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Multidimensional solid-state NMR studies of
the structure and dynamics of pectic
polysaccharides in uniformly '>C-labeled
Arabidopsis primary cell walls

Marilu Dick-Perez,® Tuo Wang,? Andre Salazar,” Olga A. Zabotina® and
Mei Hong®*

Plant cell wall (CW) polysaccharides are responsible for the mechanical strength and growth of plant cells; however, the
high-resolution structure and dynamics of the CW polysaccharides are still poorly understood because of the insoluble
nature of these molecules. Here, we use 2D and 3D magic-angle-spinning (MAS) solid-state NMR (SSNMR) to investigate
the structural role of pectins in the plant CW. Intact and partially depectinated primary CWs of Arabidopsis thaliana were
uniformly labeled with 'C and their NMR spectra were compared. Recent '3C resonance assignment of the major polysac-
charides in Arabidopsis thaliana CWs allowed us to determine the effects of depectination on the intermolecular packing and
dynamics of the remaining wall polysaccharides. 2D and 3D correlation spectra show the suppression of pectin signals, confirming
partial pectin removal by chelating agents and sodium carbonate. Importantly, higher cross peaks are observed in 2D and 3D '3C
spectra of the depectinated CW, suggesting higher rigidity and denser packing of the remaining wall polysaccharides compared
with the intact CW. '3C spin-lattice relaxation times and "H rotating-frame spin-lattice relaxation times indicate that the
polysaccharides are more rigid on both the nanosecond and microsecond timescales in the depectinated CW. Taken
together, these results indicate that pectic polysaccharides are highly dynamic and endow the polysaccharide network of
the primary CW with mobility and flexibility, which may be important for pectin functions. This study demonstrates the
capability of multidimensional SSNMR to determine the intermolecular interactions and dynamic structures of complex plant
materials under near-native conditions. Copyright © 2012 John Wiley & Sons, Ltd.

Supporting information may be found in the online version of this article.
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the main pectic polysaccharides include homogalacturonan (HGA)
and rhamnogalacturonan (RG) | and 11/ Alkali extraction results in
a hemicellulose fraction, which, in dicots, mainly consists of
xyloglucan (XG) and small amounts of glucoronoarabinoxylan

Introduction

The cell walls of higher plants are important for the morphology,
ionic balance, growth and development of plant cells. Their

energy-rich polysaccharides make them potentially alternative
energy sources to petroleum and coal. Elucidating the molecular
structure and dynamics of plant CW polysaccharides is thus
important both for fundamental advances in plant biochemistry
and for economic reasons.” Plants have a thin primary cell wall
laid down by growing cells and a thick secondary wall laid
down after termination of cell growth during cell differentia-
tion.”) The common major biopolymers in primary cell walls
are cellulose, hemicelluloses, pectic polysaccharides, and struc-
tural glycoproteins. The secondary CWs often show more
specialized compositions but generally contain higher levels of
cellulose, much less or no pectins, and significant amounts of
lignin and hydroxycinnamic acids.

Decades of extraction-based chemical analysis, enzymatic
hydrolysis, and microscopic imaging and X-ray diffraction have
revealed the chemical composition and ultrastructural details of
the insoluble plant CW.B~*! Pectic polysaccharides are solubilized
by chelating agents and contain a mixture of acidic polysacchar-
ides rich in galacturonosyl residues and neutral polysaccharides
such as arabinan and galactan. In dicotyledonous flowering plants,

and galactomannan. Xyloglucans are glucan chains decorated
with xylose (Xyl), galactose (Gal), and fucose (Fuc) side chains.
Pectins and hemicelluloses constitute the amorphous matrix of
the CW, whereas cellulose microfibrils provide the crystalline
core. The cellulose microfibrils have diameters of 3-5 nm in
primary CWs' and can only be hydrolyzed either enzymatically
or by heating in strong acid solution.

Although chemical extraction allows quantification of CW com-
ponents, it is complicated by the partial and non-specific nature
of bond cleavage, and the destruction of the physical interactions
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among the polysaccharides prohibits the elucidation of the
native three-dimensional structure of the plant CWs. The main
structural techniques, electron microscopy and X-ray diffraction,
preferentially detect crystalline cellulose microfibrils but not the
amorphous matrix polysaccharides. Two-dimensional solution
NMR methods have been used to study lignin-containing sec-
ondary cell walls that were solubilized by ball milling, dissolution
in organic solvents, and acetylation.®® Although this approach
provides relatively native structural information, the sample
preparation procedure still causes partial bond cleavage such
as to the glycosidic linkage and f-aryl ethers in lignins. Because
of these limitations, the molecular structures and interactions
of the polysaccharides in intact plant CWs have remained
scarce.["’w'”]

Recently, we began to investigate the molecular structure
and dynamics of polysaccharides in insoluble plant CWs using
multidimensional solid-state NMR (SSNMR) spectroscopy.''?
SSNMR detects the atomic-resolution structure and dynamics
of disordered solids. High-resolution 2D and 3D MAS correlation
NMR has been instrumental in the structure determination of
insoluble proteins such as membrane proteins and amyloid
fibrils,/'>~'® but it had not been applied to plant cell walls
because of the low sensitivity of '>*C NMR of natural materials.
By '3C-labeling whole plants during growth, we achieved suffi-
ciently high sensitivity to measure 2D and 3D '3C correlation
spectra, which allowed us to assign the '3C resonances of most
CW polysaccharides. Our study focuses on the primary CW of the
model plant Arabidopsis thaliana, which is the first sequenced
plant genome!”’ A large number of Arabidopsis mutants are
available, thus permitting the study of the effects of individual
polysaccharides on CW structure and function. Primary walls (type
I) have similar structures and properties among various dicots and
non-graminaceous monocots,'® thus results obtained from
Arabidopsis are applicable to other higher plants. Our first multidi-
mensional SSNMR study confirmed and refined many '>C chemical
shifts that had been previously obtained from purified cellulose
and hemicelluloses.®2? We quantified the mobilities of these
polysaccharides by measuring NMR relaxation times and dipolar
order parameters."? The data showed that pectic polysaccharides
are the most dynamic species in the CW, whereas hemicelluloses
exhibit mobilities intermediate between cellulose and pectins.!'>?%!
In addition to wild-type primary CW, we also investigated an
XG-deficient mutant CW, which was generated by crossing
homozygous xxtTxxt2®* and xxt2xxt5 double knockout lines.
The xxt1xxt2 double mutant was previously reported to have
no detectable XG content,*” whereas the xxt5 single mutant
had significantly lower amounts of XG."** The triple knockout
mutant has drastically reduced amounts of glycosyl residues
typically assigned to XG, such as 4,6-glucose (Glc), t-Xyl, 2-Gal,
and t-Fuc."? The XG-deficient mutant CW showed much higher
mobility for all polysaccharides, indicating the rigidifying influ-
ence of hemicelluloses on the polysaccharide network.

