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31 SHORT ABSTRACT:
32 A protocol for preparing '3C,'>N-labeled fungal and plant samples for multidimensional solid-
33  state NMR spectroscopy and dynamic nuclear polarization (DNP) investigations is presented.
34
35 LONG ABSTRACT
36  This protocol shows how uniformly *3C, °N-labeled fungal materials can be produced and how
37  these soft materials should be proceeded for solid-state NMR and sensitivity-enhanced DNP
38 experiments. The sample processing procedure of plant biomass is also detailed. This method
39  allows the measurement of a series of 1D and 2D *3C-3C/*>N correlations spectra, which enables
40  high-resolution structural elucidation of complex biomaterials in their native state, with minimal
41  perturbation. The isotope-labeling can be examined by quantifying the intensity in 1D spectra
42  and the polarization transfer efficiency in 2D correlation spectra. The success of dynamic nuclear
43  polarization (DNP) sample preparation can be evaluated by the sensitivity enhancement factor.
44  Further experiments examining the structural aspects of the polysaccharides and proteins will
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lead to a model of the three-dimensional architecture. These methods can be modified and
adapted to investigate a wide range of carbohydrate-rich materials, including the natural cell
walls of plants, fungi, algae and bacteria, as well as synthesized or designed carbohydrate
polymers and their complex with other molecules.

INTRODUCTION:

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

The contemporary understanding of these complex materials has been substantially advanced
by decades of efforts that were devoted to the structural characterization using four major
biochemical or genetic methods. The first major method relies on sequential treatments using
harsh chemicals or enzymes to break down the cell walls into different portions, which is followed
by compositional and linkage analysis of sugars in each fraction®. This method sheds light on the
domain distribution of polymers, but the interpretation may be misleading due to the chemical
and physical properties of biomolecules. For example, it is difficult to determine whether the
alkali-extractable fraction originates from a single domain of less structured molecules or from
spatially separated molecules with comparable solubility. Second, the extracted portions or
whole cell walls can also be measured using solution NMR to determine the covalent linkages,
also termed as crosslinking, between different molecules?*>. In this way, the detailed structure
of covalent anchors could be probed, but limitations may exist due to the low solubility of
polysaccharides, the relatively small number of crosslinking sites, and the ignorance of non-
covalent effects that stabilizes polysaccharide packing, including the hydrogen-bonding, van der
Waals force, electrostatic interaction and polymer entanglement. Third, the binding affinity has
been determined in vitro using isolated polysaccharides®*?, but the purification procedures may
substantially alter the structure and properties of these biomolecules. This method also fails to
replicate the sophisticated deposition and assembly of macromolecules after biosynthesis.
Finally, the phenotype, cell morphology and mechanical properties of genetic mutants with
attenuated production of certain cell wall component shed lights on the structural functions of
polysaccharides, but more molecular evidence is needed to bridge these macroscopic
observations with the engineered function of protein machineries®.

Recent advances in the development and application of multidimensional solid-state NMR
spectroscopy have introduced a unique opportunity for solving these structural puzzles. 2D/3D
solid-state NMR experiments enable high-resolution investigation of the composition and
architecture of carbohydrate-rich materials in the native state without major perturbation.
Structural studies have been successfully conducted on both primary and secondary cell walls of
plants, the catalytically treated biomass, bacterial biofilm, the pigment ghosts in fungi and,
recently by the authors, the intact cell walls in a pathogenic fungus Aspergillus fumigatus?*-3Z.
The development of dynamic nuclear polarization (DNP)3242 substantially facilitates NMR
structural elucidation as the sensitivity enhancement by DNP markedly shortens the
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experimental time on these complex biomaterials. The protocol described here details the
procedures for isotope-labeling the fungus A. fumigatus and preparing fungal and plant samples
for solid-state NMR and DNP characterization. Similar labeling procedures should be applicable
to other fungi with altered medium, and the sample preparation procedures should be generally
applicable to other carbohydrate-rich biomaterials.

PROTOCOL

1. Growth of 13C, °N-labeled Aspergillus fumigatus Liquid Medium

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

NOTE: Both Yeast Extract Peptone Dextrose medium (YPD) and the improved minimal medium?*3
were used for the maintenance of fungal culture. All steps after autoclaving are performed in a

laminar flow hood to minimize contamination.

1.1.1. Preparation of unlabeled liquid medium: Dissolve 6.5 g of YPD powder in 100 mL of water
and then autoclave for 25 min at 134 °C.

1.1.2. Preparation of unlabeled solid medium
1.1.2.1. Add 1.5 g of agar and 6.5 g of YPD powder in 100 mL of distilled water.
1.1.2.2. Autoclave the medium for 25 min at 121 °C and then cool down to approximately 50 °C.

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

1.1.3. Preparation of 13C, >N-labeled liquid medium
NOTE: To prepare the growth solution for isotope labeling, a minimal medium containing 3C-
glucose and >N-sodium nitrate and a trace-element solution are prepared separately and then

mixed before use.

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

1.1.3.2. Autoclave the minimal medium for 25 min at 134 °C.
1.1.3.3. Prepare 100 mL (1000x) of trace elements solution, dissolve the salts listed in Table 2 in
the distilled water. Autoclave the solution for 25 min at 134 °C. Cool down and store the solution

at 4 °C for short-term use. The pH will be about 6.5 and can be checked using a pH meter.

1.1.3.4. Add 0.1 mL of trace elements solution to 100 mL of 13C, 1°N-labeled minimal medium as
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listed in Table 2 before use.
1.2.  Growth of the fungal materials

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

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

1.2.3. Centrifuge at 4000 x g for 20 min. Remove the supernatant and collect the pellet.

1.2.4. Use a tweezer to collect ~0.5 g of well-hydrated pellet (>50 wt% hydration) for NMR
studies. Loss of hydration at any point will substantially worsen the spectral resolution.

