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Primary plant cell walls contain highly hydrated biopolymer networks, whose major chemistry is
known bur whose relationship to architectural and mechanical properties is poorly understood.
Nuclear magnetic resonance spectroscopy has been used to characterize segmental mobilities via
relaxation and anisotropy effects in order to add a dynamic element to emerging models for cell
wall architecture.

For hydrated onion cell wall material, single pulse excitation revealed galactan (pectin side
chains), provided that dipolar decoupling was used, and some of the pectin backbone in the addi-
tional presence of magic angle spinning. Cross-polarization excitation revealed the remaining pectin
backbones, which exhibited greater mobility (contact time dependence, dipolar dephasing) than the
cellulose component, whose noncrystalline and crystalline fractions showed no mobility discrimina-
tion. 'HT > behavior could be quantitatively interpreted in terms of high resolution observabilities.
Mobility-resolved spectroscopy of cell walls from tomato fruit, pea stem, and tobacco leaf showed
similar general effects.

Nuclear magnetic resonance study of the sequential chemical extraction of onion cell wall mate-
rial suggests that galactans fill many of the network pores, that extractability of pectins is not de-
pendent on segmental mobility, and that some pectic backbone (and not side chain) is strongly
associated with cellulose.

Analysis of the state of cellulose in four hydrated cell walls suggests a noncrystalline content of
60-80% and comparable amounts of Io and I8 polymorphs in the crystalline fraction. Comparison
with micrographs for onion cell walls shows that noncrystalline cellulose does not equate to chains
on fibril surfaces, and chemical shifts show that fully solvated cellulose is not a significant component
in cell walls.  © 1996 John Wiley & Sons, Inc.
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INTRODUCTION

The primary cell wall is an extracellular matrix that
is responsible for much of the structural integrity
of nonlignified plant tissues. The requirement to
accommodate a range of stresses and strains both
during active plant growth and in the mature state
places significant mechanical demands on the cell
wall. These demands are met by a molecular archi-
tecture involving polymers (mostly polysac-
charides) with varying degrees of self-assembly and
interpolymer cross-linking.'* Cellulose arranged in
partially crystalline microfibrils is presumed to be
responsible for much of the load-bearing ability of
the cell wall. One or more of a family of relatively
extended polysaccharides conventionally termed
hemicelluloses [e.g., xyloglucans and xylans in
nongraminaceous species, and §-(1 - 3), (1 —»
4) glucans and (glucurono) arabinoxylans in the
Gramineae] are thought to be closely associated
with cellulose and contribute to intermicrofibril
connections. The other major polysaccharide of
primary plant cell walls is pectin, which is capable
of seif-assembly in its carboxylate form in the pres-
ence of calcium® and may also be covalently linked
to other cell wall polymers.* Much has been
learned of the molecular strength of interpolymer
connections by selective and sequential extraction
techniques. This approach, for example, has iden-
tified a pectic fraction that, together with cellulose,
survives 4 M KOH extraction unlike hemicellu-
loses that are extracted.> Such a pectin-cellulose
connection may also be important mechanically.
In combination with electron microscopy of cryo-
preserved cell walls® and Fourier transform ir
microspectroscopy,’ chemical/enzyme extract-
ability information has led to the generation of
models for primary cell wall architecture'? that
can form the basis for further experimentation and
refinement.

Nuclear magnetic resonance spectroscopy has
been used in a number of ways to probe plant cell
walls. Detailed molecular structure and aspects of
solution conformation have been studied for e.g.
xyloglucan®® and pectin.!®'! High resolution '*C-
nmr spectra of solid cell walls'*'* and components
such as cellulose'* have been acquired using the
techniques of cross-polarization, dipolar decou-
pling, and magic angle spinning (CP/DD/MAS).
This approach allows some resonance assignment,
but is most useful in assessing the status of cellulose
in cell walls as chemical shifts for C-4 differ signifi-
cantly between crystalline and noncrystalline
states. In addition to frequency-domain spectros-

copy, time-domain relaxation approaches have
also been used to characterize primary plant cell
walls'>'® and to probe growth!’ and ripening-
related '® changes.

The combination of high resolution separation
with appropriate spectral acquisition parameters to
discriminate in favor of resonances with particular
relaxation characteristics, termed mobility-re-
solved spectroscopy,'® provides information on
relative mobility/flexibility of molecularly identi-
fiable components within complex systems. This
approach has previously been used to study biolog-
ical macromolecules and assemblies such as deoxy-
hemoglobin gels,?" eye proteins,?! wheat flours,?*
and plant polyesters.”> In the current study, we
have investigated the application of mobility-re-
solved '*C-nmr spectroscopy to primary plant cell
wall material. In all experiments, cell walls were ex-
amined directly without changing water content in
order to facilitate comparisons with both native tis-
sue and previous electron microscopic studies of
hydrated cell wall material.® Onion cell wall mate-
rial has been chosen for most studies as the chem-
istry is well-defined >'° and a scale model for major
architectural features has been proposed.' A wide
range of nmr acquisition parameters have been
evaluated in order to provide mobility resolution
either by influencing the buildup of magnetization
(e.g., single pulse vs cross-polarization) or its decay
by relaxation (e.g., dipolar dephasing, variable re-
laxation delay, variable contact time). Line widths
have been influenced via dipole-dipole effects
(scalar vs dipolar decoupling) and/or chemical
shift anisotropy effects (magic angle spinning).

We have also investigated the effects of sequen-
tial chemical extraction on onion cell wall material
by mobility-resolved "*C-nmr spectroscopy as well
as acquiring spectra for cell walls from different
plant sources in order to assess the generality of fea-
tures observed for onion. The results obtained
place limits on current models of cell wall structure
and provide dynamic information complementary
to microscopic studies. The nmr approaches to
mobility-resolved spectroscopy that are evaluated
may prove useful in studies of other hydrated bio-
polymer assemblies.

