, but mostly weak or
intermediate in strength. Thus, chitin may serve as a secondary anchor, right after a-1,3-glucan,
for B-1,3-glucan to link the rigid and mobile domains (Figure 7.7). Third, the dual functions of a-
1,3-glucan have been emphasized. The high rigidity of a-1,3-glucan has not been expected and we

propose that stiffening by covalent or physical interactions with -1,3-glucans and chitin grant a-
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1,3-glucan with the capability of performing structural roles. Linkages between a-1,3- and a-1,4-
glucose units have been reported before?® but it is unclear whether covalent interactions exist
between a-1,3-glucans and chitin or B-1,3-glucans. Interestingly, the occurrence of a-1,3-glucans
in two distinct domains, the outer surface, and the inner rigid cores, demonstrated the structural
and functional versatility of this molecule.

A. fumigatus produces a low amount of chitosan, a cationic molecule with various biomedical
and industrial applications due to its antimicrobial, anti-tumor, wound-healing and cholesterol
lowering properties?®. Previously, structural roles have been assumed for chitosan since chitosan-
deficient strains of Cryptococcus neoformans have compromised cell wall integrity in vitro and
reduced virulence?®’. But in A. fumigatus, chitosan accounts for less than 1% of all carbohydrates
(Supplementary Table 7.1) and is mobile as revealed by the sharp *°N linewidth of 1.5 ppm (Figure

7.2a). Therefore, chitosan contributes negligibly to cell wall rigidity.
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Figure 7.7. lllustrative model of the supramolecular architecture of A. fumigatus cell walls.
Dashline circles highlight the intermolecular interactions with the total numbers of NMR restraints
indicated. The number of strong restraints is in parenthesis. The average hydration levels
(percentage values) and the average *H-T}, relaxation times of each polymer are in italic.
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The current study provides insights on the polysaccharide scaffold for pigment deposition.
The insoluble pigment of melanin is present in many fungi and it increases cell hydrophobicity
and reduces cell wall porosity, which was proposed to be the cause of drug resistance?®®-*1, Recent
ssNMR studies of melanin “ghosts”, the isolated and purified particles, indicate that melanin may
be integrated into the cell wall via association with polysaccharides in C. neoformans®®®® put the
scaffold that holds the pigment in place was unclear. Chitin has been proposed to be the supporting
polysaccharide, but our results revealed a stiff and hydrophobic frame of a-1,3-glucans and chitins,
which could accommodate the aromatic assembly of pigments, which, in turn, may explain the
high hydrophobicity of these two polysaccharides (Figure 7.4c).

Notably, the fungal wall is significantly more dynamic than its counterparts in plants. The
narrow 13C linewidth of fungal polysaccharides is comparable to that of the matrix
polysaccharides, hemicellulose and pectins, in the fast-growing primary plant cell walls, but is
apparently narrower than that of rigid cellulose microfibrils?2. Upon maturation, plant cell walls
are further rigidified and dehydrated by the deposition of aromatic lignins and coalescence of
cellulose microfibrils®®2. Therefore, despite the presence of a relatively rigid scaffold formed by
chitin fibrils and a-1,3-glucans, the polymer network in fungi still retains considerable plasticity,
which allows fungal cell wall to reshape its molecular architecture to survive through different
external stress and to fulfill diverse functions. The lack of need for vertical growth and the limited
size of microbes may also explain the high mobility of fungal cell walls. In addition, the fungal
cell wall also has a substantially larger number of intermolecular cross peaks than the plant cell
walls. This may be caused by the extensive covalent cross-linking of glucans and chitin in fungi,
while plants principally rely on non-covalent interactions, such as van der Waals forces and

electrostatic interactions, as well as the entanglement and entrapment of polymers. Given the high
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mobility of fungal biomolecules, it may be crucial to have chemical linkages instead of physical
contacts as the primary interactions so that this dynamic structure could remain intact under
external and internal stress.

Although this study builds a frame for fungal cell wall structure, in particular, for the
complex carbohydrates, more structural details await systematic investigations. Emerging
questions include the correlation of linkage patterns with structural or mechanical functions for -
glucans and the developmental changes of cell wall architecture, for example, during conidial
outgrowth. A detailed and dynamic understanding of the supramolecular assembly of fungal cell
walls and future studies on drug response will substantially facilitate the design of better antifungal
compounds that inhibit a broader spectrum of invasive fungal infections with minimal or no side
toxicity.

7.4. Methods
7.4.1. Preparation of Fungal Materials

Uniformly 3C,®N-labeled mycelium was prepared by IsoLife (Wageningen, The
Netherlands) using the following protocol. Aspergillus fumigatus cultures (strain RL 578, a wild
strain obtained from compost) were grown on a 3C/*®N liquid medium (a modified Czapek-Dox
medium) under still cultivation at 30 °C for 14 days in the dark on 50-mL medium in 250 mL
capacity Erlenmeyer flasks. At the end of the cultivation the mycelium was flash-frozen in liquid
nitrogen and stored at -80 °C. The resulting materials were further dialyzed for 6 times over 3 days
to remove the majority of small molecules from the isotope-labeled media and reduce the ion
concentration. For solid-state NMR experiments, 30 mg and 100 mg of this whole-cell material
were packed into 3.2-mm and 4-mm magic-angle spinning (MAS) rotors, respectively. Another 5

mg was proceeded in DNP matrix for DNP experiments and 3 mg was finally transferred into a
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3.2-mm sapphire rotor. The hydration level is 90% for the initial culture and has been decreased
to 50% in the NMR samples by multiple times of compression.

To verify the composition of the rigid portion of fungal cell walls and compare it with the
whole cells, the alkali-insoluble polysaccharides were extracted by IsoLife from Aspergillus niger
mycelium by deproteinization with 2% w/v sodium hydroxide solution (30:1 v/w, 90 °C, 2 h),
separation of alkali-insoluble fraction by centrifugation (4000xg, 15 min), extraction of chitosan
under reflux (10% v/v acetic acid, 40:1 v/iw, 60 °C, 6 h), separation of crude cell wall by
centrifugation (4000xg, 15 min). The crude was washed with water, ethanol and acetone and air-
dried at 20 °C. 70 mg of the extracted polysaccharides was packed in a 4-mm rotor for solid-state
NMR experiments, which clearly indicate the dominance of chitin and glucans in this alkali-
insoluble portion.

7.4.2. Glycosyl Composition Analysis

Glycosyl composition analysis of neutral sugars constituting the cell wall was achieved
after dispersion of 600 pg dry samples in 0.5 mL 2 M TFA (v/v) in sealed reaction tubes, by 20
min sonication in ultrasound water bath at RT, followed with 2 h hydrolysis at 121 °C, overnight
reduction with NaBDg, and 1 h acetylation with acetic anhydride and pyridine at 80 °C. Inositol
was used as an internal standard. The glycosyl constituents were assigned based on the retention
time of the derivatives of original sugar standards and unique EI-MS fragments of 3C alditol
acetates derivatives identified in the fungal samples. We used the same GLC-MS equipment and
temperature program as for linkage analysis.

7.4.3. Glycosyl Linkage Analysis
The glycosyl linkage of $3C, N uniformly labeled cell polysaccharides was obtained by

GC-MS analysis of partially methylated alditol acetates (PMMA)3*® after 2 h hydrolysis with 2 M
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(v/v) TFA at 121 °C, overnight reduction with NaBD4 and acetylation with acetic anhydride and
pyridine. The inositol was used as an internal standard. GLC-MS analysis was performed on an
HP-5890 GC interfaced to a mass selective detector 5970 MSD using a Supelco SP2330 capillary
column (30 x 0.25 mm ID, Supelco) with temperature program: 60 °C for 1 min, then ramp to 170
°C at 27.5 °C/min, and to 235 °C at 4 °C/min with 2 min hold and finally at to 240 °C at 3 °C/min
with 12 min hold.

Because the organism was grown on media supplemented with *C and *N as sole carbon
and nitrogen source, respectively, one could expect these isotopes to incorporate in the cell wall
polysaccharides. Consequently, GC-MS analysis of partially methylated alditol acetates (PMAA)
generated a set of unique EI-MS diagnostic fragments that differed from fragments predicted for
classical PMAAs (Supplementary Figure 6.1). It should be noted that the complex glucan samples
solubilize better during the linkage analysis (DMSO solvent and permethylation step prior to TFA
hydrolysis) than in classical alditol acetates method of compositional analysis (only TFA
hydrolysis). Thus, we have a better detection of glucan in the PMMA analysis.

7.4.4. Solid-State NMR Experiments

Solid-state NMR experiments were conducted on a Bruker Avance 800 MHz (18.8 Tesla)
spectrometer and a 400 MHz (9.4 Tesla) Bruker Avance spectrometer using 3.2-mm and 4-mm
MAS HCN probes, respectively. Most experiments except those with MAS-DNP were collected
under 10-13.5 kHz MAS at 290 K. 3C chemical shifts were externally referenced to the
adamantane CH signal at 38.48 ppm on the TMS scale. *°N chemical shifts were referenced to the
liquid ammonia scale either externally through the methionine amide resonance (127.88 ppm) of
the model peptide N-formyl-Met-Leu-Phe-OH3* or using the ratio of the gyromagnetic ratios of

®N and BC. Typical radiofrequency field strengths, unless specifically mentioned, were 80-100
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kHz for *H decoupling, 62.5 kHz for *H CP and hard pulses, 50-62.5 kHz for 3C and 41 kHz for
15N.

To assign the *C and *°N resonances of cell wall biomolecules, five types of experiments
were measured: (1) 2D refocused *C J-INADEQUATE?®®" spectra with DP and short recycle
delays of 2 s for selective detection of the very mobile phase in the outer layer of cell walls (2) *C
CP J-INADEQUATE for the detection of rigid molecules located inside the cell wall. (3) 3C-*3C
RFDR?* for the detection of one-bond cross peaks; (4) 2D 3C-13C spectra using 53 ms
CORD®7276 or 50 ms DARR for the detection of intramolecular cross peaks; (5) 2D '*N-'3C
N(CA)CX heteronuclear correlation spectra®® to select the amide signals of chitins. The N(CA)CX
is measured using a 0.6 ms *H-'>N CP contact time, a 5 ms ®*N-3C CP and a 100 ms 3C-13C
DARR mixing period. The *N and *3C spin-lock field strengths for the *°*N-13C CP were 20 kHz
and 33 kHz, respectively. The *C and '*N carrier frequencies were 55 ppm and 70 ppm,
respectively. A strong *H decoupling of 100 kHz is applied during the **N-3C CP.

To determine the spatial proximities of biomolecules in intact cell walls, we measured 15-
ms 3C-13C proton-assisted recoupling (PAR)3% using *3C field strengths of 53 kHz and *H field
strengths of 50 kHz. 23 intermolecular cross peaks have been identified in the PAR spectra, which,
in combination with 7 long-range cross peaks in 3-s PDSD and 35 long-range cross peaks in DNP
experiments, restrain the spatial packing of molecules in intact cell walls.

To site-specific determine the water accessibilities of different polysaccharides, we
conducted water-edited 2D *3C—3C correlation spectra 8194285 This experiment initiates with *H
excitation followed by a *H-T; filter of 0.88 ms x 2 that eliminated 97% of polysaccharide signals
but retains 80% of water magnetization, a 4-ms *H mixing period for water-to-polysaccharide

transfer and a 1 ms *H-*C CP for 13C detection. 50 ms DARR mixing is used for both the water-

133



edited spectrum and a control 2D spectrum showing full intensities. The intensity ratio between
the water-edited spectrum and the control spectrum is quantified, which is further normalized by
that of the C2-C3 cross peak of B-1,6-glucan, the highest value among all the peaks, to reflect the
relative degree of hydration.

To examine the dynamics of wall polysaccharides, we measured a series of 1D 3C spectra
with different methods for the creation of initial magnetization. 1D *3C direct polarization (DP)
spectra were measured using a 35 s recycle delay to obtain the quantitative signals and a 2 s recycle
delay to selectively detect the dynamic components. The difference spectrum was obtained by
subtracting the 2 s DP spectrum from 35 s DP spectrum, without scaling. 1D *3C CP spectrum that
preferentially detects the rigid components were also conducted using 1-ms contact time.
Furthermore, we measured both 3C spin-lattice (T1) relaxation and 'H rotating-frame spin-lattice
relaxation (Tip) relaxation at 298 K under 10 kHz MAS on a Bruker Avance 400-MHz
Spectrometer. The spin-lock field was 62.5 kHz for the measurement of *H- T,. The relaxation
data were fit using either a double or single exponential decay function.

7.4.5. MAS-DNP Sample Preparation

The stock solution of AMUPoI'® was freshly prepared in the ds-glycerol/D20/H20
(60/30/10 Vol%) solvent mixture referred as the DNP-matrix, and a final radical concentration of
10 mM. To prepare the DNP sample, 50 pL of the stock solution was added into 5 mg of the
13C,15N-A. fumigatus sample, grinded for 10-15 minutes to allow the radical solution to penetrate
into the cell walls. 3-mg of well-hydrated samples were transferred into a 3.2-mm sapphire rotor.
A 30-fold enhancement factor of NMR sensitivity with and without microwave irradiation (€on/off)
has been achieved. Relatively short buildup times of 3-5 s indicate a good mixing of the radicals

and biomolecules in these whole-cell samples. It should be noted that simply mixing the materials
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with the DNP matrix failed to give any enhancement regardless of the mixing time. Therefore,
grinding the fungi in DNP matrices thoroughly for several minutes is needed to ensure
homogeneous mixing of radicals and biomolecules in these whole-cell samples.

7.4.6. MAS-DNP Solid-State NMR Experiments

All the experiments were performed on a 600 MHz/395 GHz 89 mm-bore MAS-DNP
spectrometer equipped with a gyrotron microwave source (National High Magnetic Field
Laboratory, Tallahassee). The cathode currents of the gyrotron were 160 mA. All DNP spectra
were measured using a 3.2 mm probe under 8 kHz MAS frequency. The temperature was 103.6 K
with the microwave (UW) off and 106 K with the pW on.

To select chitin signals and identify chitin-glucan interactions, 2D *N-*C TEDOR?%*
correlation experiments were implemented by a mixing period with 100-ms DARR or 3-s PDSD.
Spectral subtraction generates a difference spectrum that clearly revealed seven intermolecular
cross peaks. The total experimental time is 22 hours. Second, to further improve the spectral
resolution, we conducted a *°N,*3C filtered 2D **C-'3C correlation spectra?*, which benefits from
the presence of two 3C dimensions and provide unambiguous detection of chitin-proximal
biomolecules. It took 4.5 hours to measure this experiment on 3 mg **C, ®*N-fungi and 25
intermolecular cross peaks have been identified. In addition, a 3C-**C dipolar-INADEQUATE-
PDSD spectrum was measured to identify the signals of minor species and further detect long-
range correlations. To determine the packing of different chitin allomorphs, we measured 2D *°N-
5N homonuclear correlation spectra using 5 ms and 15 ms PAR mixing?®°?%L, The radiofrequency

field strengths for PAR were 34 kHz for °N and 56 kHz for **C.
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APPENDIX A. SUPPORTING INFORMATION FOR CHAPTER 4

Interior cellulose: i
Surface cellulose: s
Arabinose: A

Galactose: Gal
Rhamnose: R
Galacturonic acid: GA
Homogalacturoran: HGA
Glucose in xyloglucan: G

i1sC1 Xylose: x
Gal/GC1
quaz2
AC1
-OCOCH, -COOCH, . Lipid CH, . tF‘ecs
- < a7 ' ce
tsd2
x 0.79
—_—
Col WT
x1.00
_— N
T T
180 170

3C chemical shift (ppm)

Figure A.1. 1D ‘3CP spectra of wild type, tsd2, and qua2 seedlings primary cell walls at 293 K.
The CP spectra selectively detect the signals of rigid polysaccharides. The spectra are scaled to

account for the difference of sample amount.
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Figure A.2. Quantification of the signal-to-noise ratios of arabinose carbon 1 peak. The full *3C
spectra are shown for each sample, showing biomolecular signals as well as the noise regions. All
spectra are processed using Topspin window function of GM, with parameters of LB = -10 and
GB =0.05. The resulting spectra are almost “noiseless”. Insets show the representative regions of
noise and the weakest signal of the full spectra, arabinose carbon 1. The arabinose carbon 1 peak
has signal-to-noise (SINO) ratios between 10 and 27 for the three samples. These numbers are
obtained using the standard Topspin command: .SINO. Error bars can be propagated from the
1 1
SINO(S)2 = SINO(Sy)?’
between mutant (S) and WT (So). The error bars are 10% for qua2 mutant (the ratio of Al in qua2
and WT is 1.2+£0.1) and 12% for the tsd2 mutant.

signal-to-noise ratios: y = Si \/ where S/SO0 is the intensity ratio of Al peak
0
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Figure A.3. Comparisons of quantitative *C DP spectra. Spectral overlays are shown for
comparison between a, wild-type and qua2 samples, and between b, wild-type and tsd samples. c,
Zoomed-in region of Ara C1 showing the change of arabinose content in different samples. All
spectra are processed using the Topspin window function of GM, with parameters of LB = -5 and
GB = 0.1. The numbers in magenta are the signal-to-noise ratios at representative carbon sites of
the wild-type sample. To account for sample amount differences, spectra were plotted after
multiplying the tsd2 spectral intensities by 1.26 and qua2 spectral intensities by 0.79.
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Figure A.4. 1D 3C quantitative DP spectra collected on the seedlings and inflorescence stems of
Arabidopsis. The spectra were adapted from 6181148 with permission.
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Figure A.5. 2D C-DP J-INADEQUATE spectra of pectin mutants. The spectra of qua2 and tsd2
samples are shown.
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Figure A.6. Arabinose cross sections of 3C-DP J-INADEQUATE spectra. The representative Ara
carbon 1 cross sections are extracted from the 2D spectra of wild-type (top), qua2 (middle), and
tsd2 (bottom) samples to show the typical sensitivity of arabinose peaks. The key residues, such
as type-b and type-f,g forms of arabinose are beyond the noise level. Magenta arrows are used to
indicate the positions of Al peaks in the 1D cross sections and corresponding 2D spectra.
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Figure A.7. Relaxation curves of cell wall polysaccharides. a, 13C T1 measured with Quantitative-
DP and the inversion recovery sequence. b, Torchia-CP 3C T1. Three samples are compared,
including the wild-type (left), qua2 (center), and tsd2 (right) samples. The fast-relaxing
components (dark green) are pectin carbons while the rigid components (red) are from cellulose.
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Table A.1. °C chemical shifts of polysaccharides in primary cell walls. All chemical shifts are
referenced to the TMS scale. Not applicable (/). Unidentified (-). The error margin of resonance
assignments is typically within 0.5 ppm. The ambiguous assignments due to spectral overlap are
underlined.