NOTE: If needed, a small amount (0.1 g) of the hydrated mycelia can be separated and fully dried
under N3 gas flow in a hood or a lyophilizer to estimate the hydration level and calculate the dry
mass percentage. Usually, a pellet containing ~0.3 g dry mass can be obtained after 3 days. If the
NMR experiment to be conducted is long (>7 days) and/or if the state of the fungi needs to be
fixed, the fungal material can be deeply frozen in liquid N2 for 10-20 min before further
processing. If the experiment will be short (3-6 days), the freezing can be skipped so that the
sample can remain fresh.

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

2. Preparation of A. fumigatus for Solid-state NMR and DNP Studies

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

2.1.1. Dialyze the 3C, *°N-labeled fungal sample (Step 1.2.4.) against 1 L of 10 mM phosphate
buffer (pH 7.0) at 4°C using a dialysis bag with a 3.5 kDa molecular weight cutoff to remove small

molecules from the growth medium for a total period of 3 days. Change the buffer twice daily.

NOTE: Alternatively, the sample could be washed for 6-10 times using deionized water to remove
residual small molecules.

2.1.2. Transfer the sample into a 15 mL tube and centrifuge for 5 min (10,000 x g) using a
benchtop centrifuge. Remove the supernatant and collect the remaining fungal materials.

2.1.3. Pack 70-80 mg of the uniformly 3C-labeled and well-hydrated sample paste into a 4-mm
ZrO; rotor or 30-50 mg to 3.2 mm rotors for NMR experiments. Repetitively squeeze the sample
gently using a metal rod and absorb the excess water using paper.
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2.1.4. Tightly cap the rotor and insert the sample into the spectrometer for solid-state NMR
characterization.

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

2.2.  Preparation of A. fumigatus samples for DNP experiments

2.2.1. Prepare 100 pL of DNP solvents?** (also known as the DNP matrix) in a 1.5 mL
microcentrifuge tube for 3C,%°N-labeled fungal samples. This DNP matrix contains a mixture of
ds-glycerol/D,0/H,0 (60/30/10 Vol%).

NOTE: If unlabeled samples are to be investigated, then prepare the DNP matrix using 3C-
depleted ds-glycerol (*2C3, 99.95%; Ds, 98%) and D20 and H,0 to avoid *3C signal contribution
from the solvents.

2.2.2. Dissolve 0.7 mg of AMUPol* in 100 pL of DNP solvents to form 10 mM radical stock
solution. Vortex for 2-3 min to ensure that radicals are fully dissolved in the solution.

2.2.3. Soak 10 mg of the dialyzed 3C, >N-labeled fungal materials as described in prior steps
(Steps 2.1.1 and 2.1.2) into 50 pL of AMUPol solution, and mildly grind the mixture using a pestle
and a mortar to ensure penetration of the radicals into the porous cell walls.

NOTE: To reduce the rate of hydration loss, the grinding can also take place in a microcentrifuge
tube using a micropestle.

2.2.4. Add another 30 pL of the radical solution to the grinded pellet to further hydrate the
fungal sample.

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

2.2.6. Insertand spin up the sample in a DNP spectrometer, measure a DNP-enhanced spectrum
under microwave irradiation and compare it with the microwave-off spectrum. This will lead to
an enhancement factor eon/off, Which should be 20-40 for these complex materials. Run the
designed experiments to determine cell wall structure.

3. Preparation of Plant Biomass for NMR and DNP Studies

3.1. Preparation of plant materials for solid-state NMR
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3.1.1. Produce uniformly 3C-labeled plants in-house using *3CO; supplies in a growth chamber
or 3C-glucose medium as described previously?®#” or directly purchase labeled materials from
isotope-labeling companies.

NOTE: 3C-glucose can only be used in dark growth to avoid the introduction of 2C by
photosynthesis.

3.1.2. Cut the uniformly 3C labeled plant material into small pieces (typically 1-2 mm in
dimension) using a laboratory razor blade.

NOTE: Depending on the purpose, the extracted cell walls are sometimes used for structural
characterization and the detailed protocols are reported in previous studies?%46.

3.1.3. If the sample was previously dried, add 100 uL of water to 30 mg of plant materials in a
1.5 mL microcentrifuge tube, vortex, equilibrate at room temperature for 1 day. Centrifuge at

4000 x g for 10 min and remove the excess water using a pipette.

3.1.4. If the sample was never-dried at any point, directly use the sample without further
treatment.

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

3.2.  Preparation of plant materials for DNP studies
3.2.1. Prepare 60 pL stock solution of 10 mM AMUPol radical as described steps 2.2.1 and 2.2.2.

3.2.2. Cut the uniformly '3C labeled plant material to be studied into small pieces (1-2 mm in
dimension) using a laboratory razor blade and weigh 20 mg of the plant materials.

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

3.2.4. Add 40 pL of the DNP stock solution prepared in prior step (Step 2.2.2) to the plant
material and grind mildly for 5 min to ensure homogeneous mixing with the radical.

3.2.5. Add another 20 pL of the stock solution to further hydrate the plant material after
grinding.

3.2.6. Pack the equilibrated plant sample into a 3.2-mm sapphire rotor for DNP experiments.
Insert a silicone plug to avoid the loss of hydration.

4. Standard Solid-State NMR Experiments for Initial Characterization of Carbohydrate-Rich
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Biomaterials

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

4.1. Measure 1D 3C Cross Polarization (CP), *3C Direct Polarization (DP) with 2-s and 35-s
recycle delays, and 'H-13C INEPT#%49 spectra to obtain a general understanding of the dynamical
distribution of cell components (Figure 1a). The cell walls are typically the relatively rigid portion
and exhibit dominant signals in the CP spectrum.

4.2. Measure a series of standard 2D '3C-13C correlation experiments for resonance
assignments of 13C signals. Start with refocused INADEQUATE®%>! to obtain carbon connectivity,
which need to be assisted by a series of through-space experiments such as 1.5-ms RFDR>? (Figure
1b) and 50-ms CORD/DARR>? experiments.