Our previous NMR study reported multiple intermolecular
cross peaks between pectins and cellulose microfibrils but found
only limited correlations between XG and cellulose, which argue
against the prevailing model that XG coats the surface of cellu-
lose microfibrils.?®! However, because of the chemical similarity
between the glucan backbone of XG and cellulose, it is possible
that cellulose-hemicellulose correlations may be difficult to
resolve even in 3D "3C-"3C-'3C correlation spectra. At the same
time, we observed many cellulose-pectin correlations, which
suggest a more central role for pectins in the CW. Pectins are

known to have diverse functions in plants: they regulate cell
growth, morphology, defense, cell-cell adhesion, wall porosity,
and signaling.?” Thus, it is important to further elucidate the
structure and function of pectins in the primary CW.

In this study, we investigate the structure and dynamics of
pectic polysaccharides in the primary CW by comparing the '*C
spectra and relaxation times of a partially depectinated CW sam-
ple with those of the intact CW and XG-depleted mutant CW. We
show by 2D and 3D correlation spectra that chelating agents
and sodium carbonate removed a substantial portion of pectic
polysaccharides and resulted in altered intermolecular contacts
and mobilities for the remaining polysaccharides. We discuss
these results in the context of an integrated structural model of
the primary CW.

Experimental Section
Plant material

Three CW samples of Arabidopsis thaliana were prepared: an
intact wild-type CW, a depectinated wild-type CW, and a
xxt1xxt2xxt5 triple knockout mutant CW that lacks xyloglucan.
The CW material was prepared as described recently."® Briefly,
Arabidopsis plants were germinated, shaken, and grown at 21°C
in the dark in a liquid culture with uniformly *C-labeled glucose
as the only carbon source (5 g/l). After 14 days, whole seedlings,
including roots and hypocotyls, were harvested and homogenized.
Alcohol-insoluble residues were extracted with 80% v/v ethanol,
washed with a chloroform: methanol (1:1) solution to remove
lipids and other non-polar compounds. The alcohol-insoluble resi-
dues were suspended in 50 mM sodium acetate buffer (pH 5.2)
containing 1.5% of SDS and 5mM sodium metabisulfate to
remove most of the intracellular proteins and low-molecular
weight compounds. SDS treatment does not remove some of
the structural proteins that are crossed-linked with polysaccharides
in CWs. Starch was removed by incubation with a-amylase for 48 h
in the presence of 0.01% thimerosal. The purified CW material was
washed with water to remove the digested starch, then washed
with acetone and air-dried.

To extract pectin from the wild-type CW, we suspended the
purified CW (10 mg/ml) in 50 MM ammonium oxalate (pH 5.0)
and incubated it overnight while shaking at room temperature.
Ammonium oxalate chelates calcium ions, thus solubilizing pectic
polysaccharides containing stretches of unesterified homogalac-
turonan (HGA). The solubilized pectins were separated from
insoluble residue by centrifugation at 10000g for 20 min. The
pellet was washed with deionized water, centrifuged again, and
the supernatant was discarded. The pellet was next suspended
in 50mM sodium carbonate (pH 10) and incubated overnight
while shaking at room temperature to remove branched RG |,
RG Il, and esterified HGA. Solubilized pectins were separated by
centrifugation at 10000g for 30min. The pellet was washed
several times with deionized water, every time pelleting by
centrifugation at the same force, until the pH of the supernatant
reached 5.5-6.0. After these extractions, the part of pectins that
loosely bound within the CW, mainly through ionic interactions
with Ca®*, is largely removed, whereas pectins tightly bound to
cellulose and hemicelluloses should remain.

To determine the amount of pectins remaining after extraction
with the chelating agent and sodium carbonate, we measured
the monosaccharide compositions of untreated and treated
CWs. For this analysis, 1 mg of dry CW material was hydrolyzed
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with 2 M trifluoroacetic acid (TFA) for 2 h at 120°C. TFA was evapo-
rated at 50 °C under a stream of air and the pellet was resuspended
in 200 pl of water. The resulting solution of monosaccharides was
analyzed using high-performance anion exchange chromatogra-
phy as described before”® Monosaccharide standards were
purchased from Sigma-Aldrich and included L-Fuc, L-rhamnose
(Rha), L-arabinose (Ara), D-Gal, D- Glc, D-Xyl, D-mannose (Man),
D-galacturonic acid (GalA), and D-glucuronic acid (GlcA).

About 30 mg of each dry CW sample was rehydrated to 45%
(w/w) in a pH 7.5 phosphate buffer and packed into 4 mm MAS
rotors for SSNMR experiments.

Solid-state NMR experiments

Most '3C MAS spectra were measured on a Bruker Avance 600
(14.1 Tesla) spectrometer operating at resonance frequencies of
600.13 MHz for '"H and 150.9 MHz for '*C. A double-resonance
4mm MAS probe was used. Typical radiofrequency (rf) field
strengths were 62-70 kHz for 'H decoupling and 50 kHz for *C
pulses. MAS frequencies ranged from 7 to 12 kHz. "3C chemical
shifts were referenced to the '>CO signal of o-glycine at
176.49 ppm on the TMS scale.

