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Abstract — Plant cell walls provide form and mechanical strength to the living plant, but the relationship between their complex
architecture and their remarkable ability to withstand external stress is not well understood. Primary cell walls are adapted to
withstand tensile stresses while secondary cell walls also need to withstand compressive stresses. Therefore, while primary cell
walls can with advantage be flexible and elastic, secondary cell walls must be rigid to avoid buckling under compressive loads.
In addition, primary cell walls must be capable of growth and are subjected to cell separation forces at the cell corners. To
understand how these stresses are resisted by cell walls, it will be necessary to find out how the walls deform internally under
load, and how rigid are specific constituents of each type of cell wall. The most promising spectroscopic techniques for this
purpose are solid-state nuclear magnetic resonance (NMR), and Fourier-transform infrared (FTIR) and Raman microscopy. By
NMR relaxation experiments, it is possible to probe thermal motion in each cell-wall component. Novel adaptations of FTIR and
Raman spectroscopy promise to allow mechanical stress and strain upon specific polymers to be examined in situ within the cell
wall. © 2000 Editions scientifiques et médicales Elsevier SAS

Cellulose / growth / mobility / pectin

CP, cross-polarisation / FT, Fourier-transform / IR, infrared / MAS, magic-angle spinning / NMR, nuclear magnetic
resonance /T,, spin-spin relaxation time constant

1. INTRODUCTION always present. Its effects can be augmented by rain or
become violent when a falling apple hits the ground.
This review deals with plant cell walls at the Strong winds bend trees and flower-stalks and tear at
macromolecular level, from the viewpoint of their the edges of fluttering leaves. The plant also generates
function of providing strength and shape to the living its own internal stresses, due to turgor, growth or the
plant. Itis focused on new and developing methods for negative pressure within the xylem [45]. At the level
investigating the functional architecture of the cell of a single cell wall, these stresses resolve into tension
wall and the effects of mechanical stress upon it. First, or compression in the plane of the wall, or cell
however, we will put our subject into the context of separation perpendicular to that plarfegure 1 B.
classical plant biophysics by briefly reviewing how the Plant cells have two ways of withstanding these
biomechanics of the cell wall are related to those of stresses. The first strategy is for all compressive
intact plants. stresses on the tissue to be taken by the turgor pressure
within the cell [20, 42]. The cell walls are then
maintained permanently in tension and are adapted for
2. MACROSCOPIC CELL-WALL BIOPHYSICS this tensile function. In the second strategy, the cell
2.1. Cell walls and the mechanical properties wall withstands both compressive and tensile stresses.

of plant tissues Strategy 1 is associated with primary cell walls. It is
The environment of a planfigure 1 A subjectsitto  highly efficient for a small, growing plant, because it
a great variety of mechanical stresses [42]. Gravity is provides rigidity and strength with a remarkably small
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the maximum volume for a given surface arggure 1

B). These cell separation forces are quite large, com-
parable with the turgor force stretching the cell wall in
its own plane, and because they scale with the cell
diameter, they may well be the principal factor limiting
cell size in multicellular plants [24].

Strategy 1 is the most economical way to build a
plant, but it suffers from a limitation of scale. Wind
bending a flower-stalk exerts a compressive stress on
Compression ——— the inside and a tensile stress on the outside of the
bend {igure 1 A. These scale with the square of the
height of the plant. In addition, its weight augments
stress in B the compressive stress to an extent that scales with the

plane of

el g cube of the plant’'s dimensions. There is a limit,
—

N— /7, therefore, to the size of a plant that can be supported
by practicable levels of turgor and beyond this limit,
the cell walls themselves must supply the necessary
strength in compression. When plants grow taller to

~€— Turgor —»>

7 —

Tension

Gravity

compete for light, the adaptive result is strategy 2:
secondary cell walls as in wood. An elongated struc-
ture in compression will normally fail by buckling, and

N its elements need above all to be rigid to prevent
c?\ this [42]. Rigidity demands thick cell walls, and the
Separation investment of wall material (excluding water) is there-

fore typically an order of magnitude greater than in

Figure 1. A, Environmental stresses on whole plants: origin of strategy 1. Cells with lignified, secondary wall thick-
compressive and tensile stresses on st@nStresses induced on cell enings are not normally capable of growth, and woody
walls by turgor pressure. plants therefore require growth to take place outside

the woody tissues. In trees, this necessitates a second-

investment of material [31, 43]. In root crops or unripe ary meristem. .
fruit, the mass of cell-wall polymers may be less than A Special case of strategy 2 is xylem vessels. The
2 % of the total mass of the turgid tissue. The most taller the plant, the greater the negative pressure inside
advanced rigid polymer foams, used for example in these as they supply water for transpiration at the top,
aircraft construction, can hardly compare with these @nd the more they are compressed radially by the cells
plants’ ratio of stiffness to structural mass. The rigidity around them at the base of the stem [45]. In herba-
of the tissue does not depend on the cell walls being€eous plants, these stresses are normally carried by
rigid any more than rigidity is needed in the skin of a spiral secondary wall thickenings that can stretch like
balloon, and indeed flexibility may help the cell to COil springs when the primary wall of the xylem vessel
withstand impact stresses. elongates. In this case, the two strategies occur
The dependence of strategy 1 on turgor Ioressuretqgether, but normally they are mutually exclusive in
brings certain complications. Obviously, when plants dicotyledonous plants. In grasses, cereals and certain
using this strategy lose so much water that turgor related monocotyledonous_fa_mlll_es like the palms, the
pressure cannot be maintained, they wilt: the source ofstructural and functional dl_stmctlon between primary
their rigidity is lost. This means that extensibility of and secondary cell walls is not so clear and needs
the cell walls can be an advantage. A cell with walls closer examination in relation to development and
that are less rigid than normal in tension will be more 9rowth [5, 27, 50].
distended in volume at a given turgor pressure, pro- .
vided that it does not burst [31]. It can therefore afford 2.2. The growing cell wall
to lose more water, without becoming flaccid, than a  Expansion of cell walls is obviously a necessary
cell with rigid walls. component of the growth of plants, and the control of
Turgor pressure also generates forces tending tocell-wall expansion is one of the ways in which plant
separate the cells at the corners, because a sphere hagsowth is controlled and directed. Cell-wall expansion

Plant Physiol. Biochem.