NOTE: If it is of interest to find a sample rich in a specific component, for example, the primary
or secondary cell walls, then multiple segments or multiple plants may need to be measured
separately to find the sample with the optimal composition.

4.3. Conduct 2D »N-13C correlation experiments which can be measured to facilitate the
resonance assignments of proteins and nitrogenated carbohydrates.

NOTE: The resonance assignment is typically time-consuming. A method is currently being
developed to facilitate the resonance assignment of carbohydrate signals for those scientists
without prior experience.

4.4. Measure more specialized experiments to determine the spatial proximities (Figure 1c,
d), hydration and mobilities of complex biomolecules to determine the three-dimensional
structure of the carbohydrate-rich materials as systematically described previously?%2°.

REPRESENTATIVE RESULTS:

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

Well-prepared samples usually expect both high NMR intensities and sharp lines. Compromising
of either parameter indicates un-optimized sample preparation. The fungal samples should be
prepared in a never-dried manner, and partial dehydration during the packing steps could lead
to a notable broadening of the linewidth. If the experimental time is substantially longer than
expected for a fully packed NMR sample, the labeling level might be low. If off-diagonal signals
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are difficult to obtain in the 2D 3C-13C correlation spectrum, statistical labeling might have
occurred (Figure 1b). The two 3C peaks at 96 and 92 ppm are signature carbon 1 signals of
glucose*, therefore, their strong intensities in the quantitative 3C direct polarization (DP)
spectra measured with long recycle delays of 35 s typically indicate the dominance of small
molecules due to incomplete dialysis or washing (Figure 1a). With well-labeled samples, long-
range correlations can be further measured to detect the spatial proximities of biomolecules
(Figure 1c) and construct the structural model of intact cell walls (Figure 1d).

FIGURE AND TABLE LEGENDS
Table 1. The composition of the minimal medium.

Table 2. The composition of the trace-element solution (concentrated). Note that for preparing
unlabeled fungi, unlabeled glucose and unlabeled sodium nitrate can be used.

Figure 1. Flowchart for characterizing fungal cell wall structure using solid-state NMR. (a) 1D
spectra for initial sample screening. From the top to the bottom are INEPT, *3C DP with 2-s recycle
delays, 13C DP with 35-s recycle delays and 3C CP spectra, with decreasing mobility for the
detected molecules. (b) 2D 13C-13C correlation spectrum measured using 1.5-ms RFDR recoupling.
(c) Representative intermolecular cross peak detected using 15-ms PAR spectrum. (d) Structural
model obtained from NMR data. Panels a, ¢ and d have been modified from Kang et al., Nat.
Commun. 9, 2747 (2018).

DISCUSSION:

Compared with the biochemical methods, solid-state NMR has advantages as a non-destructive
and high-resolution technique. NMR is also quantitative in compositional analysis, and unlike
most other analytical methods, does not have the uncertainties introduced by the limited
solubility of biopolymers. Establishment of the current protocol facilitates future studies on
carbohydrate-rich biomaterials and functionalized polymers. However, it should be noted that
the resonance assignment and data analysis can be time-consuming and usually require
systematic training. The authors are currently developing tools and databases to help scientists
without prior experience to overcome this barrier.

Since the natural isotope abundance of 3C is only 1.1%, the probability for observing a 3C-13C
cross peak using unlabeled materials is only 0.012% (1.1% x 1.1%) of that using uniformly labeled
samples. Therefore, the isotope enrichment achieved using this protocol substantially enhances
the NMR sensitivity by four orders of magnitude and enables 2D correlation experiments for
structural determination.

The optimized, well-hydrated samples should exhibit sharp lines in 2D 13C-13C correlation spectra.
The mobile components, such as the B-glucans in A. fumigatus and the pectins in plants should
exhibit a full-width at half-maximum (FWHM) linewidth of 0.3-0.5 ppm on 600-800 MHz NMR
spectrometers?®3l. The rigid components have slightly broader peaks due to conformational
heterogeneity of the constituting, repetitive sugar units and the lack of rapid molecular motions.
The typical 3C linewidth is 0.7-1.0 ppm for cellulose microfibrils in plants and 0.5-0.7 ppm for
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chitin in fungi®>>. The sharp linewidth of cellulose and chitin are mainly caused by polymer
crystallinity, thus is partially resistant to dehydration and temperature change, for example, the
cryogenic temperature of DNP experiment®®>’, The peak sharpness of matrix polymers, however,
are highly sensitive to the change of sample conditions that affect the polymer mobility,
therefore, it can be used as an indicator of sample hydration. Broad lines of matrix polymers
typically designate the lack of hydration in the sample, which may be fully or partially recovered
by re-adding water®. Typically, a hydration level of 50-80 wt% is enough for providing a good
linewidth in both plant and fungal samples.