Initial transverse '3C magnetization was created using 'H-'>C
cross polarization (CP) for experiments that preferentially detected
the signals of rigid polysaccharides and by ">C direct polarization
(DP) for experiments that enhanced the signals of mobile
polysaccharides. Recycle delays ranged from 1.5 to 25s. The
long recycle delays were used in '*C DP experiments to obtain
quantitative intensities for each type of '*C in the mixture.

Several 2D and 3D '3C correlation experiments (Table S1) were
carried out to assign the polysaccharide resonances. A dipolar
double-quantum (DQ)-filtered 2D correlation experiment was
used to identify predominantly one-bond '3C correlation peaks of
relatively rigid species. In this experiment, the SPC5 sequence”
was used to recouple the '*C-'3C dipolar interaction under
MAS to mediate polarization transfer. A 2D '*C double-quantum
J-INADEQUATE experiment®*” was used to detect the signals of
mobile polysaccharides. The pulse sequence involves "*C direct
excitation, a Hahn-echo period for J-coupling mediated
polarization transfer, and a short recycle delay of ~2.05."? The
w; dimension of the INADEQUATE spectrum is the sum chemical
shift of the two correlated spins, whereas the w, dimension
shows the regular single-quantum (SQ) chemical shifts. A 3D
CCC experiment®! containing two spin-diffusion mixing
periods, ty,; and ty,, was used to further resolve cross peaks.
The t,; was short (8 ms) to observe intramolecular cross peaks,
whereas t,,, was long (300 ms) to observe both intramolecular
and intermolecular correlations.

2D "3C spin diffusion (DARR or PDSD) correlation experiments
were performed to obtain through-space correlation signals. The
'3C mixing times were 8 ms and 300 ms. To investigate the mobil-
ity of the CW polysaccharides, we conducted a 'H T, p-filtered spin
diffusion experiment on the intact CW where a 'H spin-lock period
was added before "H-"3C CP, and a spin diffusion mixing time of
300 ms was used. The T, -filtered 2D spectrum was compared with
the unfiltered spectra of both the intact and depectinated CWs. A
series of 1D 'H T,, filtered experiments with varying 'H spin-lock
times were used to optimize the filter time for the 2D experiment.

3C T, and 'H T,, relaxation times were measured to investi-
gate the mobility of the polysaccharides in the depectinated
CW."? For the '3C T, experiment, a standard inversion recovery
sequence with '*C DP was used in conjunction with long recycle

[32]

delays to obtain quantitative intensities. The recycle delay was
255 for the intact and depectinated CW samples and 10s for
the XG-deficient triple mutant CW. These values were chosen
based on the previously measured 13C T, values, which were less
than 1s for the triple mutant CW and less than 4s for the
wild-type CW.""? The 'H T, , was measured using a variable Lee-
Goldburg spin-lock period before a constant 'H-'*C CP period,
which also involved Lee-Goldburg spin lock on the 'H channel.
As a result, the 'H T,, is site-specific. Both '>)C T, and 'H Ty,
relaxation data were fit using the KaleidaGraph software using
double-exponential functions.

Results and Discussion

Arabidopsis thaliana seedling grown in liquid medium in the dark
for 14 days develops strongly elongated hypocotyl with closed
cotyledons and very short root. It was demonstrated™?' that only
by the fourth week of growth does the Arabidopsis hypocotyl
undergo secondary thickening, when cell divisions in the central
cylinder give rise to the secondary xylem, the vascular cambium,
and the secondary phloem. This differentiation follows the cessa-
tion of the elongation phase. Thus, the CW material used in our
study contains mostly primary CWs from elongating hypocotyl,
which contains epidermal, cortical, and endodermal cells, with very
low amount of secondary CW from the hypocotyl's undeveloped
vascular tissues and insignificant contribution of root tissues.
The use of homogenized etiolated seedlings allows us to obtain
information about the average CW structure instead of the CW
of a single cell type. Structural differences among specialized
CWs can be investigated in a tissue-specific manner in the future.

The depectination procedure!’® was chosen to avoid extrac-
tion of hemicellulosic polysaccharides and preserve cellulose-
hemicellulose interactions. Indeed, monosaccharide analysis
after depectination (Table 1) confirms that Rha and GalA
amounts are significantly reduced by the treatment, whereas the
percentages of monosaccharides usually found in hemicelluloses,
such as Xyl, Fuc, and Gal, are largely unaffected. The second
column of Table 1 shows the monosaccharide percentages of
the treated CW normalized to a total amount of 100%. Because
the loss of some sugars necessarily increases the percentages of
the others, we also compared the ratios of various monosacchar-
ides to Glc because most Glc exists in cellulose and hemicellulosic
XG, which is minimally affected by the extraction procedure. Table 1
shows that Rha and GalA are reduced to 40-55% of the levels of
the untreated CW, whereas the Ara content is reduced to ~79%.
In comparison, the amounts of Xyl, Fuc, and Gal are little affected.
Thus, the depectination procedure removed significant amounts
of RG and HGA while retaining hemicelluloses. The fact that a
small amount of RG and HGA still remains may result from their
partial association with hemicellulose and cellulose through
covalent or hydrogen bonds. Further removal of pectins in the
CW, for example, by enzymatic breakdown of HGA, is possible.
To simplify the analysis below, we call this partially extracted
CW as depectinated CW.

