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ABSTRACT

Fungi are the most ubiquitous eukaryotes widely distributed across various ecological
niches and have a high significance in industrial, agricultural, and medicinal pathogenesis. These
microbes are constantly exposed to environmental stress and host defenses during infection. The
cell wall plays a vital role in protecting the fungus and maintaining the structural integrity of the
cell; therefore, it is important to understand the structure, dynamics, and adaptation mechanisms
of this organelle. First, we employed solid-state NMR techniques, functional genomics, and
biochemical analysis to identify the functionality and diversity of cell wall carbohydrates in *3C-
labeled Aspergillus fumigatus and four mutants depleted of major structural polysaccharides. We
revealed a rigid inner core of the cell wall formed by tightly associated chitin and a-1,3-glucan,
which are embedded in a soft matrix of B-glucans and capped by a mobile outer shell rich in
galactosaminogalactan and galactomannan. The distribution of a-1,3-glucan in chemically and
dynamically distinct domains supports its dual functionality in structure and pathogenicity.
Second, we documented the structural fingerprints of chitin across six Aspergillus, Candida, and
Rhizopus species. We discovered that the crystalline structure of chitin exhibits intrinsic
heterogeneity that is resistant to antifungal treatment. Third, we discovered the highly conserved
carbohydrate core in both conidia and mycelia using Dynamic Nuclear Polarization (DNP)
methods. Finally, we characterized the structural responses of a model halophile Aspergillus
sydowii continuously exposed to hypersaline conditions, which were found to enhance the
biosynthesis of chitin and a-1,3-glucan to form a highly hydrophobic and stiff cell wall to resist
external stress. Our findings provide essential structural information of cell wall carbohydrates and
their adaptations at the atomic level, which can be used as the target of novel antifungal compounds

with broad spectrums and improved efficacy.
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CHAPTER 1: INTRODUCTION
1.1  Fungal Kingdom and Cell Wall Polysaccharides

Fungi are eukaryotic organisms found in a wide range of habitats worldwide, with an
estimated five million species’. Fungi are classified into phyla such as Chytridiomycota,
Mucoromycota, Ascomycota, and Basidiomycota (mushrooms)*. This thesis (Chapters 3, 4, and
5) focuses on studying the model organisms in the Ascomycota (Aspergillus fumigatus, Aspergillus
sydowii, Candida albicans, and Candida aurius) and Mucoromycota (Rhizopus delemar).
Primarily most fungi are made of hyphae/mycelium (Aspergillus, Rhizopus) or multicellular
fruiting bodies, and some fungi life forms are unicellular yeast (Candida)?. Fungi are important
in terrestrial carbon and nitrogen cycling as decomposers and play a crucial role in maintaining the
ecosystem®. Additionally, fungi secrete hydrolytic enzymes that are used in industrial food
production and pharmaceuticals.® Despite these benefits, many pathogenic fungi, including many
Aspergillus and Candida species, cause fatal infections in immunocompromised individuals.*
Aspergillus species are among the most significant filamentous fungi that form the perspective of
pathogenesis, industry, and mycotoxin production®.

Aspergillus fumigatus is a saprophytic fungus and the most common airborne fungal
pathogen found in soil and grows in organic debris; responsible for serious human diseases that
kill estimated one million people each year®. It produces 2-3 pm sized airborne conidia through
asexual reproduction®. Humans inhale at least several hundred conidia daily, which penetrate deep
within the airway system and finally reach lung alveoli’. In immunocompromised hosts, A.
fumigatus germinates and forms filamentous hyphae, causing allergies or severe fatal invasive
aspergillosis (Figure 1.1)®7. The first pivotal step in a pathogen’s attempt to infect the host is to

make contact with the host. The cell wall is comprised of complex and diverse polysaccharides



and has been implicated in multiple pathogenic processes and host-pathogen interactions. The
fungal cell wall is a rigid structure with a core of -1,3-glucan covalently linked to chitin and
galactomannan. It is covered with an extracellular matrix consisting of «-1,3-glucan,
galactomannan, and galactosaminogalactan®® that helps adhesion and fungal virulence and
conceals immunogenic B-1,3-glucan layer from the host immune system®!!, The fungal cell wall
also contacts with cell proteins and actively uses cell wall enzymes and antigens against the lung
phagocyte-killing mechanism®!!, The fungus cannot survive without a cell wall or even
noticeably change from its native state'?. Further, most cell wall polysaccharides are absent in

mammalian cells. Therefore, fungal cell wall polysaccharide biosynthetic enzymes are an ideal

N

target antifungal agent2,
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Figure 1.1 Representative illustration of the infectious life cycle of Aspergillus fumigatus in
immunocompromised hosts. (Created with BioRender.com).

In Chapter 6, we will study halophilic fungi, which are a group of fungi that grow in high-

salinity environments. These fungi are significant for identifying metabolites and understanding



cellular physiology and biochemistry that support survival, as this is important in various fields
such as agriculture, pharmacological, environmental, and industrial applications'*>. Many
halotolerant and halophilic fungi have been identified, such as Wallemia, Cladosporium, Hortaea'®
species, and some Aspergillus species like Aspergillus niger, Aspergillus sydowii'’, Aspergillus
flavus, Aspergillus tubingensis, Aspergillus atacamensis®®, Aspergillus destruens®®, and
Aspergillus versicolor®. Aspergillus sydowii is an ascomycetes filamentous fungus found in
various habitats such as water of the salterns and dried foods, also in decaying plant matter. It has
potential biotechnical aspects as a coral pathogen that cause tissue lesion and coral disease
aspergillosis, which results in massive mortalities of coral colonies in the Caribbean Sea?!. This
fungus is a potential fungal model for analyzing molecular adaptation to saline conditions. Stress
triggers the overexpression of hydrophobin genes??, metal transporters in the cell membrane,
forming pigmentations?, and accumulation of compatible solutes'® as survival mechanisms.
However, the scientific community still lacks awareness regarding the cell wall adaptations and
tremendous potential of these fungi.
1.1.1 Fungal Cell Wall Polysaccharides

The fungal cell walls are composed of highly cross-linked glycan polymers, chitin,
galactomannan, galactosaminogalactan, and glycoproteins (Figure 1.2). The relative abundance
and nature of these polysaccharides vary between fungal species, as well as during different
morphological stages and under different growing conditions. These polysaccharides provide

mechanical stability to the cell wall and contribute to the rigidity and morphology of the cell?*.
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Figure 1.2 Representative carbohydrate structures of the fungal cell wall.

Chitin is a linear homopolymer of N-acetyl-glucosamine (GIcNAc) linked with B-1,4
linkages, and it is deposited in the inner core of the cell wall. Chitin is synthesized by multiple
chitin synthase enzymes?. Chitin plays an important role in the cell wall structure and rigidity?®,
but its influence on virulence is not fully understood. Chitin synthesis can be inhibited by
nikkomycin and polyoxins, although these compounds are not currently licensed for commercial
use. The deacetylated form of chitin, chitosan is also found in some fungal cell walls as a cationic
polymer?’,

B-1,3-glucan is a major component in the cell wall, composed of D-glucose (Glc) linked
with B-1,3 linkages. It makes up 30-80 % of cell wall mass and appears in microfibrils. The primary
structure of B-glucan varies by the other linkages, including -1,6-glucans, mixed -1,3/3-1,4, and
B-1,6 branching point of the -1,3 chain?®2°, B-1,6-glucans are a major component in Candida
albicans and Cryptococcus neoformans, but it is absent in Aspergillus fumigatus. B-glucans in
Aspergillus fumigatus presents as 1,3/p-1,4-glucan. B-1,3-glucan is synthesized by the B-1,3-
glucan synthase complex in the plasma membrane, and there is a licensed class of antifungal drugs
called echinocandins that block the synthesis of p-1,3-glucans®®. B-1,3-glucan is a pathogen-

associated molecular pattern (PAMP) that is recognized by the host pattern recognition receptors



(PRR) and there are many strategies in the fungal cell wall to minimize the exposure of B-1,3-
glucan®.

a-1,3-glucan is a homopolymer of glucose (Glc) linked by «-1,3 linkage. a-1,3-glucan
presents in the cell wall distributed in the inner and the outer cell wall providing a role in structural
rigidity, morphology, and virulence® *, o-1,3-glucans are present in filamentous fungi
(Aspergillus) but absent in some fungi like Candida. a-1,3 glucan is synthesized by a-1,3-glucan
synthases cell membrane proteins (Agl, Ag2, Ag3)*. Currently, there are no o-1,3-glucan
inhibitors and further studies are needed to elucidate the role of a-1,3-glucan in the cell wall.

Galactomannan is a fungal cell wall component made of mannose and galactofuranose
(Galf) chains. Mannose provides the backbone of the chain linked with o-1,2 or a-1,6 linkages
with side chains of B-1,5 linked Galf residues®®. Galactomannan plays an important role in the cell
wall structure, although its role in virulence is unclear®®2¢, Galactosaminogalactan® is a highly
variable heteropolymer composed of galactopyronose and N-acetyl-galactosamine (GalNAc)
linked in a-1,4 linkage, and it is partially deacetylated. GAG is mostly found in the outer cell wall
and contributes to virulence and also gives adhesion properties to the cell wall®’-38

Our limited understanding of the components, polymer network, function, and biogenesis
of fungal cell walls has hindered the development of effective cell wall-targeted antifungal drugs,
especially among filamentous fungi, due to the lack of high-resolution techniques to characterize
the native state of the fungi cell wall. Recently, our group demonstrated the feasibility of using
magic-angle spinning (MAS) solid-state NMR to elucidate the structure, spatial proximities, cell
wall packing, and dynamics of intact fungal cell wall*®. The fundamentals of the technical aspects

of ssSNMR will be introduced below.



1.2 Solid-state Nuclear Magnetic Resonance Spectroscopy

Solid-state nuclear magnetic resonance (ssNMR) spectroscopy has gained much attention
over the past six decades due to new techniques developed to enhance both sensitivity and
resolution. With the advancements in sSNMR techniques, such as high magnetic field
spectrometers, ultra-fast magic-angle spinning probes, and isotopic labeling schemes (*3C, *N, and
2H), along with robust pulse sequences, many versatile multi-dimensional correlation pulse
sequences and dynamic nuclear polarization (DNP), it has become possible to obtain a wide variety
of information such as structure, interaction, dynamics, polymorphism at atomic resolution. SSNMR
has proven to be widely applicable across various fields, including biological macromolecules,*°
organic materials*#2, inorganic solids*®, and material chemistry**, where it provides valuable
information that other techniques (solution NMR, X-ray crystallography) cannot obtain due to their
complex, insoluble and amorphous nature. In recent years, sSSNMR has become a promising
technique to study cellular environments, intact, insoluble biopolymers, and whole cells such as
plants* 46 bacteria*’, and algae*® because it is a nondestructive and non-invasive technique and
does not require covalent modification. Therefore, sSNMR accurately represents the native behavior

of the system.

Although NMR was originally used to study both solids and liquids, the inherent lack of
resolution in sSSNMR has slowed the application of solid-state compared to the solution-state NMR.
In solids, a number of NMR anisotropic interactions (such as shielding, dipolar and quadrupolar
interactions) significantly cause line broadening and complicate the interpretation of the spectra. In
contrast, molecular tumbling in the isotropic solutions averages orientation-dependent (anisotropic)
interactions, resulting in narrow lines in the spectrum. However, sSNMR potentially provides more

information than solution NMR because of the direct effect of the anisotropic interactions. For
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instance, dipolar coupling can be used to measure internuclear distances, and chemical shift
anisotropy can be used to extract molecular structure and dynamics information. Furthermore,
solution NMR has molecular size limitations, whereas sSNMR can be applied to large molecules.
SsNMR experiments enable a larger range of temperatures (physiological temperatures to cryogenic
temperatures) than solution NMR*. SSNMR becomes a method of choice compared to XRD for
non-crystalline samples. SSNMR does not require high-quality crystals, and it can be applied to any
solid forms, such as amorphous, disordered solids. The complementarity of sSNMR and X-ray
diffraction can be used to provide improved structural models. Recently, the combination of sSNMR
with cryo-EM has shown great promise in the future, tackling the structure of larger bio-assemblies.

This chapter covers the basic principles of solid-state NMR, and it presents a collection of
robust solid-state NMR strategies used to get high-resolution and sensitivity for structure
determination of biopolymers in the native state.
1.2.1 Basics of Nuclear Magnetic Resonance

Nuclear magnetic resonance (NMR) spectroscopy is the oscillation response of the nuclei
with non-zero spins (nuclear spin quantum number I, I #0) in a magnetic (Bo) field to resonant
excitation by radio frequency irradiation. When nuclear spins (I0) are placed in the large external
magnetic field (Bo), the nuclear spin states are quantized into 21+1 (which refers to the number of

possible orientations of nuclear spin in the magnetic field). This phenomenon is known as Zeeman
splitting. Forspinl = % nuclei, the degenerate energy levels split into two spin states (Figure 1.3).

The energy difference AE between (1=1/2) two spin states is given by;

AE = —hyB, Eq 1.1



Where y is gyromagnetic ratio of the nucleus of interest, which indicates the strength of the nuclear
magnet, Bo is the strength of the external magnetic field, and £ is the plank constant (k) divided by

2.
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Figure 1.3 Degenerate nuclear energy levels splitting (spin =1/2 nuclei) under applied
magnetic field Bo. For y > 0, nuclear spins aligned with the magnetic field (low energy) or opposed
to the magnetic field (higher).

The transitions between these nuclear spin states are induced by electromagnetic irradiation
in the radio frequency (RF) regime. The nuclear spin system absorbs the energy (equal to AE) and
the spin system resonates. Following the RF pulse, the spin system relaxes to the thermal
equilibrium, and a signal called free induction decay (FID) is detected as a result of the voltage
induced by the absorption of energy®®>%. FID is a time-domain signal that is Fourier-transformed
into a frequency-domain spectrum. These NMR frequencies are sensitive to local electron
distribution, which shields the nuclei, and any nuclei with a unique chemical environment will give
a unique NMR frequency. The NMR frequency where the absorption lines occur depends on the
magnetic field strength. Therefore, NMR frequencies are reported as chemical shifts (8) relative to
a standard reference compound such as tetramethylsilane (TMS; often used for organic molecules),

sodiumtrimethylsilyl propane sulfonate (DSS; reference for protein NMR). The chemical shift



differences are in parts per million and can range from 10 ppm for *H, 200 ppm for *C, and 900
ppm for N isotopes®>>2,
1.2.2 Nuclear-Spin Interactions

NMR signals depend on various NMR interactions, which could be external (Bo or Brr) or
internal. Internal magnetic fields affect the spin system and cause extensive line broadening in the
solid samples. All the internal interactions are anisotropic, meaning they depend on the sample’s
orientation relative to the magnetic field direction. The most important NMR interactions in solid-
state NMR include chemical shielding (chemical shift), spin-spin coupling (scalar), dipolar-dipolar
coupling, and quadrupolar coupling (Table 1.1)%. To achieve high-resolution NMR spectra, many
techniques have been developed to minimize large anisotropic NMR interactions between nuclei.
The most famous examples include magic-angle spinning and high-power dipolar heteronuclear
decoupling.

Table 1.1. Common internal NMR interactions in solids.

Interaction Hamiltonian Frequency
(kHz)
Chemical shift H., = —yhl,.0,,.B, 0-10°

0,7=0is0 + %6ani(300520 — 1 —nsin?6cos2p)

Sani 1S anisotropic parameter and n is asymmetry
parameter. The external magnetic field creates an electron
current around the nucleus (secondary field), which tends
to shield the nucleus.

Heteronuclear ghetero — _d(3cos26 — 1)I,S, B3C-'H; ~20-25
dipolar coupling 13C-15N;: ~1
Homonuclear fhomo _ _g 1 3c0526 — 1) 7.6 1 XY, Bc-1Bc2-3.2
dipolar coupling | flaa" = —d.5(3cos™0 = 1)l Z_E(x  +15)

Here, dipolar coupling constant = d 'H-1H ~120




Table 1.1 (cont’d)

Each nuclear spin with magnetic momentum interacts
through space, known as dipolar coupling. The coupling
strength falls off with the internuclear distance (r®). It can
be used to measure the internuclear distances.

Quadrupolar ~ _eQ R ?H; 0-10?
coupling Ay = TS hi.V.I

Nuclides with a spin quantum number greater than %

possess a nuclear electric quadrupole moment (eQ).
J-coupling H, = 2nj,,11, 0-10

Through chemical bond spin-spin coupling, it give
information of molecular level connectivity and can be
used to transfer magnetization between nuclear spins.
Dominate interaction in solution NMR.

1.2.3 Magic-Angle Spinning (MAS)

In liquid NMR, rapid tumbling averages out anisotropic NMR interactions to zero on the
NMR timescale. This is because the rate of change of molecular orientation is fast relative to the
chemical shift anisotropy and dipole-dipole coupling, resulting in well-resolved sharp peaks. In
contrast, solid-state NMR relies on mechanically applied uniaxial rotation. The sample rotor is spun
about an axis inclined at 54.74° (6,) to the applied magnetic field Bo to average all the anisotropic
interactions, called magic-angle spinning (MAS). In this circumstance, the average (3cos?6-1)
orientation dependence of the chemical shift anisotropy and heteronuclear dipolar coupling can be

shown as follows,

(1 (3cos?0 — 1)) = 1(3c0529 — 1)(3cos?p — 1)
2 2 r Eq:1.2
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Where 6,,6 and g are defined in Figure 1.4. By setting 6, to 54.74°, the anisotropic nuclear
interactions average to zero. However, the spinning frequency must be higher than the anisotropic
interaction (spinning speed w,. >> static line width) to obtain fully narrowed peaks. At low spinning
speeds, spinning sidebands appear with a center band at the isotropic chemical shift and sidebands
spaced at spinning frequency. When the spinning rate is low, CSA is partially averaged out and
becomes zero only after each rotor period. Although spinning sidebands complicate the appearance
of the spectra, they are useful in determining the anisotropic interactions.

With the improvement of MAS rotor technology, the spinning frequencies can be increased
from 10 kHz up to >100 kHz, which could lead to average out the strong anisotropic interactions
such as H-H dipolar coupling, narrowing the *H linewidth of ~20 Hz. Also, when the high MAS is

combined with the sample deuteration, it further detects *H with high resolution and sensitivity.

Figure 1.4 Magic-angle spinning. The sample is spun about an axis inclined at 6,.. The angle 0 is
the angle between Bo and the principal z-axis of the interaction and 3 is the angle between principal
z-axis of the interaction and the rotor spinning axis.

1.2.4 Dipolar Decoupling

The heteronuclear dipolar coupling *C-tH (**N-!H) is not averaged to zero with moderate

MAS frequencies (<20 kHz), which causes line broadening when observing the low abundant
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13C/'5N spin with strongly coupled *H abundant spins nearby. However, MAS alone is not sufficient
to achieve high-resolution in sSNMR. To address this, we combine MAS and high-power proton
decoupling sequences to remove the effect of heteronuclear dipolar coupling®. The first decoupling
was achieved by applying continuous irradiation on abundant spin (*H) at the proton resonance
frequency. Later, more efficient high-power decoupling sequences were developed, such as two-
pulse phase modulated (TPPM) and SPINAL sequences.

On the other hand, homogenous interactions involve spatial dispersion of spins orientation
(spin diffusion) via strongly coupled *H, causing extensive line broadening. MAS can eliminate the
impact of homonuclear dipolar coupling on NMR spectra as long as the sample spinning rate is
sufficiently fast compared to homonuclear dipolar linewidth. In conventional ssSNMR, it is not
feasible; instead, this effect can be removed by special pulse sequences such as WAHUHA, MREV-
8, and FSLG, etc.
1.2.5 Recoupling

Currently, the majority of sSNMR experiments are carried out using MAS and decoupling.
However, use of MAS removes (averages) CSA, dipolar coupling, and J coupling, which contains
valuable structural information. To selectively reintroduce these interactions while preserving the
spectral resolution, a timed RF pulse can be utilized. This process is known as recoupling, and forms
the foundation of many modern MAS NMR techniques, allowing to perform multi-phase and multi-
dimensional experiments. For instance, recoupling can be used to mediate transitions between spins
in muti-dimensional experiments such as radio frequency driven dipolar recoupling (RFDR)>,
which use direct homonuclear dipolar recoupling and PDSD%/DARR® or CORD®" which
reintroduce the *C-'H heteronuclear dipolar coupling. The later recoupling sequences are used in

this thesis.
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1.2.6 One - and Multi-dimensional Correlation Spectroscopy

For the initial screening of a sample, one-dimensional *3C spectra should be measured using
different methods of initial magnetization. The most commonly used method is the 1D cross-
polarization® experiments (Figure 1.5a)°%-°°, CP is widely used technique in solid-state NMR for

signal enhancement, where the polarization is transferred from abundant spins (such as *H) to dilute

spins (such as 3C) through dipolar coupling, enhancing the signal to noise (S/N) by a factor of )’:—’
S

The relaxation of the abundant *H spin is faster (due to strong homonuclear dipolar coupling and
abundance) than that of the dilute 3C spins. Thus, direct excitation of $3C requires a longer recycle
delay to establish equilibrium, especially for unlabeled samples where *3C only accounts for 1.1%
of the carbon pool. However, using CP enables indirect excitation of 13C via 3C-!H dipolar coupling
and allows the pulse sequence to be repeated more rapidly than direct excitation, significantly
increasing the signal-to-noise ratio of the spectrum® .

This experiment involves a 90° excitation pulse on the proton channel, followed by
simultaneous irradiation on the *C and *H channels, referred to as the contact time, during which
the H transfers the magnetization to the *3C channel. Then, a long decoupling pulse is applied to
'H channel during the acquisition on the *3C channel to prevent the detected signals from being
broadened by *H-*C dipolar couplings.

Efficient cross polarization is obtained through the Hartmann-Hahn match, which matches
the RF field (nutation rates) of the abundant spin (wf) and dilute spin (w13¢) at the static
condition®®.

wifl = w}3¢ Eq1.3
Under magic-angle spinning (MAS), the matching condition becomes the so-called sideband match

condition.
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ol = w13 + now, Eq 1.4
Where w, is the MAS rate and n is an integer number. When n is non-zero (1,2,3...), it represents
different sideband match conditions, whereas n=0 corresponds to the center band match condition.
The polarization transfer in CP is mediated by through-space dipolar coupling; therefore, it is most
effective for rigid samples, where molecular motions do not average the dipolar coupling.

Second, the direct polarization experiment is also widely used to polarize the *C spins with
a 90° pulse directly (Figure 1.5b). The recycle delay (di) determines the type of molecules that are
detected, depending on the spin-lattice relaxation time (T1) of the molecule. A long recycle (5*T")
delay ensures complete relaxation to the equilibrium between scans and detects all the molecules in
the system, providing quantitative detection. On the other hand, a short recycle delay selectively
detects mobile molecules.

The J-coupling-mediated *H-13C insensitive nuclei enhancement by polarization transfer
(INEPT)® experiment is the third type of polarization method (Figure 1.5c). It is used to detect the
most dynamic or even solvated molecules. The *H magnetization of rigid segments is rapidly lost
due to fast T, relaxation (due to strong *H-'H dipolar coupling) during the delays of the INEPT

sequence.
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Figure 1.5 Representative solid-state NMR pulse sequences. a, 1D *C experiments of CP b, DP
and c, refocused INEPT (bottom) d, Representative 3C-13C correlation spectra. e, Pulse sequence
of 13C-13C spin diffusion assisted by reintroduction of 3C-'H dipolar coupling. f, Representative
INADEQUATE (DQ-SQ) correlation spectra measured using g, Refocused INADEQAUTE
experiment. Each horizontal line represents the time, it refers to a channel tuned to a particular
nucleus resonance frequency. The pulses are represented in rectangles; 90° pulse in black, 180° is
in white. The representative FID identifies the detection. Abbreviations are used in the pulse
scheme; cross polarization®®, dipolar decoupling (DD), super cycled POST-C5 (SPC5) evolution
time (t1), acquisition time (t2). The spectra are measured at 800 MHz spectrometer.
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2D and 3D correlation sSNMR experiments are widely used in structural studies to provide
additional spectral resolution. These experimental schemes can correlate the same type of nuclei,
called homonuclear correlation, or different nuclei, called heteronuclear correlation. In these
experiments, initial excitation is followed by an evolution time named ti, during which

magnetization evolves. These blocks are followed by a mixing period that allows magnetization to
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exchange between different sites and, finally, direct detection of the NMR signal during the t2 period
that generates the direct dimension (w-) of the spectra. The 2D data set is created by repeating this
cycle with a regular increment of t; to sample the evolution in the indirect dimension (w-).

During the mixing time, the polarization transfer is achieved via J coupling through-bond
or dipolar coupling through-space. The flexibility in the basic schemes in the pulse sequence allows
for the creation of a wide variety of experiments to serve different purposes and operational
conditions. Here, we will briefly discuss two types of *C homonuclear correlation pulse sequences:
13C spin diffusion assisted by reintroducing **C-*H heteronuclear dipolar coupling (Figure 1.5d and
e) and INADEQUATE-type experiments that correlate double-quantum (DQ) chemical shift with
single-quantum chemical shift (Figure 1.5f and g).

The first 2D 3C-13C correlation scheme relies on dipolar recoupling, which reintroduces the
dipolar coupling during the mixing period to facilitate polarization transfer. This could be achieved
by directly recoupling *3C dipolar coupling. However, the transfer of magnetization via 3C-1*C
dipolar coupling under moderate MAS is inefficient, as the residual *C-3C dipolar couplings are
very small. This problem has been circumvented by coupling the low y *3C to the surrounding
protons during the mixing time, where *3C spin diffusion is assisted by reintroducing the *C-H
heteronuclear dipolar coupling. Proton Driven Spin Diffusion (PDSD) is one of the experiments
that use this scheme.® The pulse sequence is as follows: the CP creates the transverse
magnetization, which evolves during the evolution time (ty time, giving the chemical shift
information. During the mixing time (tm), the dipolar coupling is recoupled and mediates coherence
transfer between °C spins. If the mixing time is short, intra-residue correlations (close in the
distance) that are useful for resonance assignment can be detected. Intermolecular cross peaks will

be detected with long mixing times, which provides information on sub-nanometer molecular
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packing. The PDSD is efficient at slow spinning frequencies (~10 kHz) and low magnetic fields
(<14 T); however, it efficiently drops substantially with faster MAS frequencies and higher
magnetic fields®’. To circumvent these difficulties, a dipolar-assisted rotary resonance (DARR)
sequence can be employed by applying RF irradiation on the *H channel satisfying the rotary
resonance recoupling (R®) condition (wgr = w,)*®. However, the hardware restrictions (sample and
heating by the RF pulse) limit the length of the tm and also, DARR transfer is no longer efficient
when the MAS frequency exceeds 30 kHz.

The Combined R2Y-Driven (CORD) sequence is developed for spin diffusion at fast MAS
and exhibits broad-band homonuclear dipolar recoupling. During the mixing time, the RF field
strengths are set at wi = w, (1/3 of mixing period) and wi? = w,./2 (2/3 of the mixing time)®’.
The CORD spectra display more uniform cross peak intensities across the spectrum, thus
advantageous for homonuclear correlation in biological samples. The PDSD, DARR, and CORD
applications on fungi cell walls are shown in the following Chapters in the thesis.

Another important experiment is the refocused Incredible Natural Abundance Double-
Quantum (INADEQUATE) experiment. It correlates double-quantum (DQ) chemical shift with
single-quantum chemical shift (Figure 1.5f)®2. The J-based refocused INADEQUATE pulse scheme

is illustrated in Figure 1.5g. The initial *C magnetization is created by direct polarization using a

g pulse. Then the T — = — 7 spin echo period allows *C magnetization to evolve under J-coupling

to create double-quantum coherences between coupled spins. Next, the DQ coherence evolves
during the t; evolution (under the sum of chemical shift). Then, the DQ coherence is transferred to
SQ coherence, and the second T —  — T spin echo period establishes the in-phase SQ coherence
prior to signal acquisition®®. The dipolar-based CP INADEQUATE experiment uses the SPC-5
(Supercycled Post-C5) sequence®. This includes a rotor-synchronized RF field DQ excitation and
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reconversion to SQ coherence for detection. The dipolar-based CP INADEQUATE selectively
detects rigid signals, while DP J-INADEQUATE detects mobile signals.

In the INADEQUATE spectrum, the indirect dimension (w,) displays the sum of chemical
shifts of the spins that are still present after the double-quantum filter, and it is correlated with the
isotropic chemical shifts of the individual spins in the direct dimension (w,). The DQ/SQ spectra
offer a significant advantage over single-quantum spectroscopy. Unlike single-quantum correlation
spectra, which contain both diagonal and off-diagonal peaks, double-quantum spectra enable clear
observation of coupled spins with small chemical shift differences without interference from
diagonal peaks. The presence of those coupled cross peaks are interpreted in terms of chemical
bonding (J-coupling-based) or spatial proximity (dipolar-based) of the spins involved®,

2D N-3C N(CA)CX heteronuclear correlation spectra are measured to detect amide and
amine signals®. The N(CA)CX spectrum is recorded by transferring magnetization from H-1°N
via cross-polarization, and then band-selective **N-*3C polarization transfer is used to select **Ca.
and record NCA spectra. PDSD or DARR step is then used to transfer the magnetization to other
carbons nearby. This method has been applied to detect chitin, chitosan amide and amine signals
in the fungi samples in Chapters 3 and 4.

1.2.7 Molecular Motions

In solid-state, the molecular motions are restricted to small amplitudes from the seconds to
pico-seconds range (bond vibration, side chain rotation, local folding, global folding, domain
motions) which also have an impact on the NMR spectrum. The molecular motions in the NMR
have been studied using relaxation time measurements. Relaxation is the process by which the
spins in the sample come to equilibrium with the surrounding environment (regaining the

equilibrium state), where spin state population follows the Boltzmann distribution, and no
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coherence is present in the system®. Relaxation is mediated by the fluctuation in the nuclear spin
interactions and the fluctuation arising from molecular motion. In order of importance, spin %2
nuclei relaxation mechanisms are dipole-dipole>chemical shift anisotropy (CSA) > spin-rotation.
CSA becomes effective as the dipole-dipole mechanism at the high magnetic field. In solid-state
NMR, the relaxation process can be divided into three; spin-lattice relaxation (T1), spin-spin
relaxation (T>), and spin-lattice relaxation in the rotating frame (T1p).

Spin-lattice relaxation, also known as longitudinal relaxation, refers to the process by which
the z component of the magnetization is regained (regaining equilibrium) following a perturbation
to the system (RF pulse). The relaxation time constant T1 ranges from seconds to hundreds of
seconds and is sensitive to motion on the nanosecond-picoseconds (ns-ps) time scale. The spin-spin
relaxation is described as transverse relaxation and relates to the xy component of the
magnetization, which becomes nonzero when an RF pulse is applied. The relaxation time constant
T2 is in the microsecond range and reveals micro or millisecond motions. Furthermore, T is related
to the linewidth of the peak, the full width at half maximum (FWHM), which is inversely

proportional to the apparent T

R NI Eq 15

Tz* T; T2,inhomo

T, refers to intrinsic T2 measured using the Hahn Echo experiment, while Tainhomo results from field
inhomogeneity.

The spin-lattice relaxation in the rotating frame (Typ) is the return of equilibrium of the
transverse magnetization in the RF magnetic field By, which is in the same direction. The relaxation
time constant is T1p, Which is in the millisecond range and reveals micro-to-millisecond timescale

motions.
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The experimental techniques used to measure relaxation in my thesis are summarized
below. The Ty relaxation can be measured from inversion recovery and Torchia sequence. In
inversion recovery, the initial magnetization (Mo) is flipped to -z direction by 180° pulses. After a
time delay (t), the magnetization returns to equilibrium in the +z direction (M), and the final 90°
pulse flips the magnetization to the xy plane for detection (Figure 1.6a). For spin 1/2, relaxation can

be described mathematically as:
-t
M, = | (1- 27 EaLs

The T1 Torchia sequence uses a cross polarization to create the *3C initial magnetization, thus, it
preferentially detects rigid molecules. Then the magnetization is flip to -z direction with a 90° pulse
to monitor how fast it regains the equilibrium (M,) (Figure 1.6b)%".

The Ty, spin-lattice relaxation in the rotating frame in the presence of an external RF pulse
in the transverse plane is measured by applying a spin-lock field (Figure 1.6¢).% Firstly, the H
magnetization is flipped to the y-axis by a 90°, and the 35.3° pulse is applied to rotate the *H
magnetization to the magic-angle. Next, the spin-lock field is applied to the proton channel,
resulting in no precision in the rotating frame. Lee-Goldburg CP (LG-CP) is then used to transfer
the *H magnetization to *3C through directly bonded **C for detection. These *C-T1 and H-Ta,

measurements are used to measure molecular motion in the fungal cell wall in Chapters 3, 5, and 6.
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Figure 1.6 Dynamics and water accessibility experiments. a, 1D DP *C T; inversion recovery
b, 1D CP Torchia *C T: ¢, *H T, measured using *C detection. d, 2D 3C -13C water-edited
experiment to measure the water accessibility of the polysaccharides. e, Dynamic nuclear
polarization: showing the polarization transfer pathways from electron to *C via DNP and
representative illustration of 600 MHz DNP enhanced ssNMR spectrometer (Created with
BioRender.com).
1.2.8 Site-Specific Hydration Level

Water plays an essential role in the structure and function of biological macromolecules. In
this thesis, solid-state NMR was employed to investigate site-specific water-carbohydrate
interactions or water contact. This is done by transferring the *H polarization from water to
biomolecules (carbohydrates) using water-edited 2D *3C-13C correlation experiments. First, a *H-
T, relaxation filter is applied to eliminate all the original polysaccharide signals, followed by the
transfer of water *H magnetization to carbohydrate *H and then detection through CP. As a result,
only carbohydrates in close proximity to water can be detected (Figure 1.6d)%°. During the 'H

mixing period, three mechanisms can transfer the water polarization to biomolecules: chemical

exchange between proton, spin diffusion, and nuclear Overhauser effect (NOE). During *H spin
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diffusion, the dipolar-mediated transfer is the most efficient and dominant mechanism within rigid
solids with moderate MAS, and this effect increases with the decrease in temperature.
1.2.9 Sensitivity

NMR signals arise from a small excess number of nuclei in the lower energy state. In the
presence of an external magnetic field, the distribution of the nuclei in two energy states

unperturbed by the RF field is given by the Boltzmann equation:

N. AE hv Eql.7
_UPPET _ oRT = e kT
Nlower

Nypper and Ny, e are the populations of nuclei in the upper and lower energy states, respectively,
v is the Lamour frequency, k is the Boltzmann constant, and T is the temperature in kelvin. The
low sensitivity, which originates from small population differences, is the greatest limitation for
application in biological systems. The NMR sensitivity is given by the signal-to-noise (S/N) ratio,
and it will enhance as the number of nuclei in the lower energy state increases relative to the upper
energy state. There are multiple ways to improve the NMR sensitivity, and factors are reflected in

the S/N ratio:

S 3 3
~ & T By, v, T; (NS) V2 Eql38

Where n is the total number of spins, T is temperature, Bo is static magnetic field strength, y,,. and
Yobs denotes the gyromagnetic ratios of excited and detected nucleus, respectively, T is transverse
relaxation, and NS is the number of scans. The most common ways of increasing sensitivity are by
increasing the number of scans, isotopic labeling, and packing more materials into the rotors.
Additionally, increasing Bo or decreasing T can increase the Boltzmann factor, thereby increasing
sensitivity. In recent years, improved polarization transfer techniques have been developed in
sSNMR to enhance the signal of relatively low-y nuclei (i.e., that are low in abundance) by
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transferring polarization from *H. The signal of the low-y is generally enhanced by dipolar-based

cross polarization or J-based INEPT by a factor of ;:1” , which is 4 or 10 for °C and N,
13C

respectively.
1.2.10 Dynamic Nuclear Polarization

Similarly, a larger enhancement can be achieved when the polarization is transferred from

electrons to *H, with an enhancement factor of’y“—H = 658. This phenomenon is used in Dynamic
13C

Nuclear Polarization (DNP) MAS NMR, which is now used for natural abundance biological
studies. Modern DNP-MAS NMR spectrometers combine high-power microwave sources, MAS
and cryogenic cooling, polarizing radicals, and high magnetic fields (Figure 1.6e)’°. The
polarization from electron spins to nuclei occurs through microwave irradiation of the electron
paramagnetic resonance (EPR) spectrum with the appropriate frequency. Currently, exogenous
water-soluble biradicals such as AMUPol™t, TOTAPOL2, AsymPolPOK" are the most efficient
polarizing agents used in biomolecular DNP. These biradicals use the cross effect (CE) mechanism
to mediate the polarization transfer, a three-spin process involving two dipolar-coupled electrons
and a nuclear spin. First, the population difference in electrons is transferred to nuclear spin by
matched CE condition w,; — w,., = w,, Where w,;, w., are EPR resonance frequencies and w,,
nuclear Lamour frequency. Then, nuclei polarization is transferred to the bulk nuclei via *H-'H spin
diffusion (within tens of nanometers).” A successful implication of DNP-MAS NMR has been
reported in Chapter 5.

1.2.11 Resolution

The resolution in NMR can be given by the absorption line shape, which has a full-width

half maximum of Ti As in Eq 1.5 the observed line shape has two contributions: the homogenous
2
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contribution from the intrinsic line width (determined by T, relaxation) and an inhomogeneous
contribution from the magnetic field’s inhomogeneity. This variation in the magnetic field leads to
an overall broadening of the line shape. The resolution can be improved by getting a slow FID
decay by slowing the intrinsic T relaxation. The field inhomogeneity can be reduced by the center
packing and stable magnetic field shimming, hence increases the apparent T>. SSNMR has other
techniques, such as MAS, ultra-fast MAS, and high-power decoupling, to improve the resolution
by reducing the residual anisotropic interaction that causes broadening. Also, complex biological
systems like fungal cell walls suffer from spectral crowding, this is circumvented by introducing
more dimensions to spectra, using high-power magnetic fields, and performing spectral editing
experiments to simplify the spectra.

The signal resolution can be improved at post-measurement before processing the FID. The

resolution in NMR is directly proportional to the duration for which the signal is acquired.

o ) 1 sw
digital resolution = aq = Eq1.9

Where aq is the acquisition time, sw is the spectral width, and td is the number of data points in
the FID. For good resolution, FID can be acquired with a large number of sample points, or a set of
zeroes equal to the number of data points can be added before processing (zero filling). A weighting
function can be used to narrow the line in the spectra, which means that we need to multiply the
FID by Gaussian, exponential sine, or sine squared to get a balance between S/N and resolution®,
1.3 Sample Preparation for SSNMR Analysis

Depending on the objective of the project, samples with either isotopic enrichment (e.g., **C
and °N) or with natural isotopic abundance can be subjected to sSSNMR measurement. Isotopic
enrichment provides high sensitivity that enables the rapid measurement of 2D/3D ssNMR

experiments to improve the spectral resolution®! *C enriched precursors such as **C-glucose, *C-
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moltose, and*°N-labeled amino acids or °*N-salts such as Na*>NO3, NH4**NO3, (**NH4)2S04 can be
used depending on the growth media required for culturing different fungal strains’.