DNP is often necessary for investigating these challenging whole-cell systems. Typically, a 20-40
fold enhancement of sensitivity could be achieved on an optimized sample on a 600 MHz/395
GHz DNP spectrometer and this value increases with decreasing field, for example, almost
doubled on a 400 MHz/263 GHz DNP?%°°, There are several factors that could affect the DNP
efficiency. First, the penetration of radicals into the porous network of cell walls is crucial and
this process can be substantially facilitated by mild grinding of the biomaterials in the radical-
containing DNP matrix. Second, the physical properties, the stiffness for example, of the sample
affects the choice of microwave power, the DNP matrix “melts” under 12 W irradiation as
evidenced by the sharpening of 'H resonances, which was not a problem for the stiffer plant
stems. As a result, a more isotropic pattern of the H solvent peak is observed, with substantially
lower spinning sidebands and attenuated DNP enhancement. Therefore, weaker power is
recommended for softer materials. Third, the composition of DNP matrix should be optimized. It
turns out that ds-glycerol/D20/H>0 is generally the best solvents for soft materials while a simpler
and cheaper choice of D0/H»0 can also be effective in some cases because the sugars present
in the system serves as cryoprotectants to some extent. In contrast, the de-DMSO/D,0/H,0
solution fails in both plants and fungal samples, with less than 10-fold of sensitivity enhancement,
thus it is not recommended for use unless for special purposes. A matrix-free protocol has
recently been demonstrated to be highly effective due to solvent depletion, which creates
additional space to accommodate more materials34°%%0, However, the loss of hydration presents
a major perturbation to the structure of biomolecules, thus this method might not be suitable
for biological systems. If unlabeled cell walls are to be studied, 3*C-depleted ds-glycerol/D,0/H,0
is the optimal solvent that does not contribute any natural abundance *3C signals nor sacrifices
any sensitivity enhancement.
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Chemical name Chemical formula oncen ra'|on
(gram per liter)
Dipotassium Phosphate K;HPO, 1.045¢g
Magnesium Sulfate Heptahydrate MgSO, ¢ 7H,0 0.52g
Monopotassium Phosphate KH,PO, 0.815¢g
>N- Sodium Nitrate >NaNO, 6.0g
Potassium Chloride KCl 0.52¢g
U-C-Glucose BCeH1,06 10.0g
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Chemical name Chemical formula Concentration
(g/L)
Ammonium Molybdate Tetrahydrate (NH,)¢Mo,0,, * 4H,0 11g
Boric acid H3BO; 11g
Cobaltous Chloride Hexahydrate CoCl, = 6H,0 l6¢g
Cupric Sulfate Pentahydrate CuSO, * 5H,0 l6g
Ferrous Sulfate Heptahydrate FeSO, * 7H,0 5g
Manganous Chloride Tetrahydrate MnCl, « 4H,0 5g
Tetrasodium Ethylenediaminetetraacetate Na,EDTA * 4H,0 60 g
Zinc Sulfate Heptahydrate ZnS0O, * 7H,0 22¢g
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Name of Material/ Equipment Company
Ammonium Molybdate Tetrahydrate Acros Organics
AMUPo| Cortecnet
Analytical weighing balance Ohaus
Bioclave 16 L VWR
Biosafety Cabinet Labconco corporation
Boric acid VWR
Cobalt(ll) Chloride Hexahydrate Honeywell | Fluka
Copper(ll) Sulfate Pentahydrate BDH
Corning LSE shaking incubator Thermo Fisher Scientific
D,0 Sigma Aldrich
de-DMSO Sigma Aldrich
dg-glycerol Sigma Aldrich
Dialysis tubing 3.2 kDa Sigma Aldrich
Dipotassium Phosphate VWR
Glycerol Sigma Aldrich
Heraus Megafuge 16R Centrifuge Thermo Fischer Scientific
HR-MAS Disposable Insert Kit Bruker
Iron(ll) Sulfate Heptahydrate Alfa Aesar
Magnesium Sulfate Heptahydrate VWR
Manganese(ll) Chloride Tetrahydrate Alfa Aesar
Monopotassium Phosphate VWR
pH Meter Mettler Toledo
Tetrasodium Ethylenediaminetetraacetate Acros Organics
Zinc Sulfate Heptahydrate Alfa Aesar
12¢c3, dg-glycerol Cambridge Isotope Laboratory
13C6—g|ucose Sigma Alrdrich
N-sodium nitrate Sigma Aldrich
3.2 mm sapphire NMR rotor Cortecnet
3.2 mm Silicone plug Bruker
4 mm MAS Rotor Kit Bruker
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12054-85-2

C010P002

B730439218 Model PA84C
470230-598

302319100

BDH9222 store at 15-30 °C
60820 298 %

BDH9312 >98 %

7202152

151882 99.9 atom % D
151874 99.9 atom % D
447498 >99 atom % D
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BDH9266 >98 %
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2. Background. The Author, who is the author of the Article,
in order to ensure the dissemination and protection of the
Article, desires to have the JoVE publish the Article and create
and transmit videos based on the Article. In furtherance of
such goals, the Parties desire to memorialize in this Agreement
the respective rights of each Party in and to the Article and the
Video.

3. Grant of Rights in Article. In consideration of JoVE agreeing
to publish the Article, the Author hereby grants to JoVE,
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4. Retention_of Rights in Article. Notwithstanding the
exclusive license granted to JoVE in Section 3 above, the
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or
teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in each
case provided that a link to the Article on the JoVE website is
provided and notice of JoVE's copyright in the Article is
included. All non-copyright intellectual property rights in and
to the Article, such as patent rights, shall remain with the
Author.

5. Grant of Rights in Video — Standard Access. This Section 5
applies if the “Standard Access” box has been checked in ltem
1 above or if no box has been checked in Item 1 above. In
consideration of JoVE agreeing to produce, display or
otherwise assist with the Video, the Author hereby
acknowledges and agrees that, Subject to Section 7 below,
JOVE is and shall be the sole and exclusive owner of all rights of
any nature, including, without limitation, all copyrights, in and
to the Video. To the extent that, by law, the Author is
deemed, now or at any time in the future, to have any rights
of any nature in or to the Video, the Author hereby disclaims
all such rights and transfers all such rights to JoVE.

6. Grant of Rights in Video — Open Access. This Section 6
applies only if the “Open Access” box has been checked in
ltem 1 above. In consideration of JOVE agreeing to produce,
display or otherwise assist with the Video, the Author hereby
grants to JOVE, subject to Section 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to publish,
reproduce, distribute, display and store the Video in all forms,
formats and media whether now known or hereafter
developed (including without limitation in print, digital and
electronic form) throughout the world, (b) to translate the
Video into other languages, create adaptations, summaries or
extracts of the Video or other Derivative Works or Collective
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of the rights set forth in (a) above in such translations,
adaptations, summaries, extracts, Derivative Works or
Collective Works and (c) to license others to do any or all of
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and formats, whether now known or hereafter devised, and
include the right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United States
government employee and the Article was prepared in the
course of his or her duties as a United States government
employee, as indicated in Item 2 above, and any of the
licenses or grants granted by the Author hereunder exceed the
scope of the 17 U.S.C. 403, then the rights granted hereunder
shall be limited to the maximum rights permitted under such
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statute. In such case, all provisions contained herein that are
not in conflict with such statute shall remain in full force and
effect, and all provisions contained herein that do so conflict
shall be deemed to be amended so as to provide to JOVE the
maximum rights permissible within such statute.