MATERIALS AND METHODS

Cell wall material was prepared from onion bulbs as de-
scribed by McCann et al.® and sequentially extracted us-
ing the method of Redgwell and Selvendran® with 50
mM CDTA, 50 mM Na,CO;, 1M KOH, and 4M



KOH.® Tomato pericarp (cv. Ailsa Craig) cell wall mate-
rial was prepared from red fruit according to Seymour et
al.,** omitting the dimethyl sulfoxide extraction step.
Pea stem cell wall material was prepared from 8 mm
stem segments excised from the third internode, 3 mm
below the apical hook of etiolated seedlings ( Pisum sati-
vum var. Arolla) and plunged immediately into liquid
nitrogen. Frozen stems were boiled for 10 min in 75%
ethanol and then ground to a fine white powder in a mor-
tar and pestle under liquid nitrogen. After further grind-
ing in a glass-on-glass homogenizer on ice, soluble com-
ponents were removed by centrifugation at 277 K
(27,000X g, 20 min) and the pellet stored at 193 K. To-
bacco leaf cell wall material was obtained by grinding
leaves under liquid nitrogen following the procedure de-
scribed for onion parenchyma.® The crude pellet of cell
wall material was then washed with 80% ethanol to re-
move chlorophyll, water washed, and freeze dried. Prior
to harvest, plants were grown in the dark for 2 days to
minimize starch content.

All cell wall samples were stored frozen prior to ex-
amination and were analyzed without removal of water.
Dry matter contents were between 3 and 7% w/v and
typically ca. 5% w/v. Rapid sample spinning resulted in
some compaction of cell wall materials, but recovery of
initial hydrated volumes was usually complete after a few
hours standing, and repeated acquisition of spectra re-
vealed no significant differences, implying a lack of ma-
jor structural rearrangement caused by spinning.

Nuclear magnetic resonance spectra were acquired on
a Bruker MSL 300 instrument operating at 75.48 MHz
for '*C. Sample sizes corresponded to 15-30 mg dry ma-
terial. Scalar decoupling and dipolar decoupling of 8 and
67 kHz, respectively, were used. Spin-locking fields for
cross-polarization /magic angle spinning experiments
were ca. 40 kHz. Magic angle spinning speeds were typi-
cally 3 kHz and experimental recycle times were 3-5 s.
Probe temperatures were 303 K except for frozen sam-
ples, which were examined at 233 K. Line broadening
of 20 Hz was used for most spectra. Other acquisition
parameters and conditions were varied as described be-
low and in following sections.

At the outset of this work, it was anticipated that the
highly hydrated nature of the cell wall material used
would result in a dispersion of segmental mobilities re-
quiring a range of nmr approaches to characterize poly-
mer chemistries associated with specific motional
(correlation time) time scales. In order to characterize
the most mobile segments, single pulse excitation was
used with either scalar or dipolar decoupling to remove
weak and strong dipole interactions, respectively. To test
for the presence of chemical shift anisotropy, magic angle
spinning was employed. In principle, the combination
of dipolar decoupling and magic angle spinning should
allow observation of all sites. However, in practice the
lengthening '*C T, values with increasing segmental ri-
gidity leads to a requirement for very long recycle times
to avoid saturation effects. Although recycle times on the
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minutes time scale may be practicable for bulk high car-
bon content solids such as coals,?* for hydrated cell wall
material of typically 5% w/v solids, recycle times of 3-5
s were found to be the maximum possible consistent with
reasonable signal-to-noise ratios over a total experimen-
tal time of 1618 h. This leads to the nonobservability
of signals with '*C 7', values longer than ca. 5 s, which
corresponds to effective correlation times of longer than
ca. 100 ns.”*?” In principle, shorter recycle times can lead
to discrimination in favor of more mobile segments with
shorter '*C 7, values. In order to characterize segments
with significant segmental rigidity, cross-polarization ex-
citation was used. For cross-polarization to be a useful
approach, '*C magnetization must be built up at a rate
that exceeds its decay through 'H 7', processes. Typical
cross-polarization times are ca. 1 ms for protonated car-
bons, soif 'H Ty, values are less than ca. | ms, then mag-
netization will not be developed and signal intensity will
not be observed. In theory?®?’ this could occur for
effective correlation times between 100 ns and 10 ps. In
practice, cross-polarization is difficult to establish for
short correlation times ( <ca. 1 us) due to motional aver-
aging of the dipolar interactions between 'H and '°C nu-
clei, and therefore this approach reports on segments
with effective correlation times greater than ca. 10 us.
From this analysis, effective correlation times between
100 ns and 10 us may give severely attenuated signals
under both single pulse and cross-polarization excita-
tion. In practice, this has indeed been observed for both
a highly viscous solution (lambda carrageenan) and a
thin-stranded/segmentally mobile gel (iota carra-
geenan),?® and for partly cured epoxy resins.” In order
to observe all segments in a single experiment, the cell
wall samples were frozen (to greatly increase correlation
times) and examined by cross-polarization in the frozen
state. For those segments that are observable by cross po-
larization (at ambient temperature), relative mobilities
can be probed by, e.g., variation of cross-polarization
contact time to discriminate on the basis of 'H 7', val-
ues, more mobile segments having shorter values, or by
dipolar dephasing, which discriminates signals on the ba-
sis of the intensity of '*C-'H dipolar interactions. A re-
lated approach to defining the range of effective correla-
tion times, but without spectral information, is via the
deconvolution of 'H time domain decays into various
timescales of 'H T, values: an attraction of this approach
is that the whole range of segmental mobilities can be
observed but the disadvantage is that no structural ori-
gins can be derived. The approach adopted in this study
was to characterize native onion cell wall material using
a range of nmr techniques to establish general features of
mobility-resolved spectroscopy, which were then applied
to both cell walls from other plant tissues and sequen-
tially extracted onion cell wall material.

RESULTS

13C spectra of onion cell wall material with scalar
decoupling and single pulse excitation (i.e., “solu-
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FIGURE 1 Single pulse excitation (SP) '*C-nmr spec-
tra (no line broadening) of (a) onion cell wall material
with dipolar decoupling (25,000 scans) and (b)a 5% w/
v aqueous solution of lupin galactan.