To prepare *C,°N-isotopic labeled fungi samples (Chapters 3, 4 and 6), 100 mL minimal
media containing **C-glucose,®N salt and trace elements are used. The pH is adjusted to the range
of 5.8-7, and the fungi are inoculated to autoclaved culture media. The culture media are then
incubated in a shaking incubator at optimum temperature for 2-7 days, depending on the fungi
species. Followed by the respective incubation period, fungal mycelium/conidia are harvested using
deionized water twice and 10 mM phosphate buffer (pH 7.0) to remove excess molecules. The
fungal materials are collected by centrifugation, for 5 min (5,000-10,000 X g), removing the
supernatant. Samples are directly packed into Zirconium rotors with outer diameter of 3.2- and 4-
mm, holding approximately 30-55 mg and 100 mg of materials, respectively. If needed, the excess
water can be absorbed out with a Kim wipe™.

Preparing samples for DNP experiments requires additional procedures, including the
mixing of fungal material with appropriate DNP solvent (matrix) and polarizing agent. The
polarizing agents are typically nitroxide-based bi-radicals, that are unreactive and soluble in a range
of aqueous solvents. AMUPol, AsymPolPok are used in Chapter 5 and 5-20-mM concentration of
radical is used for this study. The radical is dissolved in cryoprotective solvents, such as the mixture
of 1*C-depleted ds-glycerol, D20 and H2O or the mixture of de-DMSO, D20, and H20. The resulting
DNP juice is mixed with the fungal sample, by gently grinding the mixture with a pestle and mortar
to ensure penetration of the radicals into the cell walls. The wet fungal paste is then packed into a

3.2 mm rotor (~30-50 mg) for DNP experiments. The enhancement (£,,.n/055) and the DNP buildup

time are carefully optimized for each sample. Detailed protocols for sample preparations are

provided in each chapter for each fungus in the thesis.
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1.4 Thesis Organization

My thesis consists of papers published during my Ph.D. research and that are currently in
the preprint version. My Ph.D. focused on studying the structure and dynamics of fungal cell wall
biomacromolecules using solid-state NMR. Chapter 1 introduces fungi and the importance of
studying the fungal cell wall. Later in the chapter, the basic principles of NMR and ssNMR
strategies used in the following chapters in the thesis are briefly discussed.

Chapter 2 is a review article that summarizes the key findings and technical innovations of
recent sSNMR studies on the cell wall biomaterials from model plants, fungal pathogens, bacteria,
and microalgae. This review also emphasizes the new research opportunities enabled by ssSNMR
in cellular systems.

Chapter 3 presents the cell wall analysis of A. fumigatus using functional genomics,
chemical, and ssNMR approach. This study used *3C, N labeled four mutant strains: a.-1,3-glucan
deficient, chitin deficient, galactomannan deficient, and galactosaminogalactan deficient mutant.
SsSNMR revealed a cell wall model for A. fumigatus, consisting of rigid inner domain formed by
chitin, p-1,3-glucan, and a-1,3-glucan, with galactomannan and galactosaminogalactan in the
mobile pouter phase. This study confirmed the functional diversity of a-1,3-glucan through its
distribution across the alkali-soluble and alkali-insoluble fractions of inner and outer cell walls.
Additionally, the data demonstrated that A. fumigatus responds to biosynthesis deficiencies by
significantly altering the polysaccharide composition to enhance the rigidity and hydrophobicity
of the cell walls.

Chapter 4 investigates the structural polymorphism in chitin. This study used isotopically
labeled six fungal strains: A. fumigatus, A. nidulans, A. sydowii, Rhizopus delemar, C.

albicans, and C. auris. We employed root mean square deviation (RMSD), principal component
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analysis (PCA), and linear discriminant analysis (LDA) to compare 62 chitin forms from literature-
reported and observed chitin chemical shifts. The chitin in fungi are highly heterogenous and
showed similarities with a-allomorph. It also demonstrated the structural resistance of chitin to
external stresses. Additionally, this study showed chitosan structure is closely related to the two-
fold conformation structure.

In Chapter 5, we utilized the dynamic nuclear polarization technique to compare the cell
walls of A. fumigatus and C. albicans prepared using liquid and solid culture media. We have
identified conserved carbohydrate structures in the cell walls of liquid and solid cultures and
confirmed the structural function of a-1,3-glucan in A. fumigatus. This study demonstrated the
feasibility of DNP in the unlabeled fungal cell walls and the potential to extend this technique to
other challenging label cellular systems.

Finally, in Chapter 6, we conducted a study on Aspergillus sydowii, a halophilic fungus,
and revealed its cell wall adaptation strategies when growing in high-salt environments. The high-
resolution ssSNMR experimental approach showed that fungi produced thicker, more hydrophobic,
adhesive cell walls compared to optimal condition (0.5 M) to survive the harsh habitats.

1.5  Copyright Permissions

Chapter 3, 4, and 5 are reprints of published papers. The papers published in Nature
Communication and Frontiers in Molecular Biosciences are in open access and authors have
copyright of the paper to reuse. The paper published in Journal of Structural Biology: X authors
retain the copyright of the paper. The copyright permissions are obtained from following
publishing groups.

Chapter 2: John Wiley and Sons: licensed number 5523101085230

Chapter 3: Nature Communication
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Chapter 4: Frontiers
Chapter 5: Elsevier

Chapter 6: Submitted to Nature Communication: Preprint in bioRxiv 2023.04.15.537024
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CHAPTER 2: SOLID-STATE NMR AND DNP INVESTIGATIONS OF
CARBOHYDRATES AND CELL WALL BIOMATERIALS

Review paper reprinted with permission from Liyanage D. Fernando, Wancheng Zhao,
Malitha C. Dickwella Widanage, Frederic Mentink-Vigier, and Tuo Wang eMagRes 9, 251-259
(2020). Copyright © 2020 John Wiley & Sons, Ltd.
2.1  Abstract
The cell walls in plants and microbes serve as a central source for bio-renewable energy

and biomaterials, as well as the target for novel antibiotics and antifungals. They are biocomposites
abundant in complex carbohydrates, a class of biologically important but under-investigated
molecules. Solid-state NMR (ssSNMR) of carbohydrate materials and cell walls has made
significant progress over the last ten years. This article summarizes the recent SSNMR studies that
have elucidated the polymorphic structure and heterogeneous dynamics of polysaccharides and
other biomolecules, such as proteins, lignin, and pigment, in the intact cell walls or biofilms of
eleven species across plants, fungi, bacteria, and algae. We also highlight the assistance of Magic
Angle Spinning Dynamic Nuclear Polarization (MAS-DNP) in the enhanced detection of the
interaction interface involving lowly populated biopolymers and summarize the recent
applications of natural-abundance MAS-DNP in cell wall research, which could substantially
broaden the scope of biomolecular NMR by skipping isotope-labeling.
2.2 Introduction

Complex carbohydrates are a class of fundamental biomolecules that are spectroscopically
difficult to handle. This is because the basic structures of the constituent monosaccharide units are
similar, but the polymerized macromolecules are highly polymorphic due to the significant
variations in the covalent linkage, torsional conformation, chemical substitution, and hydrogen

bonding network. The structural complexity is further enhanced when these polysaccharides are
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placed in the cell wall and assembled with other biopolymers. Since carbohydrates are crucial to
cellular signaling and recognition, energy storage, and structural building, and the cell walls are
the central sources for biofuel and biomaterial production, there is a strong need for establishing a
non-destructive and high-resolution method to elucidate the structure and dynamics of
polysaccharides and the architecture of their supramolecular composites.

For decades, magic-angle-spinning (MAS) ssNMR has been widely employed to elucidate the
structural polymorphism of native and engineered carbohydrates. At the early stages, 1D *C
ssNMR s the primary technique for distinguishing the magnetically non-equivalent glucose units
in the I, I, and other allomorphs of the highly crystalline cellulose!. Molecular insights have also
been obtained to estimate the relative crystallinity and the number of glucan chains in cellulose
microfibril by quantifying the intensity ratio between the peaks of surface and interior glucan
chains, as well as to probe the polymer distribution in mobile or rigid domains of plant cell walls
by measuring relaxation-filtered spectra®3. Most of these studies are focused on isolated and
purified carbohydrate components or specialized cell walls that are rich in certain carbohydrate
components, and the limitations in resolution and sensitivity have made it difficult to investigate
the more complicated whole-cell systems.

Recently, by combining multidimensional correlation techniques, high magnetic fields, and
isotope-labeling, it becomes possible for us to resolve the sophisticated structure and packing of
carbohydrates in their cellular environment and explore their functional relevance to material
properties. The spectroscopic methods mainly include a series of through-space (CORD, DARR,
RFDR, PAR, CHHC, etc.) and through-bond (J-INADEQUATE, INEPT, etc.) correlation methods
that allow for resonance assignment and determination of covalent linkages or spatial proximities*

7 measurements of relaxation and dipolar couplings for understanding polymer dynamics, water-
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editing experiments for probing water accessibility®®, dipolar- or paramagnetic-based distance
measurements for determining ligand-binding (REDOR, PRE, etc.)!®!!, sensitivity-enhancing
DNP methods for magnifying the signals of minor species 4, and spectral editing techniques for
lightening the spectral crowding issue in whole-cell studies'>®

These ssNMR measurements are often coupled with supplementary biochemical techniques.
For example, the de novo assignment of polysaccharide signals is usually validated by involving
the genetic mutants or chemically treated samples that specifically knock out certain carbohydrate
componentst’?°, The polymer structure and molecular composition derived using NMR chemical
shifts and peak intensities are typically compared with the results from the biochemical analyses
of glycosyl composition and linkage patterns®>22,

This established spectroscopic and biochemical toolbox has substantially promoted high-
resolution carbohydrate SSNMR studies over the last decade: among the 450 compounds indexed
by Complex Carbohydrate Magnetic Resonance Database (CCMRD)?, 312 entries are from
publications after 2010. This review will selectively discuss the key findings and technical
innovations of recent sSSNMR studies on the cell wall biomaterials from model plants (Arabidopsis
thaliana, Brachypodium distachyon, Zea mays, poplar, and spruce), fungal pathogens (Aspergillus
fumigatus and Cryptococcus neoformans), bacteria (Escherichia coli and Bacillus subtilis), and
microalgae (Chlamydomonas reinhardtii). We will also discuss how cell wall research has been

benefited from the development of MAS-DNP methods and emphasize the new research

opportunities enabled by natural-abundance DNP.
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2.3  Solid-State NMR Investigations of Cell Walls in Plants, Fungi, Bacteria and Algae

2.3.1 Polysaccharide Networks and Protein-mediated Loosening of Primary Plant Cell
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Figure 2.1 Representative 3C spectra and structures of cell wall molecules. a, Typical
biomolecules in secondary plant cell walls (left) and fungi (right). The NMR abbreviations are in
parenthesis or annotated on the structure, with representative chemical shift values labeled. The
2D BC INADEQUATE spectra of b, carbohydrates and c, lignin are shown for maize stem. d, 2D
13C-13C CORD spectrum of A. Fumigatus fungus. Superscripts annotate different conformers. e,
Proposed molecular structures of melanin and 1D *3*C CP spectra for C. Neoformans prepared with
natural abundance L-dopa and [U-'Cs]-D-glucose (top), and [ring-*Ce]-L-dopa (bottom). f,
Phosphoethanolamine cellulose produced in E. Coli as revealed by 3C {*!P}REDOR. So: full-echo
spectrum; AS: difference spectrum. Figures are adapted from references [22], [41], [44] and [51]
with copyright permission.

Since 2011, Hong and coworkers have been employing a series of 2D/3D ssNMR
techniques to elucidate the packing of polysaccharides in uniformly *3C-labeled primary plant cell
walls (grown using B*CO; or *C-glucose) and the mechanism through which a class of functional

protein (expansin) unlocks the polysaccharide networks for cell expansion?*. The primary cell wall
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being studied is a component synthesized during plant growth; it is mainly a composite of three
types of polysaccharides: the partially crystalline cellulose microfibrils that are formed by 18 or
more glucan chains (3-4 nm across), the hemicellulose that interacts with cellulose microfibrils,
and the acidic pectin that regulates cell wall hydration and porosity. Multiple model plants have
been investigated, including the intact cell walls as well as the chemically/enzymatically digested
residuals of Arabidopsis, Brachypodium, and maize. A more detailed discussion of these studies
can be found in Reference [?4], and here we only briefly highlight three major contributions. First,
the spectral resolution on high-field magnets (0.7 ppm on 800 MHz) is sufficient for
unambiguously resolving the seven types of glucose units that coexist in a cellulose microfibril,
determining their hydroxymethyl torsional conformation through *H-'H distance measurements,
and mapping out their relative location within a microfibril?®>26, Second, a systematic investigation
of polymer packing, mobility, and hydration using intact, extracted, wild-type, and mutant samples
has demonstrated that at least 25-50% of cellulose surface is in sub-nanometer contact with pectin,
which has revised the long-standing concept where these two polymers are phase-separated?’-32,
Third, two novel techniques that rely on MAS-DNP and paramagnetic methods have been
developed to determine protein-carbohydrate binding in cell walls®*3*. The protein expansin is
found to perturb the cellulose-xyloglucan junctions in Arabidopsis (a dicot) but disrupts the
connections of highly and lowly substituted glucuronoarabinoxylan in maize (a commelinid
monocot); therefore, expansins bind different carbohydrates in compositionally distinct cell walls
for function. These molecular insights have been integrated with many biochemical, modeling,
and spectroscopic studies®>-3 to substantially advance our understanding of primary cell walls and

the structural aspects underlying plant growth.
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2.3.2 Lignin-carbohydrate Interactions in Secondary Plant Cell Walls

Inspired by the impactful studies of primary cell walls, recent efforts have been devoted to
characterizing the secondary plant cell wall, which is a component synthesized once the cell ceases
expansion and forms the majority of the lignocellulosic biomass. The secondary cell wall contains
an aromatic polymer named lignin and multiple classes of polysaccharides such as cellulose and
the hemicellulose xylan in either 2-fold (2 residues per helical turn; flat-ribbon) or 3-fold (3
residues for a 360° fold; non-flat) helical screw symmetry (Figure 2.1a, left). Benefited from the
distinct chemical structures and torsional conformations, the *3C signals of these biomolecules are
well-resolved in 2D correlation spectra (Figure 2.1b, ¢). Dupree and colleagues have conducted a
series of 2D and 3D CCC experiments on Arabidopsis secondary cell walls, which have revealed
that only the flat xylan with a regular pattern of acetate or glucuronate substitutions can bind
cellulose®3940, We have further elucidated how carbohydrates interact with lignin, which is a key
interaction that determines the biomass recalcitrance to enzymatic treatment and limits the
efficiency of biofuel production. Using multiple model plants, such as Arabidopsis and maize, we
have identified 234 intermolecular cross peaks that pinpoint sub-nanometer packing, 325
relaxation curves that probe polymer mobilities, and 62 site-specific data that identify site-specific
water-interactions of biomolecules, which resolved a unique cell wall architecture: xylan is
bridging the lignin nanodomains (through its non-flat conformers) to cellulose (through its flat-
ribbon form) in a conformation-dependent manner*'. Considering the large chemical shift
anisotropy of aromatics, a 600 MHz NMR, instead of higher magnetic fields, is chosen to
simultaneously guarantee sufficient resolution and sensitivity.

This structural frame does not apply to all plant species. In 2019, Dupree and colleagues have

found that in the softwood spruce, both xylan and galactoglucomannan (GGM, a uniquely
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abundant hemicellulose in softwood) experience a two-domain distribution, with one domain in
contact with cellulose and the other one filling the interfibrillar space'®. It is thus proposed that
some GGM and xylan bind to the same cellulose microfibrils, with lignin in association with these
cellulose-bound polysaccharides. Apparently, plant species with distinct biopolymer composition
expect different cell wall architectures; there are multiple ongoing projects attempting to reveal
the assorted schemes of polysaccharides-lignin assembly in a variety of plant species.

Due to the highly complex nature of these whole-cell systems, sSNMR could not provide a
high-resolution structure as for the studies of purified proteins or nucleic acids. However, the
conceptual schemes of cell wall structures derived from the substantive, molecular evidence have
already presented a major improvement from the prevailing models purely based on biochemical
assays that either substantially perturb the cellular environment or lack the sub-nanometer
resolution to probe the intermolecular contacts between biomolecules.

2.3.3 The Carbohydrate Armor and Pigment Deposition of Fungal Pathogens

In 2018, we have initiated a project to investigate the cell walls of fungal pathogens. These
microbes cause invasive infections to more than two million patients annually, with high mortality.
The fungal cell wall is of high biomedical significance as it is a major target for antifungal agents
(for example, caspofungin), and this carbohydrate-rich armor confers the fungi with mechanical
strength and structural flexibility to survive through external stress. The fungal cell wall contains
50-60% glucans, 20-30% glycoproteins, and a small portion of chitin (Figure 2.1a, right), and
these molecules exhibit beautiful resolution in native, never-dried, and living A. fumigatus: on an
800 MHz NMR, the *C linewidths are 0.5-0.7 ppm for rigid components (Figure 2.1d) and 0.3-
0.5 ppm for mobile molecules?. This allows us to resolve the signals of 23 conformers from 7

major types of polysaccharides. Notably, on the world-record 1.5 GHz (35 Tesla) NMR*, the °C
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resolution has been further improved to 0.3-0.5 ppm even for the rigid molecules, providing a
magnified view of structural polysaccharides (unpublished results).

Because a-1,3-glucans are partially extractable using alkali, they have long been assumed an
insignificant role in cell wall mechanics*, but they exhibit tens of intermolecular cross peaks with
chitin microfibrils in long-range *C-*C Proton-Assisted Recoupling (PAR) spectra??. This
unexpected observation echoes the limited water accessibility and low mobility consistently
observed in both molecules, and for the first time reveals that the mechanical scaffold of A.
fumigatus cell wall is formed by tightly packed a-1,3-glucan and chitin. These highly hydrophobic
and rigid cores are enclosed within a well-hydrated and dynamic matrix of B-glucans and further
capped by an outermost layer that is rich in glycoproteins. With this structural frame, we are
currently identifying the structural features that contribute to fungal virulence and drug resistance.

Besides polysaccharides and glycoproteins, fungi also contain a natural pigment named
melanin. Stark and coworkers have been tracking down the biosynthesis pathway and molecular
structure of melanin, as well as its interactions with carbohydrate components in Cryptococcus
neoformans cell walls*#’. The incorporation of a 13C-labeled, aromatic precursor L-Dopa during
melanization selectively labels aromatic polymers, while feeding exogenous *3C-sugars highlights
the alkyl, alkoxy, alkene, carboxylate, and amide groups (Figure 2.1e). These labeling schemes,
used individually or in combination, allow the identification of an indole-based oligomeric
structure for the melanin with putative associations with chitin as elucidated via many 2D 3C-13C
DARR and COSY spectra**. Melanin is also found to undergo a progressive aromatization process
in the cell wall. The versatile techniques of labeling and ssSNMR have paved the way for
investigating these supramolecular complexes of biopolymers that directly determine fungal

pathogenicity.
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2.3.4 Carbohydrates of Bacterial Biofilm and Microalgae

In bacteria, sSNMR has been employed to investigate the composition and structure of cell
walls and their structural responses to antibiotics*®°, as well as the biofilm, an extracellular
nanocomposite of cellulose and amyloid curli fibers®!. Recently, Cegelski, Hengge, and coworkers
have identified a chemically modified form of cellulose in E. coli, which is required for the
assembly of the biofilm. This polymer has evaded high-resolution detection but is now picked up
by the *C{®'P} REDOR technique, with the major dephasing of intensities happening (AS) to the
carbon sites that are spatially proximal to the phosphate group (Figure 2.1f)°L. The genetic basis
and molecular signaling involved in introducing this novel structure have also been elucidated.

Like plants, algae are another important photosynthesis biosystem with a high content of
polysaccharides. Marcotte and coworkers have measured a model microalgae C. reinhardtii. With
the dynamical filtering by multiple polarization methods, such as INEPT, heteronuclear NOE, CP,
and single pulse, the signals from membrane galactolipids, structural carbohydrates in cell walls,
and the storage polysaccharide starch are unambiguously selected and assigned in 1D/2D *C
spectra®>®3. They also identified the major crystalline form of amylose in the starch of microalgae
and compared it with other crystalline forms obtained from various organisms®*,
2.4 What Could MAS-DNP Contribute to Cell Wall NMR?
2.4.1 Selective Detection of The Porous and Outermost Cell Walls

The cell wall is a suitable system for MAS-DNP studies as this outer shell is easily selected

over the intracellular components, and uniform polarization throughout the cell wall can be
achieved after sample optimization. Hediger and coworkers have first revealed that the biradical
TOTAPOL mainly accumulates in the bacterial cell walls of Bacillus subtilis, which allows them

to preferentially detect the cell wall component and identify the optimal concentration of radicals
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for obtaining satisfactory resolution and sensitivity*™. Bardet, Luterbacher, and coworkers have
further shown that maximally 40-200 nm from the surface of poplar wood cell walls can be
hyperpolarized via relayed DNP, which allows the selection of secondary cell walls over the inner
middle lamellae®. Consistently, we have demonstrated that the microscopically porous plant
materials (interfibrillar space of ~20-40 nm for primary cell walls) can easily accommodate the
small biradicals (e.g. 1.3 nm across for AMUPol) to achieve a homogeneous polarization across
the material, which has been confirmed by the identical spectral patterns measured with and
without microwave irradiation®®. A video protocol and the optimized procedures have been
published to guide the preparation of samples that ensure a homogeneous distribution of radicals
in the cell wall region of whole-cell samples and efficient polarization of the cell wall molecules®®.
2.4.2 Detection of The Polymer Interaction Interface Involving Lowly Populated Molecules

The weak intensities of intermolecular cross peaks, due to the small dipolar couplings for
long-range correlations and the relaxations occurring during the mixing period, have placed an
obstacle to structural determination. The naturally low sensitivity is further worsened by multiple
structural factors: 1) the dominance of water (50-80 wt%) in whole cells substantially reduces the
effective volume of biomolecules, 2) the coexistence of many polymers decreases the relative
concentration of the molecules of interest, and 3) certain molecules involved in the intermolecular
interface has low abundance in cell, for example, chitin in A. fumigatus (accounting for ~10-15
wit% of the dry mass of cell walls) and lignin in the secondary cell walls of maize?>*!. Despite the
low concentration, these molecules are often of high significance to the mechanical and physical
properties of cell walls, for example, chitin is the only partially crystalline polysaccharide in fungi
and lignin-carbohydrate interactions waterproof and strengthen the plant biomass. Therefore, a

feasible technique for elucidating their intermolecular packing has become a necessity.
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Figure 2.2 Polymer interface viewed by MAS-DNP. a, A difference spectrum between two °N-
13C 2D spectra that were measured with a long (3 s) and short (0.1 s) **C-13C PDSD mixing. Only
intermolecular cross peaks are present in the difference spectrum. b, Illustration of chitin-glucan
packing discovered by the spectrum in panel a. c, Selection of lignin aromatics against
carbohydrates. d, Lignin-edited 2D spectra reveal the composition of lignin-bound carbohydrates.
Dashline circles show the carbohydrate components that lack interactions with lignin. Adapted
from references [22] and [41] with copyright permission.

These technical barriers can be overcome by integrating the sensitivity enhancement of MAS-
DNP with the resolution improvement from spectral editing techniques, which enables efficient
detection of intermolecular contacts. We have recently demonstrated this strategy using the
following examples. First, in A. fumigatus, long-range °N-N PAR spectrum has revealed
extensive cross peaks between the amide signals from different chitin conformers, confirming the
coexistence of these conformers in the same microfibril?2. This is impressive considering that the
nucleus being manipulated has worse sensitivity than *3C, the experimental scheme is sensitivity-
challenging, and the inter-residue correlations occur only between the chitin conformers that
account for <10 wt% of the hydrated material. Second, the spectral subtraction of two parent 1°N-
13C correlation spectra measured with long and short **C-3C mixing times has unambiguously
resolved multiple cross peaks between the nitrogen of chitin amide and the carbons of a-1,3-
glucans (Figure 2.2a, b). Notably, in order to subtract two spectra measured with different mixing
times, a constant-time experimental scheme is often required at ambient temperature in order to

compensate for the heterogeneous relaxations of rigid and mobile molecules during the mixing

period®?, but it is not needed at the cryogenic temperature of DNP at which longitudinal relaxation
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becomes uniformly long for most structural molecules. Third, with dipolar and frequency filters,
as well as the microwave gating achieved through a mechanical shutter®’, the weak signals of lignin
are efficiently selected against the polysaccharide peaks that are 260-fold stronger (Figure 2c).
This allows us to measure lignin-edited spectra to detect the carbohydrate components in close
spatial proximity to these aromatics, which discovers that the 3-fold twisted xylan (Xn%") associates

with lignin while the extended flat-ribbon form (Xn#2") lacks such binding (Figure 2.2d).

a b c

1587 after ball-milling

160 140+

£
162 { 1 i 15

1641 150] &

166

% 688

, :
] TR NG VR
140 i
) 0.9 ppm .
I 1457 |
1509 £
T WY .

T T () T Db dasiin ity T T T T T T
106 104 74 72 70 110 100 90 8 80 75 70 65 165 150 136 120 105
5Q “C (ppm) 5Q “C (ppm) $Q “C (ppm) 5Q “C (ppm)

DQ *C (ppm}
DQ ™C (ppm)

Figure 2.3 Natural-Abundance DNP of cellulose, matrix polysaccharides, and lignin in plant
biomass. a, Natural-abundance 2D 3C-*C INADEQUATE spectrum of cellulose in unlabeled
cotton. A and A’ indicate the glucose units in Ia cellulose allomorph while B and B’ are glucose
units in Ip allomorph. 1D 3C cross section extracted at 1=175 ppm shows the *C linewidth of
0.9 ppm. b, C4 region of the crystalline cellulose in cotton after 2 hours of ball-milling. ¢, Resolved
signals for 2-fold (purple) and 3-fold (blue) xylan in the stems of wild-type rice and its mutant. d,
Lignin regions of refocused INADEQUATE of wild-type poplar. S, H, G indicate three
fundamental units of lignin. Panel a-c were measured on a 600 MHz/395 GHz DNP and panel d
was collected on a 400 MHz/263 GHz DNP. Figures are adapted from references [58-60] with
copyright permission.

2.4.3 Skip the Labeling: Natural-Abundance Investigations of Unlabeled Biomaterials

In addition to the assistance in structural analysis, MAS-DNP has also presented an
exciting opportunity that could substantially expand the territory of carbohydrate NMR. This is
achieved by enabling high-resolution characterization of unlabeled biomaterials utilizing the

sensitivity boost from DNP. The typical sensitivity enhancement (eonioff) factors for cell wall

biomaterials is ~30 fold on the 600 MHz/395 GHz MAS-DNP spectrometers®>*!, and ~70 fold on
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the lower field (e.g. 400 MHz/263 GHz DNP)®8. The tremendous timesaving makes it feasible to
measure 2D correlation spectra using the very low natural abundance of NMR-active isotopes, 1.1%
for 13C and 0.4% for *N, in unlabeled biomaterials.

Recently, we have optimized a protocol for preparing sSNMR/DNP samples using labeled or
unlabeled materials®. Starting from this protocol, we have investigated the structure of both
microcrystalline carbohydrates (cellulose) and disordered matrix polysaccharides (xylan) in intact
plant stems or biomaterials, without isotope-labeling®°. A matrix-free protocol®? are used to
maximize the efficient volume of biomolecules, and 2D 3C-*C INADEQUATE spectra are
collected within 5-9.5 hours for each cotton sample and 17-37 hours for each of the more
complicated, rice stems. The 3C resolution of the partially crystalline cellulose in cotton is largely
retained at 100 K, with narrow 3C linewidths of 0.9 ppm on a 600 MHz/395 GHz DNP system
(Figure 2.3a)%°. As a result, the carbon connectivities of four magnetically non-equivalent glucose
units in cellulose can be fully resolved, and we have further revealed that the ball-milling process,
a standard procedure widely used in solution-NMR studies, has totally destroyed the native
structure of cellulose microfibrils as evidenced by the distinct spectra (Figure 2.3b). In contrast,
the 3C linewidth for the mobile matrix polysaccharides has been broadened at low temperature
due to the restriction of molecular motions that are important for averaging out the conformational
distribution of these disordered molecules. Fortunately, we are still capable of resolving at least
the flat-ribbon conformer and the twisted form of xylan in rice stems®. We have shown that,
compared to the wild-type rice, a darxl mutant has dramatically increased the content of non-flat
3-fold xylan but reduced the relative amount of the flat-ribbon 2-fold xylan that associates with
cellulose surface, revealing how this mutation perturbs xylan-cellulose interactions on the

molecular level (Figure 2.3c).
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In addition, Pruski, Abu-Omar, and coworkers have elucidated the lignin composition of poplar
biomass: natural-abundance DNP enables the identification of various lignin subunits (Figure
2.3d), p-hydroxyphenyl, H; guaiacyl, G; syringyl, S) and their complex linkages in catalytically
processed and genetically engineered poplar species (with high- or low-content of S-units)®8.

Notably, Dr. De Paépe and coworkers have demonstrated that long-range intermolecular
correlations, with distances up to ~7 A, can be detected using natural-abundance DNP, and this
method is employed to probe n-stacking of the nanoassemblies formed by a cyclic diphenylalanine
peptide®®. They have also demonstrated the feasibility of measuring natural-abundance 2D **C-°N
correlation spectra on small organic molecules®®. As dipolar truncation is no longer an issue at
natural isotopic abundance, pulse sequences that efficiently recouple homonuclear (for example,
S3) or heteronuclear (for example, TEDOR) dipolar couplings start to play a critical role in the
structural determination of unlabeled molecules®® 8, These technical advances have presented a
unique opportunity for further exploring the structure of nitrogenated carbohydrates and
intermolecular packing in unlabeled cells, which will be facilitated by the development of better
radicals, for example, the AsymPolPOK that shortens DNP buildup time®,” and more efficient
polarizing mechanisms for high-field DNP at 800 MHz/527 GHz or above™ ",

2.5  Conclusions

High-resolution ssNMR of complex carbohydrates and cell wall biomaterials is exactly at
a turning point where high-resolution, large-scale investigations just became possible. The
combination of various isotope-labeling schemes, a complete set of **C/*>N-based techniques, and
sensitivity enhancement from DNP has completed the toolbox and enabled many studies of cell
walls and biomaterials in plants, fungi, bacteria, and algae. Since polysaccharides are significantly

under-investigated, there are many unresolved questions in this field. In addition, the development
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of natural-abundance DNP methods has eliminated the difficulty and expenses associated with
isotope-labeling, allowing us to investigate a large variety of biomaterials. Besides these highlights,
there are many other advances in the field that could substantially facilitate carbohydrate sSNMR
research such as database and software development?®, proton detection under ultrafast MAS’*7,
and the materialization of ultrahigh-field magnets. We hope this article could encourage more
NMR colleagues to join the ongoing efforts in unveiling the function-structure relationship of
polysaccharides and cell wall architecture, which will, on the molecular level, guide the rationale
development of advanced technologies to produce better biorenewable energy, biomaterials,
antibiotics and antifungal agents, as well as other high-value products based on carbohydrates or
their complex with other biomolecules.
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CHAPTER 3: AMOLECULAR VISION OF FUNGAL CELL WALL ORGANIZATION
BY FUNCTIONAL GENOMICS AND SOLID-STATE NMR

Reprinted with permission from A Chakraborty*, Liyanage D. Fernando*, W Fang* MC
Dickwella Widanage*, P Wei, C Jin, T Fontaine, J-P Latge, and T Wang. Nature
Communication (2021), 12, 6346. Copyright © 2021, The Author(s)

*Denotes equal contribution

3.1  Abstract

Vast efforts have been devoted to the development of antifungal drugs targeting the cell
wall, but the supramolecular architecture of this carbohydrate-rich composite remains
insufficiently understood. Here we compared the cell wall structure of a fungal pathogen
Aspergillus fumigatus and four mutants depleted of major structural polysaccharides. High-
resolution solid-state NMR spectroscopy of intact cells reveals a rigid core formed by chitin, -
1,3-glucan, and a-1,3-glucan, with galactosaminogalactan and galactomannan present in the
mobile phase. Gene deletion reshuffles the composition and spatial organization of
polysaccharides, with significant changes in their dynamics and water accessibility. The
distribution of a-1,3-glucan in chemically isolated and dynamically distinct domains supports its
functional diversity. Identification of valines in the alkali-insoluble carbohydrate core suggests a
putative function in stabilizing macromolecular complexes. The substantially revised model of cell
wall architecture will improve our understanding of the structural response of fungal pathogens to
stresses.
3.2 Introduction

Life-threatening fungal infections are found in more than two million people worldwide
every year'3. The insufficient efficacy of commercially available drugs, the substantial rise of

azole-resistant strains, and the extensive application of immunosuppressive agents call for the
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development of novel antifungal compounds*®. Polysaccharides in fungal cell walls are absent in
humans, making them uniquely suitable as the target of antifungal treatments. A family of drugs
(echinocandins) inhibiting the synthesis of $-1,3-glucan, one of the major cell wall components,
have been developed and are clinically used®’. The loss of B-1,3-glucan, however, is partially
compensated by the increased content of chitin and the paradoxical effect of this drug (reduced
activity at high concentration), both of which have restricted the performance of echinocandins®
10 To date, among the many cell wall components, only the inhibition of B-1,3 glucan has been
successfully involved in the development of antifungals. To enable the identification of new drug
targets, it is of high significance to understand the structural dynamics of fungal polysaccharides
and their compensatory responses to cell wall stress or injury.

The current study is focused on the cell wall of Aspergillus fumigatus, one of the most
threatening human opportunistic pathogens and one of the best understood genetically and
biochemically®>!t. The major carbohydrate components of A. fumigatus cell walls include chitin,
-1,3-glucan (primarily linear or with B-1,6-branching and B-1,3/1,4-sequences), galactomannan,
o-1,3-glucan, and galactosaminogalactan (Figure 3.1a)>!2. Until recently the organization of cell
walls was only characterized using protocols that require chemical extraction of this polymer
network by alkali and other chemicals'®*4. The chemical method for analyzing the composition of
the cell wall sequentially involves enzymatic or chemical degradation, purification of the produced
soluble oligomers, and identification of covalent linkages between monosaccharide residues®®. In
addition, these chemical treatments can also separate the polysaccharides in amorphous alkali-
soluble material and fibrillar alkali-insoluble material®2.

Recently, solid-state NMR spectroscopy has been employed to characterize the molecular
architecture of cell walls and melanin deposition in multiple fungal species including A. fumigatus,
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Cryptococcus neoformans, and Schizophyllum commune®>2°, This non-destructive method allows
for the direct use of untreated intact cells and gives atomic-level indications of polymer rigidity
and physical packing as defined by the native properties in cell walls?>?2, The solid-state NMR
analysis of A. fumigatus cell wall has suggested that a-1,3-glucans are spatially packed with chitin
and are likely distributed in a soft and hydrated matrix formed by diversely linked B-glucans®®,
whereas the chemical data suggested that a-1,3-glucan and chitin were separated based on their
differential alkali-solubility. Therefore, it is essential to reconcile the NMR-restrained structure
and the model based on biochemical analysis*?*°.

For this purpose, we coupled NMR studies with a functional genomics approach using A.
fumigatus cell wall mutants that have been characterized previously using chemical methods. The

parental strain is A akuBKY® which is a widely used model strain resulting from the deletion of

the KU80 gene to enhance homologous recombination?. Based on this parental strain, four
mutants, each of which selectively eliminates a major cell wall polysaccharide, were generated.
The first mutant is the quadruple AcsmA/csmB/chsF/chsG mutant with the deletion of four chitin
synthase genes, resulting in cell walls almost devoid of chitin?*. The second mutant used is exempt
from a-1,3-glucan consecutively to the deletion of genes encoding three synthases (AGS1, AGS2,
and AGS3)?>%, The third one is a GAG-deficient mutant ensued from the deletion of the GT4C
gene encoding a glycosyltransferase, which is devoid of GAG?’. The fourth mutant has the deletion
of KTR4 and KTR7 genes encoding two mannosyltransferases, and this double mutant no longer
contains any GM linked to the inner (-1,3-glucan-chitin core, without affecting the N-glycan

moiety of proteins?®,

59



a Chitin (Ch) B-1,3-glucan (B) a-1,3-glucan (A) Galactomanan (GM) Galactosaminegalactan (GAG)

CH,0H CH,0H cHon r-<20H0 CH,OH HoH, c o Mn1 o CH,0H GalN
o o 09" o o- o
o\/‘): \J\O\%? . ¥ O o 1 CHOH 0 5 Mn1:2 OH "1 GH,OH
N1 o Py H o - o
o H B 03 N q ? H Oy CHy OH AcHN  4{QH %1 CH,OH
Galf

CH;  HN
D g : éﬁ( °
o GalNAc N 4 OH
5 2 Iy
OH
b c
parental parental strain u-1,3-glucan def. chitin def.
B2 70-L 2/5- AE/AZ 5.6 . - B
; Ché chs | f2/5 B2.4 - il .
BICh! m a3l gslf | z sl e o (':@h\a ° e g ° ° ° e L
3 = [N i\ 2 e o 0 Feo o 0
o au—,o B5-2 “B54 “B5-6 ¢
& A3-2/5 4
“an b 1 e
85 Lt e
a-1,3-glucan 00 o ] 00 0 0 ') 0 0
B35 B3-2 B34 B36

def' T T T T T T T T T T T T T T T T T T
75 70 65 60 55 75 70 65 60 55 75 70 65 60 55
'3C (ppm) 13C (ppm) '3C (ppm)

Ch

chitin def. A B0) B 5(1) 6(1)
MMW 42(7) ' “ 53(5). 26 . 36(5)
32(3)

110 100 s0 &0 70 60 %0

13C (ppm) parental a-1,3-glucan def. chitin def. GM def. GAG def.

Figure 3.1 Structural changes in the rigid core of A. fumigatus mutant cell walls. a,
Representative structures of fungal carbohydrates. Abbreviations are shown for different
polysaccharides and sugar units. b, 1D C-CP spectrum showing different intensities for rigid
polysaccharides. Abbreviations are used for resonance assignments. For example, Al denotes a-
1,3-glucan carbon 1. Ch and B represent chitin and B-1,3-glucan, respectively. ¢, 2D BC-13C
correlation spectrum with 53 ms CORD mixing detecting intramolecular cross-peaks. For
example, B3-5 is the cross peak between B-1,3-glucan carbon 3 and carbon 5. The missing peaks
of a-1,3-glucan and chitin in two mutants are highlighted using dash line boxes. d, Estimation of
polysaccharide composition in the rigid portion of cell walls. Chitin, a-1,3-glucan, and B-glucans
are shown in orange, green, and blue, respectively. The percentage values represent the molar
fraction of rigid polysaccharides as estimated using the integrals of cross peaks in 2D CORD
spectra, which is detailed in Supplementary Table 3. Standard errors included in the parentheses
are based on data presented in Figure 3.8 and computed as described in the Appendix Methods.
Source data of Figure 3.1d are provided as a Source Data file.

In this work, we employ a series of 2D *C/**N/*H-'*C correlation solid-state NMR
methods to analyze the uniformly *C,**N-labeled hyphal cell walls of the parental A. fumigatus
strain and the four mutants described above (Table 3.1). Polysaccharide composition of the rigid

and mobile cell wall domains is interrogated in parental and mutant strains. We confirm the

functional diversity of a-glucans through its distribution heterogeneity, in the alkali-soluble and
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alkali-insoluble fractions of the inner and outer cell walls. Our data also show that A. fumigatus
substantially reshuffles polysaccharide composition to increase the rigidity and hydrophobicity of
cell walls, in response to biosynthesis deficiencies. This study shows the power of a joint genomic,
chemical, and biophysical approach to characterize the supramolecular assembly of biopolymers
in cell walls and provides a readily applicable method for evaluating the structural responses of
fungal cell walls to genetic mutations and external stresses.