2D and 3D '3C correlation spectra of depectinated versus
intact cell walls

We examined the structural role of pectin in the primary wall by
comparing the 1D, 2D, and 3D '*C MAS spectra of depectinated
and intact CWs. Figure 1 shows quantitative 1D '*C DP spectra
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Table 1. Monosaccharide percentages in intact and depectinated cell walls. Sugar residues whose percentages are significantly reduced by depec-
tination are bolded

Sugar Untreated CW Depectinated CW Ratio to Glc, untreated Ratio to Glc, Depectinated
Fucose 43+0.2 54+0.5 0.26 0.26

Rhamnose 11.4+0.2 6.0 +0.5 0.69 0.29

Arabinose 123 +0.3 12.1+£0.9 0.74 0.59

Galactose 188+0.3 21.0£1.0 1.14 1.03

Glucose 16.5+0.3 204 £1.1 1.0 1.0

Xylose 18.7+0.2 21.0£1.0 1.13 1.03

Mannose 3.8+0.1 43405 0.23 0.21
Galacturonic acid 12.5+0.3 8.6 £0.7 0.75 0.42
Glucuronic acid 1.8+0.1 1.1+0.2 0.11 0.05

of the two samples, measured with a long recycle delay of 25s.
The spectra are scaled such that no polysaccharide signals in
the depectinated sample exceed the corresponding intensities
of the intact CW. This condition is satisfied when the intensity
of the interior cellulose C4 peak at 89 ppm is matched between
the two spectra, whereas all other polysaccharide signals are lower
in the treated CW sample. Thus, the interior cellulose C4 peak
provides the reference between the two samples, consistent with
the fact that pectin extraction should have minimal impact on
the cellulose microfibrils. These 1D '3C spectra show that peaks
with lower intensities in the depectinated CW indeed mainly
correspond to pectin signals. For example, the GalA and Rha C1
peaks at 101 ppm, the Rha C2 and GalA C4 peaks at 80 ppm, and
GalA C2 and Rha C5 peaks at 69 ppm have much lower intensities
in the depectinated CW than in the intact CW.

To better resolve the *C signals and verify the reduction of
pectin, we measured several 2D '*C-'3C correlation spectra.
Pectic polysaccharides were previously found to be highly mobile
in the intact CW based on '3C DP experiments and relaxation
times."? A 2D DP J-INADEQUATE experiment, which correlates
the sum chemical shift of two directly bonded '3C spins in the
w; dimension with the individual chemical shifts in the w,

C2,3,5

GA,R
— Intact

—— Depectinated

GalA C6 methyl
in methyl ester

Cé6

glycoprotein
sidechains

GalA C6 (H- or methyl ester),
C3 acetyl, and protein CO

180 160 140 120 100 80 60 40 20
3C chemical shift (ppm)

Figure 1. Quantitative 1D 'C DP-MAS spectra of (a) intact and (b)
depectinated Arabidopsis thaliana cell walls. A long recycle delay of 25s
was used to obtain quantitative intensities. Asterisks denote spinning
sidebands. The spectra were measured under 7kHz MAS at 295K.
Abbreviations of the assignment in this and subsequent figures are
defined in Fig. 2a.

dimension, is especially effective for detecting the signals of
mobile molecules."? Figure 2a, b compares the J-INADEQUATE
spectra of the depectinated and intact CW samples. The INADE-
QUATE spectrum does not have a diagonal, thus giving excellent
resolution for '3C signals with similar chemical shifts. A number of
pectin peaks are either weakened or absent (red boxes) in the
depectinated CW spectrum. For example, the Ara C1-C2 cross
peaks at w, chemical shifts of 110 and 82 ppm (with a w; DQ
chemical shift of 192 ppm) and the Ara C4-C5 peaks at w, chem-
ical shifts of 83ppm and 67 (with a w; DQ chemical shift of
151 ppm) are missing in the depectinated CW spectrum, and
the GalA C1-C2 cross peaks at w, chemical shifts of 101 and
68 ppm are much lower in the depectinated spectrum than in
the intact CW spectrum. Representative 1D cross sections are
shown in Figure S1a, b. These pectin sites have weaker or
undetectable intensities despite the fact that they are highly dynamic
in the intact CW,"'? which should make them easy to detect in the
INADEQUATE spectrum. Thus, the intensity loss is strong evidence
for the significant removal of these pectins from the cell wall.

Interestingly, we also observed several new cross peaks in the
depectinated CW spectrum that were absent in the intact CW
spectrum (blue boxes). For example, two cross peaks at w, chem-
ical shifts of 97 and 75ppm (with a w; DQ chemical shift of
172 ppm) were observed, and another pair at 93 and 72 ppm
(with a @, chemical shift of 165 ppm) was also additional to the
intact CW spectrum. These resonances have not yet been
assigned. They may result from hydrolysis of esters to free
carboxylate groups after sodium carbonate treatment at pH 10,
or from the higher sensitivity of the remaining polysaccharides
in the depectinated wall (see below), which may allow small
amounts of polysaccharides to be better detected.

To understand how the partial removal of pectin in the CW
affects the remaining polysaccharides, we measured the dipolar
DQ-filtered correlation spectra of intact and depectinated CWs
(Fig. 2¢, d). This experiment uses 'H-">C CP to establish the initial
13C magnetization and "*C-"3C dipolar coupling to mediate polar-
ization transfer; thus, the signals of mobile pectins are weaker
than those of cellulose and hemicellulose. Nevertheless, the
intact CW spectrum shows a number of well-resolved pectin cross
peaks such as Rha C1-C2 (101-80 ppm), C2-C3 (80-71 ppm), and
GalA C1-C2 (99-69 ppm), which are clearly suppressed in the
depectinated CW spectrum. Figure S1c shows 1D cross sections
to further illustrate the fact that these distinct pectin signals are
below the detection limit in the treated sample. Similar to the
J-INADEQUATE spectra, a few cross peaks such as the interior cel-
lulose C1-C4 cross peak at (w,, w,) chemical shifts of (105, 89)
ppm are higher in the depectinated spectrum than the intact
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Figure 2. 2D 13C-13C correlation spectra of (a, ¢) intact and (b, d) depectinated cell walls. (a, b) 2D DP J-INADEQUATE spectra, which preferentially detect
the signals of mobile polysaccharides. DQ "3C chemical shifts in the @, dimension are correlated with single-quantum '3C chemical shifts in the w,
dimension. (c, d) 2D CP DQ filtered '>C correlation spectra, which preferentially enhance the signals of rigid polysaccharides. Selected signals that
are present in the intact CW but absent in the depectinated CW are boxed in red, whereas signals that are weak in the intact CW but strong in the

depectinated CW are boxed in blue.