Carbohydrates C1l C2 C3 C4 C5 C6 Cell Wall
interior cellulose i 105.7 | 73.2 | 77.9 | 89.8 | 73.3 | 65.1 Col WT
surface cellulose S 105.7 | 73.2 | 77.9 | 85.1 | 76,5 | 62.0 Col WT
interior cellulose i 1052 | 729 | 77.8 | 89.2 | 73.0 | 64.9 qua2
surface cellulose S 1052 | 72.9 | 76.8 | 84.8 | 75.8 | 61.9 qua2
interior cellulose i 1053 | 73.1 | 78.0 | 89.1 | 73.1 | 65.1 tsd2
surface cellulose S 1053 | 73.1 | 76.2 | 85.0 | 76.1 | 62.1 tsd2

X 100.1 | 73.1 - 70.8 | 62.8 / Col WT
xylose of xyloglucan X 99.9 | 729 - 70.7 | 62.5 / qua2
X 99.2 | 72.9 - 71.0 | 62.9 / tsd2
GA 100.1 | 69.8 - - - - Col WT
galacturonic acid GA 100.0 | 69.5 - - - - qua2
GA 100.1 | 69.8 - - - - tsd2
R 100.1 | 79.3 - - 69.8 | 17.6 Col WT
rhamnose R 100.1 | 79.0 - - 69.5 | 17.7 qua2
R 100.0 | 79.1 - - 69.8 | 17.6 tsd2
Gal*® 105.7 | 73.2 | 70.1 - 74.8 | 62.6 Col WT
galactose Gal*P 105.2 | 729 | 72.9 - 74.9 | 61.9 qua2
Gal*P 105.3 | 73.1 | 73.1 - 74.8 | 61.9 tsd2
a - - - - - /
b - - - - - /
c 108.8 | 82.3 - 83.4 | 68.0 /
arabinose d 108.8 | 82.3 - 85.1 | 625 / Col WT
f - - - - - /
g - - - - - /
h 110.3 | 82.3 - - - /
a - - - - - /
b 107.5 - - - - /
c 1085 | 82.1 | 77.8 - 67.9 /
arabinose d 1085 | 82.1 | 77.8 - 62.1 / qua2
f 108.8 | 88.1 - - - /
g 108.8 | 88.1 - - - /
h 1104 | 82.1 | 77.8 - - /
a - - - - - /
b - - - - - /
c 108.8 | 82.3 | 789 | 83.8 | 68.1 /
arabinose d 108.8 | 82.3 | 78.9 - - / tsd2
f 109.0 | 88.8 - - - /
g 109.0 | 88.8 - - - /
h 110.6 - 78.9 - - /
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Table A.2. ¥C-Tiand 'H-Ty, relaxation times of matrix polysaccharides in primary walls
of qua2 and tsd2 mutants as well as wild type. The data are fit using single exponential
equation: I (t) = et/ for 1*C-T1 Torchia CPand *H-Tip,and I (t) = 1 — 2e~/T* for standard
inversion recovery with quantitative DP. Error bars are standard deviations of the fitting

parameters.
'H Ty, (ms) 13C T Inversion Recovery (s) 13C T, Torchia CP (s)
ppm | wild type qua2 tsd2 wild type qua2 tsd2 wild type qua2 tsd2

i/s1 105 5512 15+1 19+1 2.7£0.2 1.9+0.2 1.9+£0.2 | 3.43+0.04 | 2.64+0.05 | 2.75+0.05
GA/R/x1| 100 12.3+0.9 4.2+0.5 6.1+0.5 |0.36+0.02| 0.21+0.02 |0.22+0.02| 0.68+0.06 | 1.1+0.1 1.1+0.1
i4 89 6315 18.9+0.5 | 23.6£0.8 | 3.8x0.4 3.4£0.3 2.9+0.3 | 4.3%0.2 3.4£0.2 3.61£0.2
s4 84 4442 12.7+0.8 | 13.6+£0.8 | 2.5+0.2 1.4+0.2 1.4+0.2 3.3£0.2 2.5%0.07 2.6£0.1
GA4/R2| 79 12.8+0.8 5.9+0.5 6.7£0.6 - - - 1.4+0.2 2.1+0.1 1.8+0.2
i/s3 75 42+2 13.1+0.6 | 14.4+0.9 | 2.3x0.2 1.2+0.2 1.1£0.2 2.8+0.1 | 2.34£0.09 | 2.5%0.1
i/s5 72.5 3912 11.7+0.9 14+1 1.6+0.2 0.9+0.1 0.9£0.1 | 3.17£0.07 | 2.1+0.1 2.3£0.1
GA/R5 69 12.7+£0.9 4.7+0.5 5.1+0.6 |0.45+£0.04| 0.34+0.04 {0.35+£0.04| 0.56+0.08 | 0.9+0.1 0.9+0.1
i6 65 45+3 14+1 16x1 2.5£0.3 0.8£0.1 0.6x0.1 2.7£0.2 2.1+0.2 2.1+0.2
S6 62.5 42+2 11.2+0.7 | 12.3x0.8 | 1.3£0.2 0.5+0.1 1.8+0.3 2.1+0.3 1.5+0.2 1.7£0.2
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Figure D.1. Structural and compositional heterogeneity of secondary cell walls. (a) Two-fold and
three-fold xylan have distinct chemical shifts as shown in 100 ms DARR spectra of Zea mays. The
well-resolved signals of 2-fold and 3-fold xylans are labeled in purple and blue, respectively. (b)
Structural polymorphism of lignin residues. Two subtypes have been resolved for both G and FA
as annotated using superscript a and b. (c) The lignin regions of 2D DARR spectra of the
secondary cell walls of four different plants. Compared with the Zea mays (maize), Arabidopsis
thaliana does not have FA, the Panicum virgatum (switchgrass) has reduced amount of S and the
Oryza sativa (rice) has negligible H signals.
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Figure D.2. Intermolecular interactions of polymers in intact plant stems. The summary bar
diagrams and the gated 2D **C-'3C correlation spectra are shown for (a) Arabidopsis thaliana, (b)
Panicum virgatum (switchgrass), and (c) Oryza sativa (rice). 100 ms spectra (yellow) mainly
detect the intramolecular correlations, and the 1 s (black) spectra show many intermolecular cross
peaks. Note that the FA/G is only G in Arabidopsis. Only the intermolecular cross peaks are
labeled. Source data are provided as a Source Data file.
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Figure D.3. Selection of lignin signals using dipolar and frequency filters. (a) Representative 1D
13C CP spectrum shows predominant signals of carbohydrates. (b) The gated spectrum enhances
the relative intensity of lignins. (c) Gated spectrum with 1 s PDSD mixing time to transfer
polarization from lignins to carbohydrates. (d) DNP-enhanced **C CP spectrum. (e) DNP-assisted
lignin edited spectrum using dipolar and frequency filters cleanly select the lignin signals against
the dominant carbohydrate peaks. (f) DNP-assisted lignin selected spectra with 1 s mixing time.
The selected signals have contributions from all the four major lignin units and is used for
measuring lignin-edited 2D **C-'3C correlation spectra. (g) DNP-assisted single-site selection
using the dipolar and frequency filters. The DNP spectra were measured on a 600 MHz/395 GHz
spectrometer under 10 kHz MAS.
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Figure D.4. NMR pulse sequences for determining lignin-carbohydrate interactions. (a) Gated 2D
13C-13C correlation experiment for detecting lignin-carbohydrate correlations, (b) DNP-assisted
lignin-edited 2D 3C-13C correlation experiment that shows the signals of lignin-proximal
carbohydrates. A shutter is used to regulate the duration of microwave. (c) Water-edited 2D *3C-
13C correlation experiment, (d) 2D 3C-13C correlation experiment with z-filter time for measuring
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Figure D.5. Water-edited 2D *C-'3C correlation spectra of maize. (a) Comparison of 2D water-
edited (orange) and control (black) 3C-13C correlation spectra. The plotting base level is 3-times
higher for polysaccharides than the acetyl region. The blue dash lines indicate the positions at
which the *C cross sections are extracted and compared. The Representative 1D *3C cross sections
are categorized as (b) interior cellulose, (c) surface cellulose and (d) xylan. All the cross sections
are normalized by the i4-6 peak (asterisk). The 3-fold xylan has enhanced intensity in the water-

edited spectra, indicating better interactions with water molecules.
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Figure D.6. Water-to-polysaccharide/lignin buildup curves of Zea mays. (a) Water-edited (WE)
spectra measured with different mixing times. The 4-ms spectrum detects the hydrated molecules
and the 100-ms spectrum report equilibrium intensities. the difference spectrum only shows well-
hydrated molecules, thus are lacking the hydrophobic lignin and cellulose. (b) More than 98% of
cell wall signals are removed by a *H-T- filter in the water-edited spectrum without *H-mixing. (c)
The 100 ms *H-mixing restores the equilibrium intensity in the water-edited 3C spectrum (red)
with a spectral pattern identical to the equilibrium intensity of the CP spectrum (black). (d)
Subtraction of 1D water-edited *3C spectra with 0 (red) and 4 ms (black) helps eliminate the
original signal that survives through the *H-T- filter. The water *H spin diffusion curves for (e)
lignin, (f) cellulose and (g) xylan are shown. Dashlines indicate the intensities of 4-ms spectra.
The best-hydrated 3-fold xylan has the fastest spin diffusion from water, with ~30% of the
equilibrium intensity detected at 4-ms 1H mixing, followed by the 2-fold xylan and surface
cellulose (~25%), and then interior cellulose and lignin (~20%). Lignin and internal cellulose are
most hydrophobic. These intensities are clearly weaker than those of pectin (60-80%) and cellulose
(30-40%) in primary cell walls.
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Figure D.7. Representative *C-T1 and 'H-Ty, relaxation curves for Zea mays. The *C-Ti
relaxation curves of (a) lignin and (b) polysaccharides are shown. (c) H-T1, relaxation curves of
lignin and polysaccharides. The data are collected on a 400 MHz spectrometer and are fitted using

single exponential equations: | (t) =1-¢"™  The fit parameters are summarized in
Supplementary Table 5.8-5.10. Source data are provided as a Source Data file.
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Figure D.8. The dynamical profile of molecules in intact Zea mays stems as resolved using 1D 3C
spectra and NMR relaxations. (a) **C INEPT spectrum shows only the signals of highly mobile
carbohydrates such as the o- and B-glucose. 3C-13C J-couplings can be resolved as shown. (b) *C
DP spectrum measured with 2-s recycle delays detects mobile molecules showing major signals
from glucose, moderate signals of lignins and starch, and minor signals of polysaccharides. (c)
Quantitative 13C DP measured with 40-s recycle delays. (d) The difference of 1*C DP spectra with
35-s and 2-s recycle delays shows signals of the rigid components. (€) *3C CP spectrum detects the
rigid molecules of the cell walls. Substantial signals of lignins are identified in both 2-s DP and
CP spectra, thus lignin is dynamically heterogeneous. (f) 3C-T: relaxation times of lignin and
polysaccharides in four plants. The open and filled bars represent the *C-T: relaxation times
measured using Torchia CP (open) and the standard inversion recovery with quantitative DP
(filled). The CP version preferentially detects the rigid molecules and the DP version provides
quantitative detection. Error bars are standard deviations of the fitting parameters. Lignins show
the highest variation of 1*C-T in the CP and quantitative DP detection, indicating the presence of
both highly mobile and rigid domains.
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Table D.1. Cellulose composition in the primary and secondary cell walls of Zea mays. The
percentages are calculated using the integrated intensities of C4-C1 and C4-C6 cross peaks. The
glucose C6 conformation is an indicator of the hydrogen bonding pattern among glucan chains
within the microfibril®®’. Among the seven major cellulose allomorphs, the internal chains a-e
adopt trans-gauche (tg) conformation while surface residues g and f primarily adopt the gt
conformation, with minor contributions from gg conformers®. The increased intensity of type-c

cellulose, the dehydrated chains in tg conformation

22,98

, indicate conversion of surface chains in

gt/gg conformation into tg conformers on the aggregation interface of two cellulose microfibrils.

crystalline and disordered cellulose

a b c d e f g
coleoptile 9% 11% 3% 8% 2% 31% 36%
stem 9% 19% 6% 5% 1% 27% 34%
crystalline cellulose
a b c d e
coleoptile 27% 32% 10% 24% 6%
stem 22% 47% 15% 12% 4%
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Table D.2. **C chemical shifts of polysaccharides and lignins in secondary plant cell walls. Superscripts are used to denote different
allomorphs. Underline denotes the 3C connectivity with ambiguity. Weak signals or minor species are indicated using “w.” Not
applicable (/). Unidentified (-).

Lignins Cl Cc2 C3 C4 C5 C6 OMe | C7 C8 C9 Plant
H p-hydroxyphenyl 131.0 | 126.9 | 116.0 | 159.4 | 116.0 | 126.9 / / / / Z. mays
H 130.2 | 127.0 | 116.3 | 159.5 | 116.3 | 127.0 / / / / P. virgatum
G? 130.1 | 113.8 | 1485 | 1485 | 1150 - 56.1 / / / Z. mays
GP guaiacyl 134.6 - 1485 | 1485 - - 56.1 / / / Z. mays
G? 132.1 | 1145 | 146.2 | 146.2 | 1145 - 56.7 / / / A. thaliana
GP 134.8 | 1115 | 1474 | 1474 | 1158 | 1204 | 56.7 / / / A. thaliana
G 132.7 | 113.3 | 148.4 | 148.4 - 120.5 | 57.0 / / / P. virgatum
G 131.6 - 148.2 | 148.2 | 1155 | 119.6 | 56.9 / / / O. sativa
S syringyl 136.5 | 104.1 | 153.1 | 134.3 | 153.1 | 104.1 | 56.1 / / / Z. mays
S 136.2 | 105.5 | 152.7 | 1345 | 152.7 | 105.5 | 56.7 / / / A. thaliana
S 1375 | 1049 | 153.4 | 133.5 | 153.4 | 1049 | 57.0 / / / P. virgatum
S 135.3 - 153.4 | 133.3 | 1534 - 56.9 / / / O. sativa
FA? ferulate 126.0 | 114.7 | 147.8 | 147.8 | 114.7 | 1304 | 56.5 | 147.8 | 116.0 | 168.8 Z. mays
FAP 126.3 | 1150 | 1455 | 1455 | 1150 | 130.6 | 56.4 | 1455 | 116.3 | 168.0 Z. mays
FA 128.9 - 148.0 | 148.0 - - 57.0 | 148.0 - 169.4 P. virgatum
FA 129.0 | 1155 | 1479 | 1479 | 1155 | 1274 | 56.9 - 116.7 | 169.7 0. sativa
Polysc. Cl C2 C3 C4 C5 C6 | AC© | ACMe
Xn?f 2-fold xylan - - 744 | 827 | 649 / - - Z. mays
Xn?f 2-fold xylan 105.1 | 725 | 735 82.3 64.6 / 1740 | 21.0
Xn?f 2-fold xylan 105.1 | 725 | 74.0 81.5 64.0 / - -
Xn3f 3-fold xylan 1025 | 735 | 745 78.0 62.5 / 174.0 | 21.0
Cellulose Cl Cc2 C3 C4 C5 C6
i type a 1058 | 715 | 75.8 89.1 725 | 64.9 Z. mays
i type b 105.1 | 729 | 741 89.1 725 | 65.0
i type ¢ 1042 | 711 - 87.9 - 65.8
i type d 1054 | 728 | 752 | 872 | 725 | 649
i type e (w) 1054 | 72.1 - 89.9 72.1 | 65.3
s type f 105.2 | 72.7 | 75.8 84.3 754 | 625
S type g 106.1 | 73.0 | 73.1 83.5 746 | 615
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Table D.3. Relative intensities of intermolecular cross peaks of Zea mays. The intensities are
relative ratios of the peak area normalized by the integral of a 3C cross-section. For gated 1-s
PDSD peaks higher than 5% are categorized as strong restraints (s, in bold), >2.5% for medium
(m) restraints and below 2.5% for weak (w) restraints. All the peaks in the gated 100-ms PDSD
spectrum are strong restraints. In total, 74 restraints are identified, including 26 strong restraints,
24 medium ones and 24 weak restraints.

Atom1 (1) Atom2 (w2) Gated 100 ms Gated 1s PDSD | Type
PDSD (%) (%)

S/G/FAOMe i4 0.69 w
S3/5 i4 2.66 m
lignin-cellulose S3/5 16 1.91 3.44 S
S/G/FAOMe s4 0.79 1.25 S
S3/5 S6 1.27 2.19 S
FA9 s4 2.21 W
AcMe i4 0.79 w
xylan-cellulose AcMe s4 2.01 w
Act© i4 0.50 w
AccP s4 1.90 w
S/G/FAOMe H4 0.63 w
H1,G1 FA9 4.57 m
H1,G1 G3/4,FA3/4 7.84 s
H1,G1 S2/6 5.13 S
S4 FA9 5.37 S
S4 H3/5,FA8,G5 5.42 S
S1 G3/4,FA3/4 481 m
G3/4,FA3/4 S3/5 7.25 S
G3/4,FA3/4 S4 5.57 S
lignin-lignin S3/5 FA9 2.71 m
S3/5 H4 1.49 w
S3/5 G3/4,FA3/4 3.54 m
S3/5 H1,G1 2.84 m
S3/5 H2/6 3.31 m
H4 S3/5 4.40 m
H4 G3/4,FA3/4 4.20 m
FA9 S3/5 2.27 w
AcMe S3/5 0.83 w
AcMe S4 0.66 w
S4 AcMe 3.49 m
S1 Xn13f 8.46 S
S1 Xn4?f 3.66 m
S1 Xn2/33%f Xn3% 5.96 s
syringyl-xylan S3/5 Acc® 1.60 w
S3/5 Xn13f 5.77 S
S3/5 Xn4?f 2.88 5.49 S
S3/5 Xn43f 3.09 m
S3/5 Xn2/3% Xn3% 4.40 7.57 s
S3/5 Xn523f 2.58 5.57 S
S3/5 AcMe 3.25 m
AcC© S3/5 0.47 w

(table cont'd.)
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aoml @) | Aem2@) | Speppe | ey o | P
H4 Xn4? 4.18 m
H4 Xn4sf 1.99 w
p-hydroxyphenyl-xylan H4 Xn2/3% Xn3% 2.47 17.40 S
H4 Xn52H3f 7.36 S
H4 AcMe 5.33 S
Act® H2/6 0.46 w
AcMe FA9 1.19 w
FA9 Act® 2.65 m
ferulate-xylan FA9 Xn4? 3.22 m
FA9 Xn2/3% Xn3% 5.93 27.46 S
FA9 Xn52H3f 12.04 S
FA9 AcMe 4.65 5.00 S
AcMe S/G/FACMe 2.09 w
S/G/FACMe Act® 1.28 w
S/G/FACMe Xn4?f 1.48 2.76 S
OMe-xylan S/G/FACMe Xn4f 0.94 2.33 S
S/G/FACMe Xn52hsf 1.99 10.26 S
S/G/FACMe AcMe 3.00 m
Act® S/G/FACMe 3.07 m
AcMe G3/4,FA3/4 0.48 w
G3/4,FA3/4 Xn4?f 2.63 m
G/FA (ring)-xylan G3/4,FA3/4 Xn4f 2.54 m
G3/4,FA3/4 Xn52hsf 4.23 m
G3/4,FA3/4 AcMe 5.18 S
AcMe H2/6,FA1,G5 1.14 W
AcMe H3/5,FA8,G5 2.26 W
H2/6,FAL Xn2/3% Xn3 5.16 S
H2/6,FAL Xn52hsf 3.91 m
lignin (mixed)-xylan H2/6,FA1 AcMe 2.33 w
ActC H3/5,FA8,G5 1.58 W
H1,G1 Xn52hsf 2.68 m
H1,G1 AcMe 3.13 m
Ac® H1,G1 0.46 W
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Table D.4. Relative intensities of intermolecular cross peaks of Arabidopsis thaliana. The
intensities are relative ratios of the peak area normalized by the integral of a *3C cross-section. For
gated 1-s PDSD, a peak higher than 5% is categorized as a strong restraint (s, in bold), >2.5% for
medium (m) restraints and below 2.5% for weak (w) restraints. All the peaks in the gated 100-ms
PDSD spectrum are strong restraints. In total, 62 restraints are identified, including 23 strong
restraints, 16 medium ones and 23 weak restraints.

Atom1 (1) Atom2 (w2) 100 ms Gated | 1s Gated PDSD Type
PDSD (%) (%)
S/GOMe i4 1.70 1.01 S
S/GOMe s4 1.48 2.19 S
S4 i4 2.10 w
S4 s4 4.39 m
G/S-cellulose s1 i 211 W
S3/5 i4 1.05 w
S3/5 s4 4.33 m
S3/5 i6 2.53 m
AcMe i4 1.06 w
xylan-cellulose Ao ?4 0.62 4.73 S
Acc0 i4 1.65 w
Act® s4 1.79 w
S4 G3/4 5.31 5.94 S
G3/4 S3/5 1.04 1.47 S
G3/4 S4 1.09 1.68 S
lignin-lignin G3/4 S2/6,Xn1%f 3.72 m
S3/5 G3/4 431 2.59 S
S3/5 G6 3.02 m
S3/5 G2 0.78 w
AcMe Gl 0.50 w
Gl ActC 5.37 S
Gl Xn52hsf 5.34 S
Gl AcMe 5.83 S
Acc0 G3/5 0.63 w
Acc0 Gl 0.45 1.53 S
Ac®0 G5 0.34 w
Guaiacyl (ring)-xylan Ac®0 G2 0.46 w
G3/4 ActC 4.46 m
G3/4 Xn4? 411 m
G3/4 Xn4sf 1.73 w
G3/4 Xn52hsf 0.89 8.42 S
G3/4 Xn2/3%:3f Xn3sf 19.52 S
G3/4 AcMe 3.43 m
AcMe G3/4 1.00 w
AcMe S1 0.50 w
AcMe S4 0.74 w
S4 AccO 4.13 m
S4 Xn1f 1.93 w
syringyl-xylan S4 Xn2/32%3F Xn3%f 11.68 s
S4 Xn4sf 6.70 S
S4 Xn52hsf 6.81 S
S4 AcMe 3.10 m

(table cont'd.)
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Atom1 (m1) Atom2 (©2) 1?;%2;%}:; d |1 Gat(%z)PDSD Type
S1 AcC0 6.77 S
S1 Xn4# 4.29 m
S1 Xn52hs3f 4.14 m
S1 AcMe 3.22 m
S3/5 AcC0 2.07 w
S3/5 Xn4# 2.51 m
syringyl-xylan S3/5 Xn4sf 1.97 w
S3/5 Xn52hs3f 2.37 5.75 S
S3/5 Xn2/3%:3f Xn3s3f 20.69 S
S3/5 AcMe 5.26 S
AcC0 S3/5 0.57 w
AcC0 S1 0.59 w
AcCO S4 0.86 w
S/GOMe AcC0 4.55 m
S/GOMe Xn13f 2.23 w
S/GOMe Xn4?f 2.05 w
OMe-xylan S/GOMe Xn43f 2.02 1.90 S
S/GOMe Xn2/3253f X33 3.89 18.07 S
S/GOMe Xn52h3f 2.04 7.06 S
S/GOMe AcMe 2.62 m
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Table D.5. Relative Intensities of intermolecular cross peaks of Panicum virgatum. The intensities
are relative ratios of the peak area normalized by the integral of a *3C cross-section. For gated 1-s
PDSD, a peak higher than 5% is categorized as a strong restraint (s, in bold) and >2.5% for medium
(m) restraints and below 2.5% for weak (w) restraints. All the peaks in the gated 100-ms PDSD
spectrum are strong restraints. In total, 59 restraints are identified, including 19 strong restraints,

13 medium ones and 25 weak restraints.