tion state” conditions) showed insignificant inten-
sity. Under the same acquisition conditions in the
presence of dipolar decoupling, a clear spectrum
was observed (Figure 1a) with chemical shifts of
major signals corresponding to those observed for
a solution of lupin (1 — 4)-8-D-galactan (Figure
1b). For the same sample, single pulse excitation
with scalar decoupling and magic angle spinning
showed a weak spectrum (Figure 2a) with signal
chemical shifts consistent with (1 — 4)-8-D-galac-
tan. Much greater intensity was found in the pres-
ence of dipolar decoupling (Figure 2b). Galactan
signals show slightly greater resolution in the 71—
75 ppm region compared to those in the corre-
sponding spectrum in the absence of magic angle
spinning (Figure 1a). Additional signals are ob-
served in Figure 2b at 170-180, ca. 100, 68-71 and
ca. 54 ppm. These signals have chemical shifts that
match those expected > for the major pectin back-
bone of (1 — 4)-a-D-galacturonan with partial
methyl esterification: assignments are to C-6 (170-
180 ppm); C-1 (100 ppm); C-2, -3, -5 (68-71
ppm); and methyl ester (54 ppm). The C-4 chemi-
cal shift is expected at ca. 79 ppm and is possibly
seen as a low field shoulder on the C-4 signal for
galactan at ca. 78 ppm (Figure 2b). These assign-
ments were validated for onion pectin through the
spectrum of an imidazole extract of cell wall mate-
rial (not shown ), which showed two sets of signals
corresponding to (1 — 4)-8-D-galactan and (1 —

4)-a-D-galacturonan. Despite the fact that compo-
sitional analysis suggests that galacturonan levels
are slightly higher than galactan levels,® intensity
for galactan signals is higher than that for galact-
uronan signals in Figure 2b, suggesting that some
galacturonan is not observabie under these acqui-
sition conditions. This is consistent with the obser-
vation of galacturonan intensity in the spectrum
obtained under cross-polarization, magic angle
spinning, and dipolar decoupling conditions
(Figure 2¢). The major intensity in this spectrum,
however, is assigned to (1 — 4)-8-D-glucan
(cellulose) with diagnostic signals at 83-85 and
88-89 ppm corresponding to C-4 in “noncrystal-
line” and “crystalline” cellulose, respectively.'*
This experiment was repeated under frozen condi-
tions, in order to obtain a spectrum (Figure 2d)
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FIGURE 2 Magic angle spinning (MAS) “C-nmr
spectra of onion cell wall material (20 Hz line
broadening) (a) with scalar decoupling (SD) and single
pulse excitation ( 20,000 scans), (b) with dipolar decou-
pling (DD) and single pulse excitation (25,000 scans),
(c) with dipolar decoupling and cross- polarization (CP)
excitation (1 ms contact time) at 303 K (20,500 scans),
and (d) with dipolar decoupling and cross-polarization
excitation (1 ms contact time) at 233 K (8,000 scans).



representing all signals for onion cell wall material.
This spectrum appears similar to its ambient coun-
terpart (Figure 2¢), presumably because polymer
segments that are “solid-like” at room temperature
will have similar chemical shift dispersions in the
frozen state, whereas more mobile segments ob-
served by single pulse excitation at room tempera-
ture will give broader resonances in the frozen state
due to immobilization of a range of shift-determin-
ing conformations.*® In order to characterize rela-
tive carbohydrate segmental mobilities, ‘H T, be-
havior was monitored for onion cell wall material
that had been extensively washed with D,0 to min-
imize hydroxyl proton content. The 'H free induc-
tion decay comprised three distinct components,
the slowest relaxing of which was dominated by
magnetic inhomogeneity, and so contained an in-
determinate contribution from the residual pro-
tons in the D,0. This part of the time domain sig-
nal was further characterized using the Carr Purcell
Meiboom Gill pulse sequence into three
components,®' the slowest relaxing of which was
assumed to be due to solvent protons. The remain-
ing four components needed to describe the relax-
ation were quantified as follows: 19 ms (11%), 1.3
ms(14%), 96 us (14%), and 14 us (61%). The lat-
ter approximates to the rigid lattice limit. From
compositional analysis, onion cell walls contain ca.
30% each of galactan, galacturonan, and cellulose
with 10% other polymers, particularly hemicellu-
loses.’ On the assumption that all galactan is “*visi-
ble” in a single pulse spectrum with magic angle
spinning and dipolar decoupling (Figure 2b), inte-
gration gives a galactan to galacturonan ratio of ca.
0.4 and therefore suggests that this spectrum repre-
sents ca. 42% (30% from galactan and 12% from
galacturonan) of the total cell wall. The cross-po-
larization spectrum with magic angle spinning and
dipolar decoupling (Figure 2c¢) is assumed to con-
tain all signals from cellulose and hemicellulose.
Integral estimates based on C-4 intensity for cellu-
lose and C-1 intensity for galacturonan gives a ratio
of ca. 0.5, and therefore suggests that this spectrum
represents ca. 55% (30% from cellulose, 10% from
hemicellulose, and 15% from galacturonan) of the
total cell wall. Comparison of '3C spectral integra-
tion with 'H T, data suggests that the 14 us 'H
component equates with visibility under cross-po-
larization conditions, and that other 'H compo-
nents are equated with single pulse visibility. It
would be logical if the 96 us 'H component was due
to the galacturonan backbone and the 19/1.3 ms
"H components were due to galactan side chains.
Within those cell wall segments that are visible

Mobility-Resolved '’ C-NMR Spectroscopy 55

e

L L L 1 i | L
180 170 110 100 90 80 70 60 50
PPM PPM

FIGURE 3 '3C-nmr spectra of onion cell wall mate-
rial: (a) SP/DD/MAS with 0.5 s recycle time (9,000
scans), (b) SP/DD/MAS with 5.0 s recycle time (9,000
scans), (c¢c) CP/DD/MAS with | ms contact time
(25,000 scans), and (d) CP/DD/MAS with 4 ms con-
tact time (25,000 scans).