CW spectrum, again suggesting that cellulose microfibrils become
more rigid after depectination, thus giving higher polarization
transfer efficiencies.

To further verify the partial removal of pectins by ammonium
oxalate and sodium carbonate, we measured a 2D '>C DARR
correlation spectrum, which detects through-space contacts
between carbons. With a short mixing time of 8 ms, only intra-
residue cross peaks are expected and can result from both
relayed transfer through several bonds and direct through-space
transfer. Qualitative inspection of the 2D spectra (Fig. 3a, b)
suggested no large differences between the intact and depecti-
nated spectra. However, close examination of the 1D cross sections

indicate clear changes in the relative intensities of the peaks, with
the depectinated CW showing lower intensities at pectin chemical
shifts. In comparing the cross sections, we scaled the spectra so
that no peak in the treated CW exceeds the intensity of
the corresponding peak in the intact CW. For example, in the
80-ppm cross section of Rha C2 and GalA C4 (Fig. 3c), the 105-
ppm peak has the highest relative intensity in the depectinated
sample and is thus matched to the 105-ppm peak of the intact
CW. Normalized in this way, the 80-ppm diagonal peak is much
lower in the treated sample, and the 70-ppm peak because of
Rha C2-C5 and GalA C4-C2 correlation is also weaker in the
depectinated sample. In the 68-ppm cross section of Rha C5

Magn. Reson. Chem. 2012, 50, 539-550
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Figure 3. 2D 13C-3C DARR spectra of (a) intact and (b) depectinated cell walls with an 8-ms mixing time. (c) 80-ppm w; cross section of Rha C2 and

GalA C4. (d) 68-ppm w, cross section of Rha C5 and GalA C2.

and GalA C2 (Fig. 3d), with the cellulose 105-ppm C1 intensity
matched between the two spectra, most other intensities are
significantly lower in the depectinated CW spectrum. These
include cross peaks to Rha or GalA C1 (101 ppm), Xyl C1
(100 ppm), Rha C2 or GalA C4 (80 ppm), and C6 of various poly-
saccharides (63 ppm). Therefore, all three types of 2D correlation
spectra, which enhance the signals of either mobile species or
rigid molecules, show lower intensities for the pectin carbons,
which indicate that the spectral changes must result from lower
amounts of pectins in the CW rather than from mobility changes
because the latter should decrease intensities in some spectra
while increasing them in others.

For cellulose and hemicellulose, the depectinated CW shows
higher intensities than the intact CW in spectra that preferentially
enhance the signals of rigid molecules. This change suggests that
the partial removal of pectins may increase the rigidity of the
remaining polysaccharides, which, in turn, suggests denser pack-
ing and stronger intermolecular interactions of the remaining
polysaccharides. If this is true, then we should observe stronger
intermolecular cross peaks between cellulose and hemicel-
lulose. Intramolecular cross peak intensities should also increase
because of enhanced spin diffusion efficiencies. To test these
hypotheses, we measured the 3D 'C-">C-">C correlation spec-
trumB" of the depectinated CW and compared it with that of

the intact CW. The two spectra were measured using spin
diffusion mixing times of 8 and 300 ms and with CP to generate
the initial "3C polarization. Figure 4 shows that the number and
intensities of cellulose and hemicellulose cross peaks in the 3D
spectra are indeed higher for the depectinated cell wall (bottom)
than the intact cell wall (top). For example, in the 105-ppm w;
plane of cellulose and XG Glc C1 (Fig. 4a), a series of strong cross
peaks with interior cellulose C4 (89 ppm) and surface cellulose C4
(85ppm) are observed in the treated sample, whereas the
corresponding peaks are weaker in the intact CW sample
(Figure S2a). Stronger C1 cross peaks with C6 are also observed.
A new cross peak at (105, 72, 100) ppm in the depectinated CW
may be assigned to intermolecular correlation among cellulose
C1, cellulose C2/3/5, and Xyl C1. In the 89-ppm @, plane of interior
cellulose C4 (Fig. 4b), stronger intramolecular cross peaks with
105 ppm (C1), 73 ppm (C3), and 63 ppm (C6) are observed in the
depectinated spectrum. In addition, an intermolecular cross peak
between interior cellulose C3 and surface cellulose C4 (75 to 85
ppm) is detected, which is absent in the intact CW. In the 84 ppm
plane of surface cellulose and XG Glc C4 (Fig. 4c), intermolecular
cross peaks between surface and interior cellulose are enhanced
in the depectinated CW spectrum. These intensity difference are
illustrated in selected 1D slices in Figure S2. In addition, 2D
correlation spectra with 300-ms spin diffusion were compared
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Figure 4. Selected 2D cross sections of the 3D CCC spectra of intact (top) and depectinated (bottom) cell walls, measured with spin diffusion mixing
times of 8 and 300 ms. (a) 105.2 ppm ; plane of cellulose C1. (b) 89.4 ppm @ plane of interior cellulose C4. (c) 83.8 ppm w; plane of surface cellulose
and XG backbone Glc C4. Peaks whose intensities increased in the depectinated sample are boxed in blue.

between the intact and depectinated samples (Figure S3) and
confirmed the intensity differences in the 3D spectra.