Atom1 (1) Atom2 (w2) Gated 100 ms Gated 1s PDSD | Type
PDSD (%) (%)
S/G/FACMe i4 1.76 w
H1,G1 i4 1.46 w
H4 i3 11.06 S
lignin-cellulose H4 i6 2.60 w
G3/4,FA3/4 i4 2.17 w
S/G/FACMe s4 2.85 w
S3/5 s4 3.28 m
AcMe i4 0.94 w
xylan-cellulose AcMe s4 2.60 m
Act® i4 0.70 w
Act® s4 4.00 m
S1 G2 3.45 m
S1/4 H1,G1 6.34 S
S3/5 G3/4,FA3/4 1.98 w
S3/5 Gl 2.19 w
S3/5 H2/6 2.25 w
lignin-lignin S3/5 H3/5 3.80 m
S4 FA3/4 3.45 m
G3/4,FA3/4 H3/5 5.97 s
FA6 S1 5.46 2.42 S
FA6 H3/5 1.16 w
FA6 G2 1.22 w
FA9 H3/5 1.53 w
guaiacyl-xylan AcMe G6 0.46 w
AcMe S3/5 0.73 w
S1 AcMe 5.46 s
S3/5 Xn1# 7.55 S
S3/5 ACCO 2.47 w
syringyl-xylan S3/5 Xn52H3f 11.35 S
S4 Xn1# 7.39 S
S4 Xn4? 7.56 S
S1 Xn4# 2.55 m
S1 Xn1# 2.95 m
ACCO S4 0.19 w
ACMe H3/5 0.93 w
p-hydroxyphenyl-xylan ACE® H4 0.39 w
H4 Xn2/33f Xn2% 11.06 S
H4 Xn5°%f 1.89 w
AcMe FAG6 1.57 w
ferulate-xylan AC® FAB 0.24 W
FAG6 ACCO 3.71 m
FA6 Xn43f 7.05 S

(table cont'd.)
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Aoml 1) | Aom2@) | Ssan o’ | e o | TP
ferulate-xylan FA9 Xn52at 6.48 s
FAB AcMe 6.14 4.21 s
S/G/FACme ActP 3.70 m
S/G/FACme H3/5 2.66 m
OMe-xylan S/G/FACme Xn32"3f 12.35 S
S/G/FACme Xn52"3f 6.23 S
S/G/IFACme ACMe 0.30 2.59 s
AcMe G3/4,FA3/4 0.63 w
G3/4,FA3/4 Xn1?% 3.23 8.96 S
G3/4,FA3/4 Xn32" 3 11.83 S
G/FA (ring)-xylan G3/4,FA3/4 Xn5% 8.03 S
G3/4,FA3/4 AcMe 491 m
G3/4,FA3/4 ActP 2.66 m
G3/4,FA3/4 Xn4? 2.17 w
H1,G1 Xn5%/i6 4.04 m
lignin (mixed)-xylan H4 S2/6,Xn1%,i1 4.72 m
AC° H1,G1 0.72 w
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Table D.6. Relative Intensities of intermolecular cross peaks of Oryza sativa. The intensities are
relative ratios of the peak area normalized by the integral of a 3C cross-section. For gated 1-s
PDSD, the peaks higher than 5% are categorized as strong restraints (s, in bold) and 2.5% for
medium (m) restraints and below 2.5% for weak (w) restraints. All the peaks in the gated 100-ms
PDSD spectrum are strong restraints. In total, 39 restraints are identified, including 19 strong
restraints, 13 medium ones and 7 weak restraints.

Atom]1 (1) Atom?2 (wy) Gated 100 ms | Gated 1s PDSD Type
PDSD (%) (%)
S/G/FACMe s4 0.91 3.32 S
lignin-cellulose G3/4,FA3/4 . s4 3.23 m
S1 13,53 17.2 S
S3/5 s4 4.63 m
xylan-cellulose AcMe s4 0.95 3.68 S
FAG G6 6.47 S
lignin-lignin S1 FA9 2.80 m
S3/5 G3/4,FA3/4 1.78 11.67 S
S3/5 FAl 8.04 S
S3/5 G5,FA2/5 6.48 S
Gl Act® 3.16 m
guaiacyl-xylan G1 Xn3% Xn2/3% 8.02 S
Gl AcMe 1.50 W
S3/5 Act® 0.63 w
S3/5 Xn52h3f 8.60 S
syringyl-xylan S3/5 Xn3% Xn2/3% 21.71 S
S1 Xn52h3f 4.95 m
Ac®0 S4 2.54 m
AcMe Sl 251 m
FA9 Xn%4 2.73 m
FAG6 Act® 5.57 S
ferulate-xylan FAG6 Xn3% Xn2/3% 13.37 S
FAG6 Xn?35 6.05 S
FAG6 AcMe 3.24 m
Ac® FA6 1.14 W
S/G/FACMe Act® 2.04 3.40 S
S/G/FACMe Xn3% Xn2/3% 0.43 17.51 S
Ome-xylan S/G/FACMe ACMe 1.10 W
Ac®0 S/G/FACMe 3.00 4.47 S
AcMe S/G/FAC™e 3.01 m
G3/4,FA3/4 Act® 2.13 W
G3/4,FA3/4 Xn52h3f 7.55 S
G3/4,FA3/4 Xn3% Xn2/3% 16.96 S
G3/4,FA3/4 ACMe 2.50 m
G/FA (ring)-xylan G3/4,FA3/4 Xn1?f 6.86 S
AcCO G3/4,FA3/4 2.40 W
AcCO G5,FA2/5 3.08 m
AcMe G3/4,FA3/4 1.22 W
AcMe FA2/5,G5 3.39 m
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Table D.7. Water-edited intensities of polysaccharide cross peaks from 2D *C-'3C correlations
spectra. The relative intensities are obtained by comparing the water-edited and control spectra.
Error bars are standard deviations propagated from NMR signal-to-noise ratios.

Type cross peaks Intensities Type cross peaks Intensities
i4-120 0.46+0.08 s4-19 0.43+0.02
i4-32b 0.54+0.04 s4-2/5f 0.46x0.04
i4-2/52b 0.38+0.04 s4-s5¢ 0.54%0.04
i4-62P 0.38+0.08 54-2f 4-2/39 0.46x0.04

Interior i6-12.bcd 0.35+0.04 Surface s4-6f 0.41+0.02

cellulose i6-420 0.35+0.04 cellulose s4-69 0.5%0.1
i6-4¢cd 0.36+0.01 s6-1"9 0.54+0.08

i6-3%0d 0.42+0.04 $6-479 0.50+0.01

i6-3¢ 0.38+0.04 $6-2/5f 0.57+0.01

i6-2/5%04 j5-2¢ 0.35+0.08 $6-2,56-2/39 0.58+0.08

Xn#4-1 0.42+0.04 X2t AcMe Xn3fAcMe-2, Xn2fAcMe-2/3  0.54+0.08

Xn%4-3° 0.54+0.04 Xn2h3fAcMe.5 0.9+0.2

Xn?4-3 0.58+0.04 FA8-9 0.3+0.2

Xn?4-2 0.6040.03 FA1-3/4 0.2+0.1

- Xn%4-5 0.43+0.02 FA3/4/7-9 0.120.1
Xn?3-1 0.5+0.2 FAOCme.g 0.1+0.1
Xn?3-4 0.7+£0.1 H1-4 0.4+0.2
Xn?3-5 0.5+0.2 Liani H5-4 0.2+0.1
Xn?5-1 0.420.2 'gnin H2-4 0.240.1
Xn?'5-4 0.46%0.08 H3-2 0.3+0.1

2 AcMe XnZAcMe-1 0.300.02 S4-3 0.120.1
XnZAcMe-4 0.34+0.02 S2/6-3/5 0.2+0.1
Xn32/3-1 0.8+0.2 SOme_2/6 0.3+0.2
Xn32/3-4 1.0+0.2 SOme_5 0.1+0.1

Xnf Xn32/3-5 0.5+0.1 FA5-3/4,G5-3/4 0.2+0.1
Xn35-1 0.7+£0.2 G1-3/4,FA6-3/4 0.1+0.1
Xn3'5-4 0.7+0.1 Lignin FA8-1,H5-2 0.3+0.1

Xn3TAcMe-1 0.31+0.08 (mixed) FAOMe_3/4 GOMe_3/4 0.1+0.1
Xn3fAcMe Xn3AcMe-5 0.46%0.04 HOme_5 GOme.5 FACMe.5 0.1+0.1
Xn3AcMe-3 0.5+0.2 GOme_1,SOme_4 0.1+0.1
3 Xn#35-3 0.50+0.08
XnTIXnT oo/ Xnd5-2  0.42+0.04
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Table D.8. 13C-T; relaxation times of polysaccharides in the hydrated secondary cell walls of four plants. The experiments are measured
using Torchia CP or the standard inversion recovery with quantitative DP. The data are fit using single exponential equation:

| (t) =1-gV . Error bars are standard deviations of the fitting parameters. Ar stands for the arabinose, GA stands for galacturonic acid,
GlIcA stands for glucuronic acid, and R stands for rhamnose, the other names are consistent with that from the main figures.

Zea mays Arabidopsis thaliana Panicum virgatum | Oryza sativa

Atom | T1,CP | Atom | T1,DP | Atom | T1,CP | Atom |T1,DP| Atom | T1,CP | Atom | T1,DP | Atom | T1,CP | Atom |T1, DP

epm) | () [ (ppm) | (9) epm) | () [(epm)| () |[(pm)| () |(ppm)| () [(EPm)| () [(ppm)| (5)
FA9 168 | 4.6+0.2 | 168 | 0.9+0.3 - - - - 169 | 3.4+0.7 | 169 | 2.0+0.4 - - - -
H4 160 | 4.7+0.2 | 159 | 1.6+0.3 - - - - 159 | 2.8+0.7 | 159 | 1.5+0.2 - - - -
S3/5 154 4,940.2 154 2.8+0.4 153 3.7+0.2 153 [1.1+0.4| 152 4.3+0.7 153 2.8+0.3 - - -
G3/4,FA3/4| 149 | 5.2+0.3 | 149 | 2.4+0.3 | 149 | 3.7+0.1 | 149 |2.7+0.4| 149 | 4.3+0.7 | 149 | 1.7+0.2 | 148 | 3.2+0.3 | 148 |2.6+0.3
S1 138 - - - - - 136 |1.4+0.2| 138 | 2.8+0.5 | 137 | 1.3+0.2 - - - -
S4 134 | 4.8+0.3 | 134 | 2.1+04 | 134 | 2.8+0.2 | 133 |1.3+0.2 - - 135 | 1.4+0.2 | 134 | 2.9+0.2 | 134 |1.7+0.1
H1,G1 131 | 45+0.2 | 131 | 0.9+0.2 | 131 | 1.9+0.1 | 130 |0.9+0.1| 130 | 2.3+0.2 | 130 |0.64+0.06| 130 | 2.7+0.2 | 130 [1.3+0.1
FAG6 129 | 5.1+0.2 | 129 | 0.9+0.1 | 129 | 1.8+0.1 | 129 |0.8+0.1| 129 | 2.3+0.2 | 129 |0.69+0.07| 128 | 2.8+0.2 | 128 |2.1+0.4
FA1,H2/6 | 127 | 55+0.4 | 126 | 1.8+0.4 | 127 | 1.7+0.1 - - - 126 | 1.4+0.3 | 126 | 2.9+0.2 - -
H5 117 | 4.8+0.2 | 117 | 1.9+0.3 | 116 | 3.4+0.1 | 117 |1.9+0.3| 117 | 3.0+#0.2 | 116 | 1.1+0.1 | 117 |2.82+0.06| 117 |2.6+0.3

FAC/)E,';e/S_ 56 | 2.6x04 | 56 1.5+0.3 56 1.8+0.2 | 57 |2.2+0.3| 57 1.3+0.2 57 1.5+0.2 57 1.4+0.2 57 ]1.9+0.2
i/s’Xn?1 | 105 |3.62+0.08| 105 | 2.7+0.2 | 105 |3.82+0.06| 105 |3.4+0.2| 106 |3.20+0.05| 105 | 2.8+0.2 | 105 |3.40+0.07| 105 |3.1+0.2
i4 89 14.00+0.07| 89 | 3.9+04 | 89 [4.41+0.04| 89 |45+0.2| 89 |3.70+0.05| 89 3.4+03 | 89 |4.01+0.06] 89 |[3.7+0.2
s4 85 |3.51+0.08| - - 84 |3.55+0.09| 83 |2.2+0.3| 85 |[2.84+0.09| - - 85 | 3.1+0.1 85 |2.7x0.3
i/s6 65 | 29403 | 65 | 2.6+0.2 65 | 3.2+0.2 65 |3.0£0.3| 65 2.2+0.2 64 1.2#01 | 65 | 2.9+0.2 65 |2.8+0.3
s6 62 1.840.3 | 61 |0.36+0.04| 62 24+04 | 62 [1.5+0.2| 63 1.7+0.2 62 0.840.1 | 63 1.8+0.2 63 |1.5+0.2

Arl 108 | 3.0+0.3 | 108 | 2.6+0.3 - - 108 (0.6+0.1| - - 109 | 1.0+0.1 | 108 | 1.7+0.2 | 108 |1.8+0.2
Xn3f1 103 | 2.1+0.2 | 103 | 1.6+0.2 | 102 | 2.4+0.2 | 102 |1.8+0.3| 103 | 1.1+0.1 | 103 |0.83+0.08| 103 | 1.8+0.1 | 103 |1.3+0.1
GA/R1 101 | 2.4+0.2 | 101 |0.47+0.09| 101 | 1.9+0.2 | 101 |1.1+0.2| - - - - - - 100 |0.7+0.2
GlcAl 98 - 99 | 3.2+0.6 98 15+0.2 | 98 |0.7+0.1| - - 97 10.64+0.06| - - -
Xn24 82 | 28403 | 82 |0.49+0.04| 82 | 3.4+0.1 | 82 |1.7+0.3| 82 2.0+0.2 81 0.9+0.1 | 82 2.1+0.2 82 [1.2+0.5

GA2,R4 68 | 0.9+0.2 | 68 1.4+0.1 69 | 0.9+0.1 69 (1.2#0.2| - - 68 |0.71+0.09| - - - -

-- 54 - 54 | 0.9+0.2 54 11.02+0.08| 54 |1.2+0.2| 54 | 0.7#0.1 | 54 1.1+0.1 - - -

Xn?BfACMe| 22 | 4301 | 22 2.1+0.2 21 | 3.0+0.2 21 |1.9+0.2] 21 2.2+0.2 21 ]1.19+0.09] 21 1.8+0.3 21 ]1.1+0.1
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Table D.9. *H-T, relaxation times of polysaccharides in the hydrated secondary cell walls of four plants. The data are fit using single
exponential equation: | (t)= e ™ Error bars are standard deviations of the fitting parameters.

Zea mays Arabidopsis thaliana Panicum virgatum Oryza sativa
Atom T1 (ms) Atom T1 (ms) Atom T1 (ms) Atom T1(ms)
(ppm) (ppm) (ppm) (ppm)
FA9 169.2 4.610.5 168.9 - 169.8 3.7£0.3 168.0 -

H4 160.4 4.2+0.6 160.4 - 160.4 - 159.0 -
S3/5 153.4 4.6+0.4 152.5 13+1 152.8 3.9+0.4 153.0 -
G3/4,FA3/4 147.5 3.5+0.3 148.6 1241 148.1 4.8+0.3 148.0 5.4%£0.3

H1,G1 130.4 3.1+0.2 130.7 4.2+0.3 130.0 3.3+0.2 129.6 4.5+0.2
FAG6 128.9 2.410.2 128.9 - 128.5 3.0£0.2 128.0 4.7+0.2
FA1,H2/6 127.3 1.9+0.3 127.3 - 127.3 - 126.3 4.5+0.2
H5 116.6 4.1+0.3 116.6 - 116.8 3.6£0.3 116.5 4.7£0.2

FA/S/G-Ome 57.0 - 57.0 8.4+0.8 56.8 5.7£0.5 57.0 9+1
i/s/Xn1% 105.0 22.6+0.7 105.0 41+2 105.0 27.4+0.7 105.1 22.7+0.7
i4 89.0 26.9+0.6 89.0 4412 89.0 26+1 88.9 27.1+0.7
s4 84.5 20.7£0.7 84.1 33+2 84.5 20+1 84.5 20.4+0.8

i/s6 64.8 15.2+0.9 65.2 35+3 64.8 18+2 65.0 17+1

s6 61.5 15+1 62.5 30+3 62.7 1541 62.5 1441
Arl 108.0 - 108.0 - 108.0 - 108.2 7.9+0.8
Xn13f 102.2 7.1£0.7 102.2 - 102.0 4.6+0.4 103.0 5.8+0.6
GA/R1 100.2 - 100.2 - 100.2 - 100.2 1.7£0.2
Xn4?f 82.0 - 82.0 - 81.8 10.3+£0.9 82.5 7.9+0.9
GA2,R4 68.3 - 68.3 - 68.3 - 68.3 2.6+0.3
Xn#3-ACMe 21.0 - 21.0 171 21.5 7.4+0.6 - 6.2+0.7
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Table D.10. ¥C-T; relaxation times of polysaccharides in dried and hydrated Zea mays. The data
are obtained by measuring a series of 2D *C-13C correlation spectra with various z-filter time. The

N . . -4, .
data are fit using single exponential equations: | (t) Sk . Error bars are standard deviations
of the fitting parameters.

Type Cross peaks Dry T1 (s) Hydration T1 (s)
i5-1 45+0.3 3.5+0.2
i3-4 4.2+0.3 2.8+0.4
i2/5-4 4,2+0.2 3.7+0.2
i4-1 4,7+0.2 3.2+0.4
il-4 4,0+0.2 3.2+0.3

Inteior 05 50203 37202

. i6- .0+0. 7+0.
cellulose (i) i5-2 3.5£0.1 3.940.1
i5-6 5.0+0.3 3.9+0.1
i14-6 45+0.2 3.7+0.4
i4-2/5 3.6x0.1 3.8+0.2
i6-4 3.7+0.4 3.5+0.4
13-4 4.3+0.4 2.5+0.5
$6-3/5 4,3+0.3 3.0+0.3
s4-1 4,2+0.3 3.4%0.2
s4-3 3.9+0.2 3.08+0.09
s4-5 4,2+0.3 3.7+0.2
s1-6 4.3+0.2 3.9+0.1
Ciflrjf‘gsee s1-4 4.10.3 3.2+0.3
(s) s4-6 4,2+0.3 3.9+0.2
s4-6 4,3+0.3 3.1+0.2
S6-4 4.2+0.4 2.8+0.3
s3/5-4 4,0+0.3 3.2+0.3
s2-3/5 3.9+0.3 3.4+0.2
s2-4 3.6+0.4 3.2+0.3
i/s i3-1,53/5-1 4.3+0.3 3.7+0.4
i1-3,51-3/5 4.0+0.3 3.620.2
Xn2h3f1-ACMe 2.3+0.6 3.1+0.6
XnZfg-ACMe 41+0.4 3.5+0.6
Xn2h3f3-ACMe 4.4+0.5 3.4+0.5
Xn2f3-ACCO Xn32/3-ACCO 4,7+0.3 2.9+0.5
Xn2h3f6-ACCO 3.0+0.6 2.710.5
Xn XnZ5-4 41+0.1 2.710.6
Xn3¥5-1 4,1+0.3 2.6+0.4
Xn25-ACMe 2.9+0.4 2.5+0.3
Xn23t3-ACMe 4.3+0.7 3.2+0.3
Xn23f3.ACCO 4.0+0.4 2.8+0.6
Xn#5-ACCO 3.8+0.4 3.2+0.4
Xn#4-5 45+0.2 4,9+0.3
Xn35-2,56-2 4,27+0.08 2.810.3
Xn#2-1,i2/5-1,52-1 4,0+0.3 3.9+0.2
Xn#1-3,51-3 4,1+0.3 4.07+0.03
Xnlils Xn372-5,52-6 4.5+0.2 4.7+0.5
Xnf2-5i2-6 45+0.2 4,7+0.2
Xn33-5,53/5-6 4,7+0.2 3.1+0.1
Xn#5-2,i6-2/5 4.6+0.4 4,2+0.2

(table cont'd.)
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Type Cross peaks Dry T1 (s) Hydration T1 (s)
H2/6-4 8.8+0.9 3.540.5
FAL1-3/4 6.1+0.5 4.5+0.3
S1-3/5 7.31£0.7 5.7£0.5
S3/5-1 6.3+0.6 3.0+0.1
Lignin FA3/4-1 7.8+0.6 4.8+0.3
H4-2 8.9+0.9 4.5+0.4
FA2/5-9 7.7+0.4 5.2+0.4
H3/5-4 8.9+0.3 4.5£0.3
G5-3/4,FA5-3/4 7.3+0.3 5.5+0.5
G3/4-5,FA3/4-5 7.510.4 4.8+0.3
H4-3/5 7.31£0.3 4.9+0.3
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APPENDIX F. SUPPORTING INFORMATION FOR CHAPTER 6

F.1. Supplementary Methods.
F.1.1. Isotope Labeling.