under single pulse excitation with dipolar decou-
pling and magic angle spinning, there may be '*C
T, vanations that could be probed indirectly
through changes in spectral repetition rate. Shorter
repeat times would be expected to discriminate
against sites with longer relaxation times (usually
indicative of restricted mobility). However, little
difference in absolute or relative intensities is seen
between Figures 3a and 3b for recycle times of 0.5
and 5.0 seconds, suggesting that 7' values for both
galactan and visible galacturonan peaks are less
than ca. | s. Within those cell wall segments with
greater rigidity and visible under cross-polarization
conditions, variation in intensity with cross-polar-
ization time was monitored as a probe of relative
segmental flexibility. Spectra obtained with 1 and
4 ms contact times ( Figures 3¢ and d, respectively)
showed a large difference in relative intensity be-
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tween signals assigned to cellulose (106, 89, 84

ppm) and galacturonan (100, 79, 54 ppm), with

the latter much less intense following the longer a

contact time. This effect was investigated further

by acquiring spectra following contact times of

0.25, 0.50,0.75, 1.0, 2.5, and 4.0 ms and by moni-

toring signal intensities. Representative results for

two galacturonan and two cellulose signals are ww/
shown in Figure 4. For all galacturonan methine WN\V‘/W

and methylene carbons, maximum intensity was at
1.0 ms with a significant reduction in intensity with
increasing contact time. For all cellulose carbons,
the maximum intensity region was broader, span-
ning 1.0 to 2.5 ms contact time. There was no de-
tectable difference in intensity variation with con-
tact time between noncrystalline and crystalline
cellulose resonances (ca. 83 and 88 ppm,
respectively). The different response of signal in-
tensity to contact time for cellulose and galacturo-
nan demonstrates that the two components do not
share a common relaxation pathway ('H 7',,) and
is consistent with greater segmental flexibility for
galacturonan than cellulose. It is possible that the

’ |

ity M \MW

responses obtained are averages over heteroge-

neous relaxation environments for each of the |
polymer types. As a further probe of relative mobil- W [\

ities, dipolar dephasing experiments (in which the w\

"H decoupler is turned off for a specified time prior B B I R

FIGURE 5 '3C CP/DD/MAS spectra (all 25,000
scans) for onion cell wall material with dipolar dephasing

IntenSIty. times of (a) 10, (b) 25, and (c¢) 40 us.

12
10 - = om

to data acquisition) were carried out. After 40 us
dephasing time, intensity was very weak (Figure
8 r 5¢) as expected for polymer methylene and meth-
ine carbons.*? For 10 and 25 us dephasing times,
- o ° however, significant spectral intensity was ob-
served (Figures 5a and b). Comparison between
Figure 5a and Figure 5b suggests that galacturonan
signals (most noticeably those at 69 and 79 ppm)
are enhanced relative to cellulose signals (e.g., 70~
75 and 80-90 ppm) following 25 us, cf. 10 us de-
phasing times. This implies greater internal mo-
5 tions for galacturonan compared with cellulose*?
and provides further evidence for distinct local en-
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FIGURE 4 Effect of contact time on peak intensity
{ height) for onion cell wall signals at 106 ppm (m, cellu-
lose C-1), 84 ppm (#, cellulose C-4 amorphous), 79
ppm (%, pectin C-4) and 69 ppm (@, pectin C-2, -3, or
-5) under cross-polarization, magic angle spinning, and
dipolar decoupling conditions.

vironments for the two polymer types in the cell
wall.

For monitoring the spectroscopic consequences
of sequential chemical extraction of onion cell wall
material, a common set of nmr experiments were
performed. These were single pulse excitation with
dipolar decoupling (SP/DD), the same experi-
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FIGURE 6 '>C-nmr spectra of residual onion cell wall

material following extraction with 50 mAf CDTA (a)

under SP/DD conditions at 303 K (25,000 scans), (b) extraction with 1 M KOH released mostly galactan

under SP/DD/MAS conditions at 303 K (25,000 together with galacturonan, resulting in a further

scans), and (c¢) under CP/DID/MAS conditions at 303 lowering of galactan intensity (as indicated by de-

K (25,000 scans). creased signal-to-noise ratio) in the residue ob-
served by SP experiments (Figure 8a and b) and
retention of cellulose signals as the dominant fea-

ment in the presence of magic angle spinning (SP/
DD /MAS), and cross-polarization excitation with
dipolar decoupiing and magic angle spinning (CP/
DD/MAS). These experiments were carried out at
ambient temperature, with the last one also re-
peated in the frozen state. For onion cell wall ma-

a
terial results are shown in Figures 1b, 2b, 2¢, and WV\(\MWN WMM
2d, respectively. Sequential extraction with 50 m A/
CDTA, 50 m M Na,CO;, 1 M KOH, and 4 M KOH
was carried out® with extracted materials charac- b
terized in solution by '*C-nmr and residues charac-
terized as described above. CDTA extraction re-
moves a galacturonan-rich fraction with some ga- WW&W \
lactan and results in much sharper galactan
C
ey i

features in single pulse spectra (Figures 6a and b)

and a decrease in relative galacturonan intensity in

both SP/DD/MAS and CP/DD/MAS spectra

(Figures 6b and ¢). Subsequent Na,CO; extraction

removes some of the restdual galacturonan and

more galactan. Residual galactan intensity is en-

hanced in the SP/ DD /MAS experiment compared . . . . . \ ,

with the SP/DD experiment (Figure 7a and b), % oo 70 AR T
and the only major signals in SP and CP spectra are FIGURE 8 As Figures 7 and 6 following a subsequent
galactan and cellulose, respectively. Subsequent extraction with 1 M KOH.
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FIGURE 9 As Figures 8, 7, and 6 following a subse-
quent extraction with 4 A/ KOH.

tures in CP experiments (Figure 8c). The final se-
quential extraction step with 4 A/ KOH released a
further small amount of galactan and galacturo-
nan. Signals for galacturonan are barely discern-
able in spectra following Na,CO; or 1 M KOH ex-
traction steps, yet subsequent extraction steps
clearly release galacturonan. This could be due to
broad galacturonan signals in the extraction resi-
dues because of restricted mobility (single pulse
experiments) or conformational diversity (cross-
polarization experiments). The 4 M KOH extrac-
tion is the only step that significantly alters the ratio
of noncrystalline to crystalline cellulose, as indi-
cated by signals at 83-85 and 88-90 ppm, with an
increase in the ratio compared to other cell wall res-
idues (Figure 9¢; cf. Figures 2, 6, 7, and 8c). The
4M KOH (““‘a-cellulose™) restdue contains single-
pulse observable galactan and cross-polarization
observable cellulose as the main spectral compo-
nents, although chemical analysis® suggests that ga-
lacturonan should be present at ca. 60% of the ga-
lactan level. Throughout the extraction sequence,
CP/DD/MAS spectra at 233 K showed similar sig-
nals to those at 303 K (Figures 6-9¢) and are not
shown.