3.3  Results

3.3.1 Polysaccharide Structure and a Vision of Their Role in Cell Wall Organization

For atomic-level characterization using solid-state NMR, we produced uniformly 3C, °N-
labeled samples by growing the five strains for 1.5 days in a fully defined medium containing *3C-
glucose and °N-NaNOs. Intact cells were directly packed into a solid-state NMR rotor, without
any chemical perturbation; therefore, the physical and structural status of the cell wall was kept
native. Tailoring the solid-state NMR methods allowed us to selectively detect the rigid and
mobile molecules as defined by their native dynamics in cell wall materials, with no relevance to
covalent linkage patterns or their susceptibility to chemical extraction (for example, alkali
treatment). It is quite common that a single type of polysaccharides could possibly have mobile
domains that are present in the soft matrix and rigid phases that are physically packed with stiff
molecules such as the cellulose microfibrils in plants and the chitin molecules in fungi®>?°.

The mobile phase represents those molecules with rapid *C-T; relaxation, which can
survive through the short recycle delay used in *3C direct polarization (DP). The rigid components
described here refer to those polysaccharides that efficiently retain their dipolar couplings and thus
can be detected using the dipolar-based *H-13C cross polarization method. These methods have
been applied in solid-state NMR studies of carbohydrate-rich materials such as the cell walls of
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plants and algae as well as the biofilms and cell walls of fungi*®3-34, In A. fumigatus, combining
these two methods enables efficient detection of both mobile and rigid molecules at ambient
temperature (Figure 3.7). This physical vision differs from the classification accepted after
chemical extraction and solubilization of the cell wall, where the alkali-soluble and water-insoluble
molecules are recognized as amorphous polysaccharides as observed by electron microscopy (EM)
whereas the alkali-insoluble fraction contains fibrillar molecules also seen by EM%®. The
compositional and dynamical characteristics of all strains were extremely reproducible between
different batches (Figure 3.8).

Only three polysaccharides were found to constitute the rigid core of A. fumigatus cell
walls, including chitin, a-1,3-glucan, and B-1,3-glucan (Figure 3.1b). The absence of signature
peaks confirmed the exclusion of a-1,3-glucan and chitin in the cell walls of their corresponding
mutants. The key peaks of a-1,3-glucans, for example, carbon 1 at 101 ppm (A1) and carbon 2/5
at 72 ppm (A2/5), were substantially suppressed in the a-1,3-glucan deficient mutant. Similarly,
the resolved peak of chitin carbon 2 (Ch2) at 55.5 ppm, with partial overlap with lipid and protein
carbons, was weaker in the chitin-deficient mutant.

Two-dimensional (2D) 3C-'3C correlation spectra substantially improved the spectral
resolution, allowing us to resolve a large number of carbon sites in the rigid macromolecules
(Figure 3.9). The 3C full width at half maximum (FWHM) linewidths are mostly in the range of
0.45-0.75 ppm for the rigid molecules (Figure 3.10). The chemical shifts are summarized in Table
3.2. Alteration in the polysaccharide amount can be closely examined by tracking the intensities
of corresponding cross peaks (Figure 3.1c), for instance, a-1,3-glucan carbon 3 to carbon 4 (A3-
4) cross peak at (84.5, 69.5) ppm and chitin carbon 3 to carbon 2 (Ch3-2) at (72.9, 55.5 ppm).
Analysis of cross peak integrals led to an estimate of the molar fractions of rigid polysaccharides
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(Figure 3.1d). In parental cell walls, the percentages of B-1,3-glucan, a-1,3-glucan, and chitin were

estimated to be 50%, 4

2%, and 8%, respectively (Table 3.3). Defects in a-1,3-glucan biosynthesis

were compensated by an upsurge of the f-1,3-glucan amount to 95% whereas the removal of chitin

was accompanied by a higher content of a-1,3-glucan (58%).

a b
Parental strain GM def. GAG def.
130 N-acetylgalactosamine (GalNAc) A5 Gahﬁ GalN3, Ga\Nz. P
-] galactosamine (GalN) e et
galactofuranose (Galf) Galf5: % 130]  CaNASS Ga\.N}\CQ _K_Z‘:a\{f: G/alﬂi .
— L fo i
mannose (Mn'?) Mn EYo ""DS E g B6 e Qo
mannose (Mn'®) Mn‘“E J 2 440] 1§ @ .3
1404 B-1,3-glucan (B) Mn‘“3:° 8 - 00\
a-1,3-glucan(A) '5 & BS. . '
Mn! ES\, °‘an 2 5 . ' ~B4 ° 3
GalN1 1504 GalN4 GalN3
~a 35* ’__.54 : Ga\N2 e 0 o . || e orwnope . S
150 GaNA e GalNACt GalNAC3 1] € @ : o= =
—_ — et
£ GalNAcT~ e allNAc Q”Ga‘Ngc‘aﬁ . 1wl O & 105 100 85 e ¢ 105108 5
a a - -
e e o GalNAc2 ) 70 ) 80 70 60
g Gza‘Tf’Z\9 Galf3 *C-5Q (ppm) *C-SQ (ppm)
o 1604 Galfdw ¢ can
< o c
0‘ Y
Q
:& .,/ o control a-1,3-glucan def. chitin def. GM def. GAG def.
501) 6(1
1704 y e q a(3) 11(1)( d1001)
Mg, e - Mn'©2 49(3) 36(3) [42(8) 36(3) 49(4)
° » 45(3) 19(3) 42(4)
73(5;
Bl ® 0 o 52 22(2) 31(4) © a01)
©
1804 ~o o~ d
control «-1,3-glucan def.  chitin def. GM def. mE
Q 701) aA
Galf Galf2
190 0~ - 14(2) \ 8
T T T T T
100 90 80 70 60 58(5) ’ 65(3) 44(4) =]
BC-5Q . 89(16) 27(4) B GalN
-SQ (ppm) O GalNAc

Figure 3.2 The mobile domain of A. fumigatus cell wall is rich in GM and GAG. a, *C DP J-
INADEQUATE spectrum resolving the carbon connectivity for each polysaccharide.
Abbreviations are used for resonance assignments and different polysaccharides are color-coded.
b, Comparison of mobile polysaccharides in GM- and GAG-deficient mutants. Missing peaks of
GM and GAG are highlighted using dash line boxes (typically, brown for mannose, orange for
galactopyranose, cyan for galactosamine, and magenta for N-acetylgalactosamine). Insets show
the signals of GalN’/GalNAc’ residue in the GM-deficient mutant. ¢, Molar fractions of mobile
polysaccharides in each cell wall sample estimated from peak volume. d, Monosaccharide
compositional changes of GAG observed in the four samples. Standard errors are included in
parentheses. The numbers in the pie charts shown by panels ¢ and d are molar percentages as
detailed in Table 3.4. Source data of Figures 3.2c and 3.2d are provided as a Source Data file.

Although both GAG and GM only exist in the mobile phase (discussed later), the rigid cell

wall polysaccharides were still modified in their corresponding mutants (Figure 3.9). There was

no change in the rigid portion of the GAG-deficient cell walls in comparison to the parental strain,
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however, the mannan deficiency resulted in an increase in the chitin amount (43%), indicative of
a concerted change of both rigid and mobile polymers. This increase in the rigid chitin polymer
might be associated with the growth defect seen in the Aker4/Aktr7 double mutant®®. Two other
molecules, a- and B-glucans, exhibited lower amounts in the GM-deficient mutant; therefore, the
observed increase of chitin content is not a direct consequence of the reduced amount of GM.

The signals of mobile molecules absent in the above CP-based experiments were
preferentially detected using 2D *C DP J-INADEQUATE spectra, which showed numerous
carbon peaks from GM, GAG, a-1,3-glucan, and B-1,3-glucan (Figure 3.2a). The observed mobile
phase has rapid **C-T; relaxation to survive through the short recycle delay (for example, 2 s) used
in 13C-DP excitation. As this study is using uniformly 3C-labeled samples and slow magic-angle
spinning (MAS) frequencies, 13C-13C spin-exchange induces multiexponential relaxation feature,
with fast and slow relaxation components for each carbon site*. In cell wall NMR, this physical
principle has been used to distinguish different domains of mobile molecules present in the soft
matrix or in contact and efficient spin exchange with rigid scaffolds, with the former being better
detected in the DP J-INADEQUATE experiment?®3L. The linewidth is typically 0.30-0.75 ppm for
dynamic molecules (Figure 3.10). The variation of linewidths is partially attributable to the highly
heterogeneous dynamics of molecules in cellular samples, with the most mobile components
showing narrow lines and the partially mobile molecules showing slightly broader peaks where
the conformational distribution of a large number of monosaccharide units could not be
competently averaged out by motion. Covalent and physical interactions between molecules may
also contribute to the observed distribution of NMR linewidth.

Galactomannan can be tracked using the signals of o-1,2-mannose (Mn?) and a-1,6-

mannose (Mn®), which showed reduced intensity in the GM-deficient mutant (Figure 3.2b and

64



Figure 3.11). Galactosaminogalactan is an exopolysaccharide featured by a complex structure
comprised of a-linked galactopyranose (Galp), galactosamine (GalN), and N-acetylgalactosamine
(GalNAC) units with no particular order (Figure 3.1a)*"*. Covalently bonded to a nitrogen, the
carbon 2 of GalN and GalNAc exhibited characteristic chemical shifts below 60 ppm, like the
carbon 2 signals in chitin. Weak signals have been observed for the GaINAc and GalN carbon 2 at
54-56 ppm. Most of their carbon 1 signals were observed in the range of 92-97 ppm, likely due to
the a-linkages and a solvated environment, but weaker signals were also observed at 102 ppm
(Figure 3.2b, inset). The key signals of GaINAc, GalN, and Galp residues were eliminated in the
GAG-deficient mutant.

Differences exist between the two types of galactose units in the mobile polysaccharides.
Structurally, both Galf and Galp have 6 carbons, however, the former has a 5-membered ring and
a unique large C1 chemical shift at 108 ppm (Figure 3.1a). Functionally, Galf is present in the GM
of the inner cell wall and in the glycolipids and N- and O- glycans of glycoproteins whereas Galp
is present in GAG**43,

GM and GAG turned out to be the most populated molecules in the mobile phase of fungal
cell walls, each accounting for 46-49 mol% (Figure 3.2¢). In GM, Galf was the major component,
with a moderately different repartition of 1,2- and 1,6-linked mannose residues in all these mutants
(Table 3.4). The NMR signals used for screening the polysaccharide composition were provided
in Supplementary Table 5. In GM-deficient cell walls, the amount of GM was reduced to 9% but
it evaded complete removal (Figure 3.2¢). The low amount of mannan in this Aktr mutant could
originate from membrane-bound mannan* or from the N- or/fand O-glycan moieties of the
glycoproteins, which, in contrast to the cell wall GM, are untouched in the 4 ktr mutants?®.

Moreover, the mannan composition was different: the ratio of Mn'?: Mn'® of 5:1 and 1:1 in the
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parental strain and Aktrd/7 mutant, respectively (Table 3.4), which is in agreement with
biochemical data***°. GAG was completely depleted in the Agt4C mutant, followed by a
significant increase in B-1,3-glucan in the mobile region. Mutations regarding the biosynthesis of
a-1,3-glucan and chitin, two molecules that are largely rigid, also substantially perturbed the
mobile polymers. Therefore, the compositional changes of mobile and rigid molecules happened
in a concerted manner. Although NMR showed that Galp was consistently the dominant
component (~60-90 mol%) of GAG in most samples, we have observed an almost even distribution
of Galp, GalN and GalNAc in the GM-deficient mutant (Figure 3.2d). Biochemical data of
degraded and isolated oligomers have shown that Galp is a minor component (around 10%) and
GalNAc is the major unit*®. This controversy suggests that Galp plays a key role in the flexibility
behavior of GAG observed by ssNMR as has been described for the solubility of GAG in urea in
biochemical analyses®.Compared to the parental strain, the chitin-deficient mutant also altered the
ratio of the three major monosaccharide residues in GAG (Figure 3.2d). When lacking one major
polysaccharide, the cell wall does not scale up the remaining polysaccharides proportionally.
Compensatory reactions in response to the lack of a cell wall component due to gene
deletion were previously observed with data obtained by chemical and enzymatic analysis?. The
absence of each of the two rigid polymers, a-1,3-glucan and chitin, led to an increase in the amount
of Al-insoluble fraction containing the fibrillar polysaccharides?*3. The lack of chitin was
compensated by an increase in GAG and the absence of a-1,3-glucan was replaced by B-1,3-
glucan. In contrast, the deletion of genes coding for GAG and GM did not modify the ratio of
fibrillar and amorphous polysaccharides as distinguished using alkali-treatment>”?, Although data
obtained by ssNMR or by chemical approaches in the analysis of the cell wall mutants were from

different experimental strategies, both methodologies agreed in the fact that the composition of
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polysaccharides is fully reshuffled to better compensate for structural defects introduced by
biosynthesis deficiencies and that no structural rules can be established yet based on these
modifications.
3.3.2 Molecular Partitioning After Alkali Treatment

For decades, the molecular organization of fungal cell walls and especially of A. fumigatus
cell walls has been analyzed chemically after solubilization of this water-insoluble matrix by alkali
and glycosy! hydrolases®#’. We have treated the **C/*°*N-labeled parental A. fumigatus mycelium
with 1 M sodium hydroxide at 65°C, which discriminates polymers by their alkali-solubility and
removes the (glyco-)proteins and (glyco-)lipids bound to the cell wall*3?*, Previous chemical
analysis showed that a-1,3-glucans were only found in the alkali-soluble (AS) fraction, with minor
B-1,3-glucan contamination?®. However, the 1D *3C CP spectra that selectively detect rigid
molecules showed a mixture of chitin, B-1,3-glucan, and a-1,3-glucan in the alkali-insoluble (Al)
part (Figure 3.3a). The two-phase distribution of a-1,3-glucans was confirmed by their overlapped
signals in the 2D **C-'3C correlation spectra collected on both Al and AS fractions (Figure 3.3b).
Furthermore, a-1,3 glucan was still present in the Al fraction even after a second treatment by
NaOH (Figure 3.12). Intensity analysis showed that a-1,3-glucan accounted for 16 mol% of all
rigid polysaccharides in the Al portion of the sample analyzed here, with 57% of -1,3-glucan and
27% of chitin (Table 3.6). This finding shifts from the prevailing paradigm based on chemical
analysis and support the recently reported concept obtained by NMR in which a-1,3-glucan is a
structural polysaccharide that tightly packs with chitin to form a hydrophobic and stiff skeleton

providing mechanical strengths to the cell walls®®.
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Figure 3.3 a-1,3-glucan is present in both alkali-soluble and insoluble fractions of the
parental sample. a, 1D *C CP spectra detecting the rigid molecules in the alkali-soluble (AS)
and alkali-insoluble (Al) fractions of the parental sample. b, Overlay of 2D **C CP dipolar-
INADEQUATE spectra showing the rigid molecules in the alkaline-soluble (AS, orange) and
alkaline-insoluble (Al, black) portions of A. fumigatus cell walls. Signals of a-1,3-glucans, such
as A4, A5, and AG, are present in both portions. ¢, *C DP J-INADEQUATE spectrum showing
the mobile polysaccharides in the alkali insoluble (top) and soluble (bottom) parts. d,
Compositional analysis of both Al (blue) and AS (orange) fractions obtained by GC-HPLC and
enzymatic degradation. The x-axis reports different monosaccharide units as well as the amino
acids (AA) or valine (Val). e, Relative mass percentages of the Al and AS fractions. f, Relative
fractions of B-1,3-glucan and a-1,3-glucan. g, Summary of polysaccharides and proteins identified
in both rigid and mobile portions within the alkali insoluble and soluble fractions. Source data of
Figure 3.3d-f are provided as a Source Data file.

When the mobile carbohydrates were specifically analyzed, Al showed peaks from [3-1,3-

glucan, mannan, chitin, and a-1,3-glucan, while AS exhibited unique signals of a-1,3-glucan and
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mannan (Figure 3.3c). Although the high structural polymorphism of chitin has been recently
demonstrated by the statistical analysis of their chemical shifts®, the presence of chitin in the
mobile phase of the Al fraction was still unexpected. These chitin molecules should represent a
poorly populated and structurally disordered domain that is associated with matrix polymers, for
example, B-1,3-glucans®*. Both Al and AS samples showed signals from the mannose and Galf
residues of GM. Protein signals were mainly observed in the mobile phase of AS molecules (Figure
3.13), together with a small portion in the rigid phase of Al components as shown later.

After NMR measurements, the same batch of Al and AS samples were subjected to
chemical analysis. There was a general agreement between the data computed with the two
different methodological approaches: B-1,3-glucans and chitin were the major components of Al
and a-1,3-glucan was the dominant component of the AS fraction (Figure 3.3d and Tables 3.6 and
3.7). Mannan was distributed in both fractions. The amount of amino acid was low in the Al
fraction (2%), where valine is the major amino acid, and increased to 5% in the AS sample. The
Al fraction accounted for three-fifth of the total mass of the cell wall and was better populated than
the AS part (Figure 3.3¢). The ratio between B-1,3-glucan and a-1,3-glucan was around 4:1 in the
Al fraction but swapped to 1:4 in the AS sample (Figure 3.3f), which confirmed the presence of
a-1,3-glucan in both Al and AS fractions. Indeed, an earlier study of a mutant lacking the only -
1,3-glucan synthase Fks1 still reported Glc residues in the Al fraction, which may originate from
0-1,3-glucans®,

The only discrepancy happened to GAG, which was detected as a minor molecule (9%) of
the AS fraction in chemical analysis (Figure 3.3d), but we did not identify its signature peaks
(Figure 3.14) in the temperature range of 280-298 K. This might be resulted from the very limited
amount of AS sample due to the low yield in chemical extraction, the potentially unfavorable
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dynamical scheme, and the low content of GAG in the AS portion. Sensitivity-enhancement
techniques, such as Dynamic Nuclear Polarization (DNP), might provide a solution to the detection
of this polysaccharide and other lowly populated molecules**-5?,

These findings allow us to summarize the partitioning of polysaccharides in four fractions
corresponding to the rigid and mobile domains of Al and AS portions (Figure 3.3g). B-1,3-glucans
span across the rigid and mobile phases of Al fractions while chitin mainly exists in the rigid phase
of Al materials. GM remains highly dynamic. The rigid domain of AS portion is dominated by a-
1,3-glucan but this molecule also exists in all the other three phases: the distribution heterogeneity
is an indicator of its functional complexity.

3.3.3 Valine, an Amino Acid Associated with The Rigid Cell Wall Matrix

The 3C DP J-INADEQUATE spectra also showed signals from mobile proteins and only
the amino acids showing strong intensities were assigned (Figure 3.4a). Some signals of the mobile
proteins were retained after alkali extraction, primarily present in the alkali-soluble portion (Figure
3.13), suggesting that they are polysaccharide-associated proteins instead of the intracellular
proteins in transit to be secreted, which are normally removed by the treatment. Protein backbone
chemical shifts are sensitive to @ and y torsion angles, which is useful for probing the secondary
structure®?. Analysis of the Ca and CO chemical shifts revealed a-helicity of most residues except
for tyrosine (Figure 3.4b). Protein signals were decreased in the GM-deficient mutant (Figure 3.4c
and Figure 3.15). In spite of the variable intensity, the observation of protein signals in the parental

and mutant samples suggests that these proteins might be a constitutive component of the cell wall.
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Figure 3.4 Structural assembly of glycoproteins in fungal cell walls. a, 2D *C DP J-
INADEQUATE spectrum detecting the amino acids of mobile proteins. The assignments represent
the amino acid types and carbon sites. For example, Ag represents the carbon-p of alanine. The
inset shows the signals of Serine. b, Backbone 3C chemical shifts suggest the dominance of o-
helix secondary structure in both mobile and rigid phases of proteins. ¢, Removal of galactomannan
results in protein depletion indicated by the decline in amino acid signals as highlighted using dash
line boxes. d, 1D N CP spectra showing multiple amide and amine signals from cell wall
polysaccharides and proteins. The °N signals vary in the parental sample and mutants. e, 2D °N-
13C correlation spectra showing chitin (orange) and protein (purple) signals. Chitin signals are
missing in the chitin-deficient mutant. Rigid proteins are absent in the GM-deficient and GAG-
deficient samples. f, Valine is the major rigid amino acid in the whole cell of the parental sample
as shown by the 2D 3C-13C CORD spectrum. Chitin signals are shown in yellow boxes. g, Valine
is preserved in the rigid portion of the alkali-insoluble (Al) part but becomes absent in the alkali-
soluble (AS) fraction. Source data of Figure 3.4d are provided as a Source Data file.

We collected 1D ®N CP spectra to examine the structure of proteins and nitrogenated
polysaccharides, primarily chitin (Figure 3.4d). GAG was not detected in the CP-based °N

experiment due to the high mobility of this molecule and the selective detection of rigid

components by this technique. Two amide peaks at 124 ppm and 129 ppm, together with an amine
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peak at 38 ppm, have been resolved. The peak intensity is sample-dependent, revealing major
changes in the identities and amount of nitrogenated molecules. Compared to the parental sample,
the chitin-deficient mutant showed a decline in the height of the amine signal and the 124-ppm
amide peak, which can be attributed to the reduced amount of chitin. In GM- and GAG-deficient
samples, the 129 ppm peaks were missing, likely caused by the mobilization or removal of
proteins. 2D °N-13C correlation spectra revealed that the 124-ppm signal mainly originated from
chitin and 129-ppm peak was from protein backbones (Figure 3.4e). The lack of rigid proteins in
GAG- and GM-deficient mutants suggested direct associations between structural proteins and
these two polysaccharides.

Strikingly, the protein region of 2D °*N-13C spectra mainly has valine (V) signals (Figure
3.4e), with only minor contributions from other hydrophobic amino acids such as leucine and
serine. This unexpected finding was verified by the strong valine cross peaks observed in the
aliphatic region of the 2D 3C-13C correlation spectrum (Figure 3.4f). The same signals were fully
retained in the alkali-insoluble carbohydrate core of the cell wall, which mainly contains the
covalently linked mannan-p-1,3-glucan-chitin complex, but disappeared in the alkali-soluble
fraction (Figure 3.4g). Further confirmation is provided by the chemical analysis after acid
hydrolysis, where the 2% of amino acid content in Al is predominantly valine (Figure 3.3d). The
presence of rigid valine may suggest a structural function in polysaccharide complex that has never
been investigated.

3.3.4 Polymer Dynamics and Hydration in The Mutants

The dynamical and hydration characteristics of biopolymers reflect the extent of molecular
aggregation and water permeability, which helps to rationalize the structural organization of cell
walls. Enhanced rigidity and hydrophobicity are typical indicators of large or ordered aggregates,
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for example, the chitin and cellulose microfibrils in fungi and plants, respectively?®. In contrast,
molecules spatially separated from these mechanical cores are typically mobile and hydrated. The
motional dynamics of polysaccharides on the nanosecond timescale were probed using *C spin-
lattice (T1) relaxation, which was measured as an array of 2D *C-13C correlation spectra with a
variable z-filter (Figure 3.16 and Table 3.8). The use of CP selected the rigid components that are
structurally meaningful. Due to the perturbation of the spin-exchange effect®, the experiments and
the use of uniformly labeled materials do not allow the accurate determination of the 3C-T;
relaxation. Therefore, we only use it as a qualitative indicator of polymer dynamics. After 1 s of
relaxation, the signals of B-1,3-glucans decayed rapidly, but the a-1,3-glucan cross peaks still
retained high intensities (Figure 3.5a). Therefore, polymer dynamics are heterogeneous. The data
were fit using single exponential equations to obtain *3C-T; relaxation time constants for different
carbon sites (Figure 3.5b). In the parental sample, the average 3C-Ti relaxation times for B-1,3-
glucan, a-1,3-glucan, and chitin were 1.2 s, 3.3 s, and 2.1 s, respectively. Therefore, the rapid local
reorientation is most pronounced in (3-1,3-glucan, and becomes subsequently less in chitin and
even less in a-1,3-glucan. When a-1,3-glucan was removed, chitin became further rigidified as
evidenced by its 3.5 s average *C-T1 but B-1,3-glucan became even more mobile. This is an
indicator of polymer separation in the a-1,3-glucan-deficient cell walls, as the spin-exchange, an
effect averaging the *C-T: of closely packed molecules, failed to equilibrate between the two
polysaccharides. However, in chitin-deficient cell walls, both a-1,3- and B-1,3-glucans became
less dynamic, with their time constants increased to 4.1 s and 2.1 s, respectively.

We further conducted a water-to-polysaccharide *H polarization transfer experiment to

examine the changes brought about by genetic mutation to the water accessibility of
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polysaccharides®®®4. This experiment depends on a H-T, relaxation filter to eliminate all

polysaccharide magnetization and then transfers the water *H polarization to carbohydrates so that
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Figure 3.5 Modulated dynamics and water contact of polysaccharides in A. fumigatus
mutants. The NMR data of -1,3-glucan (B), a-1,3-glucan (A), and chitin (Ch) are plotted in blue,
green, and orange, respectively. a, Representative 2D *C-3C spectra with 0 s (top) and 1 s
(bottom) z-filter time for measuring *C-T: relaxation. Signals of o-1,3-glucans are effectively
retained after 1 s, indicating the slow *C-T relaxation of this polysaccharide. b, Box and whisker
diagram plotting the *3C T relaxation time constants of B-1,3-glucan (B; n=19), a-1,3-glucan (A;
n=6), and chitin (Ch; n=13) for parental and mutant samples. The box starts from lower quartile to
upper quartile, with the horizontal bar and the open circle presenting the median and mean,
respectively. The length of the whiskers is determined by the product of 1.5 and interquartile range,
with outliers shown as separate dots. ¢, Representative buildup curves for the water-edited
spectrum of parental (black) and GM-deficient (blue) samples. d, Data representing the buildup
time constants that reflect the degree of water retention at various carbon sites of different
polysaccharides. Time constants for $-1,3-glucan (n = 5), a-1,3-glucan (n = 4) and chitin (n = 4)
are generated from the fit to exponential function. Each point reflects the best-fit value for buildup
time constant £ s.e. Shaded area represents the data of -1,3-glucan. The data plotted in panels b
and d are summarized in Tables 3.8 and 3.9, respectively.

only carbohydrates with bound water can be detected. The time taken for the signal to reach

equilibrium can be used as an indicator of water retention around each carbon site (Figure 3.11
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and Table 3.15). The polysaccharides with a slower intensity buildup have a reduction in water
accessibility (Figure 3.5c).

In the parental strain, chitin and a-1,3-glucan require long buildup times due to the
formation of a rigid and hydrophobic complex by these two polysaccharides (Figure 3.5d). In
contrast, the mobile B-1,3-glucan has short buildup time constants, thus forming a soft and
hydrated matrix. Compared to the parental sample, all mutant cell walls are more hydrophobic.
Polysaccharides have a compromised capability of retaining water molecules in these mutants.
This effect is probably caused by the formation of denser cell walls in these mutants, and
consequently, enhanced molecular aggregation, which might serve as a mechanism of fungal cell
wall remodeling in response to structural defects or external stresses.

3.4 Discussion

High-resolution solid-state NMR data and chemical analysis of the intact cells and alkali-
treated materials of A. fumigatus have substantiated our understanding of fungal cell wall
architecture. To the best of our knowledge, the physical vision of polymer mobility and the
chemical perspective of alkali-solubility have never been combined before. A structural scheme is
constructed to represent the conceptual setup of the parental cell wall, which is composed of an
outer shell and an internal domain (Figure 3.6a). A mobile layer containing GM, protein, a small
amount of a-1,3-glucan, and GAG should be mainly at the outside of the cell wall. The occurrence
of these molecules in the external position has been shown by immunolabelling with specific
antibodies*%%¢ and NMR data revealed their dynamic nature. Part of the GM molecule is
dissolvable in alkali while the part covalently bound to the chitin-glucan complex remains
insoluble despite its high mobility. Our results also confirmed a recently proposed structural
scheme?®, where the inner domain is comprised of a stiff and hydrophobic complex of a-1,3-glucan

75



and chitin, which is distributed in a soft and hydrated matrix of f-glucans. Chitin and B-glucans
are joined together by covalent linkages, forming the rigid mechanical hotspots that are resistant
to hot alkali treatment?®%, whereas o-1,3-glucan is physically associated with the chitin-p-glucan-
GM core as shown by NMR data. The unequilibrated dynamics suggests that some B-glucans and
a-1,3-glucans remain distant from chitin; the former are mobile and alkali-insoluble while the latter
are rigid but extractable. Therefore, there is no direct correlation between the chemical digestibility
and the rigidity of a molecule.

These studies have shown the synergism of both chemical and biophysical methods.
SsSNMR has identified a prominent role of a-1,3 glucans in the cell wall structuration whereas
chemical analysis has often missed the presence of this polysaccharide in the alkali-insoluble
fraction. Similarly, the presence of B-1,3-glucans in the alkali-soluble fraction was underestimated.
Chemical analysis may be more accurate to identify the presence of a polysaccharide in a very low
concentration: this could be one of the reasons for not seeing the GAG signals in the AS fraction
or chitin signals in the chitin-deficient mutants.

Earlier chemical analyses have shown that the composition varies between mycelium and
conidium cell wall and the culture medium used'?%’, which could be at the origin of the
discrepancies seen between our earlier ssSNMR study®® and the present one. Previously, 1,6- and
1,4-linkages were identified in the B-glucans®®, with the former likely attributable to the branching
points of B-1,3/1,6-glucan and the latter belonging to (3-1,3/1,4-glucans. However, such signals
were not detected in the current samples. The wild-type strain (RL 578) used in the previous
study*® differs from the one for the current study. In addition, the fungal material used previously
was obtained after 14 days of growth in unshaken conditions in a sucrose-based medium. Under
these experimental conditions, the material recovered was somehow heterogenous with conidium
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and mycelium and autolyzed mycelium due to the long growth time. In the current study we use
short culture times to recover actively growing mycelium and in a shaken condition to recover a

homogenous mycelial pellet, which is a well-controlled system for analyzing the cell wall.
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Figure 3.6 Structural scheme of fungal cell walls substantiated by NMR data and mutant
strains. For each sample, the mobile and rigid phases are highlighted in pale yellow and pale blue,
respectively. a, Cell walls of the parental sample, with the alkali-soluble (AS) and alkali-insoluble
(Al) portions labeled. The rigid and mobile portions of Al and AS are also shown. The molar
fractions of the rigid and mobile domains from solid-state NMR have been considered, but the
scheme may not be strictly to scale. The molecule types are labeled and color-coded. Templated
from the parental cell wall, schematic illustrations are also shown for the four mutants devoid of
b, a-1,3-glucan, c, chitin, d, GM, and e, GAG, with the major changes shown. The cell wall
thickness is proportional to the average value of each strain observed by TEM, but a broad
distribution of thicknesses was observed in Figure 3.18.

Comparing the parental and mutant cell walls has made it possible to evaluate the structural
role of each polysaccharide. Removal of either a-1,3-glucan, GM, or GAG will result in a moderate
decline in the average thickness of cell walls (Figure 3.18), suggesting that the overall biosynthesis
of cell wall component has been quantitatively reduced. In the a-1,3-glucan-deficient cell walls,
A. fumigatus tunes up the synthesis of -1,3-glucan in the inner core (Figure 3.1d). Without a-1,3-

77



glucan as spacers, chitin polymers now become tightly packed as depicted in Figure 3.6b, which
explains the enhanced rigidity and reduced water accessibility of chitin in this mutant (Figure 3.5b,
d). The structural roles of chitin and a-1,3-glucan are not interchangeable: the removal of most a-
1,3-glucan is not associated to growth defects since the a-1,3-glucan-less mutant is growing like
wild-type strains. There is still a missing link between the molecular rigidity and assembly with
the mechanics and growth as shown in plants®®*°, Chitin bears a variety of hydrogen bonds using
its amide and carbonyl groups®, which increases the entropy of the system and thermodynamically
stabilizes the rigid phase. Hence it is not surprising that the chitin-deficient mutant showed
morphological defects, likely due to the failure of cell walls to withstand high turgor pressure
during cell growth. On the molecular level, the inner domain should be predominantly a binary
mixture of a- and B-1,3-glucans (Figure 3.6¢). It is likely that these two molecules are extensively
associated, which, together with the increase of a-1,3-glucan content, could explain the increased
rigidity and hydrophobicity of both molecules (Figure 3.5). The chitin--glucan-GM core is no
longer present in the chitin-deficient mutant. It also becomes questionable whether the inner
domain still contains mobile mannan and glucans. GM deficiency depletes proteins but increases
the content of GAG. This agrees with the similar roles played by these two mobile molecules
present in the outer cell wall layer. Simultaneously, we have observed a five-fold upsurge in the
chitin content, and consequently, the production of an extremely hydrophobic and rigid cell wall
(Figure 3.6d), which is speculated to be a compensatory effect to the loss of cell wall mannan.
Supporting this hypothesis, the GAG-deficient cell wall cannot retain water molecules, although
its inner domain only shows minor compositional changes when compared with the parental strain

(Figure 3.6e).
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Fungi are adapting two structural principles to respond to cell wall defects. First, the
impaired biosynthesis of any polysaccharide will be compensated by compositional changes in
both the internal and external domains?*%8. However, the high level of complexity in these
compensatory mechanisms in response to cell wall stress suggested a multitude of coordinated and
interacting biosynthetic pathways more complicated than early thought. Second, the re-structuring
cell wall tends to increase the polymer rigidity but decrease the water retention in the mesh of the
inner domain (Figure 3.5d). The balance of plasticity and rigidity maintained in parental strain has
been changed in the mutants, thus perturbing the dual functions of cell walls in maintaining cellular
integrity and accommaodating cell growth. We suspect that these rules allow fungi to resist not only

mechanical deficiencies but also environmental stimuli.

We have observed the coexistence of a significant amount of valine residues with
polysaccharides in the parental cell walls (Figure 3.4f, g), which becomes undetectable in GM-
and GAG-deficient mutants. The origin of the valine is unknown. If present as peptides, they could
come from the GPI signal domains that are rich in valine and are removed from the GPI-anchored
proteins present in high amount in the cell wall. However, no data showed to date the involvement
of this signal peptide after its release from the linkage of the protein moiety to the GPI anchor®°6?,
The unexpected results have however suggested a role of valine residues in the association between
cell wall proteins and glycans in A. fumigatus and suggested the function of GM and GAG in
stabilizing proteins on the cell wall surface. The occurrence or modification of the protein outer
layer has not been investigated by SDS-PAGE in these different cell wall mutants. The coexistence
of the polysaccharide-protein complexes on the cell wall surface may have impacts on the immune
recognition of the fungus by C-type lectins. Such findings certainly deserve further investigation

and the isolation and characterization of valine-rich fractions from cell walls.
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This joint comparative study of the cell wall structure using two complementary
biophysical and chemical approaches has paved the way for future exciting research avenues?%:62:63,
Our results have better revealed the great plasticity of the fungal cell wall and the capacity of the
fungus to implement different strategies to survive in the case of the absence or significant
modification of an essential cell wall component. This research strategy may reveal new
compensatory pathways which could explain why the absence of a-1,3-glucans did not modify
fungal growth, and at the opposite, the absence of B-1,3-glucan or chitin or mannan had a strong
morphological impact. These are major reasons for the difficulty to set up an antifungal strategy
that targets the cell wall®%, A substantiated molecular understanding of how cell walls
structurally respond to antifungal treatments or mutants may guide the design of new antifungal

compounds to combat invasive infections.

3.5  Methods
3.5.1 Preparation of Isotopically Labeled Samples

To obtain isotopically labeled fungal cells, minimum media containing **C-glucose as the
sole carbon source and >N-NaNOjs as the sole nitrogen source were prepared, with the detailed

composition listed in the Supplementary Methods. The parental strain used in this study was A

akuBXU8 3 widely used model strain?®. The o-1,3-glucan deficient strain was the triple mutant
with Agslp, Ags2p, and Ags3p encoding genes deleted®®. The chitin-deficient strain was the

quadruple 4 csmA/csmB/chsF/chsG mutant in which the genes encoding both chitin synthase

family 1 (csmA, csmB, and chsF) and family 2 (chsG) were deleted?*. The GM-deficient strain was
the double knockout mutant of KTR4 and KTR7, encoding two KTR mannosyltransferases?®. The
GAG-deficient strain was the knockout mutant of gt4c that encoding GAG synthase?’. Conidia of

5x108 from the parental and the four deficient mutants were inoculated into 100 mL *3C,'°N-
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labeled media at 37°C under 200 rpm for 36 h growth. The mycelia were harvested by filtering
through two layers of miracloth, and then washed extensively using ddH20. Around 100 mg of the
never-dried and intact mycelia of the parental and mutant strains were used for solid-state NMR
structural characterization. Three batches of replicates were prepared for each strain under
identical conditions. The NMR fingerprints of all strains were highly reproducible between batches

(Figure 3.8).

3.5.2 Alkali Treatment and Sugar Analysis

Alkali treatment was conducted on the parental sample. After flash frozen in liquid
nitrogen, the mycelia were stored at -80°C for further manipulations. Cell wall extraction and alkali
fractionation were proceeded®®. Briefly, mycelia were ground and added into 50 mL tubes. To get
rid of cell wall-bound proteins mixtures of 50 mM Tris, 50 mM EDTA, 2% SDS and 1 mM TCEP
were added and boiled for 20 min twice. After removing the supernatant, cell wall pellets were
washed 6 times and lyophilized. Alkali fractionation was carried out with 1 M NaOH in 0.5 M
NaBHj; for incubation at 68°C for 1 h. After centrifugation, the supernatant was the alkali-soluble
fraction, which was dialyzed in ddH.O for 2 days. The alkali-insoluble pellet was thoroughly
washed by ddH-O until the pH reaches 6. The AS and Al fractions were lyophilized and rehydrated
for solid-state NMR studies. The amount of sample recovered was around 15 mg of the Al sample
and 10 mg of AS fraction was obtained for the batch analyzed. Hexosamines were identified and
quantified by high-performance anion exchange chromatography (HPAEC) on a CarboPAC-PAL
column (Dionex) after acid hydrolysis (8 N HCI, 4 h at 100 °C) using glucosamine and
galactosamine as standards. Monosaccharides were analyzed by gas liquid chromatography as
their alditol acetates obtained after hydrolysis (4 N trifluoroacetic acid, 100 °C, 6 h) followed by

reduction with sodium borohydride and peracetylation®’. Degradation of a- and B-1,3-glucans of
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the cell wall fractions was undertaken with recombinant a-1,3-glucanase from Trichoderma
harzianum and recombinant (3-1,3-glucananses from Thermotoga neapolitana. Digestions were
undertaken by treating the cell wall fraction with enzyme solution in 50 mm sodium acetate buffer
for up to 96 h at 37°C. Degradation products were analyzed by HPAEC®®, Amino acids were
classically identified after 24 h 6M HCI hydrolysis and ninhydrin derivatization before
quantification’.
3.5.3 Solid-State NMR Experiments

Most of the solid-state NMR experiments were conducted on a Bruker Avance 800 MHz
(18.8 Tesla) spectrometer except for the measurements of 3C-T; relaxation and *C-*C RFDR
experiments, which were performed on a Bruker 400 MHz (9.4 Tesla) NMR. The radiofrequency
field strengths were 62.5-83.3 kHz for *H hard pulses and CP, 50-62.5 kHz for 3C, and 41.5 kHz
for 1°N in all experiments unless specifically mentioned. The *C chemical shifts were reported on
the tetramethylsilane (TMS) scale and externally referenced to the Met Cd of a model peptide N-
formyl-Met-Leu-Phe-OH (f-MLF) at 14.0 ppm™. The analysis and plotting of NMR data were

achieved using TopSpin, Microsoft Excel, OriginPro, and Adobe Illustrator.