8. Likeness, Privacy, Personality. The Author hereby grants
JOVE the right to use the Author’s name, voice, likeness,
picture, photograph, image, biography and performance in any
way, commercial or otherwise, in connection with the
Materials and the sale, promotion and distribution thereof.
The Author hereby waives any and all rights he or she may
have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties. The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials. If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party. The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion. If the Author requests the assistance of
JOVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
author is listed at the beginning of this Agreement, JoVE may,
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author. JOVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the
Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
filming, timing of publication, if any, length, quality, content
and the like.

11. Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE. The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s
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expense. All indemnifications provided herein shall include
JoVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Fees. To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
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SHORT ABSTRACT:
A protocol for preparing '3C,*>N-labeled fungal and plant samples for multidimensional solid-
state NMR spectroscopy and dynamic nuclear polarization (DNP) investigations is presented.

LONG ABSTRACT

Herewe-willshewThis protocol shows how uniformly 13C, *°N-labeled fungal materials ceuld-can
be produced and how these soft materials should be proceeded for solid-state NMR and
sensitivity-enhanced DNP experiments. The sample processing procedure of plant biomass is also
detailed. This method allows the measurement of a series of 1D and 2D 3C-13C/*>N correlations
spectra, which enables high-resolution structural elucidation of complex biomaterials in their
native state, with minimal perturbation. The isotope-labeling can be examined by quantifying the
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intensity in 1D spectra and the polarization transfer efficiency in 2D correlation spectra. The
success of Dynamic Nuclear Polarization (DNP) sample preparation can be evaluated by the
sensitivity enhancement factor. Further experiments examining the structural aspects of the
polysaccharides and proteins ean-will lead to a model of the three-dimensional architecture.
These methods can be modified and adapted to investigate a wide range of carbohydrate-rich
materials, including the natural cell walls of plants, fungi, algae and bacteria, as well as
synthesized or designed carbohydrate polymers and their complex with other molecules.

INTRODUCTION:

Carbohydrates play a central role in various biological processes such as energy storage,
structural building, and cellular recognition and adhesion. They are enriched in the cell wall,
which is a fundamental component in plants, fungi, algae and bacteria-13. The cell wall serves as
a central source for the production of biofuel and biomaterials, as well as a promising target for
antimicrobial therapies*®.

Our-The contemporary understanding of these complex materials has been substantially
advanced by decades of efforts that were devoted to the structural characterization using four
major biochemical or genetic methods. The first major method relies on sequential treatments
using harsh chemicals or enzymes to break down the cell walls into different portions, which is
followed by compositional and linkage analysis of sugars in each fraction'C. This method sheds
light on the domain distribution of polymers, but the interpretation may be misleading due to
the chemical and physical properties of biomolecules. For example, it is difficult to determine
whether the alkali-extractable fraction originates from a single domain of less structured
molecules or from spatially separated molecules with comparable solubility. Second, the
extracted portions or whole cell walls can also be measured using solution NMR to determine
the covalent linkages, also termed as crosslinking, between different molecules!**>. In this way,
the detailed structure of covalent anchors could be probed-te-a-great-detail, but limitations may
exist due to the low solubility of polysaccharides, the relatively small number of crosslinking sites,
and the ignorance of non-covalent butsimilarlyimpertant-effects forstabilizingthat stabilizes
polysaccharide packing, sueh—asincluding the hydrogen-bonding, van der Waals force,
electrostatic interaction and polymer entanglement. Third, the binding affinity eeuld-behaves
been determined in vitro using isolated polysaccharides!®1?, but the purification procedures may
substantially alter the structure and properties of these biomolecules. This method also fails to
replicate the sophisticated deposition and assembly of macromolecules after biosynthesis.
Finally, the phenotype, cell morphology and mechanical properties of genetic mutants with
attenuated production of certain cell wall component shed lights on the structural functions of
these-polysaccharides, but more molecular evidence is needed to bridge these macroscopic
observations with the engineered function of protein machineries?°.

Recent advances in the development and application of multidimensional solid-state NMR
spectroscopy have introduced a unique opportunity for solving these structural puzzles. 2D/3D
sSolid-state NMR experiments enable high-resolution investigation of the composition and
architecture of carbohydrate-rich materials in the native state without major perturbation.
Structural studies have been successfully conducted on both primary and secondary cell walls of



plants, the catalytically treated biomass, bacterial biofilm, the pigment ghosts in fungi and,
recently by eur—greupthe authors, the intact cell walls in a pathogenic fungus Aspergillus
fumigatus®3!. The development of Dynamic Nuclear Polarization (DNP)3%%2—_substantially
facilitates the-NMR_structural elucidation,—and—its_as the sensitivity enhancement_by DNP
markedly shortens the experimental time on these complex biomaterials. Here—we—presenta
protecolferThise protocol described here details the procedures for isotope-labeling the fungus
A. fumigatus and the-preceduresforpreparing fungal and plant samples ferte-enablefor solid-
state NMR and DNP measurementscharacterization. Similar labeling procedures should be
applicable to other fungi_-but-with altered medium, and the sample preparation procedures
should be generally applicable to other carbohydrate-rich biomaterials.

PROTOCOL
1. Growth of 13C, 5N-labeled Aspergillus fumigatus liquid medium

1.1) Preparation of unlabeled and 3C, >N-labeled growth medium

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

1.1.1) Preparation of unlabeled liquid medium

1.1.1.1) Dissolve 6.5 g of YPD powder is-disselsed-in 100 mL water and then autoclaveé for 25
min at 134 °C.