Dynamics of the depectinated cell wall from NMR
relaxation times

To directly determine if partial depectination increased the rigid-
ity of the wall polysaccharides, we measured the '*C T, and 'H
T, relaxation times of the depectinated CW and compared them
with those of the intact wild-type CW and the XG-depleted triple
mutant. To ensure quantitative intensities for all polysaccharides,
we measured >C T, using DP and long recycle delays. Similar to
the other two CW samples, '>C T, relaxation of the depectinated
CW is double exponential (Figure S4), indicating heterogeneous
dynamics for most polysaccharides. Figure 5a plots selected '*C
T, relaxation times of the slow-relaxing component of represen-
tative peaks of matrix polysaccharides (101, 82, and 69 ppm)
and cellulose (88 and 65 ppm). The complete set of '3C T, relaxa-
tion times and the relative percentages of the slow- and fast-
relaxing components are shown in Fig. 6a-c. The data indicate
that the depectinated CW has longer '*C T, relaxation times
and higher fractions of the slow-relaxing component than the
intact wild-type CW. For example, the '3C T; of the 69-ppm peak
of Rha C5 and HGA C2 increased from 0.6+0.1 to 2.7+0.5s,
whereas the 101-ppm peak of Rha and HGA C1 increased from
1.5+£04 to 254+ 0.5s. The longer relaxation times most likely
result from a combination of reduced amplitudes and slower

motional rates of the depectinated CW polysaccharides. Our
previous measurement of C-H dipolar order parameters of intact
CW showed that pectins had the lowest C-H order parameters
among all polysaccharides,"? which were correlated with their
fast relaxation rates. Partial removal of the pectins may rigidify
the cell wall by decreasing the distances among the remaining
polysaccharides. Compared with the matrix polysaccharides, the
crystalline core of cellulose, detected through the well-resolved
interior cellulose C4 (88 ppm) and C6 (65 ppm) peaks, shows no
significant T; changes between the intact and partially depecti-
nated cell wall, which provides a useful control to the observed
dynamic changes of the matrix polysaccharides. In contrast to
the effects of pectin removal, the XG-depleted mutant shows
drastically and uniformly shortened '*C Ty’s and much higher
fractions of the mobile component for all sites.

The '3C T, relaxation times are influenced by '3C spin diffusion,
which is efficient for the uniformly '*C-labeled CW, and are
specifically sensitive to nanosecond motion. To determine the
dynamics of CW polysaccharides more site-specifically and probe
motion on a different timescale, we measured the 'H Ty, relaxa-
tion time in a spin-diffusion free fashion using a Lee-Goldburg
spin-lock experiment.'*** Figures 5b and 6d-f compare the 'H
Ti,'s of the three CW samples. A similar trend to "°C T, is
observed: the depectinated CW exhibits longer T;, and higher
fractions of the slow-relaxing component, whereas the XG
mutant has the shortest T;, relaxation times and the highest
fractions of the dynamic component. For the matrix polysaccharides,
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Figure 5. Representative BCT, (@ and H T;, (b) relaxation times of
intact CW (black), depectinated CW (gray), and the XG-deficient triple
mutant CW (white). Only the relaxation times of the slow-relaxing compo-
nents are shown; the full panel of relaxation times is given in Fig. 6. The
depectinated CW has significantly longer relaxation times for the matrix
polysaccharides (101, 82, and 69 ppm) than the intact CW. The triple
mutant CW has the shortest relaxation times along the three samples.

the T,, differences between the intact and depectinated CWs are
larger than the error bars of the measurement. Therefore, the
polysaccharides in the depectinated CW have reduced mobility on
both the nanosecond and microsecond timescales compared with
the intact CW. Moreover, the common presence of a fast-relaxing
component that coexists with a slow-relaxing component cannot
be fully attributed to spin diffusion but must partly reflect the intrin-
sic dynamic heterogeneity of most polysaccharide chains.

Both '*C T, and 'H T;, data indicate that cellulose has longer
relaxation times than other polysaccharides. The different 'H
T,,'s can be exploited for spectral editing.”* Specifically, we
can retain the signals of rigid polysaccharides with long T;,’s
while suppressing the signals of mobile polysaccharides by
applying a 'H spin-lock period before 'H-"3C cross polarization.
Figure 7 shows a series of 1D '3C CP-MAS spectra measured with
"H spin lock times from 1 to 7 ms. By 3 ms, the intensities of the
mobile polysaccharides are significantly reduced. For example,
the 89-ppm C4 peak of the interior cellulose is better retained
than the 85-ppm C4 peak of the more mobile surface cellulose.
By 7ms, most glycoprotein sidechain signals between 10 and
40ppm and the 100-ppm C1 signal of Xyl and GalA are
also suppressed.

Based on the 1D 'H T;, spin-lock series, we conducted a
Ty,-filtered 2D correlation experiment to selectively detect
rigid polysaccharides in the intact CW. We compared this spectrum
with the unfiltered spectrum of the depectinated CW to assess if
the 'H T1, filter suppresses the same polysaccharide signals as
chemical extraction. Figure 8 compares the 2D spectra of the intact
CW without the T, , filter (black), the intact CW with a 7 ms T, filter

(blue), and the depectinated CW without any filter (red). All spectra
were measured with the same '3C spin diffusion time of 300 ms.
Representative 1D cross sections are compared in Fig. 8d-f. In gen-
eral, the depectinated CW spectrum has higher sensitivity than the
intact CW spectrum by as much as twofold, whereas the T, ,-filtered
spectrum of the intact CW has two to three times lower sensitivity
than the unfiltered spectrum of the intact CW. We scaled the
unfiltered spectra of the intact and depectinated CW samples such
that the intensity of the depectinated sample is not higher than
that of the intact CW. In the 105-ppm cross section of cellulose
and XG Glc C1 (Fig. 8d), the 89-ppm C4 peak of interior cellulose
and the 85-ppm C4 peak, which results from surface cellulose, XG
backbone, and Ara, show different relative intensities: the unfiltered
spectrum of the intact CW has a higher 89-ppm peak than the
85-ppm peak, whereas the depectinated sample has the opposite
situation. Because the 85-ppm peak results from a mixture of poly-
saccharides, the difference indicates that the depectinated CW has
additional intermolecular contacts between cellulose and matrix
polysaccharides. The most likely species contributing to the
increased 85-ppm peak intensity are XG backbone C4 and the
remaining Ara C4. The 65.0-ppm cross section (Fig. 8f) of interior
cellulose C6 supports this observation because the depectinated
CW shows reduced intensity at 89 ppm compared with the
intact CW when the 85-ppm is set to be the same between
the two samples.