Figure 10 shows the same set of nmr experi-
ments for (nonextracted) cell wall material from
red tomato fruit. Previous compositional anal-
ysis?* suggests 35-40% cellulose, ca. 35% galact-

uronan, and 5-10% galactan, with a number of
other minor components. '>C spectra obtained
with cross-polarization (Figure 10c and d) are rem-
iniscent of those for onion cell wall material
(Figure 2¢ and d), with the exception of an in-
creased ratio of noncrystalline to crystalline cellu-
lose. However, the single pulse spectra differ, not
only in the expected low level of galactan signals
and presence of other (as yet unassigned) signals,
but also in the high level of galacturonan features,
particularly in SP/DD/MAS spectrum (Figure
10b). Due to the comparable levels of cellulose and
galacturonan expected,?* then, the low galacturo-
nan abundance in Figure 10c is consistent with
most of the galacturonan having sufficient segmen-
tal mobility to be observable by single pulse tech-
niques.

To explore further the utility of mobility-re-
solved spectroscopy for the characterization of
plant cell walls, material from growing pea stems
and tobacco leaves were analyzed by the two
“core” experiments of SP/DD/MAS and CP/
DD/MAS. For pea stems, the SP/DD/MAS re-
vealed sharp signals not only for (1 - 4)-8-D-ga-
lactan but also (1 — 5)-a-L-arabinan'® at 108.5,
83.3, 81.7, 77.8, and 67.8 ppm (Figure 11a). The
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FIGURE 10 "3C-nmr spectra for cell wall material
from red tomato pericarp with conditions as for Fig-
ures 6-9.
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FIGURE 11 '"*C-nmr spectra of cell wall materials
(a) obtained from ex. pea stem under SP/DD/MAS
conditions, (b) ex. pea stem under CP/DD/MAS con-
ditions, (c¢) ex. tobacco leaf under SP/DD/MAS con-
ditions, and (d) ex. tobacco leaf under CP/DD/MAS
conditions.

relatively intense signal for the methyl ester substit-
uent of galacturonan (54 ppm) suggests that the
broad signal around 100 ppm is due to the C-1 res-
onance of galacturonan in either a range of shift-
determining environments or with a residual broad
line. The presence of a substantial arabinan com-
ponent is consistent with chemical analysis.>* As
for other systems, the pea stem cell wall CP/DD/
MAS (Figure 11b) response is dominated by cellu-
lose with some galacturonan. For tobacco leaf cell
walls, the SP/DD/MAS spectrum contains major
features for galacturonan (broad) and arabinan
(sharp), with other intensities possibly due to rela-
tively broad galactan signals (Figure 11c). The
high intensity at 170-180 ppm is assigned to pro-
tein in addition to galacturonan. The correspond-
ing CP/DD/MAS spectrum (Figure 11d) is broad
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and dominated by cellulose with some galact-
uronan.

DISCUSSION

Mobility-Resolved Spectroscopy
of Hydrated Cell Walls: Methods
and Limitations

The natural hydrated state of primary plant cell
walls in vivo makes the study of structural and mo-
tional properties of isolated cell wall material more
relevant in a hydrated environment. Previous nmr
studies of plant cell walls have focused on spectros-
copy of low moisture systems '>!? or relaxation be-
havior in hydrated systems with no spectral infor-
mation.'”~'7 The inherent problem associated with
highly hydrated primary cell wall samples (typic-
ally 5% w/v dry matter) for '*C-nmr is one of sig-
nal-to-noise exacerbated by often broad lines and
only partial visibility in any one experiment. The
benefits are that spectral “fingerprints” for major
polymer components are known and can hence be
recognized in spectra obtained under conditions
favoring defined segmental flexibilities. From the
present study it seems probable that only quantita-
tively major components (>10% of total) are reli-
ably observed for total experimental times up to 16
h. For example, signals for rhamnose, an impor-
tant component in the backbone of pectins,” are
not unambiguously observed as the total abun-
dance (in onion cell walls) is less than 2%.° A sec-
ond general conclusion is that hydrated primary
plant cell walls exhibit a very broad range of seg-
mental flexibilities and that some components
(cellulose, galactan ) have characteristic flexibilities
whereas others (galacturonans) exhibit a broad
range of segmental flexibility. This behavior is in
contrast to the polysaccharide-based cell walls of
yeast, which appear to be fully observable under
SP/DD/MAS conditions in the hydrated state.*
It is possible that the greater permanence and the
various demands of a multicellular tissue on con-
stituent cell walls has resulted in the adoption of a
motionally heterogeneous network in plants.
Within the broad classes of single pulse and
cross-polarization spectroscopy, a number of mo-
bility-resolving approaches were found to be use-
ful. For single pulse excitation, the strength of pro-
ton decoupling required for signal visibility
(dipolar, not scalar) indicates the presence of
strong dipolar interactions for galactan and other
side chains. Additional magic angle spinning may
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average some residual dipolar coupling under sca-
lar decoupling conditions, but the primary effect is
expected to be removal of line broadening contri-
butions resulting from chemical shift anisotropy.
In all cases this distinguished side-chain galactan
(SP/DD visible) from some backbone galacturo-
nan (SP/DD invisible but SP/DD/MAS visible).
It might have been anticipated that relatively short
correlation times (1077-10 % s) would lead to T,
values on the seconds time scale,’ but varying re-
cycle times between 0.5 and 5.0 s did not cause sig-
nificant spectral changes, thus making this ap-
proach to mobility-resolution inappropriate for
onion cell wall material.

For cross-polarization excitation, mobility reso-
lution can be achieved through variation in cross-
polarization rates and 'H 7', values for different
sites, by dipolar dephasing to probe the motionally
induced dissipation of magnetization, or poten-
tially via "*C T',, measurements. The first two can
be probed in variable contact time experiments in
which intensity for each site rises at the cross-polar-
ization rate and decays under the influence of the
associated 'H T',,. Spectra obtained at | and 4 ms
contact times show major differences in relative in-
tensity between galacturonan and cellulose reso-
nances (Figure 3c and d) in onion cell walls. Signal
intensities as a function of contact time (Figure 4)
suggest that the origin for this difference lies in a
more rapid loss of intensity for galacturonan sig-
nals (maximum intensity at 0.75-1.0 ms) than for
cellulose signals (maximum intensity 1.0-2.5 ms).
No attempt has been made to quantify build up or
relaxation rates due to the relatively low signal-to-
noise ratio. It is also quite possible that unique val-
ues cannot be associated with each polymer type.
In particular, given the motional heterogeneity of
galacturonans, it might be expected that a range of
'H T',, values may be associated with this compo-
nent.