Plant samples from eucalyptus, poplar, and spruce were produced under identical growth
conditions in custom-designed, air-tight, high-irradiance labeling chambers of the Experimental
Soil Plant Atmosphere System at IsoLife (Wageningen, The Netherlands). Under regulated
environmental conditions, these plants were grown hydroponically in a closed atmosphere
containing 97 atom% *CO, from germinated seed or rooted stem cutting till harvest:
photosynthetic photon flux density (PPFD) 800 pmol m2 s (top of plants); CO2 concentration
(Day); 400 ppm (v/v); 15 h (eucalyptus), 21 h (poplar), and 16 h (spruce) day lengths; day/night
temperature of 22/16 °C (eucalyptus), 22/15 °C (poplar), and 24/20 °C (spruce). The day/night
relative humidity is 75/75% for eucalyptus, 70/80% for poplar, and 70/75% for spruce. Minerals
and water were supplied as aerated modified Hoagland nutrient solutions with micronutrients and
iron%83% maintaining nitrogen concentration between 25 and 200 mg/L; pH close to 5; EC
between 0.4 — 0.7 mS/cm; 25% of total nitrogen was supplied as ammonium. Plant shoots were
dissected into leaves and stems after removing the plants from the growth chamber. After freeze-
drying, these plant stems were kept stored at -20°C, in the dark with silica-gel drying bags. All
plants were rehydrated for solid-state NMR analysis.

F.1.2. Effects of Plant Age on Cell Walls.

Given our ever-increasing knowledge on plant secondary cell wall, impacts of the plant
age at which the material is harvested relative to its natural growth cycle can be considered. Our
6.5-months old poplar can be put in perspective of 3-, 6- and 18-month-old poplar samples reported

in literature?®. Overall, there is no significant change in cellulose to hemicellulose proportions,
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and cellulose crystallinity has become a stable parameter after 6 months. However, a slight increase
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Figure F.1. 2D C-13C spectra of polysaccharides in softwood and hardwood. a) 2D *3C-*C RFDR
spectra showing the rigid components of eucalyptus, poplar, and spruce. Uniquely, spruce has
mannan and arabinose signals in the CP-based RFDR spectrum. b) 2D *C DP J-INADEQUATE
spectra of eucalyptus, poplar, and spruce. The combination of **C DP with a short recycle delay
of 2 s selectively detects the mobile molecules. Arabinose (A) signals dominate the spectra, and
the four major types of arabinose are distinguished by the superscript, from A? to A%. The carbon
connectivity of arabinose is highlighted by yellow lines. Poplar has relatively weak signals of
arabinose. The *3C chemical shifts are summarized in Supplementary Tables 1 and 2.

lignin content with age has been consistently reported for both poplar and eucalyptus®*®. Solution

NMR data have demonstrated that lignin structure undergoes substantial evolution over a longer

period of time, in both unit nature. For example, S lignin is deposited at later stages and the
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proportions of different linkage types. In-depth analyses of polysaccharide structure, lignin

composition and linkage types, the consequential effect on lignocellulose architecture is thus of

significant interest for future solid-state NMR research.
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Figure F.2. Cellulose bundling models that violate the NMR constraints. The cartoon illustrations
include a and b) two elementary microfibrils, c) four elementary microfibrils, and d) five
elementary microfibrils. Each elementary microfibril is depicted to contain 18 glucan chains
following the current biochemical evidence?>2%, The number of hydrophobic surface chains (s?),
hydrophilic surface chains (sf), middle layer internal chains (i*®), and the deeply embedded core
chains (i°) are labeled®?%, The matrix polymers are added to better fit the NMR constraints, but
major violations still exist for all these models.
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Figure F.3. Lignin distributed in the mobile and rigid phases. The top row is the quantitative-
detected DP (orange), mobile molecule detected DP, rigid component detected CP spectra of a)
eucalyptus, b) poplar, and c) spruce. All the three difference spectra of 13C DP spectra with long
and short recycle delays showing peaks of the rigid components, are comparable to the
corresponding CP spectra. Both 2-s DP and CP spectra give well-resolved aromatic peaks,
indicating dynamically heterogeneous lignin components. The bottom row is DP-PDSD spectra
(1.7s recycle delay) of d, eucalyptus, €) poplar, and f) spruce. Abundant signals of aromatics and
linkers are identified, suggesting that these linkers are also revolved at mobile phases of lignin.
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Figure F.4. Solution NMR of lignin and polysaccharides in woody stems. 2D H-13C HSQC spectra
showing selected regions of a) mainly lignin signals and b) mainly polysaccharide peaks.
Arabinose (Ara) is more predominant in spruce than in eucalyptus and poplar. ¢) Full HSQC
spectra of the three samples. The *C and H chemical shifts are documented in Supplementary

Table 4 and supported by a literature surveil compiled in Supplementary Table 5.
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—— Experimental

—— Simulated

—— Attributed resonance
—— Unassigned resonance

Eucalyptus Poplar Spruce

iisiXn1?
iIs/Xn1?
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G chemical shift (ppm) *C chemical shift (ppm) “C chemical shift (ppm)

20 100

Figure F.5. Spectral deconvolution reveals the lignin composition. Deconvolution is conducted on
1D quantitative *C DP spectra collected with long recycle delays of 35-40 s. The experimentally
measured spectra (black) is overlaid with the simulated spectra (red) for eucalyptus, poplar, and
spruce. The bottom panels show the deconvoluted peaks. Attributed resonances are plotted in blue
and uncertain resonances are in purple. Deconvolution is conducted using the DMfit software!®?,
using a Lorentzian model on a 92-195 ppm chemical shift window. The fitting parameters are
summarized in Supplementary Table 6.6.
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Figure F.6. 1D 3C cross sections of lignin region reveal the polymer mixing patterns.
Representative cross sections are obtained from dipolar gated 2D 3C-3C correlation spectra
(Figure 3a) of a) eucalyptus, b) poplar, and c) spruce. For eucalyptus and poplar, the first column
shows the cross sections from S-lignin units and the second column shows those from G units. All
the cross sections are normalized by the diagonal peaks (blue asterisks). The more similar the
spectral pattern between 0.1 s and 1.0 s, the more homogeneous the polymers are mixed on the
sub-nanometer scale. The spruce cross sections are more equilibrated.

177



Spruce
&2
3
Q o
8 T 7
£ )
» X
© -
)
£
5} )
S i
&
i @
g
T T T T T T T T T T T T T
160 140 120 100 80 60 40 160 140 120 100 80 60 40 160 140 120 100 80 60 40
50
Spruce Poplar
|8 ¢
E °
§ 70 E Mo 3
P @m
=
% 80 E E
2 ] 7
:
£ 904 E @ E o
&)
b
100 E ® o
@ oo oo W ©
110 4 4 E
T T T T T T T T T T T T T T T T T T
10 100 90 80 70 60 50 110 100 ) 80 70 60 50 110 100 90 80 70 60 50
13C chemical shift (ppm) 13C chemical shift (ppm) 13C chemical shift (ppm)
b
E;’CH'YP‘US 89 ppm, i4 x 82 ppm, Xn42f M 116 ppm, G5
ruce
Poplar
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
130 120 110 100 90 80 70 60 50 40 130 120 110 100 90 80 70 60 50 40 220 180 140 100 60 20  -20

. 105 ppm, i/s/Xn1%f 102 ppm, Xn1%f

T T T T T T T T T T T T T T T T T T T T
130 120 110 100 90 80 70 60 50 40 130 120 110 100 90 80 70 60 50 40

13C chemical shift (ppm) 13C chemical shift (ppm) 13C chemical shift (ppm)

Figure F.7. Comparable spin diffusion rates of biopolymers in three wood samples. a) Aromatics
regions (top row) and carbohydrates regions (second row) of 0.1s PDSD spectra of three woody
plants. b) Representative cross peaks for cellulose, xylan, and lignin are obtained from 0.1s PDSD
spectra, which are normalized by the diagonal peaks (red asterisks). The similar spectral patterns
among three wood samples indicates the spin diffusion rates of lignin and carbohydrates are
comparable in all three woody stems.
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Figure F.8. *C—'H dipolar order parameters of biopolymers in wood cell walls. a) Dipolar
dephasing curves of carbohydrates and lignin processed from DIPSHIFT spectra. The spectra were
collected under 7.5 kHz MAS with a 0.577 scaling factor for C-H bond. b) Summary of C-H
dipolar order parameters with error bars. Spruce shows a relatively smaller order parameter for
xylan. ¢) The first (0 ps dipolar dephasing) and middle (67 us dipolar dephasing) slices of the 2D
DIPSHIFT experiment imply how much the spectra are suppressed at a half rotor period.
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Figure F.9. Intermolecular interactions of polymers in woody plants. Dipolar-gated 2D 3C-13C
correlation spectra measured with 1.0 s and 100 ms (poplar), 1.0 s and 20 ms (spruce) are overlaid
for a) poplar and b) spruce. 100 ms (poplar) and 20 ms (spruce) spectra mainly detect the
intramolecular correlations, and the 1 s spectra show many intermolecular cross peaks. Only the
intermolecular cross peaks are labeled. c) The bar diagrams show the number of interactions
between different molecules in the woods. The interactions are categorized according to the peak
intensity. The details of the short-range and long-range cross peaks are summarized in
Supplementary Tables 6.7-6.10
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Figure F.10. NMR restraints of polymer packing in secondary cell walls. Thick lines, thin lines,
and dash lines are used to represent strong, medium, and weak cross peaks observed in solid-state
NMR spectra, respectively. Three major types of interactions happen between xylan acetyl and
lignin (brown), between lignin methyl ether and carbohydrates (orange), and between lignin
aromatics and carbohydrates (yellow). The details of these cross peaks are tabulated in

Supplementary Tables 6.7-6.10.
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2-fold xylan cellulose

Figure F.11. DFT structures of lignin-carbohydrate packing. The structure includes the complex
formed between G (yellow) or S (cyan) unit of lignin and three types of polysaccharides. The
structures were adapted from an earlier study.??’
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Figure F.12. Buildup curves for water-to-polysaccharides/lignin. The water *H spin diffusion
curves for cellulose, xylan, and lignin for a) Eucalyptus, b) poplar and c¢) spruce. Dash lines
indicate the intensities of 4-ms *H mixing. Poplar has the slowest spin diffusion from water among
the three woods, with ~15-20% of the equilibrium intensity detected at 4-ms *H mixing. Eucalyptus
and spruce have the fastest spin diffusion with ~45-60% of the equilibrium intensity detected at 4-
ms *H mixing. d) Water-edited spectra measured with different mixing times. The 4-ms spectrum
detects the hydrated molecules and the 36-ms (eucalyptus and spruce) and 169-ms (poplar) spectra
report equilibrium intensities. The difference spectrum only shows well-hydrated molecules.
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Figure F.13. Water-edited 2D 3C-13C correlation spectra of polysaccharides. Overlay of water-
edited and equilibrium spectra showing hydration maps with S/Sp values for a) eucalyptus, b)
poplar, and c) spruce. The blue dash lines indicate the positions at which the 3C cross sections are
extracted. The representative 1D *C cross sections of cellulose (interior: i4; surface: s4) and xylan
(Xn4 and Xn5) are shown for a, Eucalyptus, b, poplar, and c, spruce. The water-edited spectra and
the equilibrium spectra are plotted in orange and black, respectively. The 3-fold and 2-fold xylans
have enhanced intensity in the water-edited spectra, indicating better interactions with water
molecules. e) Hydration maps of lignin regions with S/So values for poplar (top) and spruce
(bottom). Spruce is well hydrated compared to poplar as it shows higher S/So values. The water-
edited intensities are summarized in Supplementary Tables 6.11-6.13.
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Figure F.14. The 3C-T; relaxation curves of polysaccharides and lignin. The 3C-T; relaxation
curves of a) cellulose (interior and surface glucan chains), b) hemicellulose (2-fold and 3-fold
xylan; mannan), and c) lignin (S and G units) are shown. The left, middle, and right columns are
for eucalyptus, poplar, and spruce, respectively. The data are fitted using a single exponential
equation. The fit parameters are summarized in Supplementary Table 6.14.
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Figure F.15. H-Ty, relaxation curves of polysaccharides and lignin in woody plants. The H-T;,
relaxation curves of a, polysaccharides and b, lignin data are shown for eucalyptus, poplar, and
spruce. The data are fitted using a single exponential equation. Xylan shows faster relaxation times
compared to cellulose. Within lignin, the G residue has faster *H-T), relaxation than the S unit.
The fit parameters are summarized in Supplementary Table 15.
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Figure F.16. Effect of freeze-drying and rehydration on hardwood eucalyptus. a) CP (rigid
components selection), quantitative DP and DP (mobile components selection) normalized to i4
peak at 89 ppm. Distinct chemical shift intervals for lignin, carbohydrate, and lipid are highlighted.
b) To-filtered (water-edited) 1D experiments. Signal maxima observed after 64 ms of spin
diffusion, in comparison to the previous 36 ms and 26% signal difference in the absence of
diffusion upon rehydration are consistent with both a sample less prone to deep hydration and a
slight betterment of its surface water access after freeze-drying. c) Average *C T: relaxation
curves, using an evolution of integrals of spectral regions established in panel (a). d) Average *H-
T, relaxation using the same two integrated intervals. Error bars are standard deviations of the
fitting derived parameters. All these spectra and fitted relaxation parameters are very close for the
fresh and rehydrated samples, demonstrating that structure and dynamics are not significantly
altered by this sample preparation method. Their overall consistency with the main text eucalyptus
sample also validates experimental reproducibility.
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Figure F.17. Representative flow chart for resonance assignment. Shading and numbering on the
left highlight the four main steps, while red coloring denotes essential sub-steps of the protocol
followed for assigning chemical shifts. 1) Collection of reference chemical shifts for expected
resolved peaks from solid-state NMR literature and databases. For each carbon site, we report
associated references in Supplementary Table 19. 2) Acquisition of 2D solid-state NMR spectra.
Subsequent assignments rely primarily on the resolution provided by the DQ dimension of
INADEQUATE spectra. 3) Sequential assignment (boxes from right to left), from well-established
cellulose and xylan conformers to mobile primary cell wall polysaccharides, ending with lignin
and its linkages. For each polymer, we indicate a well-established site from which assignment can
be easily initiated, while less resolved sites are either identified via cross-peaks connections or
from literature reported values. 4) Safeguarding steps taken to provide accountability in the final
assignments. Particularly for the complex lignin assignment, a good match is demanded with
solution NMR spectra, as summarized in Supplementary Tables 5 and 19.
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Table F.1. 3C chemical shifts of rigid polysaccharides and lignin in wood secondary cell walls. The rigid components are identified
from 13C CP-based INADEQUATE and RFDR spectra. Superscripts are used to denote different allomorphs. Unidentified signals are
indicated as (-). Not applicable (/)

Lignin CL C2 C3 C4 C5 C6 OMe C7(0) C8(B) C9(y) Plant
G - 111.1 | 1489 | 1449 | 115.9 - 57.0 / / / Eucalyptus
G? 130.7 | 113.4 | 152.2 | 145.3 | 116.3 - 56.7 / / / Spruce
GP 133.5| 110.5 | 149.7 | 146.1 - 120.2 | 57.0 / / / Spruce
G¢ guaiacyl 1342 | 1135 | 1476 | 144.1 - 119.2 | 57.0 / / / Spruce
G¢ 136.0 | 109.5 | 151.6 | 1422 | - |121.1 | 57.0 / / / Spruce
G? - 112.1 | 148.2 | 144.9 | 116.1 - 56.6 Poplar
GP - 113.8 | 148.2 | 144.9 | 116.1 - 56.6 / / / Poplar
Sa 134.9 | 102.8 | 153.3 | 133.5 | 153.3 | 102.8 | 57.0 / / / Eucalyptus
sh inavl - 109.7 | 153.2 | 137.2 | 153.2 | 109.7 | 57.0 / / / Eucalyptus
s synngy 134.2 | 104.0 | 153.1 | 134.6 | 153.1 | 104.0 | 56.6 | / / / Poplar
sb 137.1 | 102.5 | 152.7 | 135.8 | 152.7 | 102.5 | 56.6 / / / Poplar
S Ca-oxidized syringyl 134.1 | 109.2 | 144.8 | 136.3 | 144.8 | 109.2 | 56.5 / / / Eucalyptus
S 136.5| 1125 | 1455 | 1385 | 1455 | 1125 | 56.5 / / / Eucalyptus
A(S) / / / / / / / 723 | 845 | 594 Eucalyptus
A (G) B-O-4° / / / / / / / 724 | 84.3 | 59.9 Spruce
A(S) / / / / / / / 720 | 86.3 | 60.4 Poplar
B y-acylated p-p’ / / / / / / / 844 | 535 | 71.2 Eucalyptus
B’ B-p’ / / / / / / / 535 | 74.4 Eucalyptus
B / / / / / / / 539 | 70.3 Spruce
B’ / / / / / / / 83.9 | 529 | 741 Spruce
B / / / / / / / 84.8 52.6 70.5 Poplar
C B-5° / / / / / / / 90.2 49.9 Spruce
C s / / / / / / / 86.7 49.6 Spruce
c y-acylated p-5 / / / / / / / | 881 | 542 Spruce
/ / / / / / / 81.1 59.6 Eucalyptus
E p’-1’° / / / / / / / 814 | 60.0 Spruce
/ / / / / / / 80.3 | 59.7 Poplar
Carbohydrate C1 C2 C3 C4 C5 C6  Act® AcMe
Xn?f 2-fold xylan 1048 | 722 | 74.0 | 82.2 | 64.0 / 1740 | 21.0 Eucal
Xn3 3-fold xylan 1025 | 734 | 741 | 774 | 633 | 1 | 1740 210 ucalyptus

(table cont,d)
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Carbohydrate C1 C2 C3 C4 C5 C6  Act® AcM
Xnf 3-fold xylan 1025 | 734 | 741 | 774 | 63.3 / 174.0 | 21.0 Eucalyptus
Xn xylan mix - - 742 | 785 | 64.1 / 1740 | 21.0 Eucalyptus
Xn? 2-fold xylan 1048 | 72.1 | 73.2 | 82.0 | 63.9 / 1740 | 21.0 Poplar
Xn®f 3-fold xylan 102.2 | 736 | 742 | 779 | 64.1 / 1740 | 21.0
Xn?f 2-fold xylan 1048 | 72.2 | 73.3 | 822 | 63.9 / 1740 | 21.0 Spruce
Xnf 3-fold xylan 1035 | 739 | 742 | 77.8 | 65.4 / 1740 | 21.0
X xylose in XyG - - 741 | 704 | 625 / / / All samples
GlcA? GIcA in GAX 1015 | 71.3 | 79.8 | 69.9 | 76.6 - All samples
GIcAP GlcA in GAX 99.2 | 69.9 - - - - All samples
GlcA® GIcA in GAX 985 | 716 | 80.8 - - - All samples
GalA galacturonic acid 100.2 | 68.1 - 79.6 - - All samples
M mannan 101.2 | 71.3 | 751 - 75.1 | 62.1 Spruce
MAC acetylated mannan | 1016 | 72.1 | 75.1 | 80.7 | 75.1 | 62.1 Spruce
A (t-Ara) arabinose 108.1 | 82.1 - 85.6 | 62.1 / Spruce
i@ 1049 | 72.1 | 75.2 | 88.7 | 723 | 65.0
i interior cellulose 104.9 | 72.1 | 75.2 | 88.7 | 72.3 | 65.0 Eucalyptus
i° 1049 | 721 | 741 | 879 | 71.1 | 65.7
sf surface cellulose 1049 | 721 | 746 | 844 | 746 | 62.3 Eucalyptus
s9 1049 | 721 | 736 | 835 | 736 | 614
i2 1048 | 721 | 75.0 | 889 | 724 | 649
i interior cellulose 1048 | 721 | 75.0 | 889 | 724 | 64.9 Poplar
i° 1048 | 72.1 | 743 | 879 | 70.1 | 655
sf surface cellulose 1048 | 72.1 | 75.7 | 843 | 75.0 | 62.3 Poplar
59 1048 | 72.1 | 752 | 83.4 | 73.7 | 613
i2 1048 | 72.2 | 753 | 89.0 | 724 | 65.0
i° interior cellulose 1048 | 72.2 | 75.3 | 89.0 | 724 | 65.0 Spruce
i 1048 | 722 | 743 | 88.1 | 71.0 | 65.6
sf surface cellulose 1048 | 722 | 751 | 845 | 750 | 62.1 Spruce
s9 1048 | 722 | 743 | 843 | 743 | 614
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Table F.2. C chemical shifts of mobile molecules in woods. The mobile components are
identified from 3C DP-based INADEQUATE spectra measured with short recycle delays of 2 s.
Superscripts are used to denote different allomorphs. Not applicable (/). Unidentified (-).