The T, ,filtered spectrum of the intact CW has the lowest
sensitivity among the three spectra, indicating that not only
pectins but also other mobile polysaccharides are suppressed
by the spectroscopic filter. To compare the intensities, we scaled
the 1D cross sections such that the T; ,-filtered spectrum does not
exceed the intensity of the depectinated spectrum. For the
101-ppm cross section of Rha and GalA C1 (Fig. 8e), almost no
intensity is retained in the T, ,-filtered spectrum, whereas strong
intensity remains in the depectinated spectrum. Relative to the
unfiltered spectrum of the intact CW, the T, filtered spectrum
was not scaled, whereas the depectinated spectrum was scaled
down to 80%. For the 105-ppm cross section (Fig. 8d), the inten-
sity of the 85-ppm peak relative to the 89-ppm peak is lower in
the T, filtered spectrum than in the unfiltered spectrum,
confirming the preferential suppression of hemicellulose signals
by the T;, filter. For both the 105-ppm and 62-ppm cross
sections, the absolute intensities of the T, -filtered spectrum are
about threefold lower than the unfiltered spectrum. Taken to-
gether, these results indicate that pectins represent only a subset
of mobile components in the intact CW; hemicelluloses also
possess substantial mobility, which makes them susceptible to
suppression by the T, filter so that the outcomes of the spectro-
scopic filter and chemical extraction of pectin are not identical.

Implications of the SSNMR results on the structural role of
pectins in primary CWs

The 2D and 3D SSNMR spectra and the relaxation times indicate
that the central characteristic of pectin is its mobility. The partial
removal of pectic polysaccharides is verified by monosaccharide
analysis, quantitative '>C spectra, and INADEQUATE and spin dif-
fusion spectra. The fact that the pectin signals are lower both in
spectra that preferentially detect dynamic molecules and in
spectra that preferentially detect rigid species indicates that the
pectin intensity loss is a reflection of lower pectin amounts in
the treated cell wall. The partial depectination caused an increase
of cross peak intensities for the remaining polysaccharides in the
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Figure 7. 1D '3C CP-MAS spectra of the intact CW with varying 'H spin-
lock times. Spin lock preferentially suppresses the dynamic signals, which
have short T;,,'s.

spin diffusion spectra, indicating increased rigidity of cellulose
and hemicelluloses in the absence of a substantial portion of pec-
tins. This qualitative interpretation is supported by the longer '3C
T, and "H T, relaxation times for the depectinated CW (Figs 5,
6), showing that both nanosecond and microsecond timescale
motions have slowed down for cellulose and XG in the depecti-
nated CW compared with the intact CW. These relaxation times
not only confirm the intensity changes in the 2D and 3D corre-
lation spectra but also provide more quantitative and definitive
evidence of the increased rigidity of the cell wall after partial
pectin removal.

The conclusion of pectin dynamics in Arabidopsis are in excellent
agreement with the findings about sugar beet CWs.**! Based on
3C NMR intensities as a function of the CP contact time, the
previous study concluded that pectic galacturonans and arabinan
chains were highly mobile. The contact time dependence of the
13C intensities gave qualitative estimates of the 'H T;,, relaxation
times, with the pectins having shorter T;,s than cellulose and
hemicelluloses, consistent with our quantitative T, results.'?
Depectination also suppressed the signals of mobile residues in
sugar beet CW. Because sugar beet CW has a much lower concen-
tration of hemicelluloses than Arabidopsis CW, the similarity of
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these results indicates that the dynamic nature of pectins is general ~ between our solid-state NMR results and the EM results to the
among many cell walls. different length scales probed by the two techniques. '3C spin dif-
Based on the higher rigidity and cross peak intensities of the  fusion NMR probes intermolecular contacts on the sub-nanometer
depectinated CW, we propose that pectin removal gives rise to  scale, which cannot be resolved using electron microscopy. Our
more densely packed cellulose microfibrils by collapsing the  model of denser packing of cellulose and hemicellulose reflects
space around them. Although it is difficult to separate the relative ~ nanometer scale changes, which is in fact consistent with the
contributions of increased rigidity versus decreased intermolecu-  thicker fibers observed in the depectinated onion CW.® In
lar distances, we favor the model that higher rigidity results from  addition, the more mature CWs used in the EM study may have
more densely packed polysaccharide chains rather than a hollow  some structural differences from the 14-day old CWs used in the
network of rigid polymers. In this context, it is interesting to  current study: the mature onion CW may contain more robust
compare our results with an electron microscopy study of the  cellulose microfibrils that are less amenable to restructuring.
primary CW of mature onion, a monocotyledon, before and after Various CW structural models proposed a pectin-hemicellulose
pectin extraction with a similar procedure.®® The EM images of  network that was independent of a cellulose-hemicellulose
the intact CW showed a dense meshwork of long fibers of 5-12  network.”®! Although detailed features differ, these earlier mod-
nm diameter interspersed with ~10 nm diameter pores. After  els generally depicted pectins as spatially separate from cellulose
depectination, the pore sizes increased to 30-40 nm, whereas by the intermediary XG chains. However, more recent evidence
the fibers thickened and appeared to contain several microfibrils.  of pectin-cellulose,?” pectin-XG,*® pectin-phenolics,** and
We attribute this apparent discrepancy in the pore size change  pectin-protein™®® interactions revises that notion. For example,

(a) Intact cell wall (b) Depectinated cell wall (c) XG-depleted cell wall

icellulose
Cellulose E : I l a

Figure 9. CW models derived from the solid-state NMR data. (a) Intact wild-type CW consists of rigid cellulose microfibrils separated from each other by
dynamic pectin chains and semi-rigid hemicellulose that are partly embedded in the microfibril. (b) Partial depectination results in a more rigid and
more densely packed CW with shorter distances between cellulose and hemicelluloses. (c) XG depletion by mutagenesis results in a CW with more
dynamic cellulose and pectin chains.

i~

Pectin
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pectins with neutral side chains, such as arabinans and galactans,
bind to both commercial microcrystalline cellulose and native
plant CW cellulose up to about 8-pig bound material per mg of
cellulose.®”! Our recent solid-state NMR study suggest that the
numbers of pectin-cellulose and XG-cellulose cross peaks in
intact Arabidopsis CW are similar, indicating that on the molecular
level, all three classes of polysaccharides exist in a single spatial
network in the primary CW.'? The observed denser packing
of cellulose microfibrils after depectination also supports this
single-network architecture.