A further demonstration of the overall greater
relative segmental mobility of galacturonan com-
pared with cellulose is shown by dipolar dephasing
experiments (Figure 5). This experiment is nor-
mally used to distinguish CH and CH, groups from
CHj; and quaternary carbons as the latter two lose
less intensity than the former two during a dephas-
ing delay because greater mobility (CHj3) or lack
of attached protons reduces the strength of *C-'H
dipolar interactions.*” For synthetic polymers, this
approach has been used recently to distinguish be-
tween backbone and side-chain CH and CH, sites
in bulk and resin*® states. Figure 5c shows the es-
sentially complete loss of signal after 40 us, consis-

tent with previous reports for proteins.** Relative
intensities following 10 and 25 us dephasing times
(Figure 5a and b) suggest a more rapid loss of cel-
lulose intensity than galacturonan intensity, which
is attributed to greater segmental mobility in the
latter. The complementary techniques of variable
contact time and dipolar dephasing*’ probe mobil-
ity variation on the 107*-107° s time scale. Relax-
ation effects on a longer time scale might be detect-
able from *C 7, measurements, as data for bulk
cellulose * yielded values between 4 and 130 s. Dis-
crimination between resonances on the basis of '*C
T, can be achieved by a delay following cross-po-
larization in which both *C and 'H power is off,
followed by an observation (90°) pulse in the pres-
ence of dipolar 'H decoupling.’* The problem with
this approach for motionally heterogeneous sys-
tems is that the observation pulse corresponds to
the SP/DD/MAS experiment and hence compos-
ite spectra of attenuated CP and full SP intensities
are observed. This effect was indeed observed with
differing spectra observed following, e.g., 10, 20, or
40 s delay (data not shown ), but interpretation was
compounded by difficulties in phasing spectra with
combined SP and CP observable signals. Although
several approaches to achieving mobility resolu-
tion have been successful, they often give the same
general information. The primary distinction is be-
tween single pulse and cross polarization excita-
tion. Within the SP “family” both 'H decoupler
power and MAS variation gave useful information.
Within the CP “family,” the variable contact time
experiment is the most helpful for hydrated cell
walls.

A Common Motional Hierarchy in Hydrated
Primary Cell Walls

Motional heterogeneity in hydrated bean cell walls
has previously been deduced from 'H relaxation
measurements.'> T, values of 30 and 80 us were
assigned to polymer segments, with values of 4.5
ms up to 1 s assigned to water protons. The 30 us
component was assigned to cellulose and hemicel-
luloses, and the 80 us component was assigned to
pectin and hemicellulose with the relative intensity
of components being 80:20, respectively.'® For on-
ion cell walls, the major 7, component (61% of
intensity ) was close to the rigid lattice limit and is
assigned to cellulose, hemicellulose, and some ga-
lacturonan, and probably corresponds closely to
signals observable in a CP/DD/MAS experiment.
A T, component ( 14% of intensity) of ca. 100 us
is assigned to the remainder of the galacturonan,



requiring DD and MAS conditions for observation
by single pulse excitation. The two longest poly-
mer-attributed 7, components of 1.3 ms (14%
intensity) and 19 ms (11% intensity) are assigned
to galactan. It has been found previously that two
exponential components are required to describe
the time domain signal from flexible poly-
saccharides.’' '"H T, behavior therefore can be
closely linked to spectral observability with the
added benefit of relative quantitation of relaxation
contributions that can be linked directly to chemi-
cal analysis.

Results for red tomato pericarp (dicotyledonous
parenchyma), pea stem, and tobacco leaves have cer-
tain features in common with onion bulb
(monocotyledonous parenchyma) cell walls. In all
ambient CP/DD/MAS spectra (Figures 10c, 11b,
and 11d), cellulose is predominant, with signals char-
acteristic for galacturonan (170-180, ca. 100, ca. 79,
ca. 69, and ca. 54 ppm) clearly visible in tomato and
pea stem spectra and probably present in tobacco
leaf. It might be expected that hemicellulose signals
would be observed in CP/DD/MAS spectra. How-
ever, some expected signals (e.g., 1 - 4-g-linked
glucose in xyloglucan and glucomannan ) might be
coincident with cellulose signals, whereas other C-
1 sites would be close to cellulose (mannose in glu-
comannan, galactose in xyloglucan) or galacturo-
nan (xylose in xyloglucan) signals.*>*' Informa-
tion on cellulose/hemicellulose interactions and
networks could only be obtained reliably in the ab-
sence of pectic material. In common with onion,
cell wall material from tomato pericarp, pea stem,
and tobacco leaves have SP/DD/MAS spectra that
lack cellulose and contain signals for galacturonan
and pectic side chains. For pea stem (Figure 11a)
sharp signals are observed corresponding to both
(1 = 4)-B-D-galactan and (1 — 5)-a-L-arabinan.
For tobacco leaf (Figure 11c¢) sharp signals corre-
spond to (1 — 5)-a-L-arabinan, whereas a broad
signal at the C-1 shift for (1 — 4)-8-D-galactan
(105 ppm) suggests either structural heterogeneity
(e.g., branching) or the presence of a different poly-
mer (e.g., xylogucan and/or glucomannan) with a
similar C-1 shift. For tomato (Figure 10a and b) it
is known that galactan is relatively sparse in the red
fruit®*; as for tobacco leaf, broad C-1 spectral fea-
tures (ca. 105 ppm) suggest either structural heter-
ogeneity or overlapping resonances from another
polymer. For both pea stem and particularly to-
bacco leaf, high intensity in the carbonyl region
(170-180 ppm) coupled with intensity in the 20~
40 (aliphatic) and 120-130 (aromatic) ppm re-
gions are diagnostic of proteins. Protein resonances
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differed significantly between SP/DD/MAS and
CP/DD/MAS spectra in both cases, indicative of
motional heterogeneity in proteins as well as poly-
saccharides in cell wall material. Taken together,
these results illustrate a common motional hierar-
chy in hydrated primary plant cell walls with pectic
side chains more mobile than a fraction of the pec-
tin backbone. Other pectin backbone regions show
less mobility, but are not as rigid as cellulose.