1.1.2) Preparation of unlabeled solid medium
1.1.2.1) Add 1.5 g agar and 6.5 g YPD powder in 100 mL distilled water.
1.1.2.2) Autoclave the medium for 25 min at 121 °C and then cool down to approximately 50 °C.

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

1.1.3) Preparation of 13C, N-labeled liquid medium
Note: To prepare the growth solution for isotope labeling, a minimal medium containing *3C-
glucose and **N-sodium nitrate and a trace-element solution are prepared separately and then

mixed before use.

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

1.1.3.2) Autoclave the minimal medium for 25 min at 134 °C.



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

1.1.3.4) Add 0.1 mL trace elements solution to 100 mL *3C, *N-labeled minimal medium as listed
online in Table 2 before use.

Tabla 1 Th 5 H £ H\ | A
Chermizalrare Cheraieaiermle .
teramsperliter)
B Glucose BGlycese 10.0¢
BN-Sodium-Nitrate BNaNOs &g
Potassium-Chleride ke 0524
Plenesetassivra-thesshate KH2PO4 R
Dipetassivm-Phosphate KaHPO, =045
Magresium-SutptoHestalhydate MgSOs—-7H.0 Of2g
Iabla 2 Th M: Fion SH- + oot L+ n( B na—i-.-l)
Chemisalname Shemicalermmarla Concentration
(tias)
ZineSulfate Heptahydrate ZRSOs+7H.0 2¢g
Berieasid H:BO3 e
Manganous-Chloride Tetrahydrate Mpath-—-4H.0 S5g
ForrsrsSulnte-Hestahydiate FeSOs—+7H20 5¢
CebaltsnsChlaridelanhydiate Coth—=6H20 iEz
Cupric Sulfate Pentahydrate CuSOs+ 5H.0 i6g
Ammonium-Molybdate Tetrahydrate {NH4)sMo7024-+4H20 lg
Tobmsodivm-Tylenediarinetotaacainte NaaEDFA » 4H.0 0

1.2) Growth of the fungal materials

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

1.2.2) Use an inoculating loop to transfer an active growing fungal edge to the 13C,>N-labeling
solution in a laminar flow hood. Keep the culture at 30 °C for 3-5 days at 220 rpm in a shaking



incubator.

1.2.3) Centrifuge at 5989-+p#-{4000 x g }-for 20 minutes. Remove the supernatant and collect
the pellet.

1.2.4) Use a tweezer to collect ~0.5 g well hydrated pellet keep-the—coHected—pelet-wel
hydrated-(>50 wt% hydration) for NMR studies-erleng-term-sterage. Loss of hydration at any

point will substantially worsen the spectral resolution.

Note: If needed, a small amount (0.1 gram) of the hydrated mycelia can be separated and fully
dried under N2 gas flow in a hood or a lyophilizer to estimate the hydration level and calculate

B

the dry mass percentage. Usually, we-can-ebtain—a-pellet containing ~0.3 g dry mass can be
obtained after 3 days.

Note: If the NMR experiment to be conducted is long (>7 days) and/or if the state of the fungi
needs to be fixed, the fungal material can be deeply frozen in liquid N2 for 10-20 mins before
further processing. If the experiment will be short (3-6 days), the freezing can be skipped so that
the sample can remain fresh. |

1.2.5) T——Mix-the remaining-excess material will be mixed with 20% (v/v) of glycerol in a
centrifuge tube and kept-and—keep-_in a -80 °C freezer for long-term storage.fertong-term
storage:

2. Preparation of A. fumigatus for solid-state NMR and DNP studies
2.1) Preparation of A. fumigatus for solid-state NMR experiments

2.1.1) Dialyze the 3C, ®N-labeled fungal sample -in-(1.2.4.) against 1 L of 10 mM phosphate

buffer (pH 7.0) at 4°C using a dialysis bag with a 3.5 kDa molecular weight cutoff to remove
residual-small molecules from the growth medium for a total period of 3 days. The buffer is
changed twice daily.

Note: Alternatively, the sample could be washed for 6-10 times using deionized water to remove
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residual small molecules.

2.1.2) Transfer the sample into a 15 mL tube and centrifuge for 3-45 mins (10,000 x g) using a
benchtop centrifuge. Remove the supernatant and collect the remaining fungal materials.

2.1.3) Pack 70-80 mg of the uniformly 3C-labeled and well-hydrated sample paste into a 4-mm
ZrO2 rotor -or 30-50 mg to 3.2 mm rotors for selid-state-NMR experiments. This is achieved by

repetitively squeezinge the sample gently using a metal rod and usea-pieceof Kimwipespaper
te-absorbing the excess water_using paper.-Fhis-process-isrepeated-until-no-more-materialscan
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Leaddads
2.1.4) Tightly cap the rotor and -
2-1-5}—linsert the sample into the spectrometer for solid-state NMR characterization.

Note: we-suggest-the-use-ofThe brand-new rotors are suggested to minimize the possibility of
rotor crash and sample spill in the NMR spectrometer. If needed, an disposable Kel-F insert with

sealing screws can be used to serve as a secondary container inside the rotor.
2.2) Preparation of A. fumigatus samples for DNP experiments
2.2.1) —Prepare 100 pL of DNP solvents?®#* (also known as the DNP matrix) in an Eppenderf-1.5

mL microcentrifuge tube for 3C,>N-labeled fungal samples. This DNP matrix contains a mixture
of ds-glycerol/D20/H20 (60/30/10 Vol%).

Note: If unlabeled samples are to be investigated, then prepare the DNP matrix using 13C-

epleted ds-glycero 3, 99.95%; Ds, 98%; and D20 and H20 to
depleted ds-gl | (}2C3, 99.95%; Ds, 98%-Cambridge lsotopeLaboratory) and D20 and H20

avoid 3C signal contribution from the solvents.