carbohydrate C1 c2 C3 C4 C5 C6 Plants
A 1078 818 772 846 618 / All samples
AP arabinose 107.8 80.1 - - - / All samples
A 109.7 818 774 829 67.6 / All samples
Ad 106.9 85.3 - - - / Eucalyptus
Gal galactose 1049 723 - - - - All samples
a-Glc a-glucose 92.7 - - - - - Spruce
B-Glc B-glucose 96.6 - - - - Spruce
X xylose in XyG | 100.3 72.3 - 719 613 / All samples
j2p - - 755 889 724 649 Eucalyptus
i - - 755 889 709 658 Eucalyptus
jb cellulose - - 755 889 724 64.9 Poplar
ic - - 755 889 709 658 Poplar
sf - - - - 75.0 614 | Allsamples
sd - - - - 73.7 612 Eucalyptus
s9 - - - - 73.7 612 Poplar
lignin C1 c2 C3 C4 C5 Cé6 Plants
G? . 136.3 - 1441 1441 - -
GP gualacyl | 1365 . 1452 w52 - -
s . 1367 - 1529 - 1529 - Eucalyptus
s Yoyl 1355 . 1517 - 1517 -
G guaiacyl 130.1 - 1478 146.4 - -
Sa . - - 1526 - 1526 - Poplar
s syringy| . - 1519 - 1519 -
G guaiacyl ) - 1489 14T - i Spruce
G - - 152.3 - 152.3 -
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Table F.3. Molar composition of polysaccharides in wood secondary cell walls. For each plant, the
composition of cellulose, xylan, mannan, and the primary cell wall component xyloglucan (XyG)
is given. Cellulose contains interior glucan chains (i*°: middle layer; i®: embedded core chains)
and surface glucan chains (s": hydrophilic surface; s9: hydrophobic surface). Xylan contains the
backbone (Xn?": two-fold xylan; Xn3": three-fold xylan; Xn: mixed conformation) and sidechains
(GIcA and/or Ara). For Mannan, only the mannose residues (M: unacetylated; MA°: acetylated) are
resolved, while the actual fraction of mannan should be higher than the value reported here due to
the presence of Glc residues in the backbone. The sidechain a-xylose (x) is used to denote
xyloglucan.

Eucalyptus
Cellulose Xylan Mannan XyG
74.0% 25.5% - 0.5%
interior chains surface chains backbone sidechains -
38.2% 35.8% 16.8% 8.7% -
ja.b ic sf 9 Xn# Xn Xn¥ | GIcA Ara M MAe X
28.3% 9.8% 21.2% 14.6% | 10.0% 2.0% 4.9% | 8.7% - - - 0.5%
Poplar
Cellulose Xylan Mannan XyG
81.4% 18.0% - 0.6%
interior chains surface chains backbone sidechains -
45.0% 36.4% 13.3% 4.8%
ja.b ic sf 9 Xn# Xn Xn¥ | GIcA Ara M MAe X
32.7% 123% | 21.9% 146% | 79% 16% 3.8% | 4.8% - - - 0.6%
Spruce
Cellulose Xylan Mannan XyG
75.8% 11.8% 10.5% 1.9%
interior chains surface chains backbone sidechains
37.1% 38.7% 10.4% 1.5%
ja.b ic sf Y Xn# Xn Xn¥f | GIcA Ara M MAC X
28.1% 8.9% 23.6% 15.2% | 6.9% - 35% | 05% 1.0% | 6.2% 43% | 1.9%

The area of the following well-resolved peak pairs in CP J-INADEQUATE spectra are used:

i2b : the average of i52P - i62P, {420 - i520 and i32P - i42P,

i° : the average of i5°- i6°, i4°- i5¢, and i3¢ - i4°.

s' : the average of s5'- s6, s4"- i5/3f. The integration of s4- i5/3"has been doubled because 2 peak pairs are
included (carbon 4-carbon 5 and carbon 4-carbon 3).

s9 : the average of s59- 569, s49 - i5/39. The integration of s49 - i5/39 has been doubled because 2 peak pairs are
included (carbon 4-carbon 5 and carbon 4-carbon 3).

Xn?": the average of Xn4? and Xn5%,

Xn: the average of Xn4 and Xn5.

Xn®f: the average of Xn43fand Xn5%.

GIcA: the average of GIcAl and GIcA2. The value reported are the sum of GIcA?, GIcAP and GIcA®.

Ara: the average of Al and A2.

M: the average of M1 and M2.

MA¢, the average of M1A¢ and M24¢,

x: the average of x4 and x5.
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Table F.4. Solution NMR HSQC 'H and *3C chemical shifts of lignin aromatics and linkages.
Unidentified or unresolved (-)

Eucalyptus Poplar Spruce
13C lH 13C lH 13C lH
(ppm) (Ppm) (Ppm) (ppm) (ppm) | (ppm)
G2 guaiacyl 111.9 6.99 1116 7.00 1116 7.0
G5 guaiacyl 1155 6.67 115.7 6.78 1149 6.77
& 115.8 & 6.97 & 115.8 & 6.97 & 1159 | &6.93
G6 guaiacyl 119.9 6.99 119.8 6.83 119.7 6.86
G2 oxidized guaiacyl 112.2 7.53 112.4 7.53 112.2 7.51
G’6 oxidized guaiacyl 124.2 7.16 123.8 7.60 123.6 7.57
S2/6 syringyl 104.3 6.71 104.6 6.73 - -
S’2/6 oxidized syringyl 107.3 7.32 107.2 7.24 - -
&7.12 & 7.09
H2/6 126.9 7.20 128.6 7.22 - -
Aa (G) B-O-4’ 71.8 4.65 71.8 4.65
Aa (S) B-O-4’ 72.6 4.88 72.6 4.88 1.9 4
AB(G) B-O-4’ 84.5 4.31 84.6 4.31 84.6 4.31
AB(S) p-O-4° 86.7 4.14 86.7 4.14
Ay p-O-4° 60.5 3.42 - - - -
& 3.67
Ba B-B’ (resinol) 85.8 4.68 84.6 4.76 85.6 4.65
Bp B-B’ (resinol) 53.8 3.14 54.3 3.10 53.9 3.14
By B-B’ (resinol) 71.7 3.88 70.5 3.73 70.3 3.77
& 4.20
Ca B-5’ (phenylcoumaran) 87.7 5.49 87.7 5.49 87.6 5.49
Cp B-5’ (phenylcoumaran) 53.8 3.14 54.1 3.49 54.2 3.42
Cy B-5’ (phenylcoumaran) 62.7 3.44 - - - -
& 3.59
Da 5-5’ (dibenzodioxocin) 83.8 4.90 - - - -
Dp 5-5’ (dibenzodioxocin) 85.6 3.91 85.6 3.92 84.9 3.88
Ea B-1’° (spirodienone) 81.8 5.07 81.9 5.08 83.7 5.02
Eo’ B-1° (spirodienone) 86.9 4.41 87.0 4.42 - -
EB B-1’ (spirodienone) 60.4 2.79 60.7 2.80 61.8 2.8
Ep’ B-1’° (spirodienone) - - 78.7 4.14 - -

(table cont'd.)
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Eucalyptus Poplar Spruce
13C lH 13C lH 13C lH
(Ppm) (Ppm) (ppm (ppm) (ppm) | (ppm)
E2/2° B-1’° (spirodienone) 1149 6.24 114.2 6.23 114.3 6.21
E6/6° B-1’ (spirodienone) 119.5 6.12 119.2 6.15 119.5 6.11
Ia cinnamyl alcohol 128.3 6.46 129.0 6.45 129.5 6.48
1B cinnamyl alcohol 129.7 6.25 129.5 6.27 129.1 6.32
Iy cinnamyl alcohol 62.4 4.11 62.3 4.12 62.5 413
Ja cinnamaldehyde 154.5 7.65 154.2 7.64 154.4 7.66
Ip cinnamaldehyde 126.7 6.81 127.1 6.80 127.4 6.88
J6 cinnamaldehyde 122.4 7.21 123.9 7.22 124.3 7.20
PB2/6 p-hydroxybenzoate - - 132.1 7.70 - -

Sta/p stilbene - - - - 127.1 6.88
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Table F.5. Average solution NMR chemical shifts of lignin from literature. The reference (Ref.)
for each chemical shift is provided. Not detected (-).

Eucalyptus Poplar Spruce
13C lH 13C lH 13C 1H
Ref. Ref. Ref.
(ppm) | (ppm) (ppm) | (ppm) (ppm) | (ppm)
G2 | 1113 | 698 |2B27282) 1111 | 698 | 2092922124 | 1103 | 6.94 310311
2,223
G5 115.2 6.72 222 | 115.0 6.80 209,219-221,224 115.2 6.85 310311
215,218,223
& 6.94 222 [ 215,218 - - - - - -
G6 119.3 6.80 215,217,218,22 119.1 6.8 209,219-221,224 118.9 6.83 310,311
2,223
G2 112.4 7.50 218 1114 7.51 224 - - 218 1 224
G’6 124.0 7.00 218 123.3 7.60 224 - - 224
S2/6 104.2 6.99 215,217,218,22 103.8 6.67 209,219-221,224 _ _ _
2,223
S’2/6 106.5 7.31 215,217,218,22 106.1 7.22 209,219-221,224 _ _ _
2,223
H2/6 - - - 127.9 7.19 224 - - -
Ao(G) 71.6 4,74 2221 215,218 71.5 4.75 219 71.1 4.75 210310
Ao (S) 72.2 4.87 215,217,218,22 71_9 4.83 209,219-221 _ _ 210,310
2,223
AB(G) 83_9(1) 4.29 215,217,218,22 83.72 4.29 219,224 / 209 84.0 4.29 210,310
2,223
AB(S) 86.4 4.09 215,217,218,22 85.8 4.13 219,224 / 209,221 _ - 210,310
2,223
Ay 59.8 | 339 | 22822 | 599 | 345 | 224/21 | 599 | 324 210,310
223
& 3.69 217,218,222/ 219,224 & 361 210,310
223
Ba, 85.2 4.66 215,217,218,22 85.0 4.64 209,219-221,224 85.0 4.65 210,310
2,223
BB 53.7 | 308 | 272822 | 536 | 307 | 2e24/21 | 536 | 3.07 210310
223
By 71.4 3.82 217,218,222 70.6 3.81 219,224 70.9 3.74 210310
223
Ca, 87.1 5.46 215,217,218,22 87.0 5.47 209,219-221,224 87.0 5.47 210,310
2,223
CB 53.5 | 345 | 2728222 | 532 | 348 219,220,224 53.1 | 3.46 210310
223
Cy 627 | 367 | 7223 | 625 | 3.74 219,224 628 | 3.72 210310

(table cont'd.)
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Eucalyptus Poplar Spruce
13Cc H Ref. 13C H Ref. 13C H Ref.
(ppm) | (ppm) (ppm) | (ppm) (ppm) | (ppm)
Da 83.6 4.83 222 814 4.7 219 83.3 4.84 210310
Df 85.9 3.88 222 - - - 85.4 3.88 210310
Ea 81.4 5.09 217,222 81.2 5.07 224 81.7 5.03 210
Eo’ 86.6 4.39 222 - - - - - -
EB 60.0 2.74 217,222 59.7 2.77 224 59.3 2.77 210
Ep’ 79.5 4.11 217,222 79.5 4.12 224 - - -
E2/2° 112.4 6.26 217,222 113.3 6.22 224 - - 217,222 | 224
E6/6° 119.1 6.07 217,222 118.9 6.07 224 - - 217,222 1224
Ia - - - 128.4 6.44 224 - - -
1B - - - 128.2 6.25 224 - - -
Iy 61.7 4.09 217,218,222 61.4 4.10 224 61.5 4.08 210310
Ja - - - 153.5 7.60 224 153.7 7.61 310
Ip - - - 126.1 6.76 224 126.3 6.77 310
J6 - - - - - - 123.2 7.22 310
PB2/6 _ _ _ 131.1 7.66 209,219-221,224 _ _ 310
Sta/p 126 7.0 223 - - - 128.3 7.12 310

@ May also includes AB(G/H)
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Table F.6. Spectral deconvolution of quantitative *3C spectra for lignin compositional analysis.
The attributed chemical shifts are labeled. Unidentified (-).

Eucalyptus

Chemical Shift [ppm] Amplitude | Width [ppm] Integral [%] Attribution
180.6 117 4.2 2.2 -
177.9 170 2.6 1.9 -
173.8 956 3.9 16.2 AccP
171.8 211 3.2 3.0 -
169.4 306 15 2.0 -
168.4 314 0.4 0.5 -
167.5 385 0.4 0.7 -
157.3 36 0.1 0.02 -
152.2 401 35 6.2 S3/5
147.7 171 34 2.6 G3
144.8 550 2.6 6.3 G4/S°3
138.4 63 2.6 0.7 S*P4
136.4 341 4.4 6.6 S1/S*24
132.2 149 55 3.6 -
129.8 79 0.6 0.2 -
128.2 128 1.9 1.1 -
125.0 133 2.0 1.2 -
119.9 70 3.8 1.2
114.7 195 6.0 5.2 G5
109.4 185 4.9 4.0 S°2/6
107.6 229 0.9 0.9 Al
104.6 2261 2.6 25.5 i/s/Xn1%
102.2 75 0.3 0.1 Xn13f
100.8 444 24 4.6 Manl
98.5 281 1.9 2.4 -
96.4 209 0.8 0.7 -
92.6 135 0.8 0.5 -

Poplar

Chemical Shift [ppm] Amplitude | Width [ppm] Integral [%] Attribution
181.0 109 6.7 3.1
173.6 1037 3.2 141 AcCO
171.7 173 11 0.8
152.6 744 3.8 12.2 S3/5
148.2 217 3.3 3.0 G3
145.2 151 2.3 15 G4
136.9 165 2.9 2.0 SP4

(table cont'd.)
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Poplar

Chemical Shift [ppm] Amplitude | Width [ppm] Integral [%] Attribution
134.2 315 5.1 Se4
131.2 193 3.9 3.2
120.0 42 24 0.4
115.5 188 8.4 6.8 G5
108.9 16 1.9 0.1
104.7 3650 2.6 40.1 i/s/Xn1%
102.4 60 0.5 0.1 Xn13f
100.6 632 2.7 7.2
96.5 62 0.3 0.1

Spruce

Chemical Shift [ppm] Amplitude | Width [ppm] Integral [%] Attribution
183.0 96 3.3 1.2
181.7 248 1.4 13
178.0 206 2.5 1.9
174.1 836 3.1 9.5 Ac0
171.9 224 2.1 1.7
169.5 36 11 0.1
157.4 375 0.4 0.6
153.4 323 53 6.3
148.2 466 53 9.2 G#3/4
145.5 289 3.6 3.8 GP3/4
137.1 89 2.8 0.9 GP1
134.6 163 2.6 1.6 Goli1
132.1 322 3.8 4.5
129.9 389 1.2 1.7 Gl
128.6 266 1.7 1.7
125.0 52 7.6 1.4
120.1 57 2.9 0.6 G6
114.7 389 14.2 20.6 G2/5
107.7 623 0.9 2.1 Al
104.8 2103 2.6 18.4
101.8 275 1.6 1.6
100.4 907 1.4 4.6 M1
98.8 492 15 2.8
96.5 477 0.7 1.2 B-Glcl
92.6 308 0.7 0.7 a-Glcl
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Table F.7. The Intensities of intermolecular cross peaks of eucalyptus. In summary, 98
intermolecular interactions are identified, including 45 strong, 29 medium, and 24 weak restraints.
In gated 1-s PDSD spectra, a peak higher than 4% is categorized as a strong restraint (s, in bold),
between 2% - 4% for medium (m) restraint, and below 2% for weak (w) restraint. All the peaks
shown in the gated 100-ms PDSD spectrum are categorized as strong restraints.

Atoml (o1) Atom?2 () Gated 100 ms | Gated 1s Type
PDSD (%) | PDSD (%)

AccO i4 0.13 W
cellulose-xylan Ac™® i4 1.40 w
AccO s4 0.16 W
Ace s4 0.85 W
G3 i4 1.84 w
G4,5°3/5 ia 0.49 w
G5 i4 3.29 m
S1/42.8°12 i4 211 7.81 s
S/S74b i4 1.28 w
S3/5 i4 1.27 w
OMe i4 0.67 0.99 s
G3 s4 2.39 m
G3 s6 0.94 4.05 s
cellulose-lignin G4,8°3/5 s4 1.24 w
G4,5°3/5 s6 3.49 n
G5 s4 0.83 w
S1/42.8°12 s4 235 n
S1/42.8°12 s6 1.23 5.49 s
S3/5 s4 1.34 w
S3/5 s6 421 s
S/S74b s4 1.24 w
S/S74b s6 5.25 s
OMe s4 0.98 1.77 s
OMe s6 134 3.39 s
G3 S1/48,5°12 3.42 m
G3 S2/6P 2.41 m
G3 S3/5 7.00 s
G3 S/S°4P 3.37 m
G4,5°3/5 S2/6° 134 W
G4,5°3/5 S2/6P 345 m
G4,S°3/5 S3/5 4.75 s
lignin-lignin G5 S1/4.s71° 1.36 7.34 S
G5 52/6° 3.26 m
G5 S3/5 5.18 s
G5 S/8°4° 3.1 m
Sl/4a,S’la G3 3.87 m
S3/5 G2 2.40 m
S3/5 G3 1.88 w
S3/5 G4,S°3/5 1.88 W
S3/5 G5 0.48 w

(table cont’d)

199



Atom]1 (1) Atom?2 (w2) Gated 100 ms Gated 1s Type
PDSD (%) | PDSD (%)

S3/5 S’1b/42 3.39 m
S/S’40 G3 2.58 m
S/S’40 G5 2.20 m
Act© G4,S°3/5 2.26 m
AcC© G5 0.47 w
AcC© S1/48,5°12 1.83 w
AcC© S3/5 2.01 m
AcC0 OMe 4.61 S
G3 AcC 3.85 m
G4,S°3/5 AcC 3.12 8.98 S
G5 AcC 6.87 S
S3/5 Acc° 3.58 m
S/S’4P Acc° 2.65 8.08 S
OMe AcC0 6.01 S
AcMe G4,S°3/5 1.56 w
AcMe S3/5 2.33 m
AcMe S/S’4P 1.95 w
AcMe OMe 2.85 m
G3 AcMe 5.12 S
G4,S°3/5 AcMe 0.99 6.31 S
G5 AcMe 1.19 6.94 S
S1/43.S°12 AcMe 4.26 S
S3/5 AcMe 3.60 m
xylan-lignin S/S°4p AcMe 4.27 s
OMe AcMe 4.34 s
G3 Xn4# 3.34 m
G3 Xn52h 3f 3.34 m
G4,S°3/5 Xn4# 1.59 w
G4,S°3/5 Xn43f 1.19 w
G4,S°3/5 Xn52h 3t 1.68 5.03 S
G5 Xn4# 2.11 m
G5 Xn43f 2.81 m
G5 Xn52h 3t 1.33 w
S1/42.S°12 Xn4# 5.29 S
S1/42.S°12 Xn43f 0.64 2.71 S
S1/42.S°12 Xn52h 3t 5.64 S
S3/5 Xn4# 3.42 m
S3/5 Xn52h 3f 492 S
S/S°4P Xn4# 2.86 m
S/S’40 Xn43f 4.07 S
S/S’40 Xn52" 3t 4.15 S
OMe Xn4# 0.96 3.66 S
OMe Xn43f 1.34 1.55 S
OMe Xn52h 3f 1.67 3.85 S
G3 i/s/Xn1% 2.61 6.08 S
mixed sugar-lignin G3 Xn2/3% Xn3%,i2/5,52/3 4.36 23.70 S
G4,5°3/5 i/s/Xn1% 1.23 w
G4,S°3/5 Xn2/3% Xn3%,i2/5,52/3 3.96 18.03 S

(table cont'd.)
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Atom]1 (1) Atom?2 (w2) Gated 100 ms Gated 1s Type
PDSD (%) PDSD (%)

G5 i/s/Xn1% 5.84 S
G5 Xn2/3% Xn3%.,i2/5,s2/3 7.36 22.50 S
S1/42,8°12 i/s/Xn1% 2.71 8.47 S
S3/5 i/s/Xn1% 2.62 7.68 S
S3/5 Xn2/3% Xn3%.,i2/5,s2/3 26.12 S
S/S’40 i/s/Xn1% 2.22 m
S/S’40 Xn2/3% Xn3%.,i2/5,s2/3 17.08 S
OMe i/s/Xn1% 8.71 S
OMe Xn2/3% Xn3%i2/5,s2/3 14.56 S
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Table F.8. The Intensities of intermolecular cross peaks of poplar wood. In sum, 80 intermolecular
interactions are identified, including 22 strong, 33 medium, and 25 weak restraints. In gated 1-s
PDSD spectra, a peak higher than 4% is categorized as a strong restraint (s, in bold), between 2%
- 4% for medium (m) restraint, and below 2% for weak (w) restraint. All the peaks shown in the
gated 100-ms PDSD spectrum are categorized as strong restraints. The intensity is a relative ratio
of the peak, which is normalized by the integral of the $3C cross-section.