Sequential Chemical Extraction of Onion
Cell Wall Material: Pectin Extractability Is
Not Associated with Segmental Mobility

Much information about the relative strength of at-
tachment of polymers to ceil wall matrices can be
obtained by sequential chemical extraction meth-
ods designed to remove classes of polymers at-
tached in defined ways while minimizing effects on
other polymers. One such approach was developed
in studies of onion cell walls’ and has been adopted
in this study, allowing comparison of results not
only with chemical analysis>'® but also direct mi-
croscopic visualisation.® One immediate compari-
son can be drawn with respect to the galactan com-
ponent, which is known to be present as relatively
short (average ca. 8 galactose units) side chains of
pectin with narrow lines in solution '*C-nmr (SP
with scalar decoupling).'® The lack of observability
of galactan side chains in microscopic images® may
be due to folding back onto backbones. The re-
quirement for dipolar decoupling for observation
of cell wall galactan signals in single pulse experi-
ments indicates stronger dipolar coupling in cell
wall (cf. solution) environments, presumably re-
flecting motional inhibition. This comparison sug-
gests that galactan may be significantly entangled
in the cell wall matrix with the implication that
many of the apparent pores observed micro-
scopically® may be significantly occupied by galac-
tan side chains in the hydrated state. Pore sizes of
10 nm or less were estimated by microscopy® but
these correspond only to framework polymers not
side chains. (1 — 4)-(-D-galactan is suggested to
have a twisted chain configuration with pseudo-he-
lical elements*? leading to an estimate of ca 0.3 nm
per galactose residue in projection. For average on-
1on galactan lengths this corresponds to 2-3 nm per
side chain. Given the large galactan content, sev-
eral side chains may be present in each “pore” lead-
ing to an effective space filling.

The first stage of the sequential extraction pro-
cess involves removal of a significant fraction of ga-
lacturonan with some galactan by the action of the
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calcium-chelating agent CDTA, ® although it is not
clear whether calcium chelation is the critical fac-
tor.*> The nmr spectra show depletion of galact-
uronan relative to both galactan in SP/DD/MAS
spectra (Figure 6b; cf. Figure 2b) and cellulose
(Figure 6c¢; cf. Figure 2¢) in CP/DD/MAS spectra
in approximately equal amounts. This indicates ei-
ther that two separate galacturonan-rich polymer
families (differing in segmental flexibility in the cell
wall) are extracted, or that individual galacturo-
nans contain segments differing in wail mobility.
In the absence of any mechanism or supporting ev-
idence for the former, we favor the latter explana-
tion, particularly as the polymers extracted are
found to be much longer than the diameters of net-
work pores.® Sharper galactan signals in the SP/
DD experiment after CDTA extraction ( Figure 6a;
cf. Figure la) are taken as evidence that the galact-
uronans extracted with CDTA serve to constrain
the segmental motion of galactans within the wall.
Sodium carbonate extracts most remaining galact-
uronan with associated galactan (and less abun-
dant arabinan ) side chains.>'® This is manifested in
loss of galacturonan signals in both SP/DD/MAS
(Figure 7b) and CP/DD/MAS (Figure 7¢) spectra.
Residual spectra are dominated by galactan (SP/
DD /MAS) and cellulose (CP/DD/MAS). Subse-
quent 1 A/ KOH extraction removes primarily a ga-
lactan-rich polymer, again resulting in SP/DD/
MAS (Figure 8b) and CP/DD/MAS (Figure 8c¢)
spectra dominated by galactan and cellulose fea-
tures. Further extraction with 4 A/ KOH removes a
fraction corresponding in composition to xyloglu-
can.’ Diagnostic C-1 signals for xyloglucan at ca.
105, 103, and 100 ppm*® were observed in nmr
spectra of the 4 M KOH extract (data not shown),
so evidence for signals in the 1 M KOH residue
spectra was sought. It is possible that a very weak
signal at ca. 100 ppm in SP/DD/MAS spectra of
both Na,CO; and 1M KOH residues (Figures 7b
and 8b) is due to xylose C-1 sites in xyloglucan.
Galactose C-1 in xyloglucan has a very similar
chemical shift to both galactan and cellulose, and
so is unlikely to be observed. Glucose C-1 in xylo-
glucan (expected at 103.4 ppm*®) may be the origin
of a very weak signal in this region in the Na,CO,
extract (Figure 7b), but assignments cannot be
made with certainty. The expected abundance of
xyloglucan ( 10% of total cell wall polysaccharides,
but 20% in the 1 M KOH residue) would suggest
that signals should be detectable, but overlap with
other signals and probable motional heterogeneity
preclude further investigation of the proposed
cellulose / xyloglucan network® in hydrated onion

cell walls. The 4 M KOH ( a-cellulose) residue cor-
responds to ca. 45% of the total cell wall material
and contains ca. 60% cellulose, 20% galactose, and
12% galacturonan.’ Figure 9 shows that remaining
galactan retains sufficient segmental flexibility for
visibility in a SP/DD/MAS experiment (Figure
9b), although magic angle spinning { cf. Figure 9a)
is needed for high signal intensity. This is inter-
preted as being due to the collapsed® cellulosic
framework causing additional chemical shift an-
isotropy to be experienced by galactan side chains
that otherwise retain segmental flexibility. Galac-
tans are attached to galacturonan polymers at C-4
of backbone rhamnose residues.®® The segmental
flexibility evident for galactan in the 4 M KOH res-
idue suggests that attachment to the residual cell
wall framework is via (thamno)galacturonan se-
quences, presumably directly associated with cellu-
lose. This attachment is strong”enough to with-
stand apparent microfibril expansion® and the par-
tial conversion of crystalline to noncrystalline
cellulose, as evidenced by relative intensities for C-
4 signals at ca. 88 and 83 ppm, respectively. Ap-
proximate estimates of crystalline: noncrystalline
ratios before and after 4 KOH extraction
(Figures 8c and 9c¢) are 60:40 and 80:20, respec-
tively. A similar effect was noted in a study by CP/
DD/MAS nmr of the sequential extraction of
Vigna radiata cell walls.'?