2.2.2) Add-Dissolve 0.7 mg of AMUPoI* te-in 100 ul DNP solvents to form 10 mM radical stock
solution. Vortex for 2-3 minutes to ensure that radicals are fully dissolved in the solution.

2.2.3) Soak 10 mg of the dialyzed *3C, **N-labeled fungal materials as described in prior steps
(2.1.1and 2.1.2) into 50 pL of AMUPol solution, and mildly grind the mixture using a pestle
and a mortar to ensure penetration of the radicals into the porous aetwerk-effungal-cell
walls.

Note: To reduce the rate of hydration loss, the grinding can also take place in aa

Eppenderfmicrocentrifuge tube using an Eppenderfmicropestle.

2.2.4) Add another 30 pL of the radical solution to the grinded pellet to ersure-well-hydration
effurther hydrate the fungal sample.

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

requirement of the NMR experiments to be conducted.g-

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

undermeasure a DNP-enhanced spectrum under microwave irradiation and compare it with the
microwave-off spectrum. This will lead to an enhancement factor €on/off, Which should be 20-40
for these complex materials. aa€+Run the designed experiments to determine cell wall structure.
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3.  Preparation of plant biomass for NMR and DNP studies

3.1) Preparation of plant materials for solid-state NMR

3.1.1) Uniformly 3C-labeled plants ceuld—beare directly purchased from isotope-labeling
companies or produced in-house using 13CO: supplies in a growth chamber or 3C-glucose

medium as described previously*647.

Note: 13C-glucose can only be used in dark growth to avoid the introduction of 12C to-the
samplesby photosynthesis.

3.1.2) Cut the uniformly 13C labeled plant material into small pieces (typically a few mm in
dimension) using a laboratory razor blade.

Note: Depending on the purpose, the extracted cell walls are sometimes used for structural
characterization and the detailed protocols are reported in previous studies?46,

3.1.3) If the sample was previously dried, add 100 pL water to 30 mg of plant materials in an 1.5
mL microcentrifuge tEppenderf—tube, vortex, equilibrate at room temperature for 1 day.
Centrifuge at 4000 x g—ferg for 10 mins and remove the excess water using a pipette.

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

3.1.4) Pack the resulting plant materials into 3.2-mm or 4-mm ZrO, rotors for solid-state NMR

experiments.
3.2) Preparation of plant materials for DNP studies

3.2.1) }——FPrepare 60 pL stock solution of 10 mM AMUPol radical as described steps 2.2.1

and 2.2.2.

3.2.2) Cut the uniformly 3C labeled plant material to be studied into small pieces using a

laboratory razor blade and ¥Wweigh 20 mg of the plant materials-that-were-generated-inprior

3.2.3) Hand grind the plant pieces prepared-in-3-1-2-into small particles (~1-2 mm in size) using
a mortar and pestle. The final powders sheuld-have a homogenous appearance.

3.2.4) Add 40 pL of the DNP stock solution prepared in prior steps (2.2.2) to the plant material
and grind mildly for 5 minutes to ensure homogeneous mixing eftheplantmaterialandwith the
radical.

3.2.5) ~Add another 20 pL of the stock solution to further hydrate the plant material after
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grinding.

3.2.6) Pack the equilibrated plant sample into a 3.2-mm sapphire rotor for DNP experiments.
Insert a silicone plug to avoid the loss of hydration.

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

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

4.1)  Measure 1D 3C Cross Polarization (CP), 13C Direct Polarization (DP) with 2-s and 35-s | Formatted: Not Highlight
recycle delays, and *H-13C INEPT*®4° spectra to obtain a general understanding of the dynamical ( Formatted: Not Highlight
distribution of cell components (Fig. 1a). The cell walls are typically the relatively rigid portion { Formatted: Not Highlight
and sheuld-exhibit dominant signals in the CP spectrum.

4.2) Measure a series of standard 2D '3C-13C correlation experiments for resonance | Formatted: Not Highlight
assignments of 13C signals. Start with refocused INADEQUATE>%>! to obtain carbon connectivity,

which need to be assisted by a series of through-space experiments such as 1.5-ms RFDR>? (Fig.

1b) and 50-ms CORD/DARR>? experiments.

Note: If it is of interest to find a sample rich in certain component, for example, the primary or [Formatted: Not Highlight
secondary cell walls, then multiple segments or multiple plants may need to measured separately [ Formatted: Not Highlight
to find the sample with the optimal composition.

4.3)  Conduct 2D 15N-13C correlation experiments can be measured to facilitate the resonance | Formatted: Not Highlight
assignments of proteins and nitrogenated carbohydrates.

Note that the resonance assignment is typically time-consuming. A method is currently being

developed in-eurgroup-to facilitate the resonance assignment of carbohydrate signals for those

scientists without prior experience.

4.4)  Measure more specialized experiments to determine the spatial proximities (Fig. 1c, d), | Formatted: Not Highlight
hydration and mobilities of complex biomolecules to determine the three-dimensional structure

of the carbohydrate-rich materials as systematically described previously??25, | Formatted: Not Highlight

REPRESENTATIVE RESULTS:

The isotope labeling substantially enhances the NMR sensitivity and makes it possible for
measuring a series of 2D 3C-13C and 3C-'°N correlation spectra to analyze the composition,
hydration, mobility and packing of polymers, which will be integrated to construct a three-
dimensional model of cell wall architecture (Fig. 1). If the uniform labeling succeeds, a complete




set of 1D 13C and '°N spectra could-becan be collected within an hour and each standard 2D
spectrum should take no longer than 24 hours of measurement.