Atom1 (1) Atom2 (w7) Gated 100 ms Gated 1s Type
PDSD (%) | PDSD (%)

AcMe i4 2.16 m
cellulose-xylan Act s 3.37 m
AcMe s4 1.76 w
AcMe s6 2.13 m
G4 i4 1.80 w
S1e i4 2.36 m
S1b i4 251 m
S3/5 i4 1.11 w
OMe i4 0.90 W
S1e s4 1.78 w
S1e S6 4.26 S
cellulose-lignin S1b s4 1.55 w
S1b S6 5.32 S
S3/5 s4 3.21 m
S3/5 S6 6.04 S
G4 s4 2.52 m
G4 S6 4,01 S
OMe s4 1.89 w
OMe S6 3.07 m
S1e G22 2.15 m
S1e G3 2.88 m
S1e G4 1.98 W
S1e G5 2.62 m
S1b G22 1.86 W
S1b G2° 1.27 W
S1b G3 1.85 W
lignin-lignin s1° G4 181 W
S1b G5 131 W
G4 Sik 4.36 S
G4 S1° 1.67 W
G4 S2/62 3.67 m
G4 S3/5 2.97 9.76 S
S3/5 G3 2.48 m
S3/5 G4 1.13 W
S3/5 G5 2.20 m
AccO G228 2.02 m
AccO G3 1.28 W
AccO G4 1.12 W
xylan-lignin Act® G5 1.38 w
AccO S]8 1.37 W
AccO S1° 0.57 W
AccO S2/6° 2.44 m

(table cont'd.)
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Atom]1 (1) Atom?2 (w2) Gated 100 ms Gated 1s Type
PDSD (%) | PDSD (%)

AcC© S3/5 2.71 m
Acc0 OMe 5.09 S
G4 AcC 3.91 m
S1@ AcC 2.48 m
S1b AcC 6.49 S
S3/5 AcC 4,58 S
Ome AcC0 6.99 S
AcMe G2° 0.80 w
AcMe G4 0.65 w
AcMe S1b 0.51 w
AcMe S2/6P 491 S
AcMe S3/5 3.08 m
AcMe S4 1.39 w
AcMe Ome 3.48 m
G4 AcMe 3.48 m
S1a AcMe 3.81 m
xylan-lignin S1° AcM® 5.00 S
S3/5 AcMe 1.44 2.87 S
Ome AcMe 1.62 3.91 s
G4 Xn4# 2.37 m
G4 Xn43f 3.93 m
G4 Xn52h 3f 2.55 m
S1a Xn4# 2.43 m
S1a Xn43f 3.97 m
S1@ Xn52h 3t 1.17 3.58 S
S1b Xn4# 1.72 w
S1b Xn43f 2.28 m
S1b Xn52h 3f 5.16 S
S3/5 Xn4# 2.15 m
S3/5 Xn43f 3.36 m
S3/5 Xn52h 3f 4.66 S
Ome Xn4?f 1.88 3.29 s
Ome Xn43f 1.56 2.53 s
Ome Xn52" 3t 2.09 4,13 S
G4 i/s/Xn1% 2.33 m
mixed sugar-lignin SL® ?/s/anZf 2.92 m
S3/5 i/s/Xn1% 2.47 5.04 S
Ome i/s/Xn1% 1.95 11.46 S
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Table F.9. The Intensities of intermolecular cross peaks of poplar spruce. In sum, 94 intermolecular
interactions are identified, including 51 strong, 9 medium, and 34 weak restraints. In gated 1-s
PDSD spectra, a peak higher than 4% is categorized as a strong restraint (s, in bold), between 2%
- 4% for medium (m) restraint, and below 2% for weak (w) restraint. All the peaks shown in the
gated 100-ms PDSD spectrum are categorized as strong restraints. The intensity is a relative ratio
of the peak, which is normalized by the integral of the $3C cross-section.

Atom] (1) Atom2 (m7) Gated 100 ms | Gated 1s Type
PDSD (%) | PDSD (%)

Act? i4 0.66 w
Act? i6 3.06 m
AcMe i4 1.38 w
cellulose-xylan Ac™® i6 2.08 m
Act© s4 0.96 3.08 s
Acc© s6 2.06 13.45 s
AcMe s4 1.21 3.92 s
Acte s6 2.23 9.84 s
Gl i4 1.12 2.50 s
Gl i6 0.69 2.26 s
G1°° i4 0.36 1.10 s
G1¢ i4 0.68 1.52 s
G3* i4 1.03 2.93 s
G3* i6 0.78 1.29 s
G3° i4 1.47 w
G4be i4 2.66 4.48 s
Ome i4 3.98 9.61 s
G1® s4 2.20 m
cellulose-lignin GI* s6 2.36 5.98 s
G1°° s4 1.22 2.39 s
G1°° s6 2.94 8.96 s
Gl s 1.82 W
G3* s4 1.44 w
G3° s6 2.36 5.05 5
G3° s4 1.07 2.21 s
G3* s6 1.98 8.07 s
G4be s4 1.17 357 s
G4be s6 2.32 6.63 s
Ome s4 3.63 9.99 S
Ome s6 4.01 23.53 S
Ac G1? 0.73 W
Acc? G1°e 0.67 w
Ac G1¢ 0.93 W
Ac G22e 1.98 W
Ac G2 1.95 w
xylan-lignin Act® G3? 1.06 4.90 s
Ace® G3° 0.11 W
Act® G3 2.61 m
Acc G 0.24 W
Ac G42oe 3.22 m
Ac® G6° 1.57 w
Acc° OMe 2.59 7.82 S

(table cont'd.)
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Atom] (1) Atom2 (2) Gated 100 ms | Gated 1s Type
PDSD (%) | PDSD (%)

G1® Ac° 2.36 6.31 s
G1be AcCO 1.29 3.06 .
Gl AccO 1.92 w
G3? AcCO 2.22 5.09 s
G3° Acc 1.03 2.09 s
G4be Acco 0.69 1.55 s
OMe AcCO 1.19 3.49 s
Ace G1? 133 w
Ace G1be 0.30 w
AcMe G22e 1.65 w
AcMe G3? 2.26 m
Ace G3° 3.00 m
AcMe G3¢ 0.67 w
Ace G4abe 1.66 W
Acte G4 1.67 W
AcMe G6* 1.64 W
AcMe OMe 1.49 5.37 S
G1* AcMe 3.40 m
G1°¢ AcMe 1.36 w
G1 AcMe 1.20 w
G3* AcMe 0.41 w
G3¢ AcMe 0.72 W
G4zbe AcMe 1.59 W
OMe AcMe 1.20 2.29 s
G1° Xnd? 0.86 3.88 s
G1# Xn43 1.13 w
G1be Xn4?f 0.98 2.75 s
G1be Xn43f 1.12 2.27 s
G14 Xn4?f 1.21 2.09 s
G1¢ Xnd¥ 151 3.06 s
G1d Xn52" 3f 267 6.47 .
G3? Xna? 1.36 2.82 s
G3? Xnd¥ 1.54 4.14 s
G3? Xn52h 3t 1.11 2.46 s
G3° Xna? 2.01 4.43 s
G3° Xn43f 1.94 w
G4abe Xna? 1.86 4.48 s
G4abe Xn43f 0.87 248 S
G4abe Xn52 3f 099 579 X
OMe Xn4 4.69 13.7 s
OMe Xn4f 3.96 9.92 s
mannan-lignin G3* Manl 1.19 w
OMe Manl 2.59 m

(table cont'd.)
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Atom1 (1) Atom2 (w7) Gated 100 ms Gated 1s Type
PDSD (%) | PDSD (%)
mannan-xylan Act© Manl 1.32 2.04 s
G1? i/s/Xn1% 0.94 w
G1Pe i/s/Xn1?f 0.60 W
G1¢ i/s/Xn1?f 0.58 W
mixed sugar-lignin G3" !/5/Xn12f 1.53 w
G3¢ i/s/Xn1?f 1.43 w
G4abe i/s/Xn1% 0.66 1.53 S
OMe i/s/Xn1% 2.61 5.99 S
OMe Xn2/3% Xn3%,i2/5,52/3 3.39 15.46 S
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Table F.10. Intermolecular interactions of polymers in intact plant stems. In the summary of
intermolecular cross-peaks between different polymers of the secondary cell wall of woods, a total
of 272 cross-peaks have been identified and categorized as 112 strong, 75 medium, and 85 weak

interactions.

Interactions S m w Total
cellulose-xylan 0 0 4 4
cellulose-lignin 8 4 8 20
Eucalyptus lignin-lignin 4 11 4 19
xylan-lignin 22 13 7 42
mixed sugar-lignin 11 1 1 13
cellulose-xylan 0 3 1 4
cellulose-lignin 4 5 6 15
Poplar lignin-lignin 2 6 8 16
xylan-lignin 14 17 10 41
mixed sugar-lignin 2 2 0 4
cellulose-xylan 4 2 2 8
cellulose-lignin 18 1 3 22
lignin-lignin 0 0 0 0
Spruce xylan-lignin 25 5 23 53
Mannan-lignin 0 1 1 2
Mannan-xylan 1 0 0 1
mixed sugar-lignin 3 0 5 8
Total 112 75 85 272
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Table F.11. Water-edited intensities of polysaccharide and lignin of Eucalyptus. The intensity ratio
is obtained by comparing the water-edited and control 2D 3C-13C correlation spectra. Standard
deviations of NMR signal-to-noise ratios are used as error bars. The numbers (bold) in parentheses
indicate the average intensities under each type of the polysaccharide or lignin.

Type cross peaks Intensity
i4-1 0.44+0.03
i4-32 042+0.05

i4-3b¢ 0.42+0.03
interior i4-2/5 0.42+0.09
cellulose i4-6 0.40+0.07

(0.24) i6-1 0.48+0.19
i6-4 0.4£0.2

i6-320 0.5+0.1
i6-3¢ 0.5+0.1
i6-2/5,2 0.5+0.1
" s4-1 0.55+0.09
CZ‘:{U"I"(‘)’SQ s4-3/5 0.6£0.1

(0.36) s4-2 0.6x0.1

s4-6 0.5+0.1
Xn%4-1 0.52+0.09
xylan?f Xn%4-3 0.55+0.08
(0.31) Xn%4-5 0.47+0.09
Xn%4-2 0.7£0.2
Xn®2/3-1 0.7£0.2
an Xn2/3-4 0.60.2
e 32 Xn¥2/3-5 0.620.2
(0.44) Xn¥5-1 0.5+0.1
Xn¥5-4 0.5+0.1

S3/5-S1° 0.50+0.08

S3/5-S18 0.48+0.03

S3/5-S2/6? 0.61+0.04

S3/5-S2/6° 0.49+0.09

S3/5-OMe 0.53+0.08

S’3/5-4 0.61+0.09
S°3/5-2, G4-2 0.5+0.1
lignin S’3/5-OMe, G4-OMe 0.5+0.1

(0.51) S4-S3/5 0.46x0.09

S4-S2/6 0.44+0.08
54-S1 0.47+0.08
S4-OMe 0.51+0.09
S2/6-S3/5 0.6£0.2
S2/6-S1 0.5%0.2
S2/6-S4 0.5%0.1
S2/6-OMe 0.51+0.09
OMe-S3/5 0.42+0.06
OMe-G3 0.43+0.07
lignin OMe OMe-S1 0.40+0.09
(0.42) OMe-S4 0.5+0.1
OMe-S2/6 0.40.1
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Table F.12. Water-edited intensities of polymers in poplar. The intensity ratio is obtained by
comparing the water-edited and control 2D 3C-13C correlation spectra. Standard deviations of
NMR signal-to-noise ratios are used as error bars. The numbers (bold) in parentheses indicate the
average intensities under each type of the polysaccharide or lignin.

Type cross peaks Absolute Intensity
i4-1 0.11+0.04
i4-32 0.09+0.07

i4-35¢ 0.09+0.07
interior cellulose i4-2/5 0.10+0.08

(0.11) i6-1 0.12+0.05
i6-4 0.12+0.03

i6-32. 0.11+0.03
i6-3¢ 0.11+0.04
i6-2/5 0.11+0.02
surface cellulose s4-1 0.120.06

(0.11) s4-3/5 0.10+0.04
s4-2 0.11+0.04
s4-6 0.11+0.03

xylan?f Xn4?-1 0.36+0.06

(0.30) Xn4%-3 0.42+0.06

Xn43-2 0.20+0.05

Xn4%-5 0.21+0.06

Xn¥2/3-1 0.23+0.05

xylan®f Xn2/3-4 0.39+0.09

(0.25) Xn2/3-5 0.15+0.03

Xn¥5-1 0.31+0.07

Xn®%5-4 0.18+0.09

G5-3 0.14+0.04

G5-1 0.14+0.03

G5-OMe 0.18+0.02

guaiacyl (0.19) G2-3 0.28+0.06
G2-1 0.16+0.05

G2-6 0.21+0.04

G2-OMe 0.21+0.03

S3/5-1° 0.16+0.09

S3/5-12 0.21+0.06

S3/5-2/6 0.15+0.04

S3/5-OMe 0.14+0.05

syringyl S1°-S3/5 0.14+0.07

(0.16) S1°-S2/6 0.20+0.06

S1°-OMe 0.15+0.06
S12-S3/5 0.13+0.03
S1%-OMe 0.11+0.03
S2/6-S3/5 0.17+0.04
S2/6-S1° 0.20+0.06
S2/6-OMe 0.11+0.03
OMe-S3/5 0.13+0.04
OMe-G3 0.14+0.03
syringyl/guaicyl OMe OMe-S1 0.14+0.04
(0.14) OMe-G5 0.15+0.05
OMe-S2/6 0.15+0.03
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Table F.13. Water-edited intensities of polysaccharides and lignin of spruce. The intensity ratio is
obtained by comparing the water-edited and control 2D 3C-1*C correlation spectra. Standard
deviations of NMR signal-to-noise ratios are used as error bars. The numbers (bold) in parentheses
indicate the average intensities under each type of the polysaccharide or lignin.

Type cross peaks Absolute Intensity
i4-1 0.44+0.02
i4-32 0.37£0.04

interior ?4-3“C 0.37+0.03
cellulose |4-2/5 0.39+0.03

(0.38) !6-1 0.42+0.07

' 16-4 0.4+0.1
i6-3 0.32+0.05

i6-2/5,2 0.4+0.1

£ s4-1 0.5+0.1
Czlflr u?gse s4-2/5 0.44+0.03

(0.43) s4-3 0.4+0.2
s4-6 0.46+0.03

Xn%4-1 0.7x0.1
xylan® Xn%4-3 0.43+0.04

(0.57) Xn%4-5 0.57£0.04

' Xn%4-1 0.67+0.05
Xn%4-2 0.56+0.06

Xn®2/3-1 0.4+0.1
xylan 3f Xn®2/3-4 0.32+0.07

(0.40) Xn¥2/3-5 0.4+0.1

Xn®5-4 0.44+0.05
Xn®5-1 0.48+£0.04
Manl-4 0.86+0.06
mannan (0.76) ManL-5 0.63+0.06
Manl-6 0.79+0.05
G3-1 0.4+0.1
guaiacyl G3-2 0.47+0.04

(0.47) G3-OMe 0.52+0.09
G1-3 0.5+0.1
G6-3 0.40+0.06

G6-OMe 0.35+0.03

G2-3b¢ 0.51+0.06

G2-32 0.65+0.05

G2-OMe 0.54£0.15

OMe-G3 0.45+0.08

guaiacyl OMe OMe-G1 0.40+0.06

(0.42) OMe-G2 0.42+0.07

210



Table F.14. 3C-T1 relaxation times of lignin and polysaccharides in the three woods. The data are fit using single exponential equations
1(t) =1—2etTfor T1, DP (inversion recovery) and I (t) = e~t/T for T1, CP (Torchia CP). Standard deviations of the fitting
parameters are used as error bars. Unidentified (-).

Eucalyptus Poplar Spruce
Atom T1, Atom Ty, Atom Ty, Atom Ty, Atom Ty, Atom Ty,

(ppm) CP(s) (ppm) DP (s) (ppm) CP (s) (ppm) DP (s) (ppm) CP(s) (ppm) DP (s)
Ac®0 174 2.1+0.1 174 1.6£0.2 174 2.83+0.05 174 2.4+0.2 174 1.440.2 174 1.31£0.1

S3/5 - - 153 3.1+0.5 - - 153 1.31£0.1 - - - -

G3 148  4.610.2 - - 148 4.2+0.2 - - 148 3.740.1 148 -
G4/S°3/5 145 47403 145 1.8+0.2 145 4.1+0.1 145 2.4+0.2 145 3.610.1 145 2.4+0.2

S1 136  4.5+0.2 136 2.240.3 - - 136 2.7£0.2 - - - -

S4 1345 4.7+0.3 134.5 1.940.3 134.5 4.240.1 134.5 2.740.2 - -

Gl - - - - - - - - 130.8 2.940.1 130.8 0.9+0.1
G6 - - - - - - - - 120.5 3.3x0.1 120.5 2.6+0.3
OMe 57 46403 57 2.510.2 57 4.4+0.3 56.5 2.8+0.2 57 3.4+0.3 57 2.1+0.2
i/s/Xn?1 105 4.1+0.1 105 2.310.7 105 4.1+0.1 105 3.7+0.2 105 3.45+0.04 105 3.240.2
i4 89  4.8+0.2 89 4.4+0.2 89 4.8+0.2 89 4.3+0.2 89 3.97+0.06 89 3.9+0.2
s4 84  3.9+0.1 84 2.310.3 84 3.7£0.2 84 3.1+0.2 84 3.12+0.09 84 1.5+0.2
i6 65  3.710.3 65 2.9+0.3 65 3.6+0.3 65 3.440.3 65 3.0+0.2 65 2.4+0.3

s6 62  2.7+0.3 61 - 62 2.7+0.3 - - 62 2.0£0.2 - -
Xn¥f1 1025 3.4%+0.2 102.5 2.1+0.3 102.5 3.4+0.2 102.5 2.2+0.2 102.5 2.7+0.1 102.5 1.7£0.2
Man - - - - - - - - 100.2 2.3+0.1 100 0.8+0.1
Xn%4 82  3.7+0.2 82 1.4+0.2 82 3.7£0.2 82 2.1+0.4 81.8 2.840.1 82 1.1+0.2
Xn4 78  3.6£0.2 78 1.2+0.2 78 3.610.2 78 1.4+0.3 78 2.50.1 78 0.8+0.1
Xn23fpacMe 215 3.9+0.1 21.5 2.2+0.2 21.5 4.7+0.2 21.5 1.5+0.1 21.5 2.1+0.2 21.5 1.1+0.1
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Table F.15. *H-T, relaxation times of lignin and polysaccharides in three samples. The data are

fit using a single exponential equation: I (t) = e~*/T. Standard deviations of the fitting parameters
are used as error bars. Unidentified (-).