The study of sequential cell wall extraction by
mobility-resolved nmr has enabled a number of
conclusions to be drawn concerning abundant
polymers within onion cell walls. In particular, ga-
lactan side chains probably act as effective pore
fillers, extractability of pectins is not dependent on
segmental mobility, and pectic material that resists
4 M KOH is more likely to be associated with cel-
lulose via backbone rather than side-chain regions.
The main drawback is that the low signal-to-noise
for such highly hydrated and motionally heteroge-
neous networks precludes the study of components
present at 10% or less of the cell wall. Information
obtained, however, complements that from high
resolution microscopy,® chemical analysis,” and
other modern methods of cell wall analysis.**

On the State of Cellulose in Primary
Cell Walls

High resolution "*C-nmr (particularly the CP/
DD /MAS experiment) has provided much infor-
mation on the extent of molecular ordering and the
nature of crystalline cellulose polymorphs'**>#®
and relaxation characteristics for bulk celluloses.®



Recent studies on partially hydrated cell walls have
reported on the level of crystalline order'® and de-
tails of polymorphic form and noncrystalline
order.*’

Crystalline and noncrystalline (often referred to
as “‘amorphous”) sites within cellulose are most
obvious for C-4 resonances centred at 88-90 and
83-85 ppm, respectively.'* In the highly hydrated
cell wall materials used in the present study, rela-
tive integrals for C-4 peaks in ambient CP/DD/
MAS spectra (Figures 2c, 10c, 11b, and 11d) sug-
gest crystalline to noncrystalline ratios of ca 40:60
(onion), 20:80 (tomato), 35:65 (pea stem), and
25:75 (tobacco leaf). The relevant figure for apple
cell walls has been quoted as 38:62.'* The explana-
tion for this latter ratio was based on the suggestion
that the crystalline resonance corresponds to sites
in the interior of microfibrils with the non-crystal-
line resonance due to surface sites. In order for the
observed ratio to be explicable, it was suggested
that average microfibril cross-sections were 3.0 X
2.7 nm."* Whereas there are no reports of accurate
microfibril dimensions in apple, the onion cell
walls used in the current study have an average cel-
lulose fibril diameter of 8§ nm® requiring average
cross sections of the order 6 X 6nm. This leads to a
ratio of internal to surface chains of 64:36 in con-
trast to the C-4 intensity ratio of 40:60 crystalline
to noncrystalline. We conclude that for onion cell
wall, surface chains alone are not sufficient to ac-
count for the noncrystalline resonance. This is in
line with previous results for bulk cellulose nmr*
and cellulase action patterns,*® which suggest
“amorphous” zones within cellulose microfibrils.
As onion cell walls had the highest crystalline C-4
content of those studied, it is reasonable to assume
that the signal at 83-85 ppm 1is in general not due
entirely to surface chains and that there must be
regions within cellulose chains that are less ordered
than others. In contrast, cellulose produced by
Acetobacter xylinum has a crystalline content of up
to 80-85%,* but exists as a thin ribbon with a cor-
responding high level of surface chains. For this
system the implication is that surface chains could
in nmr terms be classified as crystalline. The same
argument also applies to assignment of intensity at
83-85 ppm to surfaces of crystallites within chains.
An even more extreme example is Valonia cellu-
lose, which has virtually no noncrystalline reso-
nances.*>*¢ Evidence for significant molecular or-
der in noncrystalline cellulose is obtained by com-
parison with chemical shifts for oligomeric
celluloses in aqueous solution.*® C-4 shifts (taking
account of the different referencing system used by
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Heyraud et al.*’) for solutions of the disaccharide

to hexasaccharide are ca. 80 ppm, i.e., 3-6 ppm up-
field from the signal for noncrystalline cellulose.
The absence of significant intensity for celluloses in
hydrated environments at the chemical shift char-
acteristic for oligomers in aqueous solution sug-
gests that an insignificant fraction of cell wall cellu-
lose is present as fully solvated chains, and that the
signal at 82-86 ppm should be regarded as being
due to a molecularly organized form of cellulose.

In support of this assignment, resolution en-
hancement of C-4 signals (Figure 12) suggests that
defined chemical shifts of ca. 83.5 and 85.0 ppm
are important contributors to intensity of the 82—
86 ppm signal, as first illustrated by Newman et
al.”’ for apple cell walls and microcrystalline cellu-
lose. This was interpreted*’ as evidence for distinct
crystallographically inequivalent sites on the sur-
face of highly crystalline microfibrils. In the light
of the above discussion, we assign these resonances
resolved by resolution enhancement to have spe-
cific molecular order characteristics (e.g., hy-
drogen-bonding arrangements or chain alignment )
without full crystalline order, but not to be
uniquely associated with either surface or interior
chains.

3C-nmr can be used to estimate the relative
abundances of la and 18 crystal forms. Character-
istic signals at 104.3 and 106.3 ppm (C-1), and
88.2 and 89.2 ppm (C-4) due to the monoclinic I8
form'**>4¢ are all at least partially resolved for on-
ion and tomato cell walls (Figure 12). The triclinic
I form contributes signals at 89.2 and 90.2 ppm
(C-4) and 105.5 ppm (C-1). Due to the coinci-
dence of crystalline and noncrystalline C-1 signals,
only C-4 signals can be used to assess the relative
abundance of the I« and I8 forms. Comparison
with C-4 line shapes for quantitatively analyzed
cellulose spectra®>*® suggests that tomato, onion,
and pea stem cell walls contain comparable (40/60
to 60/40) amounts of the two crystal forms, con-
sistent with results for apple cell walls and suggest-
ing that this may be a general feature of primary
cell walls.

It is interesting that cross-polarization dynamics
(both build up and decay) were insignificantly
different for crystalline and noncrystalline cellulose
C-4 signals as indicated by the same relative inten-
sity as a function of contact time (e.g., Figure
3c¢,d). This implies that dipolar coupling and (lack
of) segmental motion on the us time scale are very
similar for sites contributing to the two signals, and
is consistent with the results of Newman et al.,*’
who were unable to generate subspectra on the ba-
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FIGURE 12 CP/DD/MAS spectra of (a) onion cell wall material (4 ms contact time) and
(b) tomato cell wall material (1 ms contact time), each processed with 40 Hz line broadening
(upper traces) and —70 Hz line broadening and 0.5 Gaussian multiplication (lower traces).



sis of '"H T, variation for apple cell walls. In con-
trast, data for dry ramie cellulose *® clearly show rel-
ative intensity differences as a function of contact
time corresponding to longer build up (7¢y) and
decay ('H T,,) times for the crystalline compo-
nent, therefore suggesting that spin diffusion does
not average responses between crystalline and non-
crystalline sites. Whether this difference is due to
the cellulose source or the state of hydration re-
mains to be determined.
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