WTFhe-w\ell-prepared samples usually have-expect both high NMR intensities and sharp lines
anrd. Compromising of either parameter -cempensation-te-any-ofthese-two-parameters-indicates
un-optimized sample preparation. The fungal samples should be prepared in a never-dried
manner, and partial dehydration during the packing steps could lead to a notable broadening of
the linewidth. If the experimental time is substantially longer than expected for a fully packed
NMR sample, the labeling level might be low. If off-diagonal signals are difficult to obtain in the
2D B3C-13C correlation spectrum, statistical labeling might have occurred (Fig. 1b). The two 13C
peaks at 96 and 92 ppm are signature carbon 1 signals of glucose>, therefore, their strong
intensities in the quantitative '3C direct polarization (DP) spectra measured with long recycle
delays of 35 s typically indicate the dominance of small molecules due to incompletesufficient
dialysis or washing (Fig. 1a)._ With well-labeled samples, long-range correlations can then-bebe
further measured to detect the spatial proximities of biomolecules (Fig. 1c) and construct the
structural model of intact cell walls (Fig. 1d).

Figure and Table Captions

Table 1. The composition of the minimal medium.

Table 2. The composition of the trace-element solution (concentrated). Note that for preparing
unlabeled fungi, unlabeled glucose and unlabeled sodium nitrate can be used.
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Figure 1. Flow chart for characterizing fungal cell wall structure using solid-state NMR. (a) 1D
spectra for initial sample screening. From the top to the bottom are INEPT, *3C DP with 2-s recycle
delays, 13C DP with 35-s recycle delays and 3C CP spectra, with decreasing mobility for the
detected molecules. (b) 2D 3C-13C correlation spectrum measured using 1.5-ms RFDR recoupling.
(c) Representative intermolecular cross peak detected using 15-ms PAR spectrum. (d) Structural
model obtained from NMR data. Panels a, ¢ and d has-have been modified from Kang et al. Nat.
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Commun. 9, 2747 (2018).
DISCUSSION:

Compared with the biochemical methods, solid-state NMR has advantages as a non-destructive
and buthigh-resolution technique. NMR is also quantitative in compositional analysis, and unlike
most other analytical methods, does not have the uncertainties gdue-teintroduced by the limited
solubility_of biopolymers. Establishment of the current protocol facilitates future studies on
carbohydrate-rich biomaterials and functionalized polymers. However, it should be noted that,
hewever-the resonance assignment and data analysis can be time-consuming and usually require
systematic training. SurgreupisThe authors are currently developing tools and databases to help
scientists without prior experience to overcome this barrier.

Since the natural isotope abundance of 3C is only 1.1%, the probability for observing a 3C-13C

[ Formatted:

Superscript

cross peak using unlabeled materials is only 33%%3-1%=0.012% (1.1% x 1.1%) of that using
uniformly labeled samples. Therefore, the isotope enrichment achieved using this protocol
substantially enhances the NMR sensitivity by areund-four orders of magnitude and enables 2D
correlation experiments for structural determination.

The optimized, well-hydrated samples should exhibit sharp lines in 2D 3C-13C correlation spectra.
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The mobile components, such as the B-glucans in A. fumigatus and the pectins in plants should
exhibit a full-width at half-maximum (FWHM) linewidth of 0.3-0.5 ppm on 600-800 MHz NMR
spectrometers??31. The rigid components ear-have slightly broader peaks due to conformational
heterogeneity of the constituting, repetitive sugar units and the lack of rapid molecular motions.
The typical 3C linewidth is 0.7-1.0 ppm for cellulose microfibrils in plants and 0.5-0.7 ppm for
chitin in fungi®®. The sharp linewidth of cellulose and chitin are_mainly caused by polymer
crystallinity, thus is partially resistant to dehydration and temperature change, for example, the
cryogenic_temperature ferof DNP_experiment®67. The peak sharpness of matrix polymers,
however, are highly sensitive to the change of sample conditions that affect the polymer mobility,
therefore, itard can be used as an indicator of sample hydration. Broad lines of matrix polymers
typically designate the lack of hydration in the sample, which may ermay-retbe fully or partially
recovered by re-adding mrere-water-dependentonthephysicalnatureofthe sample®® Typically,
a hydration level of 50-80 wt%-wiH is enough for providing ae good linewidth ferin both plant and

fungal samples.

DNP is often necessary te-for investigating these challenging whole-cell systems. Typically, a 20-
40 fold enhancement of sensitivity could be achieved on an optimized sample on a 600 MHz/395
GHz DNP spectrometer and this value increases with decreasing field, for example, almost
doubled on a 400 MHz/263 GHz DNP2%>°, There are several factors that could affect the DNP
efficiency. First, the penetration of radicals into the porous network of cell walls is crucial and
this process can be substantially facilitated by mild grinding of the biomaterials in the radical-
containing DNP matrix. Second, the physical properties, the stiffness for example, of the sample
affects the choice of microwave power, the DNP matrix “melts” under 12 W irradiation as
evidenced by the sharpening of *H resonances, which was not a problem for the stiffer plant
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stems. As a result, a more isotropic pattern of the H solvent peak is observed, with substantially
lower spinning sidebands and attenuated DNP enhancement. Therefore, weaker power is
recommended for softer materials. Third, the composition of DNP matrix should be optimized. It
turns out that ds-glycerol/D20/H20 is generally the everal-best solvents for soft materials while
a simpler and cheaper choice of D20/H20 can also be effective in some cases because the
presence-of-sugars present in the system alse-serves as a-cryoprotectants to some extent. In
contrast, the dse-DMSO/D20/H20 solution fails in both the-plants and fungal samplesi, with less
than 10-fold of sensitivity enhancement, thus it is not recommended for use unless for special
purposes. A matrix-free protocol has recently been demonstrated to be highly effective due to
solvent depletion, which creates additional space to accommodate more materials3456:60,
However, the loss of hydration presents a major perturbation to the structure of biomolecules,
thus this method might not be suitable for biological systems. If unlabeled cell walls are to be
studied, '3C-depleted ds-glycerol/D20/H20 is the optimal solvent that does not contribute any
natural abundance 3C signals nor sacrifices any sensitivity enhancement.
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