Resonance assignments of cell wall biomolecules were made using 1) 2D ¥C-'3C
correlation spectra with *3C-CP and a 53ms CORD mixing for rigid components’>"3, 2) 2D
refocused J-INADEQUATE spectrum with 3C-DP and recycle delay of 2 s for the mobile
components’™, 3) 2D SPC5 dipolar-INADEQUATE spectrum with *C CP for the rigid
components’®, 4) 2D *C-1>N NCA(CX) heteronuclear correlation spectrum with a 5 ms ®N-13C
CP and a 15 ms or 100 ms PDSD mixing time for nitrogenated molecules’’, and 5) 2D 3C-13C
radio frequency-driven recoupling (RFDR) experiment for the selective detection of one bond

cross-peaks with a recoupling time of 1.5 ms’®. Most data were collected at 298 K under 10 kHz
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MAS; only the SPC-5 dipolar-INADEQUATE experiment was conducted at a slow MAS of 7.5
kHz. Experiments 1, 2, 4 were collected using the intact cells of parental A. fumigatus and mutants.
Experiments 3 and 5 were conducted on the alkali-soluble and insoluble samples. Chemical shifts
previously obtained on model polysaccharides or cell wall materials were used as references for
assigning the signals’® The experimental parameters of all NMR experiments were provided in
Table 3.1.

Compositional analysis of the polysaccharides by solid-state NMR in the rigid and mobile
portions of cell walls was achieved by taking the integrals of well-resolved cross-peaks in 2D *3C-
13C correlation spectra: the 53 ms CORD spectra for rigid components and 2D refocused *3C DP
J-INADEQUATE spectra with 2 s recycle delays for the mobile components. For the rigid
molecules, the results of well-resolved C1-C3, C1-C2, and C1-C4 cross peaks were averaged. For
the mobile polymers, the average of the resolved C1-C2 spin connections gave their relative
amount. A more detailed description of the compositional analysis and error propagation is
included in the Supplementary Methods. The best-fit relaxation time constants are plotted as a box

and whisker diagram.

A series of 1D water-buildup curves were measured using a *H-T relaxation filter of 0.6
ms x 2, which abolished 90% of carbohydrate magnetization but retained 80% of water
magnetization. A *H mixing period varied from 0.1 ps to 64 ms is then used to allow water-to-
polysaccharide polarization transfer, followed by a *H-3C CP to enable high-resolution *C

detection®*®. The buildup curves of intensities were plotted for each resolvable carbon site.

The dynamics of polysaccharides in the parental and mutant samples were probed using
NMR relaxation. 3C-T; relaxation was measured at 298 K under 10 kHz MAS on a 400-MHz

spectrometer to provide information about the mobility of components in the rigid portion of cell
83



walls. The experiments were measured in a CP-based pseudo-3D format by measuring a series of
2D BC-13C correlation spectra with a variable z-filter time®* of 0s, 0.2s,1s,3 s, and 8 s. The
relaxation data were fit using a single exponential decay function.
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APPENDIX

3.7  Methods
3.7.1 Composition of Minimum Media for Isotopically Labeling Fungal Cells

To obtain isotopically labeled fungal cells, minimum media were prepared with the
following components: 1% 3C-glucose, 0.6% °N-NaNOs, 1 mL/L of 1000X trace elements, 20
mL/L 50X salt solution, 50 mM Mops to adjust the final pH to 7. 1000X trace elements solution
was composed of 0.04 % NaxB4O7 -10H20, 0.4 % CuSO4 -5H20, 0.8 % MnSO4 -4H20, 0.8 %
Na:Mo0Oj4 -10H20, 8 % ZnSO4 -7H20, 5 mM FeCls, and 0.2 M HCI to prevent oxidation. 50X salt
solution is composed of 26% KCI, 26 % MgSOa- 7H20, and 76% KH2POa4.
3.7.2 Transmission Electron Microscope Measurement

In total, 3 pL of each sample was placed onto a glow discharged TEM grid for several
minutes and stained using a mixture of 2% uranyl acetate and lead citrate solution. A thin film was
spanned on the grid by removing the excess solution with the paper filter. The TEM images were
collected using a JEOL JEM-1400 electron microscope. Cell wall thickness was measured using
ImageJ software after setting the scale in accordance with known bar scales on the cell images.
Statistical analysis was done using unpaired student’s t-test for all the mutant samples on the cell
wall thickness measurements performed.
3.7.3 Estimation of Carbohydrate Composition Using Resolved NMR Signals

To estimate the amount of different polysaccharides, we used 2D 53-ms CORD and DP J-
INADEQUATE spectra for rigid and mobile phases, respectively. The peak volumes in the 2D
spectra are obtained using the integration function of the Bruker Topspin software. The assignment
of the cross peaks and the peak volumes are provided in the Source Data as well as the descriptions

associated with Tables 3.3 and 3.4. To minimize the effect from spectral overlapping in the CORD
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spectrum (which has diagonal), we typically avoid considering the cross peaks involving any of
the heavily overlapped carbon sites such as the C6 position of -1,3-glucan, the chitin C1, unless
a resolved cross peak is present. For the closely placed signals of the C2 (71.9 ppm) and C4 (71.7
ppm) of the a-1,3-glucan, we divided the sum of their peak integral equally. For the diagonal-free
INADEQUATE spectrum: we mostly rely on the resolved C1-C2 and C4-C5 spin connections.
The NMR peaks used for quantification are provided in Table 3.5 and Source Data file.

The relative abundance of a specific polysaccharide ( RAP°Y™) was calculated by

normalizing the sum of integrals by the number of peaks using the following equation:

poly.*®

Mpeaks Ipoly.x / npoly.x
=1 n k
RApoly_x (%) — n — peaks % 100 Eq3.1
mpoly. .~"peaks ypoly.* poly.*
m=1 (Zn=1 In /npeaks)
poly.*. poly® . - poly.
where Mpeaks IS the number of cross-peaks, I, is the integral (peak volume), and m is the

total number of cell wall polysaccharides.

The Error was determined by calculating the standard error of a specific polysaccharide
(std. ERRP°Y™) using the standard deviation of integrated peak volume dividing by square
summation of the number of cross-peaks. The total standard error (3 std. ERR) calculated by the
square sum of the standard error of each polysaccharide. Finally, percentage error of specific

polysaccharide (ERRP°Y-) calculated by the fraction of standard error (std. ERRP?YY-") in average

integrated peak volume of specific polysaccharide (EVPOIY' ) and the fraction of total standard error
(X std. ERR) in total integrated peak volume (3 VP°Y') followed by multiplication with the

relative abundance of the specific ponsaccharide(RAle-x). The process can be presented using

the following equation:
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std. ERRPY”" ¥ std. ERR

l .x
Pl X Sypoly. X RAPY Eq3.2

ERRPOY =
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Figure 3.7 Differentiation of the rigid and mobile molecules in A. fumigatus. a, Overlay of 1D
13C DP spectra measured using recycle delays of 30 s (black spectrum; quantitatively detecting all
molecules) and 2 s (magenta spectrum, selectively detecting the mobile molecules). For each
sample, subtraction of the two DP spectra generates a difference spectrum (yellow) reporting the
rigid molecules. The patterns of the difference spectra are similar to those of the CP spectra.
Therefore, the use of CP and DP with short recycle delays and CP in 2D spectra will efficiently
probe most molecules in the sample. b, 1D 3C CP and DP spectra of the parental strain measured
at 298 K and 280 K. The difference in the pattern of carbohydrate signals at these two temperatures

is negligible.
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Figure 3.8 Reproducibility evidenced by 1D 13C spectra of four batches of A. fumigatus
samples. Four $3C,*®N-labeled samples were prepared for each of the five strains. Batch 1 was the
original sample used for the majority of the research described in this study, and batch 2-4 were
prepared freshly for reproducibility test. a, 1D *3C CP detecting the rigid molecules. b, 1D
quantitative DP spectra collected using a long recycle delay of 30 s for the unbiased detection of
all molecules.
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Figure 3.9 Comparison of cell walls of different mutants of A. fumigatus. The overlay of 2D
13C-13C CORD spectra of wild-type sample (black) with a, chitin-deficient mutant (orange), b, a-
1,3-glucan-deficient strain (green), c, galactomannan-deficient mutant (cyan), and d,
galactosaminogalactan-deficient mutant (yellow). These spectra selectively detect rigid molecules
including chitin, a-1,3-glucan, and B-glucan. Signals of either chitin or a-1,3-glucan are missing
in the corresponding mutants. The galactomannan-deficient and galactosaminogalactan-deficient
mutants do not miss any signals. The galactomannan-deficient sample has a higher amount of
chitin. All the spectra were measured on an 800 MHz spectrometer under 13 kHz MAS.
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Figure 3.10 Distribution of FWHM linewidth. a, Spectral linewidth of **C whole cell sample
centered at 0.45-0.75 ppm region for the 53 ms CORD spectra collected on an 800 MHz NMR. b,
FWHM linewidth of DP J-INADEQUATE spectra clustered in the 0.3-0.75 ppm region. The data
shown are whole-cell samples measured on an 800 MHz spectrometer. Source data are provided
as a Source Data file.
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Figure 3.11 Mobile Polysaccharides of fungal cell walls. 2D *C DP J-INADEQUATE spectra
are compared among a, GM-deficient mutant, b, GAG-deficient sample, c, a-1,3-glucan-deficient
strain, and d, chitin-deficient sample. The use of 13C-DP and short recycle delays selectively probes
the rigid domains of polysaccharides. Dashline boxes are used to indicate the absence of mannose
signals in the GM-deficient mutant, the absence of GalINAc and GalNH> peaks in the GAG-
deficient sample, as well as the missing a-1,3-glucan regions in the a-1,3-glucan-deficient mutant.
Chitin is not present in the mobile region hence no missing peaks were observed in the chitin-
deficient sample.
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Figure 3.12 NaOH treated alkali-insoluble fraction. *C-13C 2D CORD spectra of the alkali-
insoluble (Al) fraction a, before a second NaOH treatment, and b, after a second NaOH at a 400
MHz spectrometer. ¢, Al portion treated again with NaOH and measured on an 800 MHz
spectrometer, which shows much narrower peaks as benefited from the resolution improvement.
Highlighted regions show the a-1,3-glucan signals, which were retained after multiple times of
NaOH treatments.
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Figure 3.13 Presence of proteins in alkali-soluble fraction. a, Full DP J-INADEQUATE spectra
of parental A. fumigatus cells detecting mobile molecules. b, Overlay of DP J-INADEQUATE
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fumigatus cell walls. Protein signals are mainly identified in the mobile part of the AS fraction.

102



rigid molecules

Whole cell y a
1303 Al e’:o &
(]
g f P
S 140 0%
= ee
e .
: € .0
[\
2
£ 150—
_ﬂcl Y
£ .
E (4 é B
=1
§ 160 ‘ f d
5 0 (1
®
2 vo
o
o
o 170 ‘ a
180— ‘ ‘
......... [T T T T T T T T T T
100 90 80 70 60
*C single-quantum chemical shift (ppm)
b _
mobile molecules
Whole cell
130 Al Galpb Galf
. @\ .
B ¢ : \
g 140 . L - ’
= Galp2 Galp3
B alN1 vy GalN2
® e g L) - . [
£ 150 GalNAc 4 y ;
2 GalNAct '3{“ _$-CGaNAS GaiNAc
M a i ] N
5 ¢ v
= L . N .
g 160 ! B f ‘
g -ﬁ-‘.‘.\-t‘\\ o J p
5 o® ° ’/u_ p2
3 o8
o 1704
- [] [}
. e
gt ¢ )
L]
I o! % 4
T T T T T
100 90 80 70 60

5C single-quantum chemical shift (ppm)

Whole cell
1304 As °¢- P 0
] © 0
140 W
0 L]
0
1504
[-Y
&
gé W ]
160 o . °
0O
1704 l ‘
0 )
180
T T T T T
100 90 80 70 60
3C single-quantum chemical shift (ppm)
Whole cell
1305 AS
s$ ’
1405 & g0 ? .‘
0 Qa
L ] . L]
150 ‘ ¢
[ 4 [ )
° . . .
0 Do
° , .
160 , P f
Uc L] ‘
. [ -]
°‘ ’ E % L ]
170 ,
(] 0 7
0" ’ )
L ]
[ (]
] 0
180 M %
[}
......... [ T T T T T T T T T T T
100 90 80 70 60

13C single-quantum chemical shift (ppm)

Figure 3.14 Overlay of 2D 3C spectra of whole cells and alkali extracts. a, *C CP
INADEQUATE spectra of wild-type intact cells and the alkali-insoluble (Al) and alkali-soluble
(AS) samples, showing signals of rigid molecules These spectra preferentially detect rigid
molecules. b, DP J-INADEQUATE spectra of the whole cell of the parental strain, as well as the
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Figure 3.15 Mobile proteins in A. fumigatus. a, Protein regions of *C DP J-INADEQUATE
spectra that probe mobile molecules. GM-deficient sample is missing most amino acid signals
(blue boxes). b, 2D *H-3C INEPT spectra reinforcing that the GM-deficient mutant lacks many

protein signals.
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Figure 3.16 13C-T1 relaxation measurements of A. fumigatus. a, 2D *C-13C spectra with a
variable z-filter collected on the parental strain (top), a-1,3-glucan-deficient, and chitin-deficient
samples (bottom). Within each sample, 5 representative spectra are shown with different z-filter
times of Os, 0.1s, 1 s, 3s, and 8s. 13C-T relaxation curves of polysaccharides of b, parental strain,
¢, a-1,3-glucan deficient strain and d, chitin-deficient sample were obtained by plotting the
normalized intensities as a function of time. Data were collected on a 400 MHz spectrometer and
best-fits were obtained using a single exponential equation. Source data are provided as a Source

Data file.
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Figure 3.17 Water-to-polysaccharide buildup curves. The data are plotted separately for a,
wild-type sample, b, GM-deficient mutant, c, GAG-deficient strain, d, chitin-deficient sample, and
e, a-1,3-glucan deficient mutant. Source data are provided as a Source Data file.
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Figure 3.18 Distribution of cell wall thickness. Violin plots showing the distribution of cell wall
thickness measured using TEM of parental, chitin-deficient, a-1,3-glucan-deficient, GM-deficient,
and GAG-deficient cell walls (n=143). Source data are provided as a Source Data file.
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Table 3.1 Parameters of sSSNMR experiments measured on each A. fumigatus strain. All the experiments were conducted on each
of the five fungal strains, mostly on an 800 MHz NMR spectrometer. In addition, the alkaline soluble and insoluble samples were
measured on a 400 MHz spectrometer. The key experimental parameters listed here include recycle delay (d1), number of scans (NS),
number of points for the direct (td2) and indirect (td1) dimensions, the acquisition time of the direct dimension (ag2) and the evolution
time of indirect dimension (aqg1), 3C-1C or *H-*H mixing time (tm), z-filter time (t), and *H Larmor frequency.

1
Experiment | d1 (s) NS td2 td1 ag2 (ms) | aql (ms) tm (MS) t2(s) &;I’HI;I)
CP 2 128 2400 1 16.8
DP 2 128 4096 1 28.7 800
1D 30 64 4096 1 28.7
Water- 0, 1, 225, 4,
. 1.8 2048 1400 1 14.0 6.25, 9, 16, 25, 400
edited
36, 64
CORD 2 32 2400 200 16.8 5.6 53 800
2 128 1600 280 16.0 7.0 53 400
N(CA)CX 1.7 256 2200 84 16.4 4.4 100
DP-J-
INDQUAT 2 8 2600 1024 19.4 10.2
E 800
2D ~cpspes
INDQUAT 2 16 2400 200 17.9 7.0
E
Pseudo 3D 0,0.1,1,
15C-T, 1.6 64 1600 98 16 5.39 3.8 400
INEPT 3 8 2048 160 20.5 11.0
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Table 3.2 3C and 13N chemical shifts of polysaccharides and proteins in A. fumigatus cell walls. Superscripts are used to denote
different allomorphs. Underline denotes the *C connectivity with ambiguity. Weak signals or minor species are indicated using “w.”
Not applicable (/). Unidentified (-). Unk: unknown.

Biomolecule | C1 | c2 | ¢c3 | c4a | ¢5 | ¢6 | cO |CHs| N Experiment %eo':t‘i’;?]" References
Rigid Shim et al.
82
*C -°C PDSD, Fairs\(/)gher et
B 1036 | 744 | 86.4 | 68.7 | 77.1 | 61.3 / / / BccPJ- al. 200483
INADEQUATE Hazime Sait6
et al. 19798
Mobile Shim et al.
200782
13C DP J- Fairweather et
B 1033 | 742 | 883 | 70.1 | 77.0 | 61.2 | / / /" | INADEQUATE al. 200483
Hazime Sait6
et al. 19798
13G 13C PDSD, Rigid Bhggj&gg al.
A 101.0 | 719 | 84.6 | 695 | 71.7 | 605 / / / 13C cP J- Puanglek et
INADEQUATE al. 201686
Rigid Kono et al.
87
13Cc -BC PDSD, 2004
13 Heux et al.
CCPJ' 200088
Ch 103.6 | 55.5 | 72.9 | 83.0 | 75.7 | 60.9 | 174.8 | 22.6 | 123.6 'NAB,EQ}?,J?TE’ Kameda et al.
- 89
N(CA)CX- 200 |
DARR King et al.
2017%
Tanner 1990°!
Mn?? 13C DP J- Mobile Latge et
101.3 | 78.7 | 71.2 | 67.7 | 73.9 | 61.7 / INADEQUATE al.199455
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Table 3.2 (cont’d)

Mn'® | 102.7 | 706 | 73.2 | 67.9 | 73.7 | 66.1 / N ,ing%PUJA_TE Mobile
Galf 107.5 | 816 | 77.7 | 835 | 715 | 635 / IN;EE%ZJATE Mobile
Galp 932 | 722|707 | 735 | 72.5 | 60.9 / IN;EEDQPUJA-TE Mobile
GalN 01.7 | 548 | 711 | 811 | |/ / / N ;SSE%PUJ/;\TE Mobile Fontza(l)iﬁsgt al.
Gif‘,'\l'% . | 1025 | 558 | 711 | 836 / / / IN;\EE%ZJA'\TE Mobile
GalNAc | 957 |575| 752|769 | / | /| |1752227 N ;\EE%Z;TE Mobile
Leucine | 54.9 |40.6 | 24.4 | 22.7 175.5 | 21.6 N ;\EE%Z;TE Mobile
Leucine | 55.1 | / | | 227 175.6 | 21.7 13c .8c corD | Rigid o
Isoleucine | 60.7 | 364 | 252 | 11.9 1752 | 15.8 N ;?SE%FCJJATE Mobile | Friizeching et
Alanine | 521 | 16.7 176.5 INA”SE%F;JATE Mobile
Serine | 57.3 | 60.9 174.4 IN:SEE()QPU\,JA-\TE Mobile
Serine 59.2 | 62.7 174.8 13c 8¢ corp | Rigid
G'g(t:?é“ic 555 | 27.7 | 344 | | | | | | 1758 1 N ;EE%Z;TE Mobile
Methionine | 53.7 | 29.4 | 298 | / | / | / |1764 142 N ;?SE%F[JJ/;\TE Mobile
Threonine | 61.1 | 66.6 | 199 | / | / | | 1753 | N ;?SE%TJJATE Mobile FgltZ;%hl'gggz et
Proline | 613 | 2710 | 242 | 468 | 1 | 1 |1747]| 1 N ;?SE%F[JJATE Mobile
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Table 3.2 (cont’d)

. 13C DP J- Mobile
Argenine | 55.2 | 27.9 | 247 | 259 | 409 | / |1758 INADEQUATE
. 13C DP J- Mobile
Tyrosine 539 |343|1293| / / 115.7 | 172.9 128.7 INADEQUATE Fritzschingzet
Tyrosine | 557 | 364 | / | |/ / /| 1732 1296 | 8C-Bc corp | Rigid al. 2013
13 N :
Valine |60.8 |295 |17.3 [195 |/ / 173.8 | 18.6 | 128.7 ¢ DPJ Mobile | it cching et
INADEQUATE gt
Valine | 60.8 | 286 |18.9 | 195 174 |/ |129 | “C-®CCORD | Rigid '
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Table 3.3 Compositional change of rigid polysaccharides in different samples. UD:
undetected. Error bars are standard errors of cross peak intensities.

Wild type
B-1,3-glucan Chitin a-1,3-glucan
Percentage (mol%) 50+6 8+3 4247
o—1,3-glucan def.
B-1,3-glucan Chitin a-1,3-glucan
Percentage (mol%) 9519 5.3£0.6 uD
Chitin def.
B-1,3-glucan Chitin a-1,3-glucan
Percentage (mol%) 4214 uD 585
GM def.
B-1,3-glucan Chitin a-1,3-glucan
Percentage (mol%) 25+2 4316 3243
GAG def.
B-1,3-glucan Chitin a-1,3-glucan
Percentage (mol%) 58+5 5.9+0.8 3615

The areas of the following resolved cross peaks of 53ms CORD spectra are used for the
calculation:

B-1,3-glucan: the average of C1- C3/C4/C5, C3-C2/C4/C5, C2-C4, C5-C4
a-1,3-glucan: the average of C1-C4/C2/C5, C3-C2/C4/C5

Chitin: the average of C1-C2/ C3/ C4/ C5, C4- C2/C3/C5, C5-C3, C3-C2, C5-C2
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Table 3.4 Compositional changes in the mobile polysaccharides of A. fumigatus. UD:
undetected. Error bars are standard errors of cross peak intensities.

Parental
GM GAG p-13- ) o-ls-
glucan glucan
Percentage | Galf Mn?? Mn!® | Galp | GalN | GalNAc
(mol%) | 20%2 | 24+1 | 51203 | 27+2 | 13+3 | 6&1 | L | 083009
o—1,3-glucan def.
GM GAG p-1,3- 1 a-13
glucan glucan
Percentage | Galf Mnt?2 Mn'® | Galp | GalN | GalNAc
42+8 ubD
(mol%) 2712 51 4+1 14+1 | 4.5+0.8 | 3.0+0.5
Chitin def.
GM GAG p-13- 1 a-13
glucan glucan
Percentage | Galf Mn??2 Mn'® | Galp | GalN | GalNAc
(mol%) | 2043 | 9+l 7+1 | 28+4 | 1.3+0.4 | 20:04 | 43 | 1923
GM def.
GM GAG p-1,3- 1 a-13
glucan glucan
1,2 1,6
Percentage | Galf Mn Mn Galp | GalN | GalNAc 5.840.9 10+1
(mol%) | 7.8+0.9 | 0.62+0.05 | 0.97+£0.07 | 33+3 | 22+4 19+3
GAG def.
GM GAG p-13- ) o-ls-
glucan glucan
1,2 16
Percentage | Galf Mn Mn Galp | GalN | GalNAc 4244 1041
(mol%) | 33+3 | 7.0+0.8 8+2 UD | UD uD

The areas of the well-resolved peaks derived from 2D 3C-1*C DP INADEQUATE spectra.
mannose (Mn*®): the average of C1,C2,C3,C4

mannose (Mn'?): the average of C1,C2,C3,C4

-1,5-galactofuranose (Galf): the average of C1,C2,C3,C4

galactopyranose (Galp): the average of C1,C2,C3,C4

galactosamine (GalN): the average of C1,C2,C3,C4

N-acetylgalactosamine (GalNAc): the average of C1,C2,C3,C4

a-1,3-glucan: the average of C1,C2,C5 and C6

B-1,3-glucan: the average of C1,C2,C3,C4
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Table 3.5 NMR peaks used for compositional analysis. Composition analysis were carried out
using 2D 53-ms CORD and 2D J-INADEQUATE for rigid and mobile potions, respectively.
Listed cross peaks (for CORD) or peak pairs (for INADEQUATE) were used for composition
analysis.

Rigid Phase Mobile Phase
Cross peak Spin connection
Molecule . Molecule/unit Chemical  Assignme
F1 F2  Assignment shifts nt
101.0 69.5 Cl-C4 -1 6-mannose 102.7, 70.6 C1,C2
101.0 719 C1-C2 ' 73.2,67.9 C3,C4
a-1,3- 101.0 717 C1-C5 4-1.2-mannose 101.3, 78.7 Cl1,C2
glucan 84.6 719 C3-C2 ' 67.7,73.9 C4,C5
84.6 71.7 C3-C5 Galactofuranose 107.5, 81.6 Cl1,C2
84.6 69.5 C3-C4 77.7,83.5 C3,C4
1036 86.4 C1-C3 Galactopyranose 72.2,70.7 C2,C3
1036  77.1 C1-C5 73.5,72.5 C4,C5
103.6  68.7 Cl-C4 Galactosamine 91.7,54.8 Cl1,C2
B-1,3- 86.4 68.7 C3-C4 71.1,81.1 C3,C4
glucan 86.4 77.1 C3-C5 N- 95.7,57.5 Cl1,C2
86.4 74.4 C3-C2 acetylgalactosamine | 75.2, 76.9 C3,C4
77.1 68.7 C5-C4 -1 3-alucan 101.0,71.9 Cl1,C2
74.4 68.7 C2-C4 > 69.5, 71.7 C4,C5
1036  83.0 Cl1-C4 B-1,3-glucan 103.6, 74.4 Cl1,C2
103.6  75.7 C1-C5 ’ 68.7, 77.1 C4,C5

103.6  55.5 C1-C2
1036 729 C1-C3
83.0 55.5 C4-C2
83.0 72.9 C4-C3
83.0 75.7 C4-C5
75.7 72.9 C5-C3
72.9 55.5 C3-C2
75.7 555 C5-C2

Chitin
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Table 3.6 Polysaccharide composition from ssNMR data. The results are presented for the
mobile and rigid phases of the alkali-soluble and alkali-insoluble fractions of parental A. fumigatus.
UD: undetected. GAG is not detected using the Al and AS samples.

Component Al (mole%) AS (mole%)

Rigid mobile Rigid mobile
B-1,3-glucan 49+9 41+15 ub ubD
a-1,3-glucan 14+3 16+4 100 + 30 14+4
chitin 2314 13+3 ub ubD
GM §]5) 30+£10 uUbD 78 £ 26
Amino acid (valine) 14+3 uUD uUD 82
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Table 3.7 Chemical analysis of A. fumigatus polysaccharides. The alkali-soluble and alkali-
insoluble fractions of the parental samples are analyzed using GC-MS methods coupled with
Enzymatic degradation and HPLC purification. The samples prepared using the minimal medium

were the ones characterized by NMR in this study.

Component Minimal medium
Al AS

B-1,3 glucan 47 13
a-1,3 glucan 11 55
chitin 22 1
GM 7 4
GAG 1 9

The chemical data of the sample prepared using minimal medium is in general agreement with the
NMR results presented in Table 3.6.
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Table 3.8 13C-T1 relaxation times of major polysaccharides in wild-type A. fumigatus. A single
exponential equation is used to fit the data: I(t)=e™. Error bars are standard deviations of the fit

parameters.
T1(s)
Component Cross-peaks Parental a-1,3-glucan def. Chitin def.
B1-3 1.840.6 1.4+0.4 1.740.4
B1-5 1.440.5 1.440.1 1.5+0.4
B1-2 1.240.2 1.840.2 2.7£0.5
B1-4 2.60.6 1.47+0.06 5.0£0.7
B3-1 0.5+0.1 1.18+0.08 1.8£0.4
B3-5 1.0£0.4 1.140.1 1.65+0.04
B3-2 1.140.2 1.22+0.07 1.9+0.4
B5-1 1.3£0.2 0.88+0.06 0.8+0.2
B5-3 412 1.00+0.07 1.0+£0.2
B-1,3-glucan B5.2 1.240.2 0.9+0.1 0.8+0.1
’ B5-4 0.2+0.1 0.7+0.2 0.46+0.07
B2-1 1.440.3 1.540.1 1.940.7
B2-3 1.440.2 1.23+0.04 1.4+0.4
B2-5 1.140.3 1.14+0.09 1.6£0.3
B2-4 0.05+0.02 1.37+0.09 3.4+0.9
B4-1 0.7+0.2 1.31£0.2 5.540.4
B4-3 1.640.2 1.240.1 1.4+0.4
B4-5 0.840.3 1.15+0.07 1.6+0.3
B4-2 1.740.2 1.440.2 3.4+0.9
Average 1.3 1.2 2.1
Al-2/5 4.2+0.9 - 5.2+0.7
A2/5-1 2.940.6 - 3.940.9
A2/5-4 1.940.7 - 5.1+0.2
a-1,3-glucan A3-1 4.3+0.8 - 4.0£0.9
A3-2/5 3.4+0.6 - 2.610.6
A4-2/5 2.940.9 - 3.9+0.8
Average 3.3 - 4.1
Chitin Chl-4 5+1 3.54#0.9 -
Chi-5 2.2+0.4 1.84£0.5 -
Ch1-3 1.240.2 0.8+0.4 -
Ch3-5 1.440.6 4+1 -
Ch3-1 1.940.1 5+2 -
Ch5-4 2.910.8 3.610.7 -
Ch5-3 0.8+0.4 2.4+0.5 -
Ch5-2 2.940.2 3.3£0.8 -
Ch4-5 2.8+0.4 4.4+0.8 -
Ch2-1 1.140.4 5.940.8 -
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Table 3.8 (cont’d)

Ch2-4 2.9+0.4 4.620.6
Chitin Ch2-5 1.2+0.4 3.2+0.8
Ch2-3 1.3+0.3 2.7+0.7

Average 2.1 3.5
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Table 3.9 Water-edited buildup curves of major polysaccharides. The data are fit using
exponential growth equation: I(t) = 1-Ae”V", where the prefactor accounts for the initial residual

intensity. Error bars are standard deviations of the fit parameters.

Sample type Assignment ppm (*3C) | Prefactor v Buildup time
(Vms)
Al 101.0 0.78 3.8+0.9
A3 84.6 0.92 3.5+0.6
A4 69.5 0.80 14+0.2
A2/5 71.9 0.71 16+0.2
Bl 103.6 0.88 1.6+0.3
B2 74.4 0.83 1.6+0.3
Parental B3 86.4 0.91 1.7£05
B4 68.7 0.81 1.7+£04
B5 77.1 0.80 1.8+0.6
Ch2 55.5 0.84 39+04
Ch3 72.9 0.79 2103
Ch4 83.0 0.86 2206
Ch5 75.7 0.88 19+£04
Al 101.0 0.88 46+05
A3 84.6 0.91 48+0.8
A4 69.5 0.93 3.8£04
A2/5 71.9 0.85 3.9+05
Bl 103.6 0.87 4005
B2 74.4 0.88 3.2+04
GM def. B3 86.4 0.92 4005
B4 68.7 0.93 35+04
B5 77.1 0.83 25%0.3
Ch2 55.5 0.80 54+0.9
Ch3 72.9 0.87 3.9+05
Ch4 83.0 0.75 3.8+0.6
Chb5 75.7 0.90 3.1+0.3
GAG def. Al 101.0 0.92 48+0.8
A3 84.6 0.92 46+0.7
Al 69.5 0.89 3.3£04
A2/5 71.9 0.89 41+05
Bl 103.6 0.94 2.8%0.3
B2 74.4 0.83 3.4+04
B3 86.4 0.83 3.2+05
B4 68.7 0.85 3.0+04
B5 77.1 0.83 3.1+0.3
Ch2 55.5 0.90 40+0.8
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Table 3.9 (cont’d)

Ch3 72.9 0.93 55+0.6

Ché 83.0 0.98 45+05

GAG def. Chs 75.7 0.85 3.9+04
Al 101.0 0.91 41+06

A3 84.6 0.94 41+05

A4 69.5 0.91 3.1+ 0.3

A2/5 71.9 0.88 35+04

Chitin def. B1 103.6 0.88 274023
B2 74.4 0.86 26+0.3

B3 86.4 0.93 31+04

B4 68.7 0.92 28+0.3

B5 771 0.86 25+0.3

B1 1036 0.93 28+0.3

B2 74.4 0.91 29+0.3

B3 86.4 0.96 26+0.3

B4 68.7 0.90 27+0.3

a-1,3- glucan def. B5 77.1 0.90 28+0.3
ch2 555 0.96 51+009

Cch3 72.9 0.95 3.0+04

Cha 83.0 0.98 43+04

Chs 75.7 0.93 3.0+04
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CHAPTER 4: STRUCTURAL POLYMORPHISM OF CHITIN AND CHITOSAN IN
FUNGAL CELL WALLS FROM SOLID-STATE NMR AND PRINCIPAL
COMPONENT ANALYSIS

Reprinted with permission from Liyanage D. Fernando, Malitha C. Dickwella Widanage,
Jackson Penfield, Andrew S. Lipton, Nancy Washton, Jean-Paul Latge, Ping Wang, Liqun
Zhang, and Tuo Wang, Frontiers in Molecular Biosciences, 8,727053 (2021). Copyright 2021
Authors, published by Frontiers.

4.1  Abstract

Chitin is a major carbohydrate component of the fungal cell wall and a promising target
for novel antifungal agents. However, it is technically challenging to characterize the structure of
this polymer in native cell walls. Here, we recorded and compared *C chemical shifts of chitin
using isotopically enriched cells of six Aspergillus, Rhizopus, and Candida strains, with data
interpretation assisted by principal component analysis (PCA) and linear discriminant analysis
(LDA) methods. The structure of chitin is found to be intrinsically heterogeneous, with peak
multiplicity detected in each sample and distinct fingerprints observed across fungal species.
Fungal chitin exhibits partial similarity to the model structures of a- and y-allomorphs; therefore,
chitin structure is not significantly affected by interactions with other cell wall components.
Addition of antifungal drugs and salts did not significantly perturb the chemical shifts, revealing
the structural resistance of chitin to external stress. In addition, the structure of the deacetylated
form, chitosan, was found to resemble a relaxed two-fold helix conformation. This study provides

high-resolution information on the structure of chitin and chitosan in their cellular contexts. The

method is applicable to the analysis of other complex carbohydrates and polymer composites.
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4.2 Introduction

Chitin is the second-most abundant biopolymer in nature, only behind cellulose. Widely
distributed in different organisms, chitin is often found as a supportive and protective component
of the body armor (namely the exoskeleton) in arthropods and the cell walls of fungi and some
algal species 2. The structures of chitin and its largely deacetylated form called chitosan have
similarity to the organization of cellulose 1>, All these three polysaccharides are linear polymers
of B-1,4-linked glucoses or their amide derivatives. Structurally, the hydroxyl group at position C-
2 of a glucopyranose unit is replaced by an acetamido or an amino group, changing to the N-
acetylglucosamine (GIcNAC) unit in chitin and the glucosamine (GIcN) residue in chitosan (Figure
4.1a). Chitin and chitosan, especially the latter, have also drawn tremendous attention due to their
promising applications as polymer scaffolds for tissue engineering, wound dressing, drug delivery,
and pharmaceuticals ’.

The amide and carbonyl groups in chitins drive the formation of hydrogen bonds and
crystalline fibrils. X-ray crystallography has reported three chitin allomorphs, with substantial
variation in the chain orientation and the hydrogen-bonding pattern °. Adjacent chains are packed
in an antiparallel or parallel way in the a- and -forms, respectively (Figure 4.1b). The third type
of structure, y-chitin, can be considered as a mixture of parallel and antiparallel packings, but
sometimes it is treated simply as a variant of the a-allomorph *. The structure of a-chitin is
stabilized simultaneously by intra-chain O-H...O and inter-chain N-H...O hydrogen bonding
(Figure 4.1c) 1%, The former is a hydrogen bond consistently observed in all three allomorphs.
The latter is relatively rare in the y-form and is absent in the B-chitin 124, The coexistence of inter-
and intra-chain hydrogen bonds has made a-chitin the most stable, ordered, and tightly packed

structure, widely found in arthropods, Porifera, Bryozoa, and fungi **¢. - and y-allomorphs are
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less common: the former can be found in diatoms and cephalopods, while the latter was reported
in beetles and loligo species 178, The currently available information on chitin structure was
obtained using highly crystalline materials isolated and purified mainly from marine sources.
Although chitin is also a major fungal polysaccharide **2°, our understanding of its structural

characteristics in the fungal cell wall remains inadequate.

a Cc
TB-chitin D T T D
] 3 ! oC @0
& e o
f Sona 2 -a i Inter-chain
¥ } Intra-chain
i
x=OH x = NH-Ac x= NH, I S
Cellulose Chitin Chitosan i
|
i
i
b 3
i
a- chitin i
a |
» |
- i
» :
a L P S SRR T S
f3- chitin
- d
- 5Q-5Q 734 5Q-5Q ©w @...
- ~ & ®
- T 83 f\ T ‘E c32 E 158
o o a 744 o
- = G 2 ® 2
[«] 2 ® a <! @ g
» @ g4 o @ ) D) 159
- chitin [&] @'\ﬁ :(9 75 B 6{\ ) :L')
- N v'u@g(r 9o 52
- 85 B ® 1604 5/
» c4-2 76 B
T T T T T T
- 56 55 54 56 55 54
- *C-8Q (ppm) C-3Q (ppm) *C-8Q: (ppm)

Figure 4.1 Representative structures and NMR signals of chitin. a, Substitutions at the C2
position for chitin and chitosan. b, Polymorphic types (a, B, and y) of chitin showing different
chain orientations. Black marks denote the non-reducing ends of chains. ¢, Hydrogen-bonding
patterns of different chitin allomorphs. Blue and red dash lines indicate intra-chain and inter-chain
hydrogen bonds, respectively. The antiparallel chains in a and y chitins are in grey. The hydroxyl
at C3 is not shown to make the structure less complex. The structural schemes are adapted from
111321 d, 2D BC-13C correlation spectra simulated using literature-reported chemical shifts on
model samples (Table 4.2). Representative C4-2 and C3/5-2 regions were shown for single-
quantum 22-SQ correlation spectra. The C4 and C5 region is also shown for a double-quantum
(DQ)-SQ correlation spectrum. a, B, and y are represented in red, yellow, and blue respectively.
Contour lines represent the number of data sets used (and the number of overlapped peaks).

Biochemical assays have revealed that chitin, B-glucan, and mannan are held together by

covalent linkages in the human pathogen Aspergillus fumigatus, forming the core of the cell wall
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2324 This structural module is resistant to alkali treatment and therefore has been proposed as the
central scaffold of fungal cell walls %. Recently, we have employed high-resolution solid-state
NMR methods to investigate the structure of biomolecules in the intact cells of A. fumigatus 26"
Unexpectedly, we identified three major types (and in total eleven subtypes) of GICNAc units, as
resolved from their distinct *3C and N chemical shifts, which are indicators of structural
variations 2. These chitin forms were found to be extensively associated with each other inside
chitin microfibrils as shown by their strong inter-residue interactions. These findings have unveiled
the surprisingly high structural polymorphism of chitin in its cellular environment and raised three
unresolved questions related to the chitin structure. First, is the structure of chitin in the fungal cell
wall similar to the crystallographic structures determined using standard samples? Second, is there
any dependence between the chitin structure and the fungal type? Third, is chitin structure
modulated by external stresses such as antifungal drugs and hypersaline environments?