Eucalyptus Spruce Poplar
Atom T1 (ms) Atom (ppm) T1 (ms) Atom T1 (ms)
(ppm) (ppm)
S3/5 153.9 16.8+0.8 - - 153.2 19.5+0.6
G1? - - 131 8.3+0.6 - -
G1bre - - 134 11.6+0.5 - -
G1¢ - - 136 10.1+0.7 - -
G3? 148.1 10+1 152.2 13+1 148.1 14+1
G3° - - 147.6 12.8+0.9 - -
S°3/5/G4 145.6 11.4+0.8 - - 145.0 13.8+0.9
S4 135.9 12+1 - 8.0+0.5 - -
Gl - - 134.2 8.9+0.7 - -
S°bg 130.1 11.1+0.7 - - - -
G6 - - 119.0 8.8+0.6 - -
G5 115.3 8.0£0.7 116.3 8.2+0.7 116.2 9.1+0.8
G2 - - 1135 8.3+0.6 - -
S’1 110.9 10.1+0.9 - - - -
OMe 57 14.240.7 57 12.5+0.7 57 15.1+0.8
i/s/Xn1?f 105.0 28.1+0.9 105.0 29+2 105.0 3612
i4 89.0 35+1 89.0 35+1 89.0 43+2
s4 84.2 22 +1 84.1 20+1 84.5 28+2
i6 65.0 2612 65.0 2612 64.8 3242
S6 61.5 16+1 61.5 15+1 61.5 19+1
Xn13f 102.5 12.8+0.9 102.3 12+1 102.4 13.0+0.8
Manl - - 101 10.4+0.9 - -
Xn4?f 82.0 14.610.9 82.0 13.7+£0.9 81.8 1741
Xn43f 78.1 11.5+0.9 78.0 10.2+0.9 78.0 1241
Xn?3fAcMe 21.0 17.610.6 21.0 13+1 21.5 19.5+0.5
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Table F.16. Parameters of 1D solid-state NMR experiments measured on the three wood samples. Recycle delay (d1); number of scans
(NS); number of points of time domain for the direct (td2) and indirect (td1) dimensions; the acquisition time of the direct dimension
(aq2); the evolution time of indirect dimension (aq1); excitation frequency for proton (v*H) and carbon (v**C) channels.

P DP Quantitative 5C-Ty Integ;ircin— AT, 1D Water-
DP Torchia recovery P edited
Field (T) 141 141 141 9.4 9.4 9.4 9.4
Temp. (K) 294 294 294 300 300 300 278
MAS (kHz) 14 14 14 10 10 10 10
d1(s) 17 2 35/40° 2 30 2 18
NS 128 128 64 256 128 256/128/64 512
td2 2048 2800 2800 1600 1600 1400 1400
ag2 (ms) 14 19.6 19.6 16 16 14 14
VviH (kHz) 83.3 - - 62.5 - 62.5 83.3
VEC (kHz) 62.5 625 62.5 62.5 62.5 - 62.5
CP (*H/C) (kHz) 62.5 ; - 62.5 ] 51° 62.5
CP contact time 1 ) i 1 i 10 10
(ms)
*H decoupling 83.3 83.3 83.3 62.5 83.3 62.5 83.3
(kHz)
Processing GM GM GM GM GM GM GM
(-7,007) | (-7,007) | (-7,0.07) (-7, 0.07) (-7, 0.07) (-5,0.1) (-5,0.1)

aRecycle delays are 40s (for eucalyptus) and 35s (for the other two). "To protect the probe during longer LG-SL time (14 ms and 19 ms),
smaller NSs are used (128/64). °For *H-T),, 51 kHz for CP matching means wless is 62.5 kHz during LG-SL and LG-CP.
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Table F.17. Parameters of 2D NMR experiments measured on the three wood samples. Recycle delay (d1); number of scans (NS);
number of points of time domain for the direct (td2) and indirect (td1) dimensions; the acquisition time of the direct dimension (ag2);
the evolution time of indirect dimension (aql); excitation frequency for proton (v'H) and carbon (v*3C) channels.

Dipolar- 2D DP-
CP-INADQ | DP-INADQ | RFDR gated Water- | DARR | DIPSHIFT | oo HSQC
PDSD edited
Field (T) 14.1 14.1 9.4 14.1 9.4 9.4 9.4 9.4 11.8
Temp. (K) 294 294 208 294 278 278 208 208 -
MAS (kHz) 14 14 10 14 10 10 75 12 -
d1(s) 16 16 2.0 1.48 1.65 1.65 2.0 17 1
NS 32 16 128 160 | 128/256° | 128 128 192 224
td2 1400 1800 1600 1400 1400 1400 1600 1600 2048
td1 340 112 280 180 152 152 13 200 256
ag2 (ms) 14 18 16 14 14 14 16 16 12.78
agl (ms) 4.5 45 7.00 3.42 4.94 4.94 0.14 4.20 3.01
viH (kHz) 83.3 - 71.4 83.3 83.3 83.3 83.3 - 31.3
vi3C (kHz) 62.5 62.5 62.5 62.5 62.5 62.5 62.5 62.5 20.8
CP ("H/*C) 62.5 : 62.5 62.5 625 62.5 62.5 : :
(kHz)
C_P contact 1 ) 1 1 1 1 1 ) )
time (ms)
H dafﬁlg’“”g 83.3 83.3 714 83.3 83.3 83.3 83.3 83.3 31.3
Mixing time i ) 16 20/10(3)/10 50 50 i 100 0.86¢
(ms) 00
GM GM GM (_3(?'(\403) (_3(?'8403) QSINC
Processing QSINE QSINE (-10,0.05) | (-15,0.04) | (-15,0.04) | “og 0o GM QSINE (ssb:3.5)
(ssb:2.8) (ssb:3) QSINE QSINE | QSINE | 2000, | (5,0.) faaby QSINE
(ssh:4)¢ (ssh:3)¢ (ssh:4.5)¢ (ssh:3.5)

3128 NS for control one and 256 NS for 4ms-SD water edited one. ®1000ms/100ms for long and short mixing time and spruce also has 20-ms mixing
time spectrum. ©1/(8Jcw). ¢ Along direct and indirect dimensions respectively. For the later forward linear prediction is applied with 32 coefficients.
¢ GM for lignin region and QSINE for carbohydrate region.
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Table F.18. Parameters of sSNMR experiments measured for never-dried spruce and eucalyptus samples. The same experiments with
same parameters were measured again for both two wood samples after lyophilization and rehydration. Never-dried spruce was involved
in all 1D and 2D experiments, and never-dried eucalyptus was only involved in 1D experiments. Recycle delay (d1); number of scans
(NS); number of points of time domain for the direct (td2) and indirect (td1) dimensions; the acquisition time of the direct dimension
(ag2); the evolution time of indirect dimension (aq1); excitation frequency for proton (v*H) and carbon (v'*C) channels.

— 1D
Quantitative | *C-T; 1 2D Water- 53-ms
cP DP DP | Torchia| < Tw \é‘é"’l‘ig edited | CPINADQ | DP-INADQ | ~5ppy
Field (T) | 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4 9.4
Temp. (K) | 298 208 298 208 2908 280 280 208 298 298
MAS (kHz) | 10 10 10 10 10 10 10 10 10 10
di(s) 2 2 35 2 2 2 17 18 2 2
NS 1K 1K 512 512 | 512/256/128° | 1k/512 9 192 192 128
td2 1600 | 1600 1600 1600 1600 1400 1600 1400 1600 1600
td1 1 1 1 1 1 1 166 90 90 166
aq2 (ms) 16 16 16 16 16 14 16 14 16 16
aql (ms) i i - - i _ 4.15 5.31 5.31 4.15
ViH (kHz) | 833 i } 833 62.5 833 83.3 83.3 - 83.3
VEC (kHz) | 625 62.5 62.5 62.5 i 62.5 62.5 62.5 62.5 62.5
CP match
(HMBC) | 625 i ; 62.5 51 62.5 62.5 62.5 . 62.5
(kHz)
CP contact | ) i ; 1.0 1.0 1.0 1.0 1.0 ; 1.0
time (ms)
H
decoupling | 83.3 83.3 83.3 83.3 62.5 83.3 83.3 83.3 83.3 83.3
(kHz)
( 2(??04) QSINE QSINE GM
. GM GM GM GM GM GM .0 30,
Processing | 501y | (-10,0.05) | (-10,005) | (-501) |  (-5,0.1) (-5, 0.1) 8;:':1')% (ssb:4) (ssb:4) c().os)

aTo protect the probe during longer LG-SL time (14 ms and 19 ms), smaller NSs are used (256/128).  For H-T,, 51 kHz for CP
matching means wles is 62.5 kHz during LG-SL and LG-CP. GM for lignin region and QSINE for carbohydrate region.
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Table F.19. Comparison of *C chemical shifts with literature-reported values. The comparison
results are shown for carbohydrates, lignin aromatic carbons as well as covalent linkers. The
references are indicated for each comparison.

Carbohydrate Eucalyptus | Poplar | Spruce reference 1 reference 2 reference 3
Wang eLal. Kara.eal | Gaoetal. 2020
Cl 104.9 104.8 104.8 105.0 105.8 105.2
o C2 72.1 72.1 72.2 72.9 715 72.8
C3 75.2 75.0 75.3 75.8 75.8 75.1
C4 88.7 88.9 89.0 89.2 89.1 88.1
C5 72.3 72.4 72.4 72.9 72.5 72.8
C6 65.0 64.9 65.0 65.2 64.9 64.8
—g—Wagofi al. | Kangetal. 2019 | Gao etal. 2020
Cl 104.9 104.8 104.8 105.0 105.1 105.2
ib C2 72.1 72.1 72.2 72.5 72.9 72.8
C3 75.2 75.0 75.3 75.6 74.1 75.8
C4 88.7 88.9 89.0 88.8 89.1 89.0
C5 72.3 72.4 72.4 72.5 72.5 72.6
C6 65.0 64.9 65.0 65.1 65.0 65.4
Waraelal. | kangetal. 2019 | Gao etal. 2020
Cl 104.9 104.8 104.8 105.0 104.2 105.2
ic C2 72.1 72.1 72.2 72.5 71.1 72.8
C3 74.1 74.3 74.3 75.4 - 75.8
C4 87.9 87.9 88.1 88.8 87.9 89.5
C5 71.1 70.1 71.0 72.5 - 73.0
C6 65.7 65.5 65.6 65.1 65.8 65.3
Waraelal. | kangetal. 2019 | Gao etal. 2020
Cl 104.9 104.8 104.8 105.0 105.2 105.2
§f C2 72.1 72.1 72.2 72.5 72.7 72.8
C3 74.6 75.7 75.1 75.6 75.8 75.1
C4 84.4 84.3 84.5 84.7 84.3 83.8
C5 74.6 75.0 75.0 75.7 75.4 75.1
C6 62.3 62.3 62.1 62.9 62.5 61.8
Waraetal. | Kangetal. 2019 | Gaoetal. 2020
Cl 104.9 104.8 104.8 105.0 106.1 105.2
o C2 72.1 72.1 72.2 72.5 73.0 72.8
C3 73.6 75.2 74.3 75.6 73.1 75.4
C4 83.5 83.4 84.3 84.7 83.5 84.1
C5 73.6 73.7 74.3 75.9 74.6 75.4
C6 61.4 61.3 61.4 62.0 61.5 62.2

(table cont'd.)
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Carbohydrate Eucalyptus | Poplar | Spruce reference 1 reference 2 reference 3
—S'mr;g?élgt al. Kang etal. 2019 | Gao et al. 2020
Cl 104.8 104.8 104.8 105.2 105.1 105.1
Cc2 7.2 72.1 72.2 72.3 725 72.3
Xn? C3 74.0 73.2 73.3 75.2 73.5 75.3
C4 82.2 82.0 82.2 82.2 82.3 82.1
C5 64.0 63.9 63.9 64.3 64.6 64.1
ACC0 174.0 174.0 174.0 173.6 174.0 174.0
ACMe 21.0 21.0 21.0 21.6 21.0 21.4
—Slmmz%n156et al. Kang et al. 2019 | Gao et al. 2020
Cl 102.5 102.2 103.5 102.6 102.5 102.5
Cc2 73.4 73.6 73.9 73.7 735 73.7
Xn®f C3 74.1 74.2 74.2 74.7 74.5 74.7
C4 77.4 77.9 77.8 77.4 78.0 77.3
C5 63.3 64.1 65.4 63.9 62.5 63.8
ACC0 174.0 174.0 174.0 173.6 174.0 174.0
ACMe 21.0 21.0 21.0 21.6 21.0 21.4
Kang et al. 2019
C1l - / 102.5
C2 - / 735
xn C3 74.2 / 74.5
C4 78.5 / 78.0
C5 64.1 / 62.5
ACCO 174.0
AcMe
Duan et al. 2021
313
Cl 101.5 1015 1015 99
GlcA? C2 71.3 71.3 71.3 72
C3 79.8 79.8 79.8
C4 69.9 69.9 69.9
C5 76.6 76.6 76.6
Simmons et al.
2016
C1l 99.2 99.2 99.2 98.6
GIcAP C2 69.9 69.9 69.9 72.4
C3 - - -
C4 - - -
C5 - - -

(table cont’d.)
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Carbohydrate Eucalyptus | Poplar | Spruce reference 1 reference 2 reference 3
Wang et al. Simmons et al.
2014 2016
Cl 98.5 98.5 98.5 98.6 98.6
GlcAC Cc2 716 71.6 71.6 724 724
C3 80.8 80.8 80.8 78.3
C4 - - - -
C5 - - - 72.6
C6 - - - 1775
Wang et al. Terrett et al. Phyo et al.
2014 2019 20173
C1l 100.2 100.2 100.2 100.2 101.1 99.9
GalA C2 68.1 68.1 68.1 69.3 69.8 69.0
C3 - - - - - 69.8
C4 79.6 79.6 79.6 - - 78.8
C5 - - - - - 71.3
C6 - - - 171.6
Wang et al. Terrett et al.
2014 2019
Cl / / 101.2 100.2 101.9
M C2 / / 71.3 69.3 72.0
C3 / / 75.1 - -
C4 / / - - 80.4
C5 / / 75.1 - 75.8
C6 / / 62.1 - 61.6
Terrett et al.
2019
C1l / / 101.6 100.9
MAC c2 / / 72.1 71.9
C3 / / 75.1 75.9
C4 / / 80.7 80.4
C5 / / 75.1 75.8
Cé6 / / 62.1 61.6
Wagogle: al. Terrze('gt1 gt al. Duan et al. 2021
Cl / / 108.1 110.0 108.6 109
A(t-Ara) Cc2 / / 82.1 82.2 82.1 82
C3 / / - 7.7 78.3
C4 / / 85.6 84.9 86.1
C5 / / 62.1 62.3 62.8

(table cont’d.)
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Carbohydrate Eucalyptus | Poplar | Spruce reference 1 reference 2 reference 3

—g—Wagofi al. Phyo et al. 2017
C1l 107.8 107.8 107.8 107.1 107.2
A? Cc2 81.8 81.8 81.8 89.8 87.8
C3 77.2 77.2 77.2 76.8 76.2
C4 84.6 84.6 84.6 78.6 82.4
C5 61.8 61.8 61.8 70.7 67.3

W—agg%""" Phyo et al. 2017
Cl 107.8 107.8 107.8 107.3 108.4
AP C2 80.1 80.1 80.1 87.8 85.8
C3 - - - 72.6 81.1
C4 - - - - 81.9
C5 - - - - 67.0

—g—Wagofi al. | phyoetal. 2017
Cl 109.7 109.7 109.7 110.0 108.4
A° Cc2 81.8 81.8 81.8 82.2 81.8
C3 77.4 77.4 77.4 77.7 77.8
C4 82.9 82.9 82.9 84.9 83.1
C5 67.6 67.6 67.6 62.3 67.8

Wang et al. Phyo et al. 2017

2014
Cl 106.9 / / 109.2 107.7
Al C2 85.3 / / 82.1 82.2
C3 - / / 78.2 775
C4 - / / 85.7 84.9
C5 - / / 62.4 62.1
Lignin Eucalyptus | Poplar | Spruce reference 1 reference 2 Other solution
NMR studies
Ralph et al.

G Kang et al. 2019 2009
Cl - / / 131.6 130.5

(table cont’d.)

219



Carbohydrate Eucalyptus | Poplar | Spruce reference 1 reference 2 reference 3

111,522
110.8 2%
111.73%
111.62%°
110.92%
110.92%
110.92%°

c2 | 1111 / / - 112.2 111.4 720

111.4 %%
110.92%°
111.03%
110.3 3%

C3 148.9 / / 148.2 150.3

C4 144.9 / / 148.2 150.1

115.2 222
115.4315
115.4%15
114.7%3
114.92%%
C5 115.9 / / 115.5 112.2 115.1 %9
115.0 220
115.4 22
114.6 29
114.93
115.2 310

119.5 %%
118.8 27
119.631°
119.5%°
119.0%3
119.0%4
118.8 29
119.5 %%
119.3%%
119.12%°
118.631
118.9 310

C6 - / / 119.6 120.8

OMe 57.0 / / 56.9 56.1

(table cont’d.)
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Carbohydrate Eucalyptus | Poplar | Spruce reference 1 reference 2 reference 3
Kang et al. 2019
Cl / - 130.7 132.1
Cc2 / 112.1 1134 1145
G C3 / 48.2 152.2 146.2
C4 / 144.9 145.3 146.2
C5 / 116.1 116.3 114.5
C6 / - - -
OMe / 56.6 56.7 56.7
Kang et al. 2019
Cl / - 133.5 134.8
C2 / 113.8 110.5 1115
Gb C3 / 148.2 149.7 147.4
C4 / 144.9 146.1 147.4
C5 / 116.1 - 115.8
C6 / - 120.2 120.4
OMe / 56.6 57.0 57.0
Kang et al. 2019
C1l / / 134.2 134.8
C2 / / 113.5 1115
G C3 / / 147.6 147.4
C4 / / 144.1 147.4
C5 / / - 115.8
C6 / / 119.2 120.4
OMe / / 57.0 57.0
Kang et al. 2019
Cl / / 136.0 134.8
C2 / / 109.5 111.5
G C3 / / 151.6 147.4
C4 / / 142.2 147.4
C5 / / - 115.8
C6 / / 121.1 120.4
OMe / / 57.0 57.0
Kang et al. 2019
Cl 134.9 134.2 / 136.2
C2 102.8 104.0 / 105.5
g8 C3 153.3 153.1 / 152.7
C4 133.5 134.6 / 134.5
C5 153.3 153.1 / 152.7
C6 102.8 104.0 / 105.5
OMe 57.0 56.6 / 56.7

(table cont’d.)
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Carbohydrate Eucalyptus | Poplar | Spruce reference 1 reference 2 reference 3
Kang et al. 2019
Cl - 137.1 / 136.2
Cc2 109.7 102.5 / 105.5
gb C3 153.2 152.7 / 152.7
C4 137.2 135.8 / 134.5
C5 153.2 152.7 / 152.7
C6 109.7 102.5 / 105.5
OMe 57.0 56.6 / 56.7
Rencoret et al. 2011 | Yuanetal. 2011
Cl 134.1 / /
C2 109.2 / / 106.6 106.2
g C3 144.8 / / - -
C4 136.3 / / - -
C5 144.8 / / - -
C6 109.2 / / 106.6 106.2
OMe 56.5 / / - -
Rencoret et al. 2011 | Yuanetal. 2011
C1l 136.5 / /
C2 112.5 / / 106.6 106.2
gb C3 145.5 / / - -
C4 138.5 / / - -
C5 145.5 / / - -
C6 112.5 / / 106.6 106.2
OMe 56.5 / / - -
Chemical shifts from solution NMR spectra
LiLr:igglzs Eucalyptus | Poplar | Spruce Eucalyptus Poplar Spruce
222
meIeE [ sien |
C7(a) 72.3 72.0 72.4 714172635 i ; ;ig 21 71.020
71.7172.4%% i
-171.82%
-/71.8%5
222
ggé ; gg? 217 83.9/85.9 z;‘ o
A(G)TAS) C8(B) 84.5 86.3 84.3 84.1/86.4;87.33° 83'? / 85'2321 84.0 210
215 -/85.8 83.9
84.1/86.4 83.8/85.8 209
83.6/85.8%% ' '
222
o477 06| gggu
CI(y) 59.4 60.4 59.9 60.1 315 59.8%19 59,8210
' 60.222 '
59.6%%