The mobility of pectic polysaccharides is consistent with the
highly branched structure of RG | and I.*"! It may be relevant
for the well-known role of pectin in plant cell growth and elonga-
tion."'*? By keeping the rigid cellulose microfibrils apart, the
mobile pectin chains may regulate wall porosity,*>**" which
would allow access of proteins and polysaccharides to different
parts of the wall and to specialized regions such as intercellular
junctions and air spaces.”) The mobility of the pectins implies
their existence in a less restrained and more solvent accessible
environment, which may make them more prone to enzymatic
digestion. This degradation may be prerequisite to cell wall
restructuring and signaling.""

It is noteworthy that the effect of depectination on the CW
structure is the opposite of the effect of XG depletion (Fig. 9).
XG removal in the triple mutant CW drastically shortened '*C
T, and 'H T;, relaxation times of both cellulose and pectins
(Figs 5 and 6), indicating that the polysaccharides undergo
faster motion in the absence of XG. Thus, although hemicellu-
lose mobility is intermediate between that of cellulose and
pectins,['? its structural role in the CW is to enforce the rigidity
of the wall, in contrast to pectins. Pectic polysaccharides are
thought to form linkages to xyloglucans."" The necessary lack
of such linkages in the hemicellulose-depleted mutant may also
contribute to the increased flexibility of the CW.

This study demonstrates the ability of solid-state NMR in
combination with isotopic labeling for investigating the molecu-
lar structures and dynamics of insoluble plant CWs in their native
environment. The large number of cross peaks detected in 2D
and 3D spectra confirms the ability of multidimensional MAS
NMR to resolve intermolecular and intramolecular contacts in
complex plant mixtures. Future application of this approach to
plant CWs can be readily envisioned, such as investigating
glycoprotein—polysaccharide interactions® and elucidating
cellulose biosynthesis™! for energy applications.
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Table S1. Conditions of the SSNMR experiments for characterizing Arabidopsis CWs.

Experiment Sample Mixing  Polariza Temp MASrate Recycle
time -tion (K) (kHz) delay (s)
(ms)

1D *C DP Intact & - DP 294 7 25

treated

2D J-INADEQUATE Intact 6 DP 295 12 2

2D J-INADEQUATE Treated 6 DP 295 11.8 1.8

2D DQ filtered CC Intact 1.14 CP 296 7.0 1.7

2D DQ filtered CC Treated 1.33 CP 296 7.5 1.8

3D CCC Intact 8, 300 CP 273 12.0 1.8

3D CCC Treated 8, 300 CP 296 9.3 1.85

2D DARR Intact 8 CP 293 7.5 1.8

2D DARR Treated 8 CP 293 7.5 1.8

2D PDSD Intact 300 CP 293 7.5 1.8

2D PDSD, 7 ms Ty, filter | Intact 300 CP 293 7.5 2.0

2D PDSD Treated 300 CP 293 7.5 2.1

2D PDSD Intact 300 CP 298 9.3 1.9

2D PDSD Treated 300 CP 298 9.3 1.9
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Figure S1. Representative 1D cross sections of 2D *C-!3C correlation spectra of intact (black)
and depectinated (red) primary CWs to compare cross peak intensities. (a, b) 1D cross sections
from DP J-INADEQUATE spectra of Figure 2(a, b). The @ double-quantum chemical shifts of
the cross sections are indicated. The 192 ppm and 151 ppm cross sections in (a) show the
removal of pectin peaks in the depectinated CW. The 165 and 172 ppm cross sections in (b)
show additional cross peaks in the depectinated CW that are absent in the WT cell wall. (¢) 1D
cross sections from the 2D DQ filtered spectra of Figure 2(c, d). The depectinated CW shows

weaker intensities for pectin cross peaks.
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Figure S2. Selected 1D cross sections from the 3D CCC spectra shown in Figure 4 for the intact
(black) and depectinated (red) CW. (a) ®1=105 ppm 2D plane (Figure 4a). The 105 ppm cross
section serves as the reference while the 89 ppm and 73 ppm w; cross sections show the
increased cross peak intensity of the depectinated CW. The cross sections of the two samples are
scaled such that the intensity of the triple diagonal peak at (105, 105, 105) ppm (labeled as ref) is
the same. (b) @1 = 89 ppm 2D plane (Figure 4b). The depectinated CW has higher iC4 to iC1 and
1C3/C5 cross peaks. The cross sections of the two samples are scaled such that the triple diagonal
peak at (89, 89, 89) ppm (labeled as ref) has the same intensity. (¢) ®1=83.8 ppm 2D plane
(Figure 4a). The cross sections of the two samples are scaled such that the triple diagonal peak at
(84, 84, 84) ppm (labeled as ref) has the same intensity. The depectinated sample shows higher
cross peak from s/G C4 to s/G C1 and C3/5.
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Figure S3. 2D *C-13C PDSD spectra with 300 ms mixing measured at 298 K under 9.3 kHz
MAS. (a) 2D spectrum of the intact CW. (b) 2D spectrum of the depectinated CW. (c¢) 1D cross
sections from the 2D spectra at the indicated o1 chemical shifts, illustrating the higher cross peak
intensities of the depectinated CW. Cross sections are scaled such that the diagonal peak
(indicated by *) has equal intensity between the two spectra. The depectinated CW sample shows
stronger cross peaks for most cross sections as a result of more efficient spin diffusion for the

more rigid polysaccharides that remain in the cell wall.
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Figure S4. Representative relaxation data used to obtain the '°C Ty (a, b) and 'H Ty p values (c,

d) of the intact (a, ¢) and depectinated (b, d) CW samples. The 88 ppm and 62 ppm peaks of

interior cellulose C4 and surface cellulose and XG backbone C6 are shown. Note the different

time axis for the 'H Ty, data between (c) and (d).
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