To answer these questions, we compared the **C chemical shifts of chitins identified in the
cells prepared from three Aspergillus species (Aspergillus fumigatus, A. nidulans, and A. sydowii),
Rhizopus delemar, and two Candida pathogens (C. albicans and C. auris), following exposure to
various antifungal drugs and salt concentrations. All these fungal species investigated here are
significant human pathogens causing life-threatening infections in immunodeficient individuals
and known to display different chitin composition in their cell walls 28?°. Root mean square
deviation (RMSD) heatmap, principal component analysis (PCA), and linear discriminant analysis
(LDA) of chemical shifts were performed for the comparison of 62 chitin forms. Most fungal
chitins align well with literature-reported a- and y- allomorphs but deviate substantially from the
B-form. The structure of chitin proved robust, remaining unaffected even under high salinity or in

the presence of antifungal drugs, caspofungin and amphotericin B (AmB). In addition, chitosan
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was also identified in R. delemar and A. sydowii. Comparison of the literature-reported and our
observed chemical shifts showed that most chitosan molecules are closely related to the Type-II
salt model compound that has a relaxed two-fold conformational structure. This study presents a
widely applicable research strategy for evaluating the structure of cellular carbohydrates and
provides the structural basis for developing chitin-targeting antifungal agents.
4.3  Materials and methods
4.3.1 Preparation of 3C, >N-Labeled Fungal Cells

In total, nine *3C,**N-labeled samples were prepared for six fungal species including A.
fumigatus, A. nidulans, A. sydowii, C. albicans, C. auris, and R. delemar following a recently
established protocol %°. To examine the potential effect of antifungal drugs on chitin structure,
three parallel batches were prepared for A. fumigatus: without drug, with caspofungin (2.5 pg/mL.:
above the minimum inhibitory concentration), and with AmB (2.5 pg/mL). To examine if salt
concentration and osmotic pressure affect chitin structure, two batches of materials were prepared
for the seawater inhabitant A. sydowii, with 0.5 M and 2.0 M NaCl to represent optimal and high
salinity conditions, respectively 3. Briefly, uniformly 3C,'>N-labeled materials were obtained by
culturing the fungi in modified minimum liquid media containing *3C-glucose as the sole carbon
source. The nitrogen sources are different for various fungal species, with *°*N-sodium nitrate for
A. fumigatus and A. nidulans, *®*N-ammonium nitrate for A. sydowii, and *®N-ammonium sulfate
for C. albicans, C. auris, and R. delemar. All these species are able to grow on inorganic nitrogen
source and were cultivated alternatively on ammonium or nitrate salts. The cultures were incubated
at the optimum temperatures of 25-31 °C for respective fungal species. The culture duration was
3 days for A. fumigatus, A. nidulans, R. delemar, C. albicans, and C. auris, and 7 days for A.

sydowii. Fungal materials were then collected by centrifugation at 7000 x g for 20 min. The

125



harvested fungal pellets were washed thoroughly using phosphate buffer (pH 7.4) to remove small
molecules and reduce the ion concentration. For each sample, approximately 30 mg of the hydrated
whole-cell material was packed into a 3.2 mm magic-angle spinning (MAS) rotor for solid-state
NMR characterization.
4.3.2 Solid-State NMR Experiments

All the high-resolution solid-state NMR data were collected on a Bruker 800 MHz (18.8
Tesla) Bruker Avance Il HD spectrometer at the National High Magnetic Field Laboratory
(Tallahassee, FL) and a Varian VNMRS 850 MHz (19.9 Tesla) spectrometer at the Environmental
Molecular Sciences Laboratory (EMSL; Richland, WA). The experiments were conducted in 3.2
mm MAS HCN probes under 12-13.5 kHz MAS at 290-293 K. The *C chemical shifts were
externally referenced to the adamantane CH> signal at 38.48 ppm on the tetramethylsilane scale.
The N chemical shifts were referred externally through the methionine nitrogen peak (127.88
ppm) in the model peptide formyl-Met-Leu-Phe (MLF). Typical *H radiofrequency field strengths
50-83 kHz and 50-62.5 kHz for *C. The 3C chemical shifts were recorded using the 2D Dipolar-
Assisted Rotational Resonance (DARR) experiment with a 100-ms mixing time and the 2D **C-
13C COmbined R2% -Driven (CORD) sequence with a 53-ms mixing time 2. 2D *N-13C
N(CA)CX heteronuclear correlation spectra were measured to detect chitin amide signals *. The
N(CA)CX spectrum was recorded using a 0.6-ms *H-'°N cross polarization 3, a 5-ms ®N-*C CP
contact, and a 100-ms DARR mixing time. The experimental and processing parameters used for
2D BC-*C and °C-!®N spectra are summarized in Table 4.1. Resonance assignment was
facilitated by comparison with previously reported chemical shifts indexed in a carbohydrate
database 3%, which distinguish chitin from glucans and other nitrogenated polysaccharides. To

compare the chemical shift differences in different chitin forms observed in fungi and from
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different model samples, a heat map was constructed from the root-mean-square deviation
(RMSD) values calculated using the comparison of the literature-reported and observed chemical
shifts with normalization by the total number of carbon atoms in a monomer (i.e. 8 for chitin
carbons of C1-C6, CO, and CH3). Similar approaches are also used for comparing different forms
of fungal chitin. Good correlations give low RMSD values.
4.3.3 Principal Component Analysis and Linear Discriminant Analysis

We conducted PCA to facilitate the analysis of the species- and condition-dependent data
of chitin chemical shifts. PCA is a form of multivariate analysis employed to reduce the many
correlated variables to just a few new variables (the principal components) that describe most of
the variation in a dataset. Recently, PCA has been successfully employed to provide valuable
insights on chemical shift data for small molecules and proteins ¢ and proteins %8, The PCA was
first conducted using MATLAB for the entire dataset from both the available literature and freshly
measured spectra (Tables 4.2 and 4.3). A 62 x 8 matrix was composed, with each row representing
a different chitin form identified in the NMR spectra, and each column corresponding to the
chemical shifts observed for a 3C atom at a particular location in the chitin structure. Similarly,
PCA was also run separately for three subsets of chitin chemical shift data to compare 1) only the
data from fungal chitin, 2) drug-free and drug-treated samples, and 3) optimal and high salinity
conditions. For each PCA, a singular value decomposition (SVD) analysis was performed on the
data matrix to generate orthogonal eigenvectors with values known as “loadings” or “PCA
coefficients” arranged in a matrix by column. Loadings are normalized and used to describe the
contribution made by each chemical shift, while the magnitude of the eigenvector shows how much
of the variance in the data is explained by each eigenvector. The largest eigenvector defines the

axis principal component 1 (PC1), and the next largest one defines PC2, etc. Each NMR dataset
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can be given a score based on the loadings and is projected onto the principal axes to show how
the chemical conditions in that sample affect the observed chemical shifts. Samples of molecules
within similar chemical environments are expected to cluster together in the “PC-space” if the
dimension-reduction is successful. Because loadings describe a linear combination of the original
variables, the relationship between the mean-centered data, score, and loadings is the matrix
product: [PC score] = [data] x [PC loadings].

In addition, we performed linear discriminant analysis (LDA) to identify the factor that
distinguishes the chitins produced in Candida species and other fungi. LDA was performed on the
PCA scores, which provide linear discriminant (LD) loadings and LD scores. The scores of
observations in separate classes fall approximately into a normal distribution with as little overlap
with other classes as possible. The addition of more classes requires additional linear
discriminants. Similar to PCA, the relationship between LD scores and LD loadings is: [LD score]
= [data] x [LD loadings].

4.4  Results and Discussion
4.4.1 Solid-State NMR Fingerprints of Chitin in Fungal Cell Walls

Solid-state NMR has been widely applied to differentiate the hydrogen-bonding patterns,
identify the type of chitin, and determine the degree of acetylation of chitin and chitosan (by
tracking the intensities of CO and CHs peaks) in model samples #'23°42_ The spectroscopic
signatures of model chitin allomorphs are summarized in 2D 3C-13C correlation spectra simulated
and plotted using literature-reported chemical shifts (Table 4.2) (Jang et al., 2004, Kono et al.,
2004, Tanner et al. 1990, Brunner et al., 2009, Kaya et al., 2017, Kolbe et al., 2021) (Figure 4.1d).
a-chitin has its C3 and C5 peaks distributed as two separated regions (72-73.7 and 75.4-76 ppm

like a doublet) while most B-chitins have characteristic C3 and C5 signals sharply clustered in the
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74-76 ppm region. The signals of y-chitin are mixed with those of a- and p-allomorphs, with better
alignment to the a-form. The same trend is retained in the double-quantum (DQ)-SQ correlation
spectrum. The INADEQUATE spectrum, with an example shown in Figure 4.7, was not explicitly
used in this study but have been frequently measured for characterizing cellular samples.
Different from the model compounds, analysis of cellular systems using solid-state NMR
spectroscopy has remained challenging due to the coexistence of a large variety of biomolecules,
whose signals often exhibit significant overlap "3, Fortunately, the presence of nitrogen in the
amide group has made chitin chemically unique among the structural polysaccharides in the cell
wall. At the same time, the nitrogenated sugars in the intracellular content have already been
filtered out using CP-based methods, which remove the signals of mobile sugars but selectively
highlight the stiff molecules in the cell wall. The **N chemical shifts (~128 ppm) and the unique
13C chemical shift of the nitrogen-linked carbon 2 (54-56 ppm) are the characteristic signals of
chitin for initiating the resonance assignment. High-resolution 2D **C-'3C and *N-'3C correlation
spectra collected on freshly prepared A. fumigatus mycelia resolved the signals of 6 major types
of chitins (type a-f), together with 2 forms with some carbon sites being ambiguously assigned
(types g and h) (Figure 4.2a and Figure 4.8). The *C full width at half maximum (FWHM)

linewidth is in the range of 0.5-0.7 ppm for the chitin in native cell walls.
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Figure 4.2 Peak multiplicity of chitin in different fungi. a, Representative signals of different
chitin types in A. fumigatus. 3C-3C (top) and *N-3C (bottom) correlation spectra resolved
different forms of chitin molecules. Chitin forms with all carbon sites unambiguously resolved are
labeled in red (types a-f), while the ambiguous forms are in blue (types g and h), with the
ambiguous (partially resolved) carbon sites underlined. b, Comparison of chitin signals in different
fungi. The C5-C4 and C3-C4 regions are shown. Colored dots denote the data from three
crystalline forms of chitin: a-chitin (red), p-chitin (yellow), and y-chitin (blue). ¢, 2D ®N-1C and
13C-13C correlation spectra of A. fumigatus without drug (apo; black) and with caspofungin
treatment (orange). d, 2D 3C-'3C spectra of A. fumigatus without drug (apo; black) and with
amphotericin B (AmB; blue). e, Overlay of 2D *C-13C correlation spectra collected on two A.
sydowii samples cultured with 0.5 M NaCl (black) and 2 M NaCl (magenta).

The C5-C4 and C3-C4 cross-peaks showed comparable spectral patterns among the three
Aspergillus samples, indicative of structural similarity (Figure 4.2b). R. delemar, however, had
more extensive signals in this spectral region due to its uniquely high content of chitin and chitosan
molecules 4"*°. The spectra of C. albicans and C. auris looked alike, but their spectral patterns

differ from the other filamentous fungi studied. Comparing to a and y chitin, the characteristic

signals of B-chitin were less overlapped with the spectra of all the fungal samples. Chains in 3-
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chitin are arranged in a parallel way, with only intramolecular H-bonds. This results in a unique
and less tightly packed structure for B-chitin, which is swollen in water and exhibiting high
reactivity. Most of the literature-reported chemical shifts (Table 4.2) from the a-allomorph are
enclosed in the spectral envelope of the fungal samples studied here. Still, the expected signals of
B-chitin mostly fell out of the spectral region.

Caspofungin inhibits the B-1,3-glucan synthesis, but when above the minimal inhibitory
concentration, it causes a paradoxical effect enhancing the production of chitin to compensate for
the loss of B-1,3-glucan %°. Consistently, the intensities of chitin peaks were enhanced relative to
other cell wall components (Figure 4.9), but no major changes were observed in the chemical shifts
(Figure 4.2c). Therefore, the increased amount of chitin has insignificant effects on the structure
of this molecule. Similarly, the addition of AmB that targets ergosterol in fungal membranes °!
only redistributed the intensities among chitin subtypes without inducing new signals (Figure 4.2d)
The robustness of the chitin structure is further confirmed by the comparable signals observed in
the saprophytic A. sydowii samples cultured with either optimal or high salinities (Figure 4.2e) .
Although chitin structure altered moderately among different fungi, it remained resistant to these
external stresses (Tables 4.4 and 4.5). These observations are not surprising because AmB and
caspofungin do not directly target chitin. Nikkomycin is the most notable chitin synthesis inhibitor
and is thus of significant interest for further investigations %% Recently combinatorial
biosynthetic approaches have been used integrating echinocandin and chitin inhibitors which

shows potent antifungal activity >*.
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4.4.2 Comparison of chitin structures using chemical shift analysis

We compared the *C chemical shifts obtained on the 45 chitin forms in 9 fungal samples
(Table 4.3) with the 17 datasets reported in the literature (Table 4.2) (Jang et al., 2004, Kono et
al., 2004, Tanner et al., 1990, Brunner et al., 2009, Kaya et al., 2017, Kolbe et al., 2021), generating
a chemical shift RMSD heatmap (Figure 4.3). The 45 subforms identified and assigned in the intact
fungal cell wall include 8 chitin forms (a-h) in drug-free A. fumigatus, 6 forms (a-f) in each of the
two A. fumigatus samples treated with either caspofungin or amphotericin B, 4 chitin forms (a™-d")
in A. nidulans, 5 forms (A-E) in each of the two A.sydowii samples cultured with 0.5 M or 2 M
NaCl, 3 chitin forms (i-k) in R. delemar, and 4 chitin forms (I-0) in each of the two Candida
samples. Each of the 765 comparisons was represented by an RMSD value based on 16 *C
chemical shifts of C1-C6, CO, and CHs from two different chitin forms. Similar methods have
been used to compare the NMR data collected on other fibrillar biomolecules including cellulose
and amyloid fibrils >®°7. We found that fungal chitin correlated relatively well with a-chitin. Small
RMSD values below the spectroscopic resolution (0.5 ppm) were observed for some datasets of A.
fumigatus and C. albicans. Reasonable correlations between the cell wall chitin and the y-chitin
model structure were also noted, which can be understood by treating y-chitin as a derivative of a-
chitin due to their structural similarities. In contrast, B-chitins failed to correlate with our
observations, with large RMSD typically in the range of 0.7-1.6 ppm. Exceptions were observed
for R. delemar (Figure 4.3), suggesting the formation of structurally unique chitin domains in this
fungus.

The NMR chemical shift data were subjected to PCA. As a dimension-reduction analysis
tool, a useful PCA result necessitates that the importance of each consecutive PC declines rapidly.

PCs are constructed by the SVD algorithm in an unsupervised manner, beginning with a new axis
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that maximizes the variance of all data points when projected onto it, then constructing orthogonal
axes according to the same criteria. The eigenvectors returned from the SVD calculation are shown
in Figure 4.4a, with the sum normalized to 100, showing the percent of variance in the data
explained by each PC. With the first three PCs explaining 70% of the variance in the data, a safe
majority of the variance is now explained in those three variables, and the first three PCs should

be able to account for the major factors contributed to the chemical shift.
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Figure 4.3 13C chemical shift RMSD map comparing chitin structure. Data were compared
between the observed 45 chitin forms in nine fungal cell walls (x-axis) and the three crystalline
forms reported by literature (y-axis). Data from six fungal species were shown, including three
species of Ascomycetes (A. fumigatus, A nidulans and A. sydowii), a sample from Zygomycetes
(R. delemar), and two Ascomycetes yeast species (C. albicans and C. auris). Most chitin types
showed similarity to a-chitin form. The color scale is shown, with units of ppm. Good correlation
with RMSD less than 0.5 ppm (within NMR linewidth) are in dark blue. The forms with certain
ambiguous carbon sites are labeled in italics and grey. The chemical shift values used for the
analysis are provided in Tables 4.2 and 4.3.

The 3D PCA score plot composed using the first three PCs (Figure 4.4b) illustrates the

relationship between each chitin sample in the PC space. Consistent with the heatmap

representation, principal component 1 (PC1) primarily differentiated the o and  chitin standards,
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with the y-chitin standards more closely associated with the former. This is more clearly
recognizable in the 2D presentation of PC1 vs. PC2 (Figure 4.4c), that the spreading of o and 8
chitins are on the negative side and positive sides of PC1, respectively. We only observed a
relatively small amount of stretching of B-chitins to the negative side. In addition, y-chitin are
distributed mostly to the a-chitin side. Therefore, it is likely that PC1 can sense the difference in
hydrogen bonding and chain-packing. This is confirmed by the loadings where the first principal
component experiences the most significant change at the carbonyl group (Figure 4.4d). Together,
PC1 and PC2 can clearly resolve most forms of B-chitins as a self-isolated group. Candida chitins
and B-chitins show up on the two extreme positions of PC2, with scores distributed somewhat

evenly between -1 and 1 of PC2 and PC3.
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Figure 4.4 Principal component analysis of chitin chemical shifts. a, Variance explained by
each principal component (PC). b, PCA scores for chitin NMR chemical shifts projected onto
principal component 1 (PC1) vs. PC2 vs. PC3. Model chitin allomorphs (o, B, and y-types) are
shown using squares while chitin forms identified in fungal cell walls are presented using circles.
Shaded regions in red and yellow are used to enclose a- and B-type chitins, respectively. The
shaded region in grey mainly contains data from Candida species. Data from different model
samples and fungal species are color-coded. Arrows in orange, blue, and magenta represents the
changes induced by caspofungin (Caspo.), the amphotericin B (AmB), and NaCl (from 0.5 M to
2.0 M), respectively. ¢, PCA scores of chitin chemical shifts projected onto PC1 and PC2 proving
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Figure 4.4 (cont’d)
a better visualization of most chitin forms. d, Loadings for each PC. Asterisks indicate the most
pronounced differences for PC1 and PC2.

The PCA loadings shown in Figure 4.4d are the weight given to each original variable
(chemical shifts) in the linear combination that defines each PC, from which one can gather the
relative magnitude and direction (as indicated by the sign) of change in those variables expected
to occur over positive displacement in the respective PC score. The loadings show that while PC1

is mostly concerned with the carbonyl, PC2 focuses on the C1 atom, while PC3 and PC1 focus on

C4 atom that also (together with C1) participates in the glycosidic linkages of chitin molecule.

To only focus on fungal chitin, we conducted a separate PCA by excluding the data from
a, B, and y model allomorphs (Figure 4.10). PCA scores for all fungi chitins indicate that
similarities between chitins within a single fungal species are sparse, as many allomorphs of the
same species can be found at opposite extremes of both PC1 and PC2, accounting together for
almost 60% of variation. Two other PCAs were conducted to respectively focus on the effect of
drug and salt conditions (Figure 4.11 and 4.12). It should be noted that the changes caused by
antifungal drugs and increased salinity are trivial when compared with the large structural

dispersion of native chitin molecules.

In addition, partial structural similarities were noted for some chitin subtypes residing in
different fungal strains (Figure 4.5a). For A. fumigatus, a few reasonably good correlations can be
found with A. nidulans and A. sydowii, Candida species, and R. delemar. These observations
revealed the partial alignment of chitin structure in different species. The best correlation was
found between the type-d chitin of A. fumigatus and the type-D form of A. sydowii, with a small

RMSD (0.19 ppm) well below the NMR linewidth. Just like the Aspergillus samples, R. delemar
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is also a filamentous fungus, but it exhibited only a single modest correlation with Aspergillus

species, indicating the structural uniqueness of the chitin produced in R. delemar.
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Figure 4.5 Comparison of chitin forms identified in different fungal species. a, Chemical shift
RMSD heatmap comparing the chitin forms observed in different fungi. Good correlations with
RMSD of less than 0.5 ppm are highlighted using crosses. b, Linear discriminant analysis with
candida fungi (C. albicans and C. auris) classified differently from other fungal species, with linear
discriminant 1 (LD1) scores shown in a histogram. This panel mainly shows the frequency in
which LD1 scores fall into a particular range (the width of each bar). ¢, Gaussian probability
distributions of LD1 scores. The Candida data falls into a smaller range than the other fungi,
therefore, there is a much higher probability that a Candida species will fall near their statistical
mean. d, LD1 loadings corresponding to the chemical shifts of each carbon site.

The Candida samples prepared in this study were grown only as a yeast form. The two Candida
species are highly similar to each other, with small RMSD values (0.16-0.32 ppm) when
comparing each type of chitin between two Candida species. For example, the RMSD is 0.16 for
the comparison of type-m chitins in C. albicans and C. auris. The RMSD is similarly good for the

comparisons of type-n (0.21 ppm) and type-1 (0.26 ppm) chitins, and only slightly larger for the

type-m form (0.32 ppm). In contrast, the filamentous fungi (Aspergillus and Rhizopus species)
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studied here only exhibited partial similarities to the Candida species. It is possible that
filamentous fungi require for their hypha a specific form of chitin because the strength to hold the

tube-shaped mycelium should be different and stronger than holding a balloon shape like a yeast.

The results also aligned with the number and families of chitin synthase 8 genes seen in
these species. In yeasts (Candida and Saccharomyces for example), 3 to 4 CHS genes have been
encountered belonging to the families I, Il and V. In Aspergillus and Rhizopus, however, 9 to 23
genes have been found and they not only belong to the 3 classes (I, Il and IV) that were also

identified in yeasts, but also have contributions from additional classes (111, V, VII, VI or V1II) 5%

61

To directly identify the structural factor that differentiates the chitin types in yeasts and
filamentous fungi, we conducted linear discriminant analysis (LDA). Different from the PCA
method described above, LDA is a supervised learning method. LDA can pinpoint the variables
that distinguish between the observations that have already been arranged into classes by their
properties of interest. Here, we categorized the data into two separate classes to distinguish
Candida strains (grown as yeasts) from other fungal species (grown as mycelium), which produced
a linear discriminant (Figure 4.5b). Their probability distributions (Figure 4.5¢) only overlapped
slightly, and the loadings (Figure 4.5d) indicated that Candida chitin and the chitins of other fungal
species could be best distinguished by the chemical shifts of C2 and CHg, thus revealing the key

sites for tracking fungal chitin structure.

The results provided three structural implications. First, the structure of chitin is highly
polymorphic in fungal cell walls. At this moment, it is unclear whether the observed polymorphism
is related to the diverse groups of chitin synthases involved in the biosynthesis of this polymer,

which should be further investigated using functional genomics and spectroscopic approaches. It
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also raised a major question on the individual function of all the CHS genes (>20 genes in the
Zygomyecetes). This study raises unanswered questions about the function of the different classes
of chitin synthases in the cell wall structuration. Based on the ssSNMR data presented here it does
suggest that all CHS synthesized a chitin with very similar structure. The actual biological role of
each CHS should be totally dependent on the cellular localization of each synthase in the cell wall

as recently suggested °2.

Second, the model structures of a-chitins, as characterized using the highly crystalline
material isolated and purified from marine sources, are remarkably preserved among different
fungi. This is intriguing as the interactions with other polysaccharides, often by covalent linkages
in fungal cell walls ?°, did not substantially perturb the structure of chitin. This result agrees with
the low number of linkages identified biochemically in the B-1,3-glucan-chitin core of A.
fumigatus cell wall and the poor growth phenotype resulting from the deletion of the CRH genes
coding for the glycosyltransferases that are responsible for forming glucan-chitin linkages . It is
a supplementary argument to suggest that these chitin-glucan covalent connections might not be

structurally important for the building of the cell wall.

Third, the structure of chitin is resistant to environmental stimuli, such as non-chitin-
focused drug treatment as well as hypersaline environment and osmotic pressure. The structural
robustness of chitin and its central role in mechanically supporting the cell wall confirmed the
suitability of chitin as a potential target for the development of novel antifungal compounds. It
also indicated that the increase in chitin concentration in the cell wall is a survival response, which
is not depending on the stress proposed. At this moment, it remains unknown how to reconcile the
microscopic structure of the different chitin microfibrils seen in electron microscopy %6162 with

the atomic level ssSNMR data.
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4.4.3 Spectroscopic and Structural Features of Fungal Chitosan

Deacetylation of chitin leads to chitosan. Chitosan exists in a semicrystalline form in solids
but can be solubilized by acidic solutions. In the fungal cell wall, chitosan has been proposed to
serve as a backbone to bind other biomolecules, such as dityrosines or melanin 54%°, The NMR
signals of chitosan are resolved from those of chitin by the absence of CHz and CO peaks at 22
and 174 ppm (Figure 4.13). The substantial modification in the chemical structure and the
hydrogen-bonding patterns induce unique chemical shifts at most carbon sites as shown by Figure
4.6a. The structures of two major chitosan forms, Types | and Il salts with inorganic acids, have
been reported (Figure 4.6b), which exhibited different helical conformations >®%¢7. Type-I chitosan
has a fully extended two-fold helical structure. The repeating unit of type-I1 chitosan is four times
longer than that of type-1, with a relaxed two-fold helix and a tetrasaccharide repeat in a helical
asymmetric unit. Overlay of the spectra predicted using the chemical shifts available in the
literature and our dataset revealed that R. delemar chitosan could not structurally align with those
extracted from various sources such as crab tendon, crab shell, and shrimp shell (Figure 4.6¢). The
same discrepancy was also present for the Type-1 compound, but a better correlation was observed

with the Type-11 structure.

No chitosan signal was observed in these fresh A. fumigatus samples. This is in agreement
with a recent genomic study which indicates that the deletion of all deacetylase genes in A.
fumigatus does not lead to any significant growth phenotype 8. Interestingly, the occurrence of a
significant amount of chitosan in xerophilic Aspergillus species may indicate that the fungus
synthesizes chitosan to make the cell wall more flexible to fight against the increase in osmotic

pressure.
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The type-c chitosan in R. delemar exhibited bad correlations with the chitosan prepared
using extracted chitin (RMSD ~5 ppm) and Type-I chitosan in inorganic salt. RMSD values as
large as that should be originated from totally different structures. In contrast, the type-c chitosan
correlated reasonably with Type-1I chitosan (RMSD < 1.5 ppm) (Figure 4.6d). Similar trends were
observed for the other two types (a and b) of chitosan molecules. For example, comparison of
chitosan-a in R. delemar with Type-11 model structures gave very small RMSDs of 0.6-0.8 ppm.
The results indicate that chitin chitosan differs from the extracted forms or the Type | structure,
but closely resembles the Type-1I structure. This trend was projected in the RMSD heatmap of $3C
chemical shifts for both R. delemar and A. sydowii (Figure 4.6d). In the PCA plot, chitosan signals
were separated remarkably well by the first two principal components, which account for 89% of
the variation in the data (Figure 4.6e and Figure 4.14). R. delemar and A. sydowii samples shared
more in common with the Type-I11 chitosan standards but lacked structural similarity to the Type-
| standard and extracted chitosan. Therefore, chitosan in the fungal cell wall only has moderate

correlations to the Type-1l standard structure.

It should be noted that the RMSD values between different chitosan forms are substantially
larger than those calculated for chitin. The NMR data actually suggest a new type of chitosan
structure that is different from those previously characterized. It is also intriguing that chitosan
molecules in extracted materials and intact fungal cell walls are structurally distinct. A possible
reason is the solubilization and extraction procedures used in previous studies might have
restructured this molecule before subjection to structural characterization. For example, alkali
treatment was known to induce chitin deacetylation. The distinct organization of molecules in
arthropods and fungi, as well as the potential difference in the degree of deacetylation %, might

also contribute to the observed discrepancy. This differs from the case of chitin, which is an
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insoluble polymer and often found in the crosslinked core of fungal cell walls, thus being more
resistant to isolation and processing procedures. More in-depth investigations are needed to
identify the biochemical reason driving the structural complexity of chitosan and to fully

understand its function-related structures in fungal cell walls.
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Figure 4.6 R. delemar and A. sydowii cell walls are rich in chitosan. a, Representative 2D **C-
13C CORD spectrum of R. delemar and A. sydowii cells showing many sets of chitosan signals
(blue). b, Representative structures of Type-I and Type-II chitosan molecules. Nitrogen (blue),
oxygen (red), and carbon (white) atoms are shown but hydrogen atoms are not included for
simplicity. The repeating units are shown in dash line boxes. Structure schemes are adapted from
6. ¢, Simulated spectra of R. delemar chitosan (black) overlaid with the literature-reported chitosan
forms including extracted chitosan (blue; left panel), Type-I salts with inorganic acids (orange;
middle panel), and Type-II salts with inorganic acids (green; right panel). d, *3C chemical shift
RMSD map for the comparison between fungal cell wall chitosan (X-axis) and model samples (Y-
axis). The color scale unit is ppm. e, PCA scores of chitosan. The data analyzed include Type-I
(orange squares) and Type-11 (green squares) salts with inorganic acids, extracted chitosan (blue
square), as well as the chitosan forms identified in R. delemar (magenta circles) and A. sydowii
(brown circles).
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45  Conclusions

The high-resolution dataset enabled by solid-state NMR spectroscopy has made it possible
to analyze and compare the structural features of cell wall polysaccharides using statistical
approaches. Such protocols will accommodate the rapidly expanding ssNMR dataset and open
new research avenues related to the structural investigations of cellular and extracellular
biomolecules as well as natural and artificial biomaterials 47973, The polymorphic structure of
chitin and its resistance to external stress was determined in fungal species of biomedical and
environmental significance. This information has the potential to facilitate the development of

antifungal strategies targeting the unique structures of chitin or its biosynthesis.
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Figure 4.7 2D BC-13C DQ-SQ spectra of A. fumigatus. The full spectra (left) and selected

regions of chitin signals (right) are shown. Chitin carbon peaks are labeled, and the carbon
connectivity are shown in magenta lines.
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Figure 4.8 2D BC-3C correlation spectra resolving chitin polymorphs in different fungi
including a, A. fumigatus, b, A. nidulans, c, C. albicans, and d, C. auris. *3C-13C correlation spectra
detect intramolecular interaction of chitin peaks. Different chitin forms are annotated using
alphabetic letters and ambiguous chitin types are labeled in blue and ambiguous carbon sites are
underlined.
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Figure 4.10 PCA of different fungal chitin forms. a, PCA scores of fungal species and their
respective allomorphs. The color code is kept the same as Figure 4.4. A. sydowii allomorphs are
shown at different salt concentrations, and A. fumigatus allomorphs are shown in the presence and
absence of antifungal drugs. b, Variance explained by each principal component. c, Loadings for
the PCA results. Both PC1 and PC2 are defined by a CO shift in the same direction, while the C4
shift contributes in the opposite direction. PC3 and PC1llikewise share an inverse relationship to
C1. The results delineated how the chemical shift difference in different chitin forms.
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Figure 4.11 PCA scores of A. fumigatus chitin with and without antifungal drugs. a, PCA
scores of the control sample (light blue), caspofungin-treated culture (orange), and amphotericin
B-containing sample (dark blue) are shown. Arrows in orange and blue represent the changes
induced by the caspofungin and AmB, respectively. The antifungal drug effect appears
inconsistent and subtle from the perspective of the two dominant PC’s. b, Variance explained by
each principal component. PC1 and PC2 account for almost 66% of the variation. ¢, PCA loadings.
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Figure 4.12 Effects from hypersaline conditions. a, PCA scores of A. sydowii chitin allomorphs
at different salt concentrations. Each allomorph is coded labeled. Arrows in magenta represent the
changes induced by a higher concentration of NaCl (from 0.5 M to 2.0 M). PC1 and PC2 scores
are dominated by the differences between chitin allomorphs from E to D, to C, to B, then to A with
PC1 increasing, rather than the salt concentration. Scores are distributed at the extreme ranges in
both PC1 and PC2 for different allomorphs, while salt concentration caused only limited changes.
b, Variance explained by each principal component. The SVD of the matrix produced 8 PCs with
the first 2 PCs being able to describe 87% of the variance. ¢, PCA loadings. The effect of increasing
salt concentration has a small but consistent effect on the chitin structure with respect to PC1:
increasing the salt concentration decreases each chitin’s PC1 score, which is mostly defined by the
dca chemical shift. Increasing the salt concentration has varied effects on the PC2 score, which is
mostly defined by the carbonyl shift as indicated by PC2 loadings.
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Figure 4.14 Information related to the PCA scores of A. sydowii chitosan allomorphs.
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The first 2 PCs describe 87% of the variance.
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Table 4.1 Experimental and processing parameters of 2D ssNMR. 2D CP 3C-1*C and *C-'°N correlation experiments allowed to
resolve rigid chitin intramolecular peaks. The experimental parameters include the *H Larmor frequency, total experiment time (t),
recycle delay (d1), number of scans (NS), The number of points for the direct (td2) and indirect (td1) dimensions, the acquisition time
of the direct dimension (ag2) and the evolution time of indirect dimension (agl), spectral width (swl and sw2), mixing time (tm),
increment delay (IN_F). The processing parameters include the window function and associated parameters.

\ Acquisition parameters Processing parameters
o sw2 Windo
. ' aql tm | IN_
Sample Experime | 1 | t | dl NS | td2 | tdl aq2 (ms swl | (ms| F W Parameters
nt M | (h) | (s) (ms) functio
Hz) ) ) (us) n
A. fumagitus
W/odrug | CORD | 800 |4.2] 17 16 | 2400 [ 560 | 17.9 | 7.2 [ 3328 [191.1 | 53 | 26 | QSINE SSB 6
N(CA)CX | 800 |13 | 1.7 | 16 | 2400 | 180 | 17.9 | 9.0 | 3328 | 1233 | 30 [100| om | B 'g'g'GB
+Caspo | CORD | 800 |4.2|1.7| 16 | 2400 | 560 | 17.9 | 7.2 | 332.8 | 191.1 | 53 | 26 | QSINE SSB 6
N(CA)CX | 800 | 1.3 | 1.7 | 16 | 2400 | 180 | 17.9 | 9.0 | %8 | 1233 | 30 |100| om | B 'g'g'GB
+AmB | CORD  |850|9.1| 2 | 32 | 2496 | 512 | 249 | 51 | 239 | 1671 | 53 | 20 | Qsing | SSB 4, Tdeff
1400(F2)
A. nidulans
DARR  |850 91| 2 |32 | 2496|512 | 2496 | 51 | 2339 | 167.1 | 100 | 20 | QsiNg | SSB 28, Tdeff
1400(F2)
Candida sp.
Sa'b'ca“ CORD | 800|32|15/| 16 | 2400 | 490 | 179 | 7.1 | 23?8 | 1713 | 53 | 29 | OSINE SSB 2.6
C.auris |CORD |800|3.2|15| 16 | 2400 | 490 | 17.9 | 7.1 | 332.8 | 171.3 | 53 | 29 | QSINE SSB 4
A. sydowii
(riigcl\l/l DARR | 850 |45 | 2 | 16 | 2496 | 512 | 24.96 | 51 | 22°9 | 167.1 | 100 | 20 | QSINE SSB 3
2MNaCl | DARR | 850 | 45| 2 | 16 | 2496 | 512 | 24.96 | 5.1 | 233.9 | 167.1 | 100 | 20 | QSINE SSB 3
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Table 4.2 13C chemical shifts of chitin microfibrils (a-chitin, B-chitin, y-chitin) and chitosan molecules from literature. Not
applicable (/).

Type C1l C2 C3 C4 C5 C6 CO CH3 Sources References

o-chitin | 1039 | 54.6 | 729 | 828 | 754 60.5 |172.6| 225 Crab shell Jang, et al. 2004™
1040 | 548 | 734 | 829 | 756 60.6 |173.0| 226 Crab shell Kono, et al. 2004%
104.1 | 551 | 732 | 83 75.7 60.9 | 173.7| 227 Crab shell Kaya, et al. 20177
1045 | 554 | 736 | 832 | 76.0 61.0 |173.7| 231 Crab shell Tanner, et al. 1990%°
1044 | 553 | 736 | 833 | 76.0 61.3 | 1742 | 231 l. basta Brunner, et al. 2009'8
1046 | 556 | 73.7 | 836 | 76.0 61.1 |173.0| 23.1 Lobster tendon Tanner, et al. 1990%

B-chitin | 104.8 | 56.0 | 745 | 83.7 75.4 59.9 | 1748 | 233 Wet squid pen Tanner, et al. 1990%
1042 | 552 | 748 | 84.1 74.8 609 |173.1| 225 Squid Jang, et al. 2004™
104.1 | 552 | 742 | 834 73.6 60.8 |173.6| 2238 Squid pen Kono, et al. 2004
105.4 | 553 | 73.1 | 845 75.5 59.9 | 1756 | 22.8 Diatoms spins Tanner, et al. 1990%
105.3 | 55.2 73.1 | 844 75.4 59.8 | 1755 | 22.7 Tevnia tube dried Tanner, et al. 1990%
105.2 | 55.2 | 745 | 83.1 75.4 59.2 | 175.0| 24.1 Tevnia tube hydrated Tanner, et al. 1990%
105.3 | 55.8 73 84.4 75.4 59.8 | 175.0| 23.4 C. cryptica Kolbe, et al. 20217
105.3 | 55.6 73 84.4 75.4 59.8 | 1758 | 22.7 T. rotula Brunner, et al. 200918
104.3 55.6 75.2 84 75.2 61.7 |1744 | 229 Cuttle fish Kaya, et al. 20177

y-chitin | 103.7 | 548 | 73.1 | 827 | 75.4 61.1 |173.4| 226 Lucainade Jang, et al. 2004™
104.3 | 55.3 | 735 83 75.7 61.3 | 173.4| 227 Cocoon of O. dubia Kaya, et al. 20177

Chitosan | 104.7 | 56.8 | 74.1 | 85.7 74.1 60.7 / / Heux, et al, 2000*
104.1 | 56.6 | 744 | 84.3 74.6 59.8 / / Crab tendon Saito, et al, 1988°
105.0 | 56.4 | 755 | 85.6 75.0 60.3 / / Crab shell
105.7 | 56.8 75 84.5 75.0 60.9 / / Shrimp shell Saito, et al, 1987°
102.7 | 573 | 73.9 | 827 73.9 61.9 / / annealed

Type | 101.0 | 56.0 | 70.8 | 85.1 74.8 61.7 / / HNOs Saito, et al, 1987°
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Table 4.2 (cont’d)

99.3 55.6 | 70.2 | 84.1 74.2 62.3 / / HCIO,4
99.7 56.0 | 70.6 | 851 74.2 60.0 / / HBr
98.7 55.6 | 70.0 | 84.7 73.8 61.3 / / HI
Typell | 1005 | 552 | 71.2 | 794 74.4 59.5 / / HCI Saito, et al, 1987°
1003 | 552 | 710 | 79.1 74.4 59.8 / / H2S04
1009 | 558 | 70.8 | 79.5 74.4 59.2 / / H3PO4
99.5 558 | 706 | 784 74.4 58.4 / / HIO4
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Table 4.3 3C chemical shifts of chitin and chitosan in different fungi observed from 2D 3C-3C correlation spectra. Alphabetical
letters used to denote different allomorphs. The units are in ppm. Ambiguous chitin forms are in italics, ambiguous carbon sites are
underlined. Not applicable (/). Unidentified (-).