(table cont’d.)
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Carbohydrate Eucalyptus | Poplar | Spruce reference 1 reference 2 reference 3
85.4222 84,822
84.72Y7 85.221° 84 9310
C7(w) 84.4 84.8 - 85.4 315 85.7%%0 85. 0210
85.5215 84,71 '
84.8%% 84.82%°
53.7 %22 204
B 53.3%7 535" 53,5310
C8(B) 53.5 52.6 53.9 54 1315 53.6 53,6210
' 53.6% '
53.5%3
71.7%%2
71.0%7 71.0% 70.83%10
CI(y) 71.2 70.5 70.3 71,735 70,1219 20,9210
71.3%
C7(w) - 83.9 /
B’ c8(B) 53.5 52.9 /
C9(y) 74.4 74.1 /
81.722 224 210
C7(w) 81.1 80.3 81.4 81027 81.2 81.7
222
£ c8()| 596 597 | 600 o2 59,72 59,320
C9(y) / / /
C7(w) 75.8 77.2 76.2 75.83%16
\% c8(B) 78.4 79.0 78.9 78.03%16
CI(y) 59.8 60.7 60.1
87.72% 86.8%%
86.4 %% 87.0%19 87 0310
C7(w) / / 88.1 87.531 87.4%%0 P
87.42% 87.12% 87.0
86.7 %% 86.8%%
53.7 %% 224
¢ 53.1%7 53'321 53.13%10
Cc8(B) / / 54.2 53 7 315 53.2%9 53,0210
; 53.2%%0 '
53.5°
63.32%
62.5%4 62.8310
CI(y) / / / 62.3 247 625 219 62 7210
62.5%% ' '
C7(w) / / 90.2
C C8(B) / / 49.9
CI(y) / / /
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APPENDIX G. SUPPORTING INFORMATION FOR CHAPTER 7

t-3CHexp; (t-Man, t-Gal, t-Glc) 4-13CHexpl; (4-Glc, 4-Gal)
120
106 DH“’?OAB
DH'3COAc H13('20Me 120
w ] HI*COMe 120 (TATTET HCOMe 165 105
10 209 HPCOMe 165105 117 H'COAG
104 149 104,132—164 H13COMe 120 H®*COAc
. H'3COAc 105 207 H,'*COMe
65
H,'*COMe 132
N I Jll 168177
g - Gy Tl
50 100 150 200 250 300 350 400 450 500 550 50 100 150 200 260 300 350 400 450 500 560
miz m/z
3-13CHexp; (3-Glc) 6-1*CHexp; (6-Man)
120 105
DH“CL:OAG 120 DH"(EOAC
202 | HSCOMe 282 | H3COMe
B2 mmmmmemen ” foemomeenn 120 132 237 T Foomomoeeee-120
HS?OA" ______ wl | T ﬂ{ﬁc_{“_'!‘? ______ 165 105
104 . 104,132‘—164: 7777777 ',j 711(?9!'137 77777 238 178 1324192 H*COMe
H‘S?OAC H13CIOAC
165
9 H,*COMe 192 H,"®COAc
. 238
74
il 178 I
i ﬂl A | T 22 'j k | | TP AT O P Z?T . L !
50 100 150 200 250 300 350 400 450 500 550 50 100 150 200 250 300 350 400 450 500 550
miz miz
2-13CHexp; (2-Man) 2.3-13CHexp; (2.3-Glc)
132
132 DH'COAc
134
DH'*COAC HsboAe
........ HUCOAc - H COAC
33 149 209 H3COMe 193 133 132104164 ﬁ1-5$5ﬁ; ------
164 10132._154'""""',‘3'} """""" L f--mnnn---. 266 2208
o H ?OMa 20 H‘3('I,‘OAc
13
o 103 H3COAc H,*COMe
H,'*COMe 266
74 30 149
206
| .I J\ I 4 j A Lsa Ll
50 100 150 200 250 300 350 400 450 500 50 100 150 200 250 300 350 400 450 500
miz m/z
3.6-13CHexp; (3.6-Glc) 2.6-13°Hexp; (2.6-Glc)
120
132
DH"COAc DH13(|20Ac
. 133 HrCoAC
________ !“_‘_{?_95_'1_?____”193 —133
132192 H3COMe
20
192 102,18 H'3COAc
104 103 H,"*COAc
1 76 J 144, ] 238 120
JELLT el T o S PO L N
50 100 150 200 250 300 350 400 450 500 550 50 100 150 200 250 300 350 400 450 500 550
miz m/z

Figure G.1. EI-MS ion fragmentation of partially methylated alditol acetates of 13C neutral hexoses
in fungal cell walls. The proposed glycosy! linkage interpretation of the 3C substituted (~100%)
carbohydrates is detailed. The given values were calculated based on relative the peak areas
originating from GC-MS EI detector response.
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a Alkali-insoluble, A. niger b Intact cells, A. fumigatus
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Figure G.2. Comparison of 3C, °N-labeled A. niger and A. fumigatus. 2D RFDR spectra of (a)
the alkali-insoluble portion of A. niger cell walls and (b) intact cells of A. fumigatus.
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Figure G.3. 13C cross sections of 2D PAR. The °C cross sections of 2D PAR (black) and 100 ms
DARR (yellow) are overlaid for comparison. Dashlines indicate the positions where **C cross
sections are extracted.
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Figure G.4. DNP Experiments for detecting chitin-glucan interactions. (a) *N-'*C correlation
experiment. (b) °N-13C filtered *C-13C correlation experiment.

227



Q

NC with 100 ms PDSD

110 ChN, -CO! 2 . 4 ChN,-3
— " chn,-cos O v | G CpNceeheN,2
£ 120 % A "
e
z 1304
- . ‘ ChN, -3
140 ChN,_-CO ¥ ChN 4= ChN, 50 ChN, -2 ChN, -CH
T T T T T T T T T T T //l T T
180 170 " 110 80 70 60 50 30 20
b 7 ) NC with 3 s mixing PDSD
1104 ChN,-CO ChNHs-A1ees
. ChN, =3¢
- - ChN, >-4
£ 120 S e
a S )
X ( LD,
1304 ELS )
592 k‘*ﬁL‘jﬂ‘-’i tl W wid =
1404 [fchN »co® ChN 30 i ChN, >-H4
ChN, »-CO” ChN, 1% = ChN_»-4! ChN, -3
T //l T T T T T T T T T T
180 170 "' 110 100 80 70 60 50
C Difference (intramolecular-only )
/4 /4 /-
110+
5 by
g 120~ 9 .
Z 130 @
140
T //I T // T T T T T T T T //I T T
180 170 110 100 80 70 60 50 30 20
*C (ppm)

Figure G.5. Parent spectra for generating intermolecular-only *®N-13C correlation spectrum with
improved resolution. (a) **N-'3C correlation spectrum with 100 ms mixing times for intramolecular
cross peaks. (b) ®N-13C correlation spectrum with 3-s mixing times for both intermolecular and
intramolecular cross peaks. (c) Spectral subtraction of b-a results in a difference spectrum with
only long-range intermolecular signals. A Topspin gamma value of -0.65 is used for the

subtraction.
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Figure G.6. NMR relaxation curves of polysaccharides. (a) *H-T1, and (b) **C-T; relaxation curves
of polysaccharides in intact A. fumigatus cell walls. The data are collected on a 400 MHz (9.4
Tesla) spectrometer and best-fits are achieved using single or double exponential equations.
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Figure G.7. NMR analysis of the rigid portion of proteins. (a) Comparison of the protein intensities
in 1D 3C CP, DP with 2-s recycle delays and DP with 35-s recycle delays. (b) Comparison of
polysaccharide and protein hydration. The normalized intensities are obtained using the intensity
ratio between two water-edited spectra with 4-ms and 49-ms 1H mixing time. The 4-ms spectrum
contains signals from the well hydrated molecules and the 49-ms spectrum reflects the equilibrium
condition. The rigid proteins detected in this CP-based experiment are generally more hydrophobic
than polysaccharides.
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Table G.1. Glycosyl composition analysis of neutral sugars in fungal cell walls. The intact cell
walls of A. fumigatus and the alkali-insoluble portion of A. niger cell walls are reported.

Glycosyl residue of neutral sugars (mole %)

Sample Ara? Man? Gal? Glc?
A. fumigatus 0.3 6.9 14.5 78.3
A. niger nd. 2.9 15.2 81.9
Composition of all sugars (mole %)
Sample Arab Man® Gal GleP Chitin® Chitosan®
A. fumigatus 0.3 6.2 13.1 70.6 9.0 0.9

& Data on neutral sugars are obtained directly from glycosyl composition analysis.

b Neutral sugar content rescaled by the NMR data of chitin/glucan and chitin-chitosan ratios.

¢ The amount of nitrogenated sugar in A. fumigatus is calculated using the chitin-to-glucan ratio (1
: 7.8) obtained by the area of C1-C2 cross peaks in 2D *C-3C RFDR spectrum (Supplementary
Figure 7.1) and the chitin-to-chitosan ratio (9 : 1) obtained using 1D N spectra (Figure 7.2a).
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Table G.2. 13C and N chemical shifts of polysaccharides in A. fumigatus cell walls. Superscripts are used to denote different allomorphs.
Underline denotes the 3C connectivity with ambiguity. Weak signals or minor species are indicated using “w.” Not applicable ( /).
Unidentified (-). Unk: unknown.

C1l C2 C3 C4 C5 C6 Cco CHs N Experimental methods References
13C-13C PDSD, 3C CP
- - a ’
B-1,3-glucan® | 103.6 744 864 68.7 771 613 / / / J-INADEQUATE Shim et al. 2007
B-1,3-glucan® DNP 3C-13C dipolar- | Fairweather et al. 2004
(w) 1046 752 859 696 786 630 / / / INADEQUATE-PDSD Hazime Sait6 et al.
B-1,3-glucan® DNP 13C CP J- 1979317-319
W) 1026 728 844 69.7 722 605 / / / INADEQUATE
o-1,3-glucan® | 101.0 719 846 695 717 605 / / /
13C-13C PDSD, *C CP
- - b 1
a-1,3-glucan® | 99.9 71 80 704 69.7 60.9 / / / JINADEQUATE | Bhanja et al, 2014 %
a-1,3-glucan® | 1012 70.1 845 677 715 605 / / / Puanglek et al. 2016
_ _ d
ocl3glucan® | 1015 705 g8 693 712 624 / / /
() BCccprPl
B-1,6-glucan | 102.6 694 79.0 716 76.9 67.3 Lowman et al. 2011 322
Petkowicz et al. 2001
323
p-1,4-mannan | 101.0 694 76.2 834 77.1 616 / / / Marchessault et al.
13C DP J- 1990 324
. INADEQUATE
arabinan? 1076 819 771 833 699 / / / / Q
Renard et al. 19993%
arabinan® 108.2 81.7 - - - / / / /
13C-13C PDSD, *C CP
103.6 555 729 830 757 609 174.8 22.6 127.9 | JFINADEQUATE, N- | Kono et al. 2004 119
13C N(CA)CX-DARR | Heux et al. 2000 326
chitin? RT 3C CP J- Kameda et al. 2004 327
103.4 56.0 73.9 - - - - 222 1277 .
INADEQUATE, °N- King et al. 2017 328
) 559 ) ) i ) i 1308 | “C N(CA)CX-DARR Tanner 1990 32

(800M)
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Table G.3. Intensities of 64 long-range intermolecular cross peaks. The intensities are relative
ratios of the peak area normalized by the integral of a **C cross section. For non-DNP experiments,
a peak higher than 2% is categorized as strong restraints (in bold) and 0.8% for intermediate
restraints (underline). For DNP enhanced experiments, given the relatively large values for all
cross peaks and the distribution of peak intensities, the thresholds have been increased to 15% and
8% for strong and intermediate restraints, respectively.

15msCC- 3sPDSD  DNPNC- DNPNC  DNP15
PAR (%) (%) edited CC with 3s ms NN-
atom1  atom?2 PDSD (%) PDSD (%) PAR (%)
B5* A .05 9.2
Al**  BI1¥Chi® 8.11
B5? Ade 772
B5? A2 18.54
p-13-glucan- | B5? AB2be 557
a-13-glucan | A6YCh6*  BE? 035
B5? Alee 391
Alee B5® 0.88
Alee B6® 0.97
Alee B5® 0.39
B1® A2 15.29
AB®  Ch3* 222
A6'ChG  Chee 1.33
chate Az 0.5
chas A 4.63
chas A2 462
Alb Chab 8.10
Alb Che® 3.16
N Al2e chae 0.19
(S—Ttérjélucan ALY Ch2®¢ 0.36
: AZc  Chze 0.48
AZc  Chle 2.04
Agee chs: 2.06
ch2e Agee 6.35
A2 ChCHg 4.67
ChNe  Azeed 10.25
CANe A2 15.68
ChNLPS  AdY/AZ° 9.87
Cha® B3P 3.49
Che B5® 013
ch' B6® 0.49
Ch2te B6® 11.93
B2? Che 11.54
N B2  ChCHs 351
E-Ttér-]élucan B5*  ChCHg® 2.86
: B5? cha® 8.92
B5? Ch2e 7.83
Chas B6? 7.95
B1? Ch2 9.53
B1’ Che 13.94
ChN B4 10.04
Chitin-Chitin | Ch2? Cha® 65
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Table G.4. Water-edited intensities of polysaccharide cross peaks. Error bars are standard

deviations propagated from NMR signal-to-noise ratios.

Type Cross peaks Intensities Type Cross peaks Intensities
Ch1-3? 03+0.1 Gl-4 06+0.2
Ch1-22 0.08 £0.07 G1-2 0.60 £ 0.08
Ch4-22 0.3+0.3 G1-6 06+0.2
Chbs-22 0.1+0.3 G5-4 06+0.1
Ch3-22 03+0.3 G5-2 0.7+0.1
Che6-22 0.02£0.03 G5-6 0.59+£0.07
Ch2-1@ 0.02+£0.03 G2-1 0.58 £ 0.06
Chitin Ch2-52 04+0.4 B-1,4-glucan G2-4 0.61+0.08
Ch2-42 0.1+0.1 ’ G2-5 0.63+0.08
Ch2-3# 0.20+£0.1 G1-1/B1-1# 0.57+£0.02
Ch2-62 04+0.4 G1-5/B1-22 0.66 £ 0.03
Ch2-22 0.37+£0.05 G5-1/B2-1# 0.63+0.03
Ch5-3¢ 0.04 £0.01 G5-5 /B2-22 0.58 £0.02
Cha-3f 04401 GoralAd-4IRe 070001
B1-32 0.7+0.1 G2-6 07+0.1
B1-5? 06+0.1 A4-12 0.33+£0.02
B1-42 0.6+0.1 A4-32 0.26 £0.04
B1-62 06+0.1 A4-28 0.31+£0.02
B2-32 0.7+£0.1 A4-6° 0.39+£0.06
B2-52 06+0.1 A4-62 0.24 £0.03
B-13- B2-42 06+0.1 o-1,3-glucan AB-12¢ 0.23+0.03
gluéan B2-62 06+0.1 ’ AB-3a¢ 0.20+£0.04
B6-12 0.7+0.2 AB6-2°/AB-5¢ 0.38+£0.01
B6-3? 0.8+0.3 A4-62 0.28 £ 0.02
B6-52 0.7+0.1 AG-4° 0.25+0.01
B6-22 0.7+0.1 AB-2/52 0.39+£0.08
B6-42 0.7+£0.1 A5-2° 0.41 +£0.02
B6-6%/A6-62 0.6+0.0 8-1,6-glucan H2-3 1.0+0.3
B4-32 0.8+0.2 ' H2-6 0.7+£0.3
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Table G.5. Relative intensities of polysaccharide signals in 1D *C CP and DP spectra. Error
bars are standard deviations propagated from NMR signal-to-noise ratios.

Assignments 13C (ppm) 125 ap/ 1355.dp l e/ 1355,0p
Al3¢ 101.1 0.34£0.01 2.06 £0.01
A3ac 84.6 0.25+0.01 2.12+£0.02
A48 69.9 0.38+0.01 1.80£0.01
ABC 60.4 0.53+0.01 2.02+0.01
Ch1b 102.4 0.79+0.02 1.48 + 0.03
Ch42 83.1 0.57+0.03 1.74 + 0.07
Ch4P 81.3 0.96 =+ 0.05 1.7+0.1
B5? 77.3 0.84+£0.02 1.42 +0.03
B6? 61.1 0.86 = 0.03 1.49 +0.01

G6 63.7 0.88 + 0.02 0.46 £0.02
G5 74.8 0.93+0.01 1.45+0.05
H3 78.9 0.94£0.04 1.45+0.05
H6 67.5 0.79+0.01 1.00 £ 0.02
Ch4¢ 82.2 0.85+0.05 1.09 £ 0.06
Ch3cde 73.5 0.88+£0.01 0.71£0.01
Ch2¢ 57.4 0.85+0.04 0.80£0.04
Ch2d 56.9 0.70£0.03 0.95+0.04
Ch2¢ 54.5 0.95+0.02 0.71+£0.02
Ch2f 52.9 0.76 £ 0.03 0.92+£0.04
Ch-CH3*¢ 22.8 0.85+0.01 1.16 + 0.02
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Table G.6. 'H-T), relaxation times of polysaccharides in intact A. fumigatus cell walls. Single
and double exponential equations are used to fit the data | (t)=¢ "™ and

I (t)=ae "™ +be ™" where b=1-a.

Assignment 13C (ppm) A B T1p. a(MS) T1,. 8(MS)
H1 102.8 - 1 - 1.3+£0.2

Ch1f 100.6 0.17+£0.01 0.83+0.01 0.65+0.04 4.90£0.05
B3? 86.5 - 1 - 1.2+0.1
A3ac 84.8 0.12+0.02 0.88+0.02 0.7£0.2 5.1+0.1

H3 78.6 - 1 - 0.68+0.04

H5 76.5 - 1 - 0.72+£0.04

B2° 75.2 - 1 - 0.92+0.08
Ch3cde 73.7 - 1 - 1.3+£0.2
A2°/A5C 71.3 0.29+0.03 0.71+0.02 0.46+0.07 4.7+0.2
A43/A5P/Ch5¢ 69.8 0.22£0.03 0.78+0.02 0.42+0.08 4.6x0.2
B6? 61.3 - 1 - 1.6+0.2
AB*PC/ChEP 60.7 0.33+£0.02 0.67+0.02 0.14+0.02 3.8£0.2
Ch2ac 54.7 0.14£0.03 0.86+0.02 0.05+0.03 3.2£0.2
Ch2b 51.1 - 1 - 1.7£0.2
Ch-CH3 24.0 - 1 - 1.9+0.3
Ch-CH32¢ 22.3 - 1 - 2.8£0.2
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Table G.7. 3C-T1 relaxation times of polysaccharides. The data are fit using single and double
exponential equations: 1 (t)=1-e"™and I(t)=a(l-e"™)+b@d-e ™), where a=1-b.

Assignment 13C (ppm) a b T1a(S) T (5)
H1 102.8 - 1 - 1.54+0.15
Alac 101.2 - 1 - 2.8+0.9
Chi1f 100.6 - 1 - 3.0£0.9
B3? 86.5 - 1 - 2504
A32e 84.8 - 1 - 4.310.1
H3 78.7 - 1 - 0.4+0.1
Chs? 76.0 0.26+0.05 0.74+0.05 0.17+0.05 1.3+0.1
B2%/G5 74.3 - 1 - 1.02+0.07
Ch3ab 72.8 - 1 - 0.95+0.08
A2°/A5C 71.3 - 1 - 1.61£0.1
A43/A5P/Ch5¢ 69.8 - 1 - 1.18+0.09
G6 63.2 - 1 - 1.00£0.09
AB62¢/Ch6? 60.7 0.38+0.07 0.62+0.07 0.17+0.05 1.6£0.2
Ch2? 55.4 - 1 - 1.14+0.09
Ch2f 52.5 - 1 - 1.0£0.1
Ch-CH3z?*¢ 22.6 - 1 - 1.11+0.09
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Table G.8. Relative intensities of proteins signals in 1D *3C CP and DP spectra. Error bars are
standard deviations propagated from NMR signal-to-noise ratios.

Atom (ppm) l2s o/ | 355.dp lep/I355.dp
33.7 0.54+0.01 1.58+0.02
31.2 0.92+0.01 1.51+0.01
28.3 0.75+0.01 1.76+0.01
21.6 0.81+0.02 1.42+0.05
20.4 0.76+0.05 2.17+0.01
19.3 0.70+0.01 2.37+0.02
17.6 0.60+0.01 1.85+0.01
16.2 0.72+0.05 1.89+0.02
15.6 0.70+0.02 2.34+0.03
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Table G.9. Water-edited intensities of polysaccharide and proteins signals. The ratios are obtained
by comparing the intensity of each *C peak in 1D water-edited spectra measured with 4-ms and
49-ms *H mixing times. Error bars are standard deviations propagated from NMR signal-to-noise
ratios.

Type Atom (ppm) intensities Type Atom (ppm) intensities
104.0 0.55+0.16 32.0 0.27+0.11
101.7 0.31+0.03 314 0.33+0.15
99.6 0.86+0.22 30.7 0.34+0.10
87.0 0.58+0.08 30.2 0.32+0.03
85.2 0.29+0.13 29.3 0.22+0.21
83.6 0.50+0.08 Proteins 28.0 0.28+0.08
81.3 0.73+0.02 26.2 0.32+0.08
79.8 0.71+0.01 25.9 0.28+0.15
Polysaccharides 78.0 0.68+0.02 23.6 0.35+0.12
74.9 0.59+0.09 20.7 0.21+0.07
74.2 0.56+0.01 19.5 0.19+0.08
72.3 0.41+0.06 19.1 0.20£0.07
70.1 0.49+0.02
68.9 0.56+0.23
68.0 0.77+0.08
67.3 0.90+0.04
63.8 0.56+0.14
61.6 0.46+0.27
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