Chitin/ Chitosan | C1 C2 C3 C4 C5 C6 co CHs |  Experiment methods
Aspergillus fumigatus
a 104.3 55.7 73.2 83.9 75.2 60.7 | 173.9 23.3
b 104.2 55.2 73.3 82.9 75.6 60.9 | 174.7 22.8
c 103.0 55.7 73.4 84.1 74.9 604 | 1749 23.4
e 104.0 54.9 73.9 82.7 76.1 60.5| 1736 22.4
f 103.2 55.2 73.3 84.3 75.2 61.3| 1743 22.7
g 104.5 55.1 74.1 83.7 75.0 604 | 1744 22.4
h 103.5 55.6 73.2 83.4 74.9 61.8| 1751 22.8
Aspergillus nidulans
a 104.2 55.4 73.6 84.1 75.6 60.2 | 1725 22.9
b 103.2| 55.7 73.9 83.6 75.9 605| 1746 | 23.1 B3C-3C 53 ms CORD
¢ 104.0 55.6 72.9 83.4 75.6 60.0 | 1746 | 23.1
d 102.6 54.5 73.6 83.1 75.4 60.7 | 1734 | 22.3
Aspergillus sydowii
A 103.3 55.5 72.9 84.5 76.2 60.7 | 1746 22.7
B 103.5 55.2 73.4 84.4 75.9 60.0 | 1734 22.7
C 103.5 55.4 73.3 83.7 75.9 60.7 | 1734 22.7
D 103.6 55.0 73.2 83.4 75.5 60.5| 174.1 224]
E 103.2 54.8 735 82.5 75.2 609 | 175.1 22.4 C-~C 100 ms DARR
chitosan a’ 102.2 55.6 74.5 80.4 74.9 60.7 / /
chitosan b’ 101.9 55.7 72.9 80.0 74.3 60.5 / /
chitosan ¢ 102.9 55.7 725 79.7 75.3 60.9 / /
chitosan d 101.4 55.5 735 79.1 75.3 61.0 / /
Rhizopus delemar
i 104.2 55.2 74.0 83.1 75.1 60.7 | 1749 23.3
j 104.3 55.2 73.8 84.2 75.0 60.8 | 174.9 23.6 13C-13C 53 ms CORD
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Table 4.3 (cont’d)

k 104.2 54.9 74.0 83.1 75.1 58.9 175.7 22.8
chitosan a 101.9 56.0 72.5 79.6 75.0 60.3 / /
chitosan b 98.0 56.4 725 79.8 75.1 60.4 / /
chitosan ¢ 98.3 57.5 70 77.0 75.4 60.4 / /
Candida albicans
I 102.5 55.5 73.2 84.2 75.9 60.4 175.2 22.9
m 103.0 55.0 73.4 83.8 75.6 60.4 174.9 22.9 13 13
n 1039 | 546 | 73.1 83.0 75.7 60.3 | 1742 | 225 C-~C 53 ms CORD
0 103.9 54.3 73.2 82.5 75.5 60.5 173.9 22.3
Candida auri
I 102.1 55.4 73.3 84.1 75.8 60.8 175.5 22.6
m 1030 | 550 | 732 | 837 [ 750 | 606 | 1757 | 232 13C_13¢ 53 ms CORD
n 103.5 54.4 73.2 83.1 75.6 60.7 174.3 22.6
0 103.9 54.2 73.3 82.4 75.5 60.8 174.2 22.3
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Table 4.4 Drug Effect on Chitin types in A. fumigatus. Chemical shift difference and RMSD of
each type is calculated. The units are in ppm. A denotes the difference of with drug and without
drug. w/o drug = without drug. Unidentified (-).

Caspofugin
C1 C2 C3 C4 C5 C6 CO CHs | RMSD

With drug a | 1043 | 55.7 | 73.2 | 839 | 75.2 | 60.7 | 1739 | 233
w/o drug a | 1042 | 552 | 73.2 | 83.7 | 748 | 60.6 | 1731 | 235

Al 0.1 0.5 0 0.2 0.4 0.1 0.9 -0.2 0.4
With drug b | 1042 | 55.2 | 73.3 | 829 | 756 | 60.9 | 174.7 | 22.8
w/o drug b | 1042 | 549 | 733 | 829 | 755 | 60.7 | 1745 | 22.8

A 0 0.3 0 0 0.1 0.2 0.2 0 0.1
With drug c| 103 | 557 | 734 | 841 | 749 | 60.4 | 175.0 | 234
w/o drug c| 1031 | 554 | 73.1 | 841 | 741 | 60.3 | 175.0 | 231

A| -01 0.3 0.3 0 0.8 0.1 0 0.3 0.3
With drug d| 1036 | 55.1 | 734 | 833 | 758 | 604 | 1744 | 22.7
w/o drug d| 1035 | 552 | 73.2 | 834 | 758 | 60.5 | 173.8 | 22.6

Al 0.1 -01 | 0.2 -0.1 0 -0.1 0.5 0.1 0.2
With drug e | 1040 | 549 | 739 | 827 | 76.1 | 60.5 | 173.6 | 224
w/o drug e | 1040 | 549 | 73.7 | 826 | 755 | 60.6 | 1749 | 223

A 0 0 0.2 0.1 06 | -0.1 13 0.1 0.5
With drug f | 103.2 | 55.2 | 73.3 | 843 | 752 | 613 | 1743 | 22.7
w/o drug f | 1035 | 552 | 732 | 842 | 752 | 60.6 | 1743 | 225

A -03 0 0.1 0.1 0 0.7 0 0.2 0.3

Amphotericin B

With drug a | 1043 | 55.7 | 73.2 | 838 | 75.2 | 60.7 | 1739 | 233
w/o drug* a | 103.7 | 554 | 736 | 83.9 | 749 | 60.7 | 173.6 | 22.8

Al 05 03 | -04 | -01 0.2 0 0.4 0.5 0.3
With drug b | 1042 | 552 | 733 | 829 | 75.6 | 60.9 | 174.7 | 22.8
w/o drug b | 1040 | 55.2 | 734 | 829 | 749 | 60.6 | 1741 | 22.7

A| 02 0 -0.1 0.0 0.7 0.3 0.6 0.1 0.3
With drug c | 1030 | 55.7 | 734 | 841 | 749 | 60.4 | 1749 | 234
w/o drug c | 103.0 | 56.2 | 73.8 | 83.8 | 749 | 60.5 | 175.7 | 23.1

A 0 -05 | 04 0.3 0 -0.1 -0.7 0.3 0.3
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Table 4.4 (cont’d)

With drug d| 1036 | 55.1 | 734 | 833 | 758 | 604 | 1744 | 22.7
w/o drug d| 1038 | 54.7 | 73.3 | 835 | 756 60 1741 | 22.8

A 0.2 0.4 0.1 -0.2 0.2 0.4 0.3 -0.1 0.3
With drug e 104 549 | 739 | 8277 | 76.1 | 60.5 | 173.6 | 224
w/o drug e | 1084 | 547 | 736 | 828 | 759 | 60.3 | 1744 | 225

A 0.6 0.2 0.3 -0.1 0.2 0.2 -0.8 -0.1 0.3
With drug f | 1032 | 552 | 733 | 843 | 752 | 61.3 | 1743 | 22.7
w/o drug f | 1033 | 556 | 73.4 | 84.2 75 60.8 | 1743 | 23.0

A| -01 -04 | 01 0.1 0.2 0.5 0 -0.4 0.3
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CHAPTER 5: SOLID-STATE NMR ANALYSIS OF UNLABELED FUNGAL CELL
WALLS FROM ASPERGILLUS AND CANDIDA SPECIES

Reprinted with permission from Liyanage D Fernando, Malitha C. Dickwella Widanage, S
Chandra Shekar, Frederic Mentink-Vigier, Ping Wang, Sungsool Wi, and Tuo Wang Journal of
Structural Biology X 6, 100070 (2022). © 2022 The Authors. Published by Elsevier Inc.

51  Abstract

Fungal infections cause high mortality in immunocompromised individuals, which has
emerged as a significant threat to human health. The efforts devoted to the development of
antifungal agents targeting the cell wall polysaccharides have been hindered by our incomplete
picture of the assembly and remodeling of fungal cell walls. High-resolution solid-state nuclear
magnetic resonance (sSNMR) studies have substantially revised our understanding of the
polymorphic structure of polysaccharides and the nanoscale organization of cell walls in
Aspergillus fumigatus and multiple other fungi. However, this approach requires 3C/*°N-
enrichment of the sample being studied, severely restricting its application. Here we employ the
dynamic nuclear polarization (DNP) technique to compare the unlabeled cell wall materials of A.
fumigatus and C. albicans prepared using both liquid and solid media. For each fungus, we have
identified a highly conserved carbohydrate core for the cell walls of conidia and mycelia, and from
liquid and solid cultures. Using samples prepared in different media, the recently identified
function of a-glucan, which packs with chitin to form the mechanical centers, has been confirmed
through conventional ssNMR measurements of polymer dynamics. These timely efforts not only
validate the structural principles recently discovered for A. fumigatus cell walls in different
morphological stages, but also open up the possibility of extending the current investigation to

other fungal materials and cellular systems that are challenging to label.
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5.2 Introduction

The carbohydrate components in the fungal cell walls are promising therapeutic targets of
novel antifungal drugs for combating life-threatening infections by pathogenic fungil. Two
families of compounds (echinocandins and terpenoids) have been developed to disrupt the
biosynthesis of B-glucans in the cell wall, and another antifungal named nikkomycin is a potent
inhibitor of chitin synthesis?®. Unfortunately, nikkomycin only has weak activity against most
fungal species, and the B-glucan inhibitors often suffer from the compensatory paradoxical effect,
through which the chitin level is massively elevated to compensate for the loss of B-glucans”®.
Hence, an in-depth understanding of the biosynthesis and structure of fungal polysaccharides, as
well as the structural dynamics of the assembled cell walls, may facilitate the discovery of more
effective antifungal compounds from the structural perspective.

Solid-state NMR (ssNMR) spectroscopy is a non-destructive and high-resolution method
for elucidating the structure of fungal biopolymers®. This method has been extensively employed
to track melanization in Cryptococcus neoformans and other fungi'®*?. Studies have also been
conducted on the analysis of Aspergillus fumigatus biofilm, with a focus on the quantification of
carbon contributions in the extracellular matrix*>'4. Additionally, multidimensional ssNMR
methods have been employed to investigate the nanoscale organization of A. fumigatus cell walls
as well as its responses to stresses'®®. The samples being used in these studies are intact cells
without chemical treatment, which allowed the investigation of biomolecules in a fully native
physical state. This method was also combined with chromatography and mass spectrometry to
understand the cell wall structure of Schizophyllum commune?’.

Notably, in two recent sSNMR studies of A. fumigatus, a substantially revised structural

scheme of the mycelial cell wall has been proposed®>*®. The rigid and hydrophobic scaffold of the
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A. fumigatus cell wall is formed by tightly associated chitin and a-1,3-glucan, which is dispersed
in a mobile and hydrated matrix formed by branched B-1,3-glucans. Two other polysaccharides,
including galactomannan and galactosaminogalactan, are found to mainly form the outermost
dynamic layer, together with proteins on the cell surface. These structural aspects derived from
ssNMR data provide a physical vision of polymer dynamics and packing, complementing the
existing chemical analyses that reveals a chemical vision of the polymer cross-linking and
extractability. Functional genomics approaches were also employed to generate mutant lines, each
of which selectively remove an important carbohydrate component, to evaluate the functions of
different polysaccharides and the remodeling of cell walls under internal stresses®. Statistical
methods are also available for analyzing the polymorphic structure of polysaccharides in living
fungal cells as demonstrated using chitin and chitosané.

These ssNMR studies often require isotopic enrichment of the sample, e.g., by 3C and °N,
to allow 2D and 3D correlation experiments to be completed in a reasonable time frame, yet with
adequate resolution. In fungal research, this has been achieved by germinating conidia into mycelia
in minimal liquid media containing **C-glucose and *°N sources. But there is a dire need for a
method to validate the recent structural findings by examining samples prepared in solid media, a
condition more widely used in microbiology research, in order to better integrate the structural
concepts derived from ssNMR and biochemical approaches to promotes sporulation'®°. Also, the
previous studies of A. fumigatus were primarily focused on the mycelium. It is questionable if the
structural concepts could be applied to cells at different developmental stages, for example, the
conidium. The inhaled conidia of A. fumigatus germinate into vegetative hyphae, invading patient

lungs during infection?>?*. Even though it has been shown that the conidial and mycelial cell walls
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of A. fumigatus differ in their composition and organization??, at this moment, we still lack a
detailed molecular-level understanding of the conidial cell walls?®.

Here we show that such challenges can be addressed by introducing natural-abundance
(NA) magic-angle spinning dynamic nuclear polarization (MAS-DNP), which has been widely
used in biopolymer and material research?®* 2?8, to better characterize fungal cell walls. This
sensitivity-enhancing technique has made it possible to collect 2D correlation spectra using
unlabeled samples. The NMR linewidths of most fungal carbohydrates are found to be
substantially broadened at the cryogenic temperature of MAS-DNP due to their highly dynamic
nature. A reserved carbohydrate core has been identified in A. fumigatus mycelia and conidia using
unlabeled samples prepared in solid and liquid media, which could not be possible without the
atomic resolution provided by the DNP-enabled 2D *3C-*3C correlation spectra of these unlabeled
materials. Further examination of polymer dynamics using conventional ssSNMR at ambient
temperature confirmed the recently proposed structural function of a-1,3-glucan in forming the
stiff core of A. fumigatus cell walls in both mycelia and conidia. Finally, we extend this study to
another prevalent fungal pathogen Candida albicans, demonstrating the applicability of these
approaches in fungal research.
53  Materials and Methods
5.3.1 Preparation of Fungal Materials

Four unlabeled samples from A. fumigatus (RL 578) and C. albicans (SC5314) were grown
using both liquid and solid media for MAS-DNP investigations. Unlabeled A. fumigatus materials
were prepared in two ways using either solid or liquid media. The solid culture was prepared in
YPD (Yeast-Extract Peptone Dextrose) agar. The liquid cultures were prepared in 100 mL of

modified minimal media containing 10.0 g/L of glucose and 6.0 g/L of sodium nitrate. The pH of
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the media was adjusted to 6.5. Both liquid and solid cultures were incubated for 3 days at 30 °C
(at 210 rpm). Similarly, both solid and liquid cultures were prepared for C. albicans without
labeling. The solid culture was grown in YNB (Yeast Nitrogen Base) media with agar, 2% of
glucose and 1 % of ammonium sulfate. The liquid culture was prepared using YNB, 2% of glucose
and 1 % of ammonium sulfate with pH adjusted to 5.8-6. The fungal material was harvested by
centrifugation at 7000 g for 20 minutes. The fungal material was washed using 10 mM phosphate
buffer saline (pH 7.4) to remove excess ions. Only the greenish center region of the solid culture
was collected.

To validate the results obtained on unlabeled materials described above, we also prepared
13C, N-labeled samples using liquid media. The uniformly *C,*N-labeled A. fumigatus sample
was prepared by adding 10.0 g/L of *3C glucose and 6.0 g/L of °*N-labeled sodium nitrate to the
minimal liquid media. The uniformly *C,**N-labeled C. albicans sample was prepared by adding
2% of 13C glucose and 1% of *N-labeled ammonium sulfate into the YNB liquid media. Both
strains were grown for 3 days at 30 °C.

5.3.2 Transmission Electron Microscopy and Scanning Electron Microscopy

Transmission electron microscopy (TEM) was conducted using a JEOL JEM-1400 electron
microscope. The sample was placed onto a glow discharged TEM grid for several minutes. It was
stained using a mixture of 2% uranyl acetate and lead citrate solution. The cell wall thickness was
measured using ImageJ software® after setting the scale in accordance with known bar scales on
the cell images. Scanning electron microscopy (SEM) was conducted using an FEI Quanta 3D
FEG field emission scanning electron microscope to examine the surface morphology of the cells.
Briefly, cells were collected by filtration and fixed on 0.4 um pore polycarbonate filter in 2%

glutaraldehyde, 2% formaldehyde, and 1% OsO4. The sample was rinsed with distilled water,
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dehydrated with graded ethanol series, and dried with HMDS reagent. The cells were mounted to
aluminum specimen stubs and coated with platinum in an EMS550X sputter coater for imaging.
5.3.3 Sample preparation for MAS-DNP measurements

Unlabeled fungal materials were mixed with the stock solution containing the biradicals
needed for MAS-DNP. The stock solution contains 30 mM of c-AsymPol-POK biradicals®3? in
40 pL of d6-DMS0-D,0-H,0 (1:8:1 vol%) that was used to avoid **C signal contribution from
the solvents (e.g., from glycerol). The volume percentages of different solvents used here deviate
from conventional recipes used for MAS-DNP of biomolecular samples. It is fully based on
repeated optimizations of these fungal materials for the best sensitivity. To test the effect of the
DNP juice, a different solvent of *C-depleted, ds-glycerol/D-0/H;0 (6:3:1 vol%), as well as the
AMUPol biradicals®®, were used for the samples prepared in solid media. The fungal samples were
mildly ground using a set of mortar and pestle when being wetted by the cryoprotectant solution.
This allows the radicals to penetrate and distribute in the porous cell wall, without perturbing the
appearance of the fungal pellet and the molecular-level structure of molecules. Around 30 mg of
fungal material was packed into 3.2 mm sapphire rotors.
5.3.4 MAS-DNP experiments

The MAS-DNP experiments were conducted on a 600 MHz (14.1 T)/395 GHz instrument
using a 3.2-mm HCN DNP probe. The power of microwave irradiation was around 12 W. The
temperature was ~100 K with microwave irradiation and decreased to 94 K when the microwave
was turned off. The DNP buildup time constants were 2.6-s and 3.1-s for C. albicans samples
prepared in solid and liquid media, respectively. The number was shortened to 1.3-s for the A.
fumigatus solid sample. The MAS rate was 10.5 kHz for all DNP experiments unless mentioned

otherwise. 1D *H-'3C cross-polarization 3 experiments were measured using *H field of 50 kHz,
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providing a sideband match to the **C field of 39.5 kHz, and 1-ms contact time. 2D refocused
dipolar (SPC5)*®* INADEQUATE spectra®® were collected under 10.5 kHz MAS. The field strength
of *H decoupling during SPC5 blocks was 100 kHz. A Double-Quantum Filtered (DQF) 2D dipolar
13C-13C correlation NMR experiment®” was carried out on A. fumigatus solid culture. The *H and
13C 90-degree pulse lengths were 2.5-ps and 4-ps, respectively. In the indirect dimension, 200-300
increments were collected. In total, 64, 32, and 32 transients were added for signal-averaging
purposes. The DARR mixing time was either 100-ms or 250-ms. The *H-*C CP mixing was 0.5
ms. All the acquisition parameters are summarized in Table 5.1.

Spectral deconvolution was performed on 1D *C CP MAS-DNP spectra of unlabeled
liquid culture and solid culture of C. albicans to obtain the chemical shift, linewidth, and intensity
of carbohydrate peaks. Spectral deconvolution was performed from 120 to 40 ppm for all the
carbohydrate regions, using DmFit®. The parameters are provided in Table 5.2
5.3.5 Conventional Solid-State NMR Experiments at Room Temperature

The experiments were conducted on 800 MHz (18.4 Tesla) and 400 MHz (9.4 Tesla)
Brucker spectrometers equipped with 3.2 mm and 4 mm HCN probes, respectively. All
experiments were conducted under 13 kHz or 13.5 kHz MAS at 298 K temperature. Approximately
30 mg of sample was packed to 3.2 mm MAS rotors and around 110 mg of sample was packed in
a4 mm ZrO rotor. The *C chemical shifts were externally referenced to tetramethylsilane (TMS)
scale by calibrating the Cd peak of the Met residue in the model tri-peptide N-formyl-Met-Leu-
Phe-OH (MLF) to 14.0 ppm. The radiofrequency field strength was 83 kHz for *H decoupling and
62.5 kHz for *3C hard pulse and 50 kHz for *H and *3C CP spin lock. The acquisition parameters

are tabulated in Table 5.1.
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To compare with the results of unlabeled samples, we measured 2D *3C CP refocused J-
INADEQUATE spectra using a uniformly *C-labeled A. fumigatus sample (liquid culture) on the
800 MHz spectrometer. We also measured a uniformly 3C-labeled C. albicans sample (liquid
culture), resulting in a 2D *3C direct polarization (DP) refocused J-INADEQUATE spectrum
measured on the 800 MHz spectrometer and a **C CP refocused dipolar (SPC5) INADEQUATE
spectrum collected on the 400 MHz NMR. To investigate the polymer dynamics in the unlabeled
fungal cell wall, 3C-T1 relaxation was measured. It was measured using CP-based Ti pulse
sequences®® with a z-filter varied from 0 to 5 s. The relative intensity of each data point (relative
to the first data point) was plotted as a function of time. The curve was fit using a bi-exponential
equation. For *3C-T; relaxation measurements, the number of scans was between 1,024 and 4,096
for each data point of A. fumigatus samples prepared in solid and liquid media.

5.4  Results and Discussion
5.4.1 Morphological Difference of Fungal Cells Cultured in Solid and Liquid Media

A.fumigatus cells have different morphologies when prepared in solid and liquid media
(Figure 5.1a)*%*, In a Petri dish containing YPD agar, A. fumigatus exhibited circular growth with
greenish-blue conidia at the center and white mycelial threads at the edge (Figure 5.1a; top row).
The surface morphology of the greenish-blue center region was examined using SEM images,
which revealed a 2-3 um diameter for the conidia of A. fumigatus (asexual spores) produced in
conidiophores (fruiting body). Part of the outer cell wall of conidia should be covered with
melanin, as indicated by the rough surface in the conidia observed in the zoomed-in regions of
SEM images®. The conidia from fungal plates were taken and inoculated into liquid minimal

media and cultured at 30 °C for 3 days (Figure 5.1a; bottom row). The filamentous structures
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observed by SEM have confirmed that A. fumigatus mainly grew into hyphal form under this
culture condition.

Evidently, the use of solid media has promoted asexual sporulation in A. fumigatus samples
(Figure 5.1a). A. fumigatus adapts to the stressful environments during host interactions and
acquires different morphotypes in their life cycle*®4’. The composition and organization of fungal
cell walls are always changing in response to the morphotypes in the life cycle and growth
conditions®®. The mycelium is the vegetative morphotype and the conidium is typically considered
the infective morphotype®®. The conidia of A. fumigatus disperse and colonize different habitats,
for instance, the lung alveoli, germinating into hyphae and causing invasive infections*®4950,

Therefore, it is of high significance to elucidating the cell wall structure in conidia.
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Figure 5.1 Macro- and microscopic differences of cell morphology in 3-day-old solid and
liquid cultures. The ultrastructural features of cell walls are shown for a, A. fumigatus and b, C.
albicans. From left to right, each row incorporates an image of culture, an SEM images, a zoomed-
in region of the SEM images, and a TEM image. In both panels a, and b, the solid culture (top)
and the liquid culture (bottom) are shown. ¢, The cell wall thickness of A. fumigatus (top) and C.
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Figure 5.1 (cont’d)
albicans (bottom). Data are presented as a distribution, with means of 10 measurements from 15
biological replicates of each solid or liquid culture.

However, it is not trivial to convert the solid media (for example, yeast extracts) widely
used in microbiology laboratories into uniformly 3C,>N-labeled counterparts without worrying
about the isotope-dilution from unlabeled components. This barrier has hindered the use of high-
resolution solid-state NMR spectroscopy for characterizing fungal conidia. At the same time,
fungal materials cultured in minimal liquid media could not fully represent those prepared using
complex media. This situation can be improved through the development of MAS-DNP
techniques, as detailed in later sections.

After 3 days of incubation in YNB solid media, C. albicans produced cream-colored, dull
smooth yeast-like colonies (Figure 5.1b; top row). SEM images revealed the oval shape of yeast-
like C. albicans cells with diameters of 2-4 um. In the liquid culture (Figure 5.1b; bottom row), C.
albicans cells exist as a mixture of hyphae, pseudo hypha, and yeast forms, with the yeast form
being the most prominent. The hyphae and germ tubes were present as minor components and
hence were excluded from further consideration. Interpretation and conclusion in later sections are
drawn by treating the yeast form as the overwhelmingly dominant form in the liquid cultures.

TEM images were used to quantify the distribution of cell wall thickness (Figure 5.1c and
Table 5.3) in A. fumigatus and C. albicans samples harvested from solid and liquid media. For A.
fumigatus, the average thickness of the cell wall increased from 133 nm for the conidia (solid
media) to 158 nm for the hypha (liquid culture). However, the change is much smaller between C.
albicans materials prepared using solid and liquid conditions. Presently, it is not clear how the
microscopic features of cellular morphology arise from the molecular-level organization of cell

walls, warranting further investigations.
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5.4.2 Sensitivity-Enhancement of Fungal Materials by MAS-DNP

The A. fumigatus and C. albicans samples harvested from solid media were impregnated
in a matrix of DMSO/D,0/H-0 containing 20 mM AsympolPOK. This recently designed biradical
promotes efficient polarization and provides fast DNP buildup through electron dipolar and
exchange interactions®!. AsympolPOK yielded a very short DNP buildup time of 1.3-3.1 s for these
fungal samples (Table 5.4), making it possible to use short recycle delays, in turn resulting in the
rapid acquisition of experiments. AsympolPOK biradicals were stable in fungal samples as
confirmed by electron paramagnetic resonance (EPR) spectra (Figure 5.7). The sensitivity was
enhanced by 26 to 30 times for both A. fumigatus and C. albicans under microwave irradiation
(Figure 5.2a, b), reducing the experimental time by 676-900 fold. Though the 1D **C peaks were
very broad, some fine features of the peaks could still be discerned. The major signals are from
chitin (Ch), B-1,3-glucan (B), and a-1,3-glucan (A) in A. fumigatus. For C. albicans, the prominent
peaks emanated from chitin, B-1,3-glucan, and -1,6-glucan (H). Determination of the linewidth
and analysis of the nature of these peaks were aided by 2D *3C correlation spectra, as described in
detail later.

Notably, a record high sensitivity enhancement factor of 90-fold was achieved using an A.
fumigatus sample doped with AMUPol using *3C-depleted, ds-glycerol/D,O/H20 solvent (Figure
5.2¢). The 3C-depleted solvent is chosen to avoid the detection of glycerol signals that overlay
with carbohydrate peaks. To our best knowledge, the 90-fold enhancement is the highest value
reported for any cell wall system on a 600 MHz/395 GHz DNP, but this sample was not used for
measuring 2D experiments. The first reason is the prohibitively long DNP buildup time, 5.0 s for
this sample instead of 1.3 s for the other A. fumigatus sample (Table 5.4). A longer buildup time

requires proportionally longer recycle delays, hence negating any sensitivity gain per unit time.
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Another consideration is the inhomogeneous hyperpolarization of this sample, with a preferentially
higher enhancement for carbohydrate peaks relative to aromatic signals. It is a sign that the radicals
were unevenly distributed across different polymer domains, and this spectrum may not accurately

reflect the composition.

a b

A. fumigatus (solid/ conida) C. albicans (solid/ yeast form) A. fumigatus (solid/ conida)
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Figure 5.2 Sensitivity enhancement by MAS-DNP on unlabeled fungal materials. 1D 3C
spectra of unlabeled fungal samples were shown for a, A. fumigatus solid culture (mainly conidia)
and b, C. albicans solid culture (mainly yeast form) prepared using de-DMSO/D>0/H.0 with 20
mM AsympolPOK. The spectra collected with and without microwave (MW) radiation were
compared to give the enhancement factor (gonioff). C, 1D *3C spectra of unlabeled cell walls of A.
fumigatus solid culture (mainly conidia) in *C-depleted, ds-glycerol/D,0O/H,0O matrix with 10 mM

AMUPol radical. This sample has different enhancement factors for carbohydrate (gon/off ~90) and
protein and lipids (on/of~35 for aliphatic, aromatic, and unsaturated carbons).

5.4.3 2D 3C correlation spectra of unlabeled A. fumigatus in solid and liquid media

The enhancement of NMR sensitivity gained by MAS-DNP allowed us to collect 2D 3C-
13C correlation spectra using unlabeled A. fumigatus materials harvested from the solid media,
which is a mixture of conidia and mycelia. In this study, the greenish conidia region was used for
NMR measurements. Chemical analysis has reported that the core polysaccharides are conserved
(though with variable composition) in the cell walls of hypha and conidium, but the conidium has

additional layers of rodlets and melanin on the cell surface while the hypha is covered by

galactosaminogalactan*?. The chemical similarity of carbohydrate structure is informed by the
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similar spectral patterns of A. fumigatus materials cultured in liquid and solid media, providing an
implication of the similarity in hyphae and conidia (Figure 5.3a, b). Most of the carbohydrate
signals observed in the *C-labeled samples of A. fumigatus liquid culture, which is hyphae-
dominant, showed corresponding signals in the natural-abundance 2D *3C-1*C correlation MAS-

DNP spectrum of the solid culture (Figure 5.3b).
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Figure 5.3 2D 3C-13C correlation spectra of unlabeled A. fumigatus samples. a, CP refocused
J-INADEQUATE spectrum measured on 800 MHz NMR at room temperature using 3C/*°N-
labeled A. fumigatus sample prepared in liquid culture (hyphae). b, CP refocused dipolar-
INADEQUATE spectrum of unlabeled A. fumigatus solid culture (mostly conidia) measured on
600 MHz/395 GHz DNP. ¢, DQF 2D dipolar *3C-13C correlation spectra of unlabeled A. fumigatus
solid culture sample measured on 600 MHz/395 GHz DNP.

The chitin signals became stronger in the solid culture, as exemplified by the well-resolved
peaks of chitin carbons 1 and 2 (Ch1 and Ch2) that resonate at 103 ppm and 55 ppm on the single-
quantum °! chemical shift dimension. This is an indication of a larger amount of chitin in the
samples prepared using solid media. Chitin is among the most rigid molecules of A. fumigatus cell
walls and its signals be preferentially detected by CP-based experiments at room-temperature.
However, chitin signals are very weak in the CP refocused INADEQUATE spectrum of liquid

culture (Figure 5.3a), consistent with its low intensities observed in two recent studies of A.
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fumigatus, which is likely due to the low content of this molecule in liquid cultures'>*®. Signals
were also observed for another two other major carbohydrates, a-1,3-glucans and B-1,3-glucans.
The results suggest that at least the major constituents are shared between the hyphae and conidia.
Many additional signals showed up in the DNP spectrum of the solid culture, likely from more
mobile molecules, for example, galactomannan. Mobile carbohydrates are undetectable in the CP-
based spectrum at room-temperature (Figure 5.3a) but will become visible at the cryogenic
temperature of MAS-DNP (Figure 5.3b).

Unfortunately, the NMR linewidth, given by the full width at half maximum (FWHM),
increased substantially at MAS-DNP conditions. The FWHM linewidths of resolved peaks in this
2D refocused INADEQUATE spectrum were 2-3 ppm. This is considerably broader than the 0.5-
0.9 ppm reported for samples measured at ambient temperature at a higher magnetic field (800
MHz) and is worse than the expectation for a spectrum collected on a 600 MHz ssNMR at room
temperature. The spectral quality presented in Figure 5.3b is much worse than that of unlabeled
plant cell walls®>%2, This is due to the more dynamic nature of fungal cell walls compared to their
counterparts in plants*>°2, Crystalline components efficiently retain their sharp linewidth at 100 K
during MAS-DNP measurements, which has been shown using the cellulose microfibrils in plant
biomass®>®3. The major crystalline molecule in fungi is chitin, and it accounts for only 10-20% of
the dry mass of A. fumigatus cell wall*’. All other molecules, such as glucans, mannans, and
exopolysaccharides, will suffer from the line-broadening effect due to their intrinsic disorder.

The most promising spectrum of unlabeled A. fumigatus was collected using a double-
quantum filtered (DQF) 2D dipolar *3C-13C correlation scheme (Figure 5.3¢)*’. This experiment
was finished in 30 hrs. The DQF-DARR spectrum of the solid A. fumigatus culture showed

carbohydrate signals at 60-105 ppm, as well as unexpectedly strong signals of proteins, including

177



both aliphatic carbons (0-70 ppm) and carbonyl groups (165-180 ppm). The quality of the DQF-
DARR spectrum is manifestly superior to that of the CP refocused dipolar-INADEQUATE
spectrum, considering both resolution and sensitivity as well as simultaneous detection of proteins
and carbohydrates. In addition, the dipolar-INADEQUATE spectra collected at natural abundance
often exhibit unmatched intensities for two carbons in a spin pair, such as the B1-B2 pair in Figure

5.3b, which is not an issue in the DQF-DARR spectrum.
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Figure 5.4 DNP-enabled 2D correlation spectra of unlabeled A. fumigatus solid culture
(mostly conidia). Selected regions of DQF 2D dipolar **C-**C correlation spectra are shown for
a, carbohydrates, b, protein aliphatic and carbonyl signals, and ¢, aromatics. The CO presents the
carbonyl group in proteins and the CX represents protein aliphatic carbons such as Ca and Cp.
CO-CX refers to the correlation between these carbon sites. The spectrum was acquired using the
DQF-DARR sequence on a 600 MHz/395 GHz DNP.

The DQF-DARR spectrum also exhibited satisfactory resolution, allowing us to observe

signals from chitin and glucans (Figure 5.4a). In addition to many one-bond correlations, the use
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of 100-250 ms DARR mixing enabled the detection of many medium-range cross peaks. An
example is the C1-C3 cross peak of a-1,3-glucan (denoted as A1-3), which showed up at a unique
position of (101 ppm, 84 ppm). In addition, the adequate sensitivity allowed us to assign the protein
signals to different amino acid types by tracking the correlations among the Ca, CB, and CO
(Figure 5.4b). The chemical shifts are tabulated in Table 5.5. Notably, some cross peaks between
the aromatic carbons and the Ca and CP were also identified for aromatic amino acids (Figure
5.4c). The performance of DQF-DARR is better than most other 2D 3C-13C correlation
experiments, such as the refocused dipolar-INADEQUATE and CHHC that have been frequently
employed to investigate unlabeled biomaterials?’?®53%4, This DQF-DARR experiment might be
critical to elucidating unresolved structural aspects in fungal cell walls.

The DQF-DARR spectrum also exhibited satisfactory resolution, allowing us to observe
signals from chitin and glucans (Figure 5.4a). In addition to many one-bond correlations, the use
of 100-250 ms DARR mixing enabled the detection of many medium-range cross peaks. An
example is the C1-C3 cross peak of a-1,3-glucan (denoted as A1-3), which showed up at a unique
position of (101 ppm, 84 ppm). In addition, the adequate sensitivity allowed us to assign the protein
signals to different amino acid types by tracking the correlations among the Ca, CB, and CO
(Figure 5.4b). The chemical shifts are tabulated in Table 5.5. Notably, some cross peaks between
the aromatic carbons and the Ca and CP were also identified for aromatic amino acids (Figure
5.4c). The performance of DQF-DARR is better than most other 2D 3C-3C correlation
experiments, such as the refocused dipolar-INADEQUATE and CHHC that have been frequently
employed to investigate unlabeled biomaterials?”?®53%4, This DQF-DARR experiment might be

critical to elucidating unresolved structural aspects in fungal cell walls.
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5.4.4 Examination of Biopolymer Dynamics at Room Temperature

The dynamics of biopolymers in unlabeled A. fumigatus materials were probed using *3C-
T1 relaxation, which was mapped using a series of 1D *3C spectra with a gradually increasing z-
period. This ssNMR approach has been widely used in the field of polymer research, where the
samples are typically difficult to label. The information on polysaccharide dynamics afforded by
this method perfectly complements the insight about polysaccharide structure obtained using

natural-abundance MAS-DNP, as recently demonstrated on rice stems®.
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Figure 5.5 Dynamics of biopolymers in unlabeled A. fumigatus cell walls measured at room
temperature. a, Representative 1*C-T relaxation curves of unlabeled A. fumigatus samples for p-
1,3-glucans (left; blue), chitin (middle; orange), and a-1,3-glucans (right; green). The data of A.
fumigatus grown in liquid cultures (hyphae) are plotted using open symbols and dash lines. The
data of materials prepared in solid media (mainly conidia) are plotted using filled symbols and
solid lines. The chemical shifts of key carbon peaks are labeled. b, 3C-T1 time constants of
different carbon sites in A. fumigatus samples prepared in solid and liquid media. The data are fit
using bi-exponential equation, plotting only the long (or slow) component of **C-T1. Data are mean
+ s.e.; data points are overlayed on the corresponding bar. The carbon sites and corresponding
relaxation time constants are provided in Table 5.6.

a-1,3-glucan

Consistently observed in both the liquid and solid cultures, $-1,3-glucans have the fastest
13C-T, relaxation (Figure 5.5a), thus remaining the most mobile molecule in the cell walls,
regardless of the fraction of hyphae and conidia. In contrast, a-1,3-glucans have the slowest
relaxation, indicative of its immobility in A. fumigatus cell walls. The dynamics of chitin is

between the a- and B-1,3-glucans, being intermediately rigid. It should be noted that one carbon
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site of chitin, the C4 at 83 ppm, has exhibited very slow relaxation that is outside the range of the
other carbons. This only happened to the sample prepared using solid media. We suspect that it is
due to the insufficient resolution in 1D *3C spectra, where the chitin C4 is influenced by the
neighboring peak of a-1,3-glucan C3, which is just 1 ppm apart.

The bi-exponential feature became more pronounced in our unlabeled fungal materials
(Figure 5.5a) compared to the data collected on uniformly *C-labeled samples'™>8, This is because
the magnetization exchange between a pair of 3C spins, mediated by *C -3C spin interactions,
gives rise to additional relaxation pathways, thus speeding up the relaxation process, which is no
longer efficient at natural *C abundance. The inefficient exchange with mobile motifs also
accounts for the substantially longer **C-T1 time constants for the current unlabeled materials, than
the uniformly **C-labeled samples used in recent studies>°.

The dynamics can be better analyzed by comparing the *C-T; derived from the slow-
relaxing component, corresponding to the less mobile domain of the biopolymer (Figure 5.5b).
The trends observed visually in Figure 5.5a still hold. In each sample, the *C-T; time constants
decreased successively for a-1,3-glucans, chitin, and then B-1,3-glucan. For example, the Be-1,
time constants of these three molecules in the solid mediawere 13+ 155,11 +5s,and 5.5+ 0.3 s,
respectively (Figure 5.5b). On the other hand, **C-T1 was similar in both the solid (5.5 + 0.3 s) and
liquid (5.0 + 0.3 s) samples for B-1,3-glucans. This recurred for chitin molecules in different
sample: the 3C-T; remained similar in both solid and liquid cultures. In contrast, the *C-T; time
constant of a-1,3-glucan decreased slightly from 17 + 4 s in the liquid culture (hyphae) to 13 + 1
s in the solid culture (mainly conidia). Therefore, a-1,3-glucans are slightly more dynamic in the

conidia, though remaining the most rigid molecule across the cell wall.
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5.4.5 Insight into the molecular organization of A. fumigatus cell walls

It is generally accepted that the chitin molecule, due to its partial crystallinity, should be
lending structural support to the fungal cell walls. This mechanical role is reminiscent of the
function of cellulose in plant materials, consistent with its slow relaxation observed here. -1,3-
glucans are the major cross-linking polysaccharides in A. fumigatus cell walls and are the key
components for forming the chitin-p-1,3-glucan-mannan core, a domain containing three
covalently linked polysaccharides®. A branched analog, B-1,3/1,6-glucan, could also be
introduced via the branching site of 3,6-linked glucose residue. With these considerations, it is not
surprising that B-1,3-glucan stays as a relatively mobile polysaccharide to maintain its function of
crosslinking and branching. The role and dynamics of B-1,3-glucan in the fungal cell wall are
similar to those of hemicellulose and pectin (together, named matrix polysaccharides) in the
primary plant cell walls®2.

For decades, a-1,3-glucan has remained a mysterious molecule in A. fumigatus cell walls.
It is largely extractable by hot alkali, thus lacking covalent bonds to other components, which has
led to the assumption that a-1,3-glucan is less important to the cell wall organization®®®, This
chemical view has been revamped recently, where a large number of cross peaks (physical contact
on the sub-nanometer scale) were identified between chitin and a-1,3-glucan. The sSNMR data
support a model in which chitin and the majority of a-1,3-glucan are tightly associated to form
rigid aggregates that exclude water molecules to a large extent!>¢. Though this paradigm has come
under scrutiny®>16.19  the extremely slow *3C-T; relaxation of a-1,3-glucan observed in both liquid
and solid cultures, with the latter being more relevant to the conditions used in most microbiology

studies*®5%"  confirms the stiffness of most a-1,3-glucans in A. fumigatus cell walls.
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5.4.6 An Exploratory Investigation of Unlabeled C. albicans Samples

We further applied the natural-abundance MAS-DNP method to examine unlabeled C.
albicans samples. Satisfactory enhancement factors of 26- and 30-fold were obtained from two
samples harvested from liquid and solid media, respectively (spectra not shown). Based on the
sensitivity, we managed to collect nearly noiseless 1D *3C spectra (Figure 5.6a), which showed
high similarity between the solid and liquid cultures as evidenced by their consistent spectral
patterns. This leads to the inference that the growing conditions have relative minor effect on the
composition of cell walls. Spectral deconvolution allowed us to disentangle the underlying
carbohydrate resonances (Figure 5.6a), and this process is assisted by the resolvable carbon sites
in the high-resolution 2D *3C-'3C correlation spectra enabled by MAS-DNP (Figure 5.6b). To
facilitate the assignment, the 2D *3C correlation DNP spectrum of unlabeled C. albicans was
overlaid with a high-resolution spectrum collected at ambient temperature on a **C-labeled sample
(Figure 5.6b). In the liquid culture, this comparison allowed us to resolve the signals from -1,3-
glucans, B-1,6-glucans, chitin, as well as some mannose units, which likely originate from
peptidomannans in C. albicans cell walls®®. Consistent with the 1D spectra, the 2D spectra also
showed a high level of consistency between the cell walls from solid and liquid cultures. Though
the spectral resolution is still limited, these observations constitute an early insight into the
structural similarity of the core polysaccharides in the yeast form and hyphae of C. albicans, and
demonstrate the feasibility of using MAS-DNP to investigate different fungal strains. Notably, the
C. albicans cells mainly exist in the unicellular form (yeast form) observed here. The fungal cell
walls, especially those of C. albicans, are substantially more mobile than the plant materials and

are considered unfavorable for MAS-DNP. The success of natural-abundance DNP thus opens the
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frontier to interrogate other cellular systems with similar dynamical characteristics, such as

microalgae, bacteria, and human and animal cells®®-®¢, without isotopic enrichment.
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Figure 5.6 DNP measurement of C. albicans samples. a, Spectral deconvolution of 1D **C CP
spectra measured on C. albicans samples prepared in liquid cultures (left) and solid media (right).
The spectra are measured on a 600 MHz/395GHz DNP system. The simulated spectra (red) match
well with the experimentally measured spectra (blue). Underneath are many individual lines that
add up to the simulated spectra. b, 2D **C refocused INADEQUATE spectra of C. albicans. The
left panel shows the CP refocused dipolar-INADEQUATE spectrum of unlabeled liquid culture
measured using 600 MHz/395GHz DNP (black grey) and the right panel shows the same type of
spectrum collected on unlabeled C. albicans materials grown in solid media. For each panel, the
DNP spectrum is overlaid with two high-resolution 2D spectra measured on 3C-labeled liquid
culture at room temperature (RT), including a DP refocused J-INADEQUATE spectrum measured
on an 800 MHz NMR (blue) and a CP refocused dipolar-INADEQUATE spectrum measured on
a 400 MHz ssNMR (yellow).
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55  Conclusions

We have shown that the MAS-DNP enabled 2D *C-'3C correlation experiments of
unlabeled fungal materials provides a way for addressing important structural questions that would
remain unanswered otherwise. The fungal cell wall may however not be deemed to be the most
ideal system for MAS-DNP due to the highly dynamic nature of most fungal carbohydrates (in
contrast to plant cell walls) and the significant line-broadening at cryogenic temperature. Despite
the difficulty, this strategy has led us to show the similarity of the major polysaccharides in
unlabeled fungal materials prepared from solid and liquid media, which could not be possible
without MAS-DNP. The carbohydrate fingerprints are also found to be consistent in the conidia
and hyphae of A. fumigatus. Still, more experiments, especially those designed to measure
intermolecular packing, are needed for further assessing the difference in the nanoscale
organization. Such development could pave the way for investigating fungal materials that are
difficult to label or replicate in the lab, such as disease-relevant fungal isolates and those requiring
coculture with human and animal cells.
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APPENDIX

A. fumigatus (solid)

d,-DMSO/D,0/H,0 (AsympolPOK)

C. albicans (solid)

d,-DMSO/ D,0/ H,0 (AsympolPOK)

T T T T T
0.340 0.342 0.344 0.346 0.348
Magnetic field (T)

Figure 5.7 Room-temperature EPR spectra of AsympolPok at 9.6 GHz.
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Table 5.1 Experimental parameters used for MAS-DNP and ssNMR on intact fungal cells. Abbreviations are used for *H Lamour
frequency (wo, 1H), total experimental time (t), recycle delay (d1), number of scans (NS), number of points in F2 (td2), number of
increments in F1 (td1), acquisition time during t2 for F2 (ag2), and indirect acquisition time for F1 (agl). Not appliable (-). Experiments
were collected on either a 600 MHz/395 GHz MAS-DNP, an 800 MHz ssNMR, or a 400 MHz ssSNMR.

. ®0, 1H t MAS di aq2 aql
Sample Experiment (MH2) | () | (kH2) NS (©) td2 td1l ms) | (ms)
1D H (MW on/off) 2.2 8 2 1.0 - 4096 - 5.7
C. albicans 1D 3C (MW on/off) 63.7 64 | 35| - | 1024 - 5.7
o 1D CP 600 254 256 | 3.5 - 1024 - 5.7
(solid) CP refocused dipolar (SPC5) 105
INADEQUATE 20 256 | 3.5 2048 | 80 17.2 1.2
1D H (MW on/off) 2.2 8 2 1.0 - 4096 - 5.7
1D 3C (MW on/off) 600 128 64 | 40| - | 1024 - 5.7
. CP refocused dipolar (SPC5) 10.5
C.(ﬁlttlicda;ns INADEQUATE 5.6 256 | 4.0 | 2048 | 80 17.2 1.2
a DP refocused J-INADEUQATE 800 0.4 13.5 8 1.5 [ 2600 | 120 19.4 1.2
CP refocused dipolar (SPC5)

INADEQAUTE 400 5.2 7.5 112 | 1.7 | 1800 | 100 18.0 6.2
1D H (MW on/off) 600 2.2 8 2 1.0 - 4096 - 5.7
1D 3C (MW on/off) 27.3 10.5 64 1.5 - 1024 - 5.7

10-

13 _ _
A fumigatus C-Ty 400 120 14 40k 2.0 1800 18.0
(solid) CP refocused dipolar (SPC5)

INADEQUATE 600 18.4 | 105 1024 | 1.3 [ 2048 | 50 17.2 0.8
DQF-DARR 600 30 10.5 | 32/64 | 5.0 | 2048 23%% 17.2 0.3
. CP J-INADEQUATE 800 9 13.5 16 | 2.0 | 2400 | 1024 | 179 | 10.2

A. fumigatus 4
(liquid) Be-my 400 120 14 40k 2.0 - 1800 - 18.0
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Table 5.2 Parameters used for the fit of 13C MultiCP spectra in Figure 5.6a. unk: unknown or
unresolved peaks. The error was estimated using the Monte Carlo error estimation of Dmfit.

A assignment amplitude width integral (%)
C. albicans liquid culture
103.1 Bl 7511 1.224+0.03 5.7+£0.2
85.9 B3 8000 1.05+0.03 2.26+0.07
78.1 B5 8196 1.4+0.1 1.240.2
74.4 B2 8305 0.83+0.01 20.1+£0.3
68.6 B4 8466 0.56+0.02 18+2
103.4 Chl 7482 1.43+0.03 3.9+0.2
82.9 Ch3 8115 0.88+0.07 2.1+0.2
54.3 Ch2 8861 1.54+0.07 0.54+0.06
101.8 Mnt212 7564 0.83+£0.02 4,9+0.2
79.6 Mnb22 @ 8161 1.11+0.09 1.5+0.2
70.5 Mn%23 2 84116 0.66+0.03 13+2
98.0 Mn121P 7651 1.05+0.07 1.33+0.09
72.1 Mn*6 8365 0.73+£0.03 9+2
62.3 unk 8642 0.82+0.02 10.9+0.2
59.26 unk 8725 0.80+0.02 5.0+0.2
C.albicans solid culture

103.1 B1 7478 0.9+0.4 4.3+0.5
85.9 B3 8002 0.63+0.03 2.3+0.1
78.1 B5 8188 0.64+0.06 2.1+0.5
74.4 B2 8305 0.53+0.01 21.1+0.5
68.6 B4 8509 0.62+0.09 4+1
103.4 Chl 7514 0.95+0.03 4.31£0.4
82.9 Ch3 8130 0.55+0.04 3.4+0.5
54.3 Ch2 8775 0.11+0.01 2.5+0.1
101.8 Mn'212 7570 0.74+0.03 3.4+0.2

69 Mn%22 2 8453 0.51+0.03 12+1
70.5 Mn'23 @ 8397 0.44+0.02 17+2
98.0 Mn121P 7646 0.89+0.08 1.1+0.2
62.3 unk 8641 0.56+0.08 11+4
59.26 unk 8715 0.8+0.1 1.840.5
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Table 5.3 The average cell wall thickness of A. fumigatus and C. albicans. Results describe the
average of 10 measurements from 15 biological replicates of each solid and liquid cultures.

Sample _ Cell wall thickness (nm) _
A. fumigatus C albicans
Solid culture 134421 195+50
Liquid culture 159435 182+68
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Table 5.4 DNP buildup time and enhancement factor. The enhancement factor (€onsoff) iS
obtained by comparing the intensity of spectra measured with microwave on and off. The
concentration of biradicals, the culture condition (solid or liquid media), and the composition of

the DNP juice (matrix) are also listed.

Sample Radical Matrix DNP build- | £ono
up time (s) ff
A. fumigatus 20 mM c-AsymPol- de-DMSO-D,0-H>0 1.3 26
(solid) POK (1:8:1)
A. fumigatus 10 mM AMUPal, ds-glycerol/D,0O/H.0 5.0 90
(solid) (6:3:1)
C. a(':b';labr;iéz‘;“d) 20 mM c-AsymPol- | de-DMSO-D;0-H.0 gf gg
' POK (1:8:1) '

(liquid)
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Table 5.5 3C chemical shifts of polysaccharides and proteins in fungal cell walls. The units
are in ppm. (/) unidentified. (-) not applicable.

Carbohydrate Chemical shifts References
Cl C2 C3 C4 C5 Cé CO | CHs
Chakraborty
B-1,3-glucan | 103.6 | 742 | 875 | 683 | 77.2 | 615 - - ot al. 202116
Chakraborty
a-1,3-glucan 101 | 719 | 845 | 695 | 71.7 | 60.5 - - ot al. 202116
p-L6-glucan | 1039 | 746 | 766 | 706 | 757 | 696 | - | - | LoWTeR
Chitin 103.3 | 555 | 72.9 | 83.0 | 75.7 | 60.9 | 174.8 | 22.6 | Chakraborty
a-1,2-Mannose® | 101.4 | 79.2 | 71.0 | 67.8 | 74.1 | 61.9 - - etal. 202116
0-1,2-Mannose® | 99.1 | 795 | 71.4 | 67.8 | 741 | 61.9 - -
a-1,6-Mannose | 1029 | 71.1 / / 72.0 | 66.6 - -
Amino Acids Ca Cp Cy CO
Alanine 52.4 | 16.3 177.0 Fritzsching
Aspartic acid | 54.8 | 38.3 / 175.9 et al. 2013°
Glutamicacid | 54.6 | 28.1 | 34.1 174.0
Phenyl alanine | 55.5 | 37.7 / 172.8
Iso leucine 58.7 | 36.6 | 25.1 / / 173.5
Lysine 54.2 | 30.8 | 22.8 / / 175.0
Leucine 52.7 | 40.3 | 24.8 / / 174.4
Methionine 53.2 | 31.1 | 29.9 / 173.4
Asparagine 51.1 | 36.6 / 172.6
Proline 61.1 | 30.0 | 25.2 174.2
Glutamine 53.7 | 2714 | 317 173.4
Arginine 539 | 28.7 | 25.0 173.7
Threonine 59.5 | 67.4 / 172.4
Valine 59.7 | 30.7 | 19.2 / 173.4
Tryptophan 55.0 | 28.0 / / / / 173.0
Tyrosine 58.6 | 36.0 / / / / 173.0
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Table 5.6 13C-T1 relaxation times of

-t

polysaccharides. The data are fit using bi-exponential
-t

equations: I(t) = eTw and I(t) = AeTa + (1 — A)eT1r, where A is a perfector. Error bars are
standard deviations of fit parameters.

A. fumigatus (liquid culture)

Assignment BBc4 A T1a (S) B T1p (S)
B3 86 70 % 06+0.1 30 % 5+3
B5 77 40 % 04+0.1 60 % 4+2
B2 74 20 % 0.01+0.01 80% 541

Ch4 83 28 % 0.20£0.01 72% 14+ 4
Ch5 75 50 % 0.0045 + 0.0001 | 50 % 712
Ch2 55 43% 0.17 +0.06 57 % 13+£2
Al 101 20 % 05+0.2 80 % 18+ 6
A3 84 23 % 0.8+£0.2 77 % 23+10
A2/5 71 23 % 0.0010 £ 0.0005 | 77 % 8+2
A. fumigatus (solid culture)
B3 86 10 % 0.20 £ 0.02 90 % 51
B5 77 50 % 0.8+0.3 50% 6+3
B2 72 20 % 0.300 + 0.001 80% | 5.420 £ 0.006
B4 68 20 % 0.0003 + 0.0001 | 80% 3.8+04
Ch4 83 11% 05+04 89% 20+ 6
Ch5 75 11% 0.11 £0.05 89% 2.8+0.3
Ch2 55 14 % 0.14£0.01 86 % 10.8+0.3
Al 101 30 % 0.011 + 0.002 60 % 14+£5
A3 84 44 % 06+0.1 56 % 14+ 4
A2/5 71 60% 0.348+0.009 | 40% 9.7+0.6
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CHAPTER 6: STRUCTURAL ADAPTATION OF FUNGAL CELL WALL IN
HYPERSALINE ENVIROMENT

Preprint with permission from Liyanage D. Fernando, Yordanis Pérez-Llano, Malitha C.
Dickwella Widanage, Liliana Martinez-Avila, Andrew S. Lipton, Nina Gunde-Cimerman, Jean-
Paul Latgé, Ramon Alberto Batista-Garcia, and Tuo Wang, Submitted to Nature Communication

Preprint in BioRxiv DOI: 10.1101/2023.04.15.537024

6.1  Abstract

Halophilic fungi, which thrive in hypersaline habitats and face a range of extreme
conditions, have gained considerable attention for their potential applications in harsh industrial
processes. However, the role of the cell wall in surviving these environmental conditions remains
unclear. Here we employ solid-state NMR spectroscopy to compare the cell wall architecture of
Aspergillus sydowii and other halophilic and halotolerant fungi across salinity gradients. Analyses
of intact cells reveal that A. sydowii cell walls contain a rigid core comprising chitin, 3-glucan, and
chitosan, shielded by a surface shell composed of galactomannan and galactosaminogalactan.
When exposed to hypersaline conditions, A. sydowii enhances chitin biosynthesis and incorporates
a-glucan to create thick, stiff, and hydrophobic cell walls. Such structural rearrangements enable
the fungus to adapt to both hypersaline and salt-deprived conditions, providing a robust mechanism
for withstanding external stress. These molecular principles can aid in the optimization of
halophilic strains for biotechnology applications.
6.2 Introduction

Extremophiles are organisms that survive and thrive in harsh environments characterized
by unfavorable temperature, pressure, acidity, and salinity?. Understanding their adaptation
strategies can gain insights into the origin of life under extreme conditions and provide solutions

to geo-ecological challenges®®. Halophilic and halotolerant fungi inhabit hypersaline habitats and
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have shown their potential in various industrial applications, such as contaminant treatment of
saline wastewater, fermentation-based production of high-value molecules and pharmaceuticals,
and biofuel production®®. Halophilic fungi also hold promise as a source of transgenes encoding
for salt-tolerant proteins to enhance the halotolerance of other organisms”®. These applications
have not reached their full potential due to our incomplete understanding of adaptation
mechanisms.

When exposed to hypersaline environment, fungi need to maintain positive cell turgor
pressure. This requires a multitude of cellular processes, including the accumulation of compatible
organic solutes, modification of cell membrane composition and fluidity, pigment production, ion
homeostasis, as well as cell wall remodeling®!t. These physiological responses involve changes
in gene expression profiles to provide osmotic balance, oxidative stress management, and
metabolic rewiring of the fungal cells'**2. Morphological changes have also been observed in the
cell walls of the model basidiomycetous halophile Wallemia ichthyophaga and the extremely
halotolerant black yeast Hortaea werneckii®. With high salinity, W. ichthyophaga produced three-
fold thickened cell walls and bulky multicellular clumps while H. werneckii showed compromised
cell wall integrity when melanin synthesis was inhibited®*®. Nevertheless, the ultrastructural
change of the cell wall is yet to be explored.

Many Aspergillus species, such as A. niger, A. flavus, A. tubingensis, A. atacamensis, A.
destruens, A. versicolor, and more recently A. sydowii, have been examined to understand their
growth at high NaCl concentrations®’. A. sydowii is an ascomycetous filamentous fungus found
in various habitats, including salterns, dried food, decaying plant matter, and sea water, where it
is a major contributor to coral disease aspergillosis®. Recent transcriptomic and imaging studies

of A. sydowii revealed that under high salt concentration (2 M NaCl), there were significant
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changes in gene expression related to cell wall biogenesis, which led to a significant thickening of
the mycelial cell wall'®, The upregulation of hydrophobin genes further supports the role of these
proteins in cell wall haloadaptation. While these findings indicate that the thickness, composition,
and architecture of the cell wall are crucial for fungal survival, characterizing such changes is
challenging due to the heterogeneity and insolubility of this organelle.

Recently, the use of solid-state NMR (ssNMR) spectroscopy has led to a better
understanding of the molecular architecture and dynamics of fungal cell walls'®*?2, Through
integrated sSNMR and biochemical analyses of Aspergillus fumigatus, it has been discovered that
a poorly hydrated, mechanically stiff core is formed by physically associated chitin and a-1,3-
glucan?*2°, which is conserved in both mycelia and conidia®®, but with altered molecular
composition during morphotype transition?”. Highly branched B-1,3/1,6-glucans and linear
terminal threads of -1,3/1,4-glucans comprise the mobile and well-hydrated meshes. The inner
domain is shielded by a dynamic outer layer that contains galactomannan (GM),
galactosaminogalactan (GAG), o-1,3-glucan, and protein components?*. By directly using intact
fungal cells, the need for chemical extraction and solubilization procedures has been eliminated.
The physical profiles of biopolymers observed through ssNMR, such as dynamics and
hydrophobicity, naturally complement the chemical solubility, linkage pattern, and localization of
carbohydrates investigated by chemical assays and imaging techniques?-3t, which allow for a
complete portrait of the cell wall organization to be assembled®®.

In this study, we employ high-resolution ssNMR to examine uniformly $3C, ®N-labeled
A. sydowii cells cultured at different salt concentrations. Under optimal salt concentration, the
cell wall in A. sydowii exhibits an interlaced structure like that of A. fumigatus but with the

addition of chitosan and the exclusion of a-1,3-glucan. These characteristics were repeatedly
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observed in other halophilic Aspergillus species. The amount of chitin and the proportion of
amino sugars in GAG progressively increases as the salt concentration rises, with a small amount
of a-1,3-glucan reintroduced to the mobile phase at hypersaline conditions. Chitosan and -
glucans are tightly associated with chitin and each other, but a high concentration of salt weakens
these packing interactions and promotes the self-aggregation of biomolecules. These structural
adjustments allow A. sydowii to produce thick and rigid cell walls with limited water
permeability. The dehydration and rigidification of protein and lipid components further
contribute to this effect. These molecular-level modifications in the fungal cell walls and
associated organelles help the microorganisms maintain the structural integrity of their
carbohydrate frame and lower water potential than their surroundings.
6.3  Results
6.3.1 Structural Complexity of A. sydowii Carbohydrates

Variations in the structural organization of the fungal cell wall are often associated with
the change in the environment®?. We used A. sydowii as a halophile model and characterized its
mycelia grown without and with NaCl at two different concentrations: optimal salinity (0.5 M)
and hypersaline condition (2.0 M). The cell wall of A. sydowii grown at the optimal salt
concentration of 0.5 M is a composite of biopolymers with distinct mobilities. We found that the
rigid polysaccharides included chitin, $-1,3-glucan, and chitosan (Figure 6.1a), while the mobile
fraction mainly contained B-1,3-glucans, GM, and GAG (Figure 6.1b). Rigid molecules were
selectively detected using a two-dimensional (2D) 3C-13C correlation spectrum that relied on
dipolar-based *H-'3C cross-polarization (CP) for creating the initial magnetization (Figure 6.1c).
The spectrum was dominated by the signals of chitin and -1,3-glucan, such as the characteristic

C1-C2 cross peak of chitin at (103.6, 55.5 ppm) and the C1-C3 cross peak of -1,3-glucan at
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(103.6, 86.4 ppm). Chitosan, a deacetylated form of chitin, was also detectable, though relatively
weak. These three types of polysaccharides form rigid scaffolds that share the mechanical load of

the polymer network in the mycelial cell wall.
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Figure 6.1 Rigid and mobile polysaccharides of A. sydowii. a, Simplified structural presentation
of rigid polysaccharide in the cell wall. Carbon numbers and the NMR abbreviations are given for
each polysaccharide. b, Representative structures of GAG and GM in the mobile domain, with key
sugar units labeled. ¢, 2D **C-13C correlation spectrum of A. sydowii measured with CP and 100
ms DARR detecting rigid molecules. Orange and blue solid lines trace the carbon linkages of chitin
and B-1,3-glucan, respectively. Each cross peak is the correlation of two carbons, such as the 1-4
cross peak in orange, which represents the correlation between carbons 1 and 4 of chitin. d, *C
DP refocused J-INADEQUATE spectrum detecting mobile polysaccharides. Assignments contain
NMR abbreviation and carbon number, for example, B5 represents -1,3-glucan carbon 5. All
spectra were measured on an 850 MHz NMR spectrometer at 13 kHz MAS on intact A. sydowii
cells grown with 0.5 M NacCl.

Mobile polysaccharides were detected by a combination of '3C direct polarization (DP)
and a short recycle delay of 2 s in the 2D refocused J-INADEQUATE?? spectrum (Figure 6.1d).

This technique filtered out rigid molecules with slow *C-T; relaxation. The spectrum showed

well-dispersed signals of galactose (Gal), galactosamine (GalN), and N-acetylgalactosamine
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(GalNAc), which combine to form the heteroglycan GAG found on cell surfaces®*. We also
identified signals of 1,2- and 1,6-linked o-mannose (Mn!? and Mn'®), which make up the
backbone of GM, and the galactofuranose (Galf) residues that form GM sidechains®%,

Although GM and chitin have been found to be covalently bridged through B-1,3-glucan
as an integrated structural domain®, our results identified these two molecules in two dynamically
distinct fractions. This can result from the distribution of -1,3-glucan in both rigid and mobile
domains (Figure 6.1c, d), where it experiences a transition from the rigid side that is bridged to
stiff chitin to a mobile end that is connected to dynamic GM. The GM-B-1,3-glucan-chitin complex
accommaodates a broad gradient of dynamics. It is also possible that this covalently linked complex
may only have a low population, resulting in the observed dynamics being predominantly
governed by the individual polysaccharides that exist separately in the bulk.

Polysaccharides are inherently polymeric when placed in the cellular environment. Five
chitin forms and four chitosan forms were identified as clustered signals (Figure 6.1e), indicating
a small range of structural variation within each molecule, probably by conformational distribution
and H-bonding difference. The chemical shifts of these chitin molecules resembled those of the a-
type model with antiparallel chain packing in the crystallite, while chitosan aligned with a non-
flat, relaxed two-fold helix structure (called type-Il chitosan) as recently reported®’. These
structural allomorphs, as well as the cell structural fingerprints, were fully retained across different
halophilic Aspergillus species (Figure 6.6).

6.3.2 Influence of NaCl Environment on A. Sydowii Carbohydrate Profile

The ultrastructure of the A. sydowii cell wall was examined using transmission electron

microscopy (TEM) (Figure 6.7). The thickness of the cell wall was 140 nm £ 30 nm under the

optimal culture condition of 0.5 M NaCl but increased to 200 + 20 nm at hypersaline conditions,
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respectively (Figure 6.2a). The ratio between the cell wall thickness and the total mycelial cell
width was found to increase with the increasing concentration of salt in the medium. Under osmotic
stress, the stiff carbohydrate core effectively retained its structural integrity. We observed
generally consistent patterns in the polysaccharide region when comparing samples cultured at
varying salt concentrations, while significant differences were exhibited by proteins and lipids
(Figure 6.2b). Chitin signals were initially weak in the sample lacking NaCl but became stronger
in the presence of NaCl (Figure 6.2¢). Quantification of peak volumes revealed an upsurge in the
chitin content with increasing salinity, while the amount of hydrophilic B-glucan decreased
gradually (Figure 6.2d and Table 6.1). The introduction of more crystalline chitin to the cell wall
inevitably strengthened this biomaterial.

As salt concentration increased, the amount of GM dropped substantially but the amount
of GAG increased slightly (Figure 6.2d, e). Surprisingly, we also observed a low amount of mobile
a-1,3-glucan in the hypersaline sample, but not in optimal or salt-free conditions (Figure 6.2f and
Figure 6.8). Under the hypersaline condition, the contents of amino sugars, including GalNAc and
GalN, were doubled compared to fungal cultures under normal and low salt conditions (Figure
6.2d). The slightly acidic pH of A. sydowii culture is well below the GalN pKa of ~11.8; therefore,
GalN favorably occurs as GalNH3* (Figure 6.1b) rather than as the conjugate base GalNHz. The
enrichment of GalN units should have modified the physicochemical properties of GAG and made
it more cationic. This is crucial for facilitating its adherence to anionic surfaces, including human
cells, and promoting the adhesion between mycelia, which helps the entire colony withstand

unfavorable conditions38:3°,
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Figure 6.2 Effect of salt concentration on A. sydowii polysaccharide composition. a,
Distribution of cell wall thickness (top panel) and its relative ratio to the cell thickness (bottom
panel) in A. sydowii hyphae exposed to different NaCl concentrations. Each violin plot of cell wall
thickness depicts 100 measurements from 10 cells (n=100), with the average value and standard
deviation presented. The ratios of cell wall thickness to cell width were shown using blue open
circles and connected by dashlines (left axis) while the violin plots of cell width values are
projected to the right axis. n=100 (10 cells) for either the 0 M or 2 M sample and n=70 (7 cells)
for the 0.5 M sample. b, Comparison of 1D 3C CP spectra of A. sydowii cultures at 0 M, 0.5 M
and 2.0 M NaCl. Key features of carbohydrate and protein/lipid signals are labeled for chitin (Ch),
B-1,3-glucan (B) and the CH: of lipid acyl chain. ¢, 2D *C-3C DARR correlation spectra of A.
sydowii samples, with chitin signals (orange), B-1,3-glucan signals (blue), and chitosan (purple)
signals marked. The relative abundance of chitin increases at high salt concentrations. d, Molar
composition of the rigid (top row) and mobile (bottom row) polysaccharides in A. sydowii cell
walls, determined by peak volumes of 2D 3C CP DARR and *3C DP J-INADEQUATE spectra,
respectively. The fractions of Galp, GalN, and GalNAc in GAG are also shown. e, Stronger signals
of GalN and GalNAc units in GAG at the higher salt concentration in **C DP J-INADEQUATE
spectra. GAG structures are constructed following the molar fraction using the Symbol
Nomenclature for Glycans. f, Structure of a-1,3-glucan (A) and carbon connectivity tracked by
13C DP J-INADEQUATE spectra. a-1,3-glucan is barely detectable in 0.5 M NaCl condition but
becomes visible in 2.0 M NaCl condition. Source data of Figures 6.2a, d are provided as a Source
Data file.
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6.3.3 Remodeled Polymer Network of The Cell Wall

The mechanical properties and nanoscale assembly of cell walls are governed by the
intermolecular interactions of biomolecules®. Sub-nanometer polymer contacts were identified
through a 2D 3C-13C correlation measured with a 1.5 s proton-driven spin diffusion (PDSD)
mixing period. For example, many cross-peaks were unambiguously identified between chitin
methyl groups and chitosan carbons (Figure 6.3a). However, some cross-peaks observed at optimal
conditions, such as the chitin carbon 4 and chitosan carbon 1 (Ch4-Cs1) and between p-1,3-glucan
carbon 3 and chitosan carbon 4 (B3-Cs4) observed in Figure 6.3a, disappeared in the hypersaline
sample (Figure 6.9), suggesting loosened packing interfaces between chitosan and chitin/glucan at
hypersaline condition.

Analysis of 30 intermolecular cross peaks uncovered the organization pattern of the
polysaccharide network (Table 6.2). The interactions between different carbon-4 sites of chitin
units revealed the coexistence of these sub-forms in the same chitin crystallite (Figure 6.3b). This
is a conserved feature found in both 0.5 M and 2.0 M A. sydowii samples. Crystalline chitin is
physically supported by the f-glucan matrix and can also covalently link to $-glucan and then to
GM, as reported by NMR and chemical assays of A. fumigatus®+?. Although the semi-dynamic p-
glucan was disfavored in long-range correlation experiments, its carbon 3 and carbon 5 still
showed strong cross peaks with the carbon 5 and methyl of chitin, regardless of the salt
concentration. Under optimum salt concentration, chitosan was mixed with both chitin and (-
glucan, but such contacts became limited in the hypersaline habitat. The hyperosmotic condition

induced the restructuring of fungal cell walls.
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6.3.4 Changes in Water Accessibility and Polymer Dynamics

The fungal cell wall has dramatically modified its water accessibility and polysaccharide
dynamics in response to varying salt concentrations. Water accessibility refers to the number of
immobilized water molecules present at each carbon site, while polysaccharide dynamics pertain
to the movement of these molecules on the nanosecond and microsecond timescales. Polymer
hydration was investigated in a site-specific manner using a 2D *C-'3C correlation water-edited
experiment that only detects the signals of water-associated biomolecules (Figure 6.10)*142, The
intensity of the water-edited signals (S) was compared to the equilibrium condition (So) to
determine the S/So ratio for each carbon site, which is an indicator of water retention (Table 6.3).
Such intensities were substantially higher for B-glucan than for chitin within each A. sydowii
sample (Figure 6.3c), which confirmed the different structural roles of these polysaccharides as
recently observed in other Aspergillus species: chitin constitutes the hydrophobic center, while B-
glucans form the hydrated matrix®.

A. sydowii cell walls were found to be best hydrated at the optimal concentration of 0.5 M
NaCl (Figure 6.3c). Specifically, the average S/So ratios for -glucans and chitin are 0.51 for and
0.20. respectively. However, the extent of water association dropped substantially at 0 M and 2 M
NaCl concentrations, both of which are considered stress conditions for A. sydowii. In the absence
of NaCl, the hydration level of chitin remained unchanged but the S/So ratio of B-glucan dropped
by more than one-third. Under hypersaline conditions, both chitin and B-glucan were poorly
hydrated, with S/So ratios of 0.18 and 0.39, respectively.

The observed non-directional variations in polymer hydration cannot be easily correlated
with the sequential changes in the polymer composition. The cell wall of A. sydowii grown in high

salinity became more hydrophobic, which helps to prevent water loss from the cytoplasm. This is
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likely due to a lower content of B-glucans, as shown in Figure 6.2d. However, the NaCl-free sample
with a B-glucan-rich cell wall still exhibited limited exposure to water. This observation is
intriguing and may be related to the increased thickness of the cell wall (Figure 6.2a), which
suggests a change in the molecular assembly of the cell wall or other associated constituents. A
potential explanation is the upregulation of hydrophobin genes in A. sydowii samples cultured in

both 2 M and 0 M NaCl concentrations, which could lead to the formation of hydrophobic protein
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Figure 6.3 Packing, hydration, and dynamics of A. sydowii polysaccharides. a, Intermolecular
cross peaks identified in 2D **C correlation spectra measured with long (1.5 s PDSD) mixing
periods on 0.5 M sample. Signals of chitin (orange), B-glucan (blue) and chitosan (purple) are
marked by open circles. Intermolecular peaks are labeled. b, Summary of intermolecular cross
peaks observed in A. sydowii. Arrows show the direction of polarization transfer. Blue and magenta
lines show the interactions observed only in 0.5 M and 2.0 M conditions, respectively. Black solid
lines and dash lines represent interactions observed in both samples in both 1.5 s PDSD and 0.1 s
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Figure 6.3 (cont’d)

PDSD spectra, respectively. ¢, Box-and-whisker diagram plotting the relative intensities (S/So) of
B-1,3-glucan (blue; n=24, 25, 25) and chitin (orange; n=17, 15, 14) in three A. sydowii samples
with varying salt concentrations. d, 3C-T; relaxation time constants of p-1,3-glucan (blue) and
chitin (orange) in A. sydowii. The average *C-T1 are marked using yellow dash lines. e, *H-T1,
relaxation times of B-1,3-glucan (blue) and chitin (orange). The average values over all carbon
sites within a polysaccharide are shown by dash lines. For both panels e and f, error bars indicate
standard deviations of the fit parameters. Source data of Figures 3c-e are provided as a Source
Data file.

The motional characteristics of cell wall polysaccharides were determined using NMR
relaxation experiments (Figure 6.11 and Table 6.4). A molecule with fast *C-T; relaxation is
highly dynamic on the nanosecond (ns) timescale, likely due to rapid local reorientation motions
(Figure 6.3d). Similarly, molecules exhibiting fast *H-T;, relaxation are mobile on the microsecond
(us) time scale, typically attributed to slower collective movements and flipping (Figure 6.3e).
Within each sample, B-glucan showed shorter *C-T; and H-T;, time constants than chitin,
demonstrating the dynamic nature of B-glucans.

When we deviated from the optimal condition of 0.5 M to either 0 M or 2.0 M, both chitin
and B-glucans showed longer *3C-T; (Figure 6.3d) and shorter *H-T, (Figure 6.3¢). The average
13C-Tyincreased from 1.6 s to 1.8-2.0 s for chitin and increased from 1.0 s to around 1.2 s for -
glucan. Meanwhile, the average *H-T1, dropped from 14 ms to 10-12 ms for chitin and from 12 ms
to 9-10 ms for B-glucan, likely caused by the loosened interface between different polymers.
Therefore, in salt-free or hypersaline environments, biopolymers in the inner cell wall have
restricted reorientation motions on the nanosecond timescale but accommodate slower and larger-
scale movements on the microsecond timescale. Even though the centesimal composition of the
cell wall polymers is different at 0 and 2M NaCl, the biophysical data showed that polymer

dynamics and hydration, as well as cell wall thickness, lead to similar changes in the cell wall

assembly when deviating away from the optimal concentration.
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6.3.5 Protein and Lipid Components

We observed strong signals from proteins and lipids, which could have originated from
various sources, including cell walls and plasma membrane components, as well as intracellular
organelles. We found that the protein and lipid components mainly reside in the mobile phase
(Figure 6.12). The signals of amino acids were distinguished using 2D refocused J-
INADEQUATE spectra (Figure 6.4a). As protein backbone chemical shifts are sensitive to ¢ and
1 torsion angles*?, we determined the secondary structure by comparing the observed Co chemical
shifts to random-coil values. We found that mobile proteins were predominantly in a-helical

conformation, which remained consistent across the salt gradient (Figure 6.4b).
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Figure 6.4 Fingerprints of A. sydowii proteins and lipids. a, Protein region of DP refocused J-
INADEQUATE spectra collected using A. sydowii (0.5 M NaCl). b, Secondary structure of
proteins denotated by *C chemical shifts of Ca. o-helical and B-strand conformations are in yellow
and blue, respectively. The amino acid residues in mobile fraction (left) and rigid fraction (right)
are separated by dash lines. ¢, Water-edited intensities of protein carbon sites in A. sydowii samples
cultured with different salt concentrations. d, 2D refocused INEPT *H-13C correlation spectra of
A. sydowii samples cultured with 0 M, 0.5 M and 2 M NaCl. The spectra are compared with the
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Figure 6.4 (cont’d)
control spectra of model lipids POPC (magenta) and POPG (blue), showing the a, B, and y carbons
in phospholipid headgroups and the carbons in lipid tails.

By exclusively selecting rigid molecules in structurally robust components, we noticed a
distinctive and plentiful presence of proteins and lipids at 2M NaCl condition (Figure 6.2b and
Figure 6.13). The amino acid residues identified in this inflexible portion had a noticeable
contribution to the B-strand conformation and experienced substantial dehydration in hypersaline
condition (Figure 6.4c and Table 6.5). The rigidification and dehydration of both protein and lipid
components have suggested a global change to the cell wall and its adjacent layers, including the
underlying membranes and the surface hydrophobins. These spectroscopic results also support the
biochemical concept that halophilic fungi increase the expression of hydrophobins to moderate
surface tension and water penetrationt®4445,

The lipid components were also examined using the 2D *H-'3C refocused Insensitive
Nuclei Enhanced by Polarization Transfer (INEPT) experiment (Figure 6.4d)*. Spectral
superposition of A. sydowii lipids and model compounds in the glycerol/headgroup region
confirmed the presence of phosphatidylcholines (PC) and phosphatidylglycerols (PG) (Figure
6.14). Sterols and polyisoprenoids were not detectable in either mobile or rigid portion, likely due
to their relatively low abundance in a cellular sample. We spotted the putative signals of
triglyceride (TG), which became pronounced in 0 M and 2.0 M NaCl conditions (Figure 6.15 and
Table 6.6). This molecule has been identified in multiple Aspergillus and Cryptococcus species
and was reported to modulate membrane fluidity?”4’. However, due to the severe overlap of its
putative signals with those from other lipids and proteins, and due to the broad distribution of lipid

polymers in the cell, more biochemical studies should be undertaken here to explain these changes.
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6.4  Discussion

High-resolution solid-state NMR analysis has unveiled the molecular-level organization of
A. sydowii cell walls. At optimum salt concentration, the inner cell wall of A. sydowii was found
to contain rigid chitin and chitosan in partially crystalline and highly polymorphic structures®’,
surrounded by a matrix mainly consisting of B-glucans that regulate the water accessibility of the
cell wall mesh in the absence of a-1,3-glucan (Figure 6.5a). Chitin and B-glucan, along with
chitosan, are well mixed on the nanoscale, with extensive intermolecular interactions. This inner
domain is covered by an outer shell rich in highly dynamic molecules, mainly containing GM and
GAG. Aspergillus cell walls are characterized by covalently linked chitin-B-glucan-GM
complex?®%® which could explain the observed bimodal distribution of f-1,3-glucan in both rigid
and mobile domains. The rigid segment is in contact with chitin or chitosan, while the mobile part
forms the soft matrix and bridges to even more dynamic GM in the outer shell. GM and GAG
should covalently connect to structural proteins through linkers formed by hydrophobic amino acid
residues, as suggested by recent analyses of A. fumigatus cell walls®*.

To survive in hypersaline habitats with restricted water activity*”¢, halophilic fungi have
to accommodate structural modifications at macroscopic and molecular levels (Figure 6.5b). The
inner domain of the cell wall contains more chitin molecules, which provide high rigidity, and less
B-1,3-glucans, which abolish water permeability. The packing interactions between chitin-chitin
and chitin-glucan remain unchanged. However, chitosan becomes better isolated from other
molecules, possibly due to self-aggregation. The surface layer has a reduced amount of GM but an
increased content of a-1,3-glucan and GAG with an enriched fraction of deacetylated GalNAc,
which supports fungal adherence and virulence®%%%. The fungus develops a thickened, stiff,

waterproof, and adhesive cell wall for better survival in salty conditions.
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Figure 6.5 Schematic representation of fungal cell wall adaptation to salinity. The diagram
illustrates key components of the A. sydowii cell walls and their distributions in the surface and
inner domains separated by the dash line. The blue color gradient of the inner domain represents
the extent of water retention. The cell wall thickness and the molecular composition are shown,
but not strictly to scale. Compared to 0.5 M condition, the cell wall in 2.0 M NaCl exhibits 1,
increased thickness, 2, enhanced biosynthesis of crystalline chitin resulting in higher cell wall
rigidity and restricted local motions in the inner domain, 3, reduced water retention due to lower
B-glucan content, 4) chitosan aggregation and reduced interactions with other components, 5)
inclusion of a-glucan in the mobile phase, 6) enriched content of cationic GalN units in GAG on
the surface, 7) increased protein content and rigidity, dehydration of protein, and reshuffled
secondary structure, and 8) elevated content of rigid lipids.

In mycelia obtained under hypersaline conditions, proteins and lipids undergo a similar
trend of rigidification and dehydration as observed in the cell wall polysaccharides. These effects
may occur to the two layers of hydrophobins and cell membrane that sandwich the cell wall, as
well as the protein and lipid components included in the macromolecular assembly of the cell wall
itself. These structural changes help to constrain the cell wall permeability and better protect the

organism from the stressful environment, contributing to the adaptation of A. sydowii as a

successful halophile.

213



The halophilic fungal species investigated in this study do not contain a significant amount
of a-1,3-glucan (Figure 6.2c). This finding contradicts previous observations in A. fumigatus,
where a-1,3-glucan was found to be present in the rigid and mobile phases of the alkaline soluble
and insoluble fractions®*. This versatile molecule supports mechanical properties by interacting
with chitin and enhances fungal virulence by shielding the surface®34°. The lack of 0-1,3-glucan
in halophilic species inevitably necessitates other molecules, such as f-glucans, to play a more
prominent role in stabilizing cell wall assembly. This observation could also explain the moderate
virulence of these fungal strains in pathogenicity.

It is notable that the thickened cell wall, limited water permeability, and altered motional
characteristics were consistently observed in both 0 M and 2 M NaCl conditions, revealing a
general mechanism of cell wall restructuring to resist external stress. This is a new paradigm in
cell wall biology where similar cell wall modifications only indicate the presence of stress
regardless of the nature of the stress encountered by the fungus. These molecular-level insights
provide a structural vision of the osmoprotective strategies adopted by halophiles, which could
inform the use of these microbes in agricultural applications and biotechnology in extreme
environments®?®,

6.5 Methods
6.5.1 Microorganism and Culture Conditions.

A. sydowii strain EXF-12860 was used as the primary model fungus in this study. The
mycelium was routinely propagated and preserved in Potato Dextrose Agar (PDA) in the presence
of 0.5 M NaCl (optimum concentration) for seven days at 28 C. For isotopic labeling, A. sydowii
was grown in 100 mL of liquid media containing 20 g/L 'C-glucose and 2 g/L °N-labeled

NH4NOs as labeled materials together with other salt and trace elements as detailed in Table 6.7.
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The culture was grown at 28 C with 150 rpm shaking for seven days. The fungus was grown in
parallel without NaCl and with NaCl but under two different concentrations of 0.5 M (optimal)
and 2.0 M (hypersalinity). The mycelium was collected and washed twice with deionized water,
and later washed with PBS to remove the excess isotope-labeled molecules and NaCl. The
harvested fungal mycelia were used for both solid-state NMR and TEM experiments.

To compare with the A. sydowii strain EXF-12860, uniformly *3C,'°N-labeled mycelia
were also obtained for other fungal species including A. atacamensis (EXF-6660) and A. destruens
(EXF-10411). 20 g/L of glucose and 2 g/L of NH4sNOz were added to 100 mL mineral base media
(Table 6.7), which were then incubated for seven days at 28°C and 200 rpm. Each strain was
exposed to two different NaCl concentrations for comparison. The optimal salt concentration was
1.0 M for A. atacamensis and 1.9 M (optimal) for A. destruens.

6.5.2 TEM Imaging of Cell Wall Thickness and Morphology

The A. sydowii mycelia obtained from the three culture conditions used in this study (0 M,
0.5 M, and 2.0 M NaCl) were fixed overnight at 4 °C using 2.5% glutaraldehyde and 2 %
paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) to halt metabolic processes and preserve the
cells. The mycelia were then embedded in 3% agarose gel and rinsed four times with 0.1 M
phosphate buffer pH 7.4 and 0.05 M glycine. After washing, the samples were fixed with 2% OsO4
in the dark for 1 h and rinsed three times using deionized water. En Bloc staining in 1% uranyl
acetate was used to increase the contrast. Dehydration was achieved using 70% ethanol series and
propylene oxide for two times followed by infiltration in propylene oxide:Epon resin series. Ultra-
thin sections for TEM were cut on a Dupont Sorvall MT-2 microtome. TEM sections were

mounted on carbon-coated copper grids (EMS FCF-150-CU) and stained with 2% uranyl acetate
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and Reynolds lead citrate. Measurements were performed on the perpendicular cross-sections of
100 hyphae per culture condition using a JEOL JEM-1400 (120 kV) electron microscope.
6.5.3 Solid-State NMR Analysis of Carbohydrates and Proteins

For solid-state NMR analysis, 30 and 100 mg of mycelia were packed into 3.2 mm and 4
mm MAS rotors, respectively. High-resolution 1D and 2D solid-state NMR experiments were
performed on a Varian VNMRS 850 MHz (19.9 Tesla) spectrometer using a 3.2 mm MAS triple-
resonance HCN probe under 13 kHz MAS at 290 K. Water-editing, relaxation, and 'H-13C
refocused INEPT experiments were conducted on a Bruker Avance 400 MHz (9.4 Tesla)
spectrometer under 10 kHz MAS at 293 K. The '3C chemical shifts were externally referenced to
the adamantane CH: signal at 38.48 ppm on the tetramethylsilane (TMS) scale. The typical
radiofrequency field strengths were 83 kHz for *H hard pulses and decoupling, and 50-62.5 kHz
for 13C pulses, unless otherwise specified. The key experimental parameters are listed in Table 6.8.

The initial magnetization for the experiments was created in three ways: 1) using *H-*C
cross-polarization to preferentially detect rigid molecules, 2) using *H-3C refocused INEPT to
select the most mobile molecules*®, and 3) using *3C direct polarization to selectively detect mobile
molecules with a short recycle delay of 2 s, or to quantitatively probe all carbons and molecules
with a long recycle delay of 35 s. The CP typically uses a 1 ms Hartmann-Hahn contact, with a
centerband match of 50 kHz for 'H and '*C channels. The stepwise spectral filtration of
biomolecules using the dynamical gradient was shown in Figure 6.12.

The narrow C peak linewidths of 0.4-1.0 ppm allowed us to unambiguously identify the
signals of major polysaccharides. To resolve and assign the **C signals of polysaccharides and
proteins, 2D 3C-3C correlation experiments were conducted. The 2D DP refocused J-

INADEQUATE experiment® correlates the double-quantum (DQ) chemical shift, the sum of the
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two directly bonded *3C spins, with single quantum (SQ) chemical shifts. The experiment using
DP, 13C-13C J coupling, and 1.7 s recycle delays preferentially detects mobile molecules, while the
CP-based analog detects rigid molecules. The **C-3C intramolecular interactions were probed
using a 100 ms dipolar-assisted rotational resonance (DARR) scheme. Long-range intermolecular
cross-peaks were detected using a 1.5 s proton-driven spin diffusion (PDSD) experiment. The
resolved chemical shifts were compared with the values indexed in the Complex Carbohydrate
Magnetic Resonance Database (CCMRD)®, and the confirmed resonance assignments are listed
in Table 6.9.

Protein secondary structure was determined by the chemical shift differences between the
observed *C chemical shifts of Ca and the standard values of random coil conformation®. The
chemical shifts were obtained using 2D DP refocused J-INADEQUATE spectra for mobile amino
acid residues and using 2D **C-'3C DARR spectra for rigid proteins.

6.5.4 Estimation of Carbohydrate Composition

The peak volumes in 2D **C-13C spectra measured using 100 ms DARR and DP refocused
J-INADEUQTAE schemes were analyzed to estimate the composition of the rigid and mobile
polysaccharides, respectively (Table 6.1). The integration function of the Bruker Topspin software
was used to get the peak volumes in 2D spectra. To minimize uncertainty caused by spectral
crowding, only well-resolved signals were used for compositional analysis. The NMR peaks used
for quantification, their resonance assignments, and the corresponding peak volumes, were
provided in Source Data file.

6.5.5 Solid-State NMR Analysis of Lipids
To probe phospholipid signals in membranes, 2D *H-*C refocused INEPT spectra were

collected. This experiment is based on through-bond *H-'*C magnetization transfer*®. The two spin
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echoes contain two delays set to 1/4Jcw followed by another two delays set to 1/6JcH, which were
calculated using a CH J-coupling of 140 Hz for carbohydrates. In solid samples, only the most
mobile molecules with long transverse relaxation times could be observed using this experimental
scheme. Therefore, the intrinsically dynamic lipids were efficiently detected. In addition, model
phospholipids (POPC and POPG) were measured for comparison. Around 50 mg of samples were
packed into a 4 mm rotor. 1D *C DP experiments (with a recycle delay of 3 s) and 2D 'H-13C
refocused INEPT experiments were conducted on both model lipid samples on a 400 MHz NMR
spectrometer.
6.5.6 Measurements of Water Contact and Polymer Dynamics

To examine the site-specific water contacts of polysaccharides and proteins, 1D and 2D
water-edited 3C experiments were conducted*:#2°L, Briefly, a *H-T- relaxation filter (1.2 ms x 2)
was used to suppress the polysaccharide signals to less than 5%, while retaining 80% of water
magnetization as shown in Figure 6.10. The water *H polarization was then transferred to spatially
proximal biomolecules through a *H-*H mixing period before transferring it to carbon via a 1-ms
CP for high-resolution *3C detection. The *H mixing time was ranged from 0 ms to 100 ms for
measuring 1D spectra and was fixed to 4 ms when the 2D spectrum was measured. Data obtained
from the 1D spectra were analyzed by plotting the relative intensities as a function of the square
root of the *H mixing time, which gave a buildup curve of peak intensity. The data obtained from
the 2D scheme were analyzed by comparing the intensities between the water-edited spectrum (S)
and the non-edited control spectrum (So), for each resolved carbon site. These S/Sq intensity ratios
reflect the extent of water retention around different carbon sites, which were documented in

Tables 6.3 and 6.5 for polysaccharides and proteins.

218



13C-T; relaxation was measured using CP-based Torchia T scheme®?, with the z-filter
duration varying from 0.1 ps to 8 s to provide complete relaxation curves as shown in Figure 6.11.
13C-detected *H-T), relaxation were measured using the Lee-Goldburg spin-lock sequence in
which *H spin diffusion was suppressed during both the spin-lock period and the CP period to
obtain site-specific *H relaxation information for protons that are directly bonded to a carbon site.
A single exponential function was used to fit the data of both **C-T and *H-T}, to obtain relaxation
time constants, which are documented in Table 6.4.
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APPENDIX
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Figure 6.6 Structural similarity of different halophilic Aspergillus species. a, 1D *C CP
spectra collected on three halophilic fungi cultured in optimum salt concentrations. The expected
position for a-1,3-glucan carbon 1 is marked by arrows. b, Structural polymorphism of chitin and
chitosan. Ch2-4 and Ch6-4 cross peaks indicate five forms of chitin (orange circles) while Cs2-4
and Cs6-4 cross peaks show three to four types of chitosan (magenta circles) consistently identified

in halophilic Aspergillus species with minor changes.
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Figure 6.7 Representative TEM images of Aspergillus sydowii. The images were taken from the
perpendicular cross-sections of A. sydowii hyphae under a, low-magnification and b, high-
magnification. White bars indicate the scale.
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Figure 6.8 Changes in mobile carbohydrate in response to high salinity. a, Overlay of 2D 3C
DP J-INADEQUATE spectra of A. sydowii samples cultured in 0.5 M (magenta) and 2 M (cyan)
NaCl. b, Overlay of 2D *C DP J-INADEQUATE spectra of A. sydowii samples cultured in 0 M
(orange) and 2 M (cyan) NaCl. ¢, 2D *3C DP J-INADEQUATE spectra of 2 M NaCl showing the
new peaks and a-1,3-glucan peaks. All spectra were measured in 850 MHz at 13 kHz MAS.

227



a
Va
204
24+
£
s 108 104 100 84 80 76
o
b 80 o
784
84 \Cs4—
o 82 ChMe
88
861
108 104 100 28 24 20
*C (ppm)
] |
86 [ o o
g \
= B3-Ch5 =
Q@
1024 ° g
(o] o] o
106 ‘
92 8 84 8 76
*C (ppm)

Figure 6.9 Intermolecular contacts between A. sydowii polysaccharides. Comparison of
selected regions were presented for a, 0.1 s DARR spectrum of sample cultured at 0.5 M NaCl, b,
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Figure 6.10 Water-edited experiments for examining polymer hydration. a, Overlay of $3C
CP spectra of A. sydowii 0.5 M sample (in almond) with a *H T filtered spectrum (T2 = 1.2 ms X
2, blue). No spin diffusion was applied. 96% of carbohydrate signals was removed by the filter. b,
80% of water magnetization was retained after the *H-T, filter. ¢, Representative water-to-
polysaccharide *H spin diffusion build-up curves. The B-1,3-glucan has faster buildup curve than
chitin, revealing the hydrophilic nature of B-1,3 glucan. The curves are obtained from peak
intensities of water-edited C spectra. d, 1D water-edited 3C spectra with different *H mixing
times. e, Heatmap of relative water-edited intensity ratios (S/So) of A. sydowii cell wall
polysaccharides presented as a 2D 3C-13C correlation spectra. f, Overlay of 2D water-edited
spectra (blue) and control spectra (almond). The B-1,3-glucan peaks were selectively retained due
to the water-association of this polysaccharide. 1D 3C cross sections were extracted for
comparison. All the spectra were measures on a 400 MHz spectrometer at 10 kHz MAS.
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Figure 6.11 NMR relaxation curves of polysaccharides. a, **C-T1 and b, *H-T}, relaxation
curves of polysaccharides in intact A. sydowii cell wall across 0 M, 0.5 M and 2 M NaCl. The data
are collected on 400 MHz (9.4 Tesla) spectrometer at 10 kHz MAS and best fit is achieved using
single exponential equation. Blue curves are -1,3-glucan and orange curves are chitin. Symbols
are used for assigning different carbons in the polysaccharides.
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Figure 6.12 A. sydowii proteins and lipids mainly reside in the mobile phase. An array of 1D
13C spectra that detect different components with distinct dynamics are compared for A. sydowii
samples cultured with a, 0 M, b, 0.5 M, and ¢, 2 M NaCl. These spectra include the 1D 3C DP
spectra measured with long recycle delays of 30 s (quantitative detection) and short recycle delays
of 2 s (preferential detection of mobile molecules), 1D INEPT spectra (very mobile components)
and 1D CP spectra (rigid molecules). All the spectra were measured on 400 MHz NMR under 10
kHz MAS.
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Figure 6.13 Protein signals of mobile and rigid phases.
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a, 2D *C DP refocused J-
INADEQUATE spectra showing signals of mobile proteins. b, 2D *C-*C CP-based 100 ms
DARR spectra showing the rigid proteins of 0 M, 0.5 M, and 2 M samples. All the refocused
INADEQUATE spectra were measured on a 850 MHz spectrometer at 13 kHz MAS and all the
DARR spectra were measured on a 400 MHz spectrometer at 10 kHz MAS.
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Figure 6.14 2D 'H-'3C refocused INEPT spectra of phospholipids. a, Chemical structure of
model phospholipids POPC and POPG with carbons labeled. b, 1D *C INEPT spectra and ¢, 2D
1H-13C spectra of POPC, POPG and A. sydowii. The spectra were measured in 400 MHz
spectrometer at 10 kHz MAS.
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Figure 6.15 Membrane and lipid components in A. sydowii. a, Representative structures of three
lipid components: triglycerides (TG), Sterol (S), and polyisoprenoid (PP). b, Simulated 2D *H-1C
spectra using literature reported chemical shifts of TG, and S, and PP documented in Table 6.6. c,
Overlay of 2D *H-13C refocused INEPT spectra of 0 M, 0.5 M and 2 M samples with stimulated
spectra. The spectra do not contain signals from triglycerides and sterols. d, Most TG signals are
present in 2D *H-'3C refocused INETP spectrum except for the signals of C2 (highlighted by
asterisk). e, Overlay of simulated TG signals and experimentally measured DP refocused J-
INADEQUATE spectrum of 2 M A. sydowii. All expected signals are present, though the signals
are heavily overlapped with other lipids, amino acids, as well as the C5-C6 of some carbohydrates.
Note that the signals of the C17-C18 spin pair is folded to the bottom right corner of the spectrum
due to limited window width of the spectrum.
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Table 6.1 Molar composition of rigid polysaccharides in A. sydowii cell wall. The numbers
were calculated using the integrals of well-resolved cross peaks of B-1,3 glucan and chitin in 2D
13C-13C CORD spectra. The results were already normalized by the number of scans. Not detected

().

Rigid molecules

Polysaccharide 0.5 M NaCl 0 M NaCl 2 M NaCl
B-1,3-glucan 55 + 8%? 51 + 9%" 40 + 7%°
Chitin 33+ 7 %¢ 39 + 8%° 50 + 13%f
Chitosan 12 + 3% 10+ 2% 10 + 3%
Mobile molecules
GAG GalN 6+ 2% 4+1% 13+ 3%
GalNAc 5+1% 4+1% 9+ 2%
Galp 24+ 3 20 + 6% 14 + 7%
GM 58 + 15% 62 + 13% 43+ 17%
B-1,3-glucan 7+2% 11 + 3% 14 + 5%
a-1,3-glucan - - 6+1%

& Percentage taken from the average of B?1-3, B%1-5, B®1-2, B%1-4, B%3-5, B*3-4 cross peak
integrations.

b The average of B1-3, B%1-5, B%1-2, B%1-4, B%-6, B23-4 cross peak integrations.

¢ The average of B%1-3, B®1-5, B%1-4, B?3-2, B®3-5, B%3-4, B?3-6, B®-4, B?5-2 cross peak
integrations.

d The average of Ch®1-4, Ch®1-6, Ch®1-2, Ch®4-2, Ch?5-2, cross peak integrations.

¢ The average of Ch?1-2, Ch?1-6, Ch%4-2, Ch?-2, Ch?3-2, Ch?3-6 cross peak integrations.

" The average of Ch®1-4, Ch®1-6, Ch®1-3, Ch®1-2, Ch?-2, Ch?5-4, Ch?5-2 cross peak integrations.
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Table 6.2 Intermolecular interactions identified by ssNMR. The table documented the cross
peaks between different polysaccharides in A. sydowii samples cultured at 0.5 M and 2 M salinity
condition. The chemical shifts for the two dimensions of the spectra (w2 and w2), the assignment
of the cross peak, and the type of spectra, and the sample condition are summarized.

™1, O2 05M 0.5M 01, ©2 2M 2M
Cross peak (ppm, 0.1s 15s (ppm, 0.1s 15s
ppm) PDSD PDSD ppm) PDSD PDSD
Ch4-Ch4’ 82.3,84.1 X 82.3,84.1 X
Ch4’-Ch4 84.1,82.3 X 84.1,82.3 X
ChMe-B5 23.1,77.1 X 23.1,77.1 X
B3-Ch5 86.1, 76.1 X X 86.1, 76.1 X X
B5-Ch5 68.2, 75.5 X X 68.5, 75.8 X X
ChMe-Cs4 | 22.9,79.4 X 22.7,79.9 X
ChMe-Csl | 22.9,101.5 X 22.7,102.0 X
Ch4-Csl 83.5, 101.5 X
Chl1/B1-Cs4 | 103.2,79.5 X
Cs4-ChMe | 79.2,22.9 X X 79.2,22.8 X X
Cs4-ChCO | 79.7,173.6 79.7,173.8 X
Csl-Ch4 102.1, 83.1 X
B1-Csl 86.8, 102.1 X
B3-Cs4 86.5, 79.2 X
B5-Cs4 68.2, 79.2 X
Csl1-B5 101.5,77.2 X
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Table 6.3 Water-edited intensities of polysaccharides cross peaks. The intensity ratios were
obtained by comparing the peak intensity in water-edited and control spectra, with normalization
by the number of scans. Error bars are standard deviations propagated from NMR signal-to-noise

ratios.
0.5 M NaCl 0 M NaCl 2 M NaCl

Cross peak  Intensity | Cross peak  Intensity | Cross peak  Intensity

B1-3 0.540.1 B1-3 0.42+0.09 B1-3 0.440.1

B1-5 0.540.1 B1-5 0.37+0.09 B1-5 0.540.1
B1-2 0.41+0.04 B1-2 0.26+0.03 B1-2 0.31+0.04

B1-4 0.540.1 B1-4 0.29+0.07 B1-4 0.540.1
B1-6 0.39+0.07 B1-6 0.28+0.06 B1-6 0.34+0.09

B3-1 0.7£0.1 B3-1 0.43+0.06 B3-1 0.540.1

B3-2 0.61+0.09 B3-5 0.34+0.06 B3-5 0.4+0.1

B3-4 0.5+0.1 B3-2 0.44+0.06 B3-2 0.3+0.1

B3-6 0.80+0.07 B3-4 0.38+0.07 B3-4 0.440.1

B5-1 0.45+0.08 B3-6 0.59+0.06 B3-6 0.540.1
B5-3 0.740.2 B5-1 0.35+0.07 B5-1 0.36+0.09

B-1,3- B5-2 0.40+0.07 B5-3 0.4+0.1 B5-3 0.5+0.2
gluéan B5-4 0.44+0.08 B5-2 0.25+0.07 B5-2 0.21+0.07

B5-6 0.39+0.05

B5-4 0.28+0.06

B5-4 0.36+0.07

B2-1 0.39+0.04

B5-6 0.30+0.05

B5-6 0.37+0.06

B2-3 0.6+0.1 B2-1 0.29+0.03 B2-1 0.25+0.04
B2-5 0.66+0.09 B2-3 0.39+0.09 B2-3 0.6+0.2
B2-4 0.6+0.1 B2-5 0.53+0.09 B2-5 0.5+0.1
B2-6 0.31+0.04 B2-4 0.36+0.07 B2-4 0.38+0.07
B4-1 0.6+0.1 B2-6 0.25+0.04 B2-6 0.26+0.05
B4-3 0.6+0.1 B4-1 0.36+0.07 B4-1 0.5+0.1
B4-5 0.6+0.1 B4-3 0.37+0.09 B4-3 0.3+0.1
B4-2 0.43+0.09 B4-5 0.38+0.07 B4-5 0.4+0.1

B4-6 0.45+0.09

B4-2 0.42+0.08

B4-2 0.28+0.08

B4-6 0.26+0.07

B4-6 0.33+0.09

Ch1-3 0.13+0.02

Ch1-3 0.21+0.02

Ch1-3 0.14+0.09

Chl-6 0.38+0.07

Chl-5 0.38+0.07

Ch1-3 0.23+0.04

Ch4-1 0.12+0.09

Chl-2 0.12+0.05

Ch4-1 0.2+0.1

Ch4-4 0.23+0.08

Ch4-4 0.22+0.08

Ch5-1 0.27+0.08

Chb5-1 0.35+0.06

Ch5-1 0.42+0.06

Ch5-3 0.06+0.04

Ch5-4 0.15+0.09

Ch5-4 0.17+0.09

Ch5-6 0.19+0.5

Chitin Ch5-3 0.21+0.03

Ch5-3 0.21+0.05

Ch5-2 0.2+0.1

Ch5-6 0.27+0.05

Ch5-6 0.31+0.04

Ch3-1 0.26+0.07

Ch3-1 0.22+0.05

Ch5-2 0.09+0.06

Ch3-5 0.1+0.1

Ch3-5 0.12+0.01

Ch3-1 0.31+0.05

Ch3-6 0.29+0.09

Ch3-6 0.21+0.07

Ch3-5 0.29+0.02

Ch3-2 0.14+0.08

Ch3-2 0.13+0.07

Ch3-6 0.23+0.06

Ch2-1 0.2+0.1

Ch2-1 0.22+0.07

Ch3-2 0.15+0.05

Ch2-6 0.2+0.1
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Table 6.3 (cont’d)

Ch2-4 0.2+0.1 Ch2-1 0.17+0.09 Ch2-2 0.1+0.04
Ch2-5 0.12+0.07 Ch2-3 0.08+0.07

Ch2-3 0.13+0.06

Ch2-6 0.2+0.1
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Table 6.4 13C-T1 and *H-T1p relaxation time constants of polysaccharides in A. sydowii. A
single exponential equation was used to fit the T, data I(t) = e~%/T. A single exponential
equation was used to fit the T1, data: 1(t) = e~t/Ti». Error bars are standard deviations of the fit
parameters.

Sample Type Cross peaks T1(s) Cross peaks Tip(Ms)
B3 1.5+£0.1 Bl 13.8+0.8
B5 0.8+0.2 B3 11+1
B2 1.6+£0.3 B5 11+1
B4 0.7+0.3 B2 12.7+0.9
B6 0.5+0.1 B4 11+1
Chl 2.2£0.2 B6 1241
0.5M NaCl Chb 1.0+£0.2 Chl 13.8+0.8
Ch3 2.220.4 Ch4 15.3+0.8
Ch6 0.8+0.1 Chb 12.4+0.9
Ch2 2.0£0.4 Ch3 13.1+0.8
Ch6 1241
Ch2 13.5+0.8
Bl 1.7 £0.2 Bl 11+0.6
B3 1.28+0.07 B3 8.9+0.9
B5 0.9+0.1 B5 8.3x0.8
B2 1.4+0.2 B2 10.1+0.6
B4 0.88+0.05 B4 8.3x0.8
0 M NacCl B6 0.9+0.1 B6 9.4%0.6
Chl 1.7+£0.2 Chl 11.0+0.6
Ch4 2.9£0.3 Ch4 12.6+0.9
Chb 1.1+0.2 Chb 9.8+0.9
Ch3 1.4+0.2 Ch3 10.1+0.7
Ch2 1.5+0.3 Ch6 0.7£0.6
Ch2 11.1+0.6
Bl 1.7+£0.2 Bl 13.5+0.6
B3 0.77£0.07 B3 8.60.7
B5 0.98+0.09 B2 8.9+0.7
B2 1.6+0.2 B4 11+1
B6 1.0£0.1 B6 11.6+0.9
2.0 M NaCl Chl 1.7+£0.2 Ch4 8.5+0.9
Ch4 2.4x0.4 Chb 10.9+0.8
Chb 1.3+£0.2 Ch3 11.2+0.9
Ch3 1.7+£0.3 Ch6é 11.7+0.8
Ch2 1.5+£0.2 Ch2 13.0+0.9
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Table 6.5 Water-edited intensities of amino acid residues. The intensity ratios are obtained by
comparing the peak intensity in 1D 3C water-edited and control spectra, with normalization by
the number of scans. Error bars are standard deviations propagated from NMR signal-to-noise
ratio.

0.5 M NaCl 0 M NaCl 2 M NaCl

13¢c Intensity 3¢ Intensity 13C Intensity
52.0 0.14+ 0.09 52.0 02+0.1 52.0 0.17 £ 0.07
43.2 0.12 £0.09 46.9 0.3+0.1 43.2 0.15+0.07
40.3 0.20 £ 0.09 43.2 0.20 £ 0.09 40.3 0.22 = 0.07
32.6 0.11 +0.08 40.3 0.3+0.1 32.6 0.14 £ 0.07
30.1 0.37 £0.09 30.1 05+0.1 30.1 0.28 = 0.07
27.6 0.27 £0.09 27.6 0.30 £ 0.09 27.6 0.16 £ 0.07
25.2 0.27 £ 0.09 25.2 04+0.1 25.2 0.15+0.07
19.2 0.16 £ 0.09 19.2 02+0.1 19.2 0.14 + 0.07
17.3 0.36% 0.09 17.3 06+0.1 14.6 0.29 £ 0.07
14.6 0.34 £ 0.09 14.6 06+0.1 12.0 0.11 +0.07
12.0 0.20+ 0.09 12.0 04+0.1
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Table 6.6 Chemical shifts of lipids. Chemical shifts of PC and PG lipids are from measurements. The other components were from
literature. Not applicable (/). Unidentified (-).

. B¢ 1 Reference Lipid Carbon 13¢c 1 Reference
Lipid Carbon (bpm) H (ppm) (bpm) H (ppm)
C2 34.8 2.3 C2 34.8 2.3
C3 25.7 1.6 C3 25.7 1.6
-CH2 30.5 1.31 -CH2 30.5 1.31
w—2 32.7 1.3 w—2 32.7 1.3
w-—1 23.4 1.3 w—1 23.4 1.3
w 14.02 0.9 W 14.02 0.9
PC o 60.3 4.3 PG o 63.4 4.1
B 66.8 3.6 B 71.1 4.0
v 54.7 3.2 v 68.1 3.9
Gl 63.5 - Gl - -
G2 71.4 4.4 G2 71.4 5.3
G3 63.8 4.0 G3 - -
Cl 172.4 / Cltrans | 39.9 1.94
C2 34.3 1.44 Cl,trans | 134.4 /
C3 25.0 1.57 C3trans | 124.4 5.07
-(CH2)»- 22%% 1.26-1.29 | Chrissian C4,trans | 27.1 2.06
Triglycerides g 14 | 27.3 1.96 etal. . . [C5, trans | 16.0 156 Chrissian
Co- 128 1 2020 Polyisoprenoids _ ot al 202047
C10,C12.13 | 130.0 5.26-5.29 ;ar;(())gnggs C1,cis 324 1.99
Cl1 25.6 2.74 ' C2, cis 135.0 /
Cl16 32.0 1.25 C3, cis 124.8 5.07
C17 22.8 1.29 C4, cis 26.7 1.99
C18 14.1 0.86 C5, cis 23.5 1.63
, 4.04(o), 1.13 (o),
G1,G 622 | 4058 Cc1 1| 70)
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Table 6.6 (cont’d)

Triglycerides G2 69.1 5.18
C20 36.9 1.33
c21 19.1 0.93
Suttiarporn
c22 34.2 Olﬁ (@), | " etal.
Sterol side 0'9 3 ((B)) 2015
chain A Cc23 30.9 23 &), 1 Chrissian
C24 39.2 1.2 202047
C25 31.7 1.55
C26 20.7 0.81
c27 18.1 0.77
C20 40.6 1.98
c21 21.3 1.00
Cc22 135.6 5.15
Sterol side C23 132.0 5.20
chain B Tuckey ‘§§
C24 43.1 1.83 al. 2012
C25 33.3 1.44
C26 19.9 0.81
c27 19.9 0.81

A’- sterol
nucleus

1.79 (o),
C2 27.7 139 (B)
C3 73.1 4.62
1.69 (o),
C4 34.1 128 (B)
C5 402 142 Conso|acio
n et al.
C6 29.7 - 2012%3
C7 117.6 5.12 Chrissian
C8 139.7 / et alé.w
C9 49.5 1.66 2020
C10 34.2 /
1.54 (o),
C11 21.7 1.48(B)
1.21 (o),
C12 39.8 197 (B)
C13 43.3 /
Cl4 55.1 1.80
1.55 (a),
C15 23.2 197 (B)
1.89 (o),
C16 28.1 1.2 (B)
C17 56.3 1.23
C18 11.9 0.53
C19 12.9 0.79
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Table 6.7 Recipe of mineral-base liquid medium. The pH is adjusted to 6.0 with HzPO4 or 0.25
M KOH. Each sample uses 100 mL of medium that contains 2 g of *C- glucose and 0.2 g

NH4NO:s.
Reagent For 1 liter

CuSOq4 - 5H20 7.8 mg
FeSO4- 7TH20 18 mg
MgSOg - 7H20 500 mg
ZnS0Oq4 10 mg
KCI 50 mg

K2HPO4 19

’NH4NOs 20
CuSQOq4 - 5H,0 7.8 mg
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Table 6.8 Solid-state NMR experiments and parameters for each of the three A. Sydowii samples. To be quantitative, direct pulse
(DP) experiments with 30 s long recycling delay were used. cross-polarization, most rigid molecules. With DP and a shorter recycling
delay of 2 seconds, suppress the rigid molecules from the spectra, and with Insensitive Nuclei Enhanced by Polarization Transfer
(INEPT) the most mobile molecules were selected. For 2D *C-13C correlation experiments, DARR (Dipolar Assisted Rotational
Resonance) allowed to resolve rigid intramolecular peaks. While 1.5 s PDSD (Proton Driven Spin Diffusion) detects intra- and inter-
molecular peaks. 2D DQ-SQ, DP J-INADEQAUTE and CP INADEQUATE spectra were used to detect through-bond correlations. The
experimental parameters include the *H Larmor frequency, total experiment time (t), recycle delay (d1), number of scans (NS), The
number of points for the direct (td2) and indirect (td1) dimensions, the acquisition time of the direct dimension (ag2) and the evolution
time of indirect dimension (agl), spectral width (swl and sw2), mixing time (tm), increment delay (IN_F) and T filter times. * Indicates
the water-polysaccharide spin diffusion and the DARR mixing time. The processing parameters include the window function and
associated parameters.

Acquisition parameters Processing
parameters
IN Windo
. o, 1H t di ag2 | agl | sw2 | swl tm - T w Paramet
Experiment | iy |ty L) | NS 92 W g T |t |t | (me) (ES) filters | functio | -er
n
1D CP 850 | 0.1 | 2 | 256 | 7360 14.7 1169 QSINE | SSB3
1D DP 850 | 0.1 | 2 | 256 | 7360 14.7 1169 QSINE | SSB 3
1D DP 850 | 2.1 | 30 | 256 | 7360 14.7 1169 QSINE | SSB 3
LB-5,
1D INEPT | 400 | 0.1 | 3 | 64 | 3600 36.0 496.6 GM | 5oo1
ID¥CTL | 400 | 35 | 2 | 256 | 1600 16.0 496.6 I_léls(;
SL
IDHTIp | 400 2 | 256 | 1400 14.0 496.6 (1073-
30 ms)
2DDARR | 850 | 42 | 2 | 48 | 1472|512 | 147 | 5.1 | 2339 |233.9 | 100 | 20 QSINE | SSB3
2DCORD | 800 | 42 |1.7| 16 | 2400|560 | 17.9 | 7.2 | 3328 | 191.2 | 53 | 26 QSINE | SSB 4
2D PDSD 850 | 136 | 2 | 32 | 2496|512 | 249 | 51 | 2339|2339 | 1500 | 20 QSINE | SSB 2.8
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Table 6.8 (cont’d)

2D DP
INADE

850

4.5

32

7360

256

14.7

2.5

1169

243.4

19.2

QSINE

SSB 3

Water
edited -
control

400

17

1.6

256

1400

152

14.0

4.9

496.6

152.8

10
/50*

65

T,10*
ms

QSINE

SSB 4.5

Water
edited

400

17

1.6

256

1400

152

14.0

4.9

496.6

152.8

4/50

65

T21.2
ms

QSINE

SSB 4.5

C-H
INEPT

400

3.0

2048

160

20.0

11.0

496.6

18.1

137

QSINE

SSB 3
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Table 6.9 3C and N chemical shifts of A. sydowii polysaccharides and proteins. Superscripts are used to denote different
allomorphs. Underline denotes the 3C connectivity with ambiguity. Not applicable (/). Unidentified (-). Unknown: (Unk).

Polysaccharides NMR C1 C2 C3 C4 C5 C6 CO CHs References
abbreviation | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) | (ppm) |
B-1,3-glucan B 1036 | 744 | 864 | 687 | 77.1 | 613 / / ggg;‘sgeta"
Ch? 103.3 | 55,5 | 729 845 | 76.2 60.7 174.6 22.7
ChP 1035 | 552 | 734 | 844 | 759 | 600 | 1734 | 227
Chitin Che 1035 | 55.4 | 733 83.7 | 75.9 60.7 173.4 22.7
Ch? 103.6 | 55.0 | 73.2 834 | 755 60.5 174.1 22.4 Fernando et al
Che 103.2 | 54,8 | 735 825 | 75.2 60.9 175.1 22.4 20217 '
Cs? 102.2 | 55.6 | 74.5 80.4 | 74.9 60.7 / /
Chitosan CsP 1019 | 55.7 72.9 80.0 | 74.3 60.5 / /
Cs® 1014 | 55,5 | 735 79.1 | 75.3 61.0 / /
Cs¢ 101.4 | 55,5 | 735 79.1 | 753 61.0 / /
Bhanja et
a-1,3-glucan A 101.0 | 719 | 84.6 69.5 | 71.7 60.5 / / al.201457
a-1,4-galactan Gal 93.2 | 722 70.7 735 | 725 60.9
a-1,4-galactosamine GalN 91.7 | 54.8 71.1 81.1 - -
a-1,4-N- Chakraborty et
acetylgalactosamine GalNAc B7 | BS| 152 | 769 ) ) ) ) al. 20212)‘{
a-1,6-manose Mnt® 102.7 | 70.6 | 73.2 725 | 73.7 66.1 /
a-1,2-manose Mnt? 101.3 | 787 | 71.2 67.7 | 73.9 61.7 /
B-1,5 galactofuranose Galf 107.5 | 815 77.7 835 | 715 63.4 /
Unknown Unk 102.6 | 84.9 735 68.5 - -
Amino Acid Abbreviation | Ca CB | Cyly1 | Cy2 |Cd/51
Glutamic Acid E 55.8 | 27.8 34.4 Fritzsching. et
Methionine M 328 | 30.1 al 2013
Histidine H 55.8 28.2
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Table 6.9 (cont’d)

Isoleucine I 37.3 25.3 15.6
Arginine R 27.7 40.4
Cysteine C 55.8 | 31.0

Valine Vv 30.0 19.2

Leucine L 25.3 22.4
Alanine A 52.1 17.6

Proline P 61.7 30.1 25.8

Lysine K 55.2 41.3 40.8 25.0
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