Cell-wall biophysics 3

is driven by the turgor pressure inside the cell but surrounding cells, but their shape is well adapted for
under constant turgor, it is permitted and controlled by this and they need some elasticity to permit elongation
the mechanical behaviour of the cell wall itself. It is growth.

necessary for the structure of the wall to loosen, but

continuous growth does not result in any loss of

strength so the synthesis of new material and its 3. METHODS FOR INVESTIGATING
incorporation in the cell wall are also required. The ARCHITECTURE AND MECHANICAL

manner in which wall loosening and synthesis are FUNCTION AT THE MOLECULAR LEVEL

integrated is unclear.

. : 3.1. Cell-wall spectrosco
In mechanical terms, the extension of a plant cell- P Py

wall under turgor pressure is formally equivalent to ~ How can we find out how cell walls resist mechani-
creep, because it is approximately linear with time [8]. cal stress, or how the walls of growing cells expand in
There is a close similarity between the mechanical response to the stress of turgor? By conventional
concept of creep and the rheological concept of mechanical testing on macroscopic plant specimens, it
viscous flow, which is also linear with time. However, is possible to make deductions about the internal
cell-wall extension differs from Newtonian viscous distribution of stress and deformation within the cell
flow in two important respects; it is normally under walls. This approach has reached some degree of
directional control, and it does not occur until a Sophistication for woody materials [19] and more lim-
threshold stress is reached. Considering wall extensiorited progress has also been made with primary cell
as creep in the mechanical sense is useful for designWwalls. However, it requires the behaviour of the cell
ing experiments to measure it, but is probably not very wall to be fitted to models derived for synthetic
useful for understanding what is happening inside a polymer materials. For hydrated primary cell walls in
cell wall while it extends. For this, it is not enough to particular, the fit is not satisfactory because these cell
consider the cell wall as a material. We need to know walls are not materials; they are structures and their
not only how its component polymers are intercon- architecture matters.

nected and how the resulting network deforms during It is clear that the functional characteristics of cell
extension, but also how new polymers are incorpo- walls depend on fine details of their macromolecular

rated into the network. At present, much of this structure and conformation, and on their highly
knowledge does not exist. ordered architecture at scales from a few nanometers

(i.e. just above the molecular scale) to several microns.
Much of this fine detail is lost when cell-wall polymers

: X . ; are extracted into solution, as is necessary before they
which they must yield during growth. Primary cell can be examined by the classical techniques of
walls are characteristically held in tension created by polysaccharide, protein and lignin chemistry. There is
:E;gornggsiff'bzh\?grner?o:;o :i(tehztrrci)ggtcler;;?onngg? itrzmtherefore an important role for 'spectroscopic tech-
ber?lding The controlle% gfte'n highly anisotropic and niques that can be qsed to gxamlne_plan_t cell walls in
Iocalised expansion of ’the primaryy cell wall under thelr native state_,_W|thout prior fractlo_natlo_n or solu-

; : - bilisation. In addition, there are ways in which two of

turgor pressure is essential, although not sufficient, forthese techniques, vibrational and NMR spectroscopy,

growth. Cells with primary walls must withstand can be used to probe internal stress-strain relationships
separation forces at the corners, forces that tend to puIImore or less directly at the molecular level. In prin-

apart the middle lamella and delaminate the primary ciple, this approach, unlike conventional mechanical

wall. testing, is not dependent on materials science and its
Secondary cell walls are subjected to both tension models for deducing molecular behaviour from mac-
and compression, and must be as rigid as possible taoscopic behaviour.
avoid buckling in compression. Buckling of the tissue  Plant cell walls are usually considered as solids,
is also prevented by fusing a group of cells into a wider although in their native state, water comprises more
column: strong connections across the middle lamella,than half of their mass. This leads to experimental
particularly rigid in shear, are required for this func- complications. Because solid-state spectroscopic tech-
tion. The spiral secondary thickenings of immature niques have been developed principally for synthetic
xylem cell walls need some rigidity to prevent the polymers, the presence of water is a problem that has
vessel from being crushed by positive pressure in thenot been much studied. When cell-wall biopolymers

The discussion above allows us to summarise the
principal stresses that cell walls must resist, or to
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Table I. Wavelength and frequency (wave-number) scales for vibrational and visible spectroscopy. IR, infrared.

Waveband Visible Near-IR Mid-range IR
Wavelength |im) 0.40 0.70 1.00 1.75 2.50 4.38 6 11 16 25
Frequency (crm) 25000 14 300 10 000 5700 4000 2300 1600 900 640 400

interact with water in ways that fall between the spectroscopy has great potential for investigating the
classically-defined solid and solution states, the physi- structure of cell walls at just above the molecular level,
cal chemistry available to describe these states may bavhere there is strong anisotropy in both architecture
disconcertingly inadequate. and mechanical properties.

For these reasons, the first application of individual  aop internal vibration in a molecule can either

spectroscopic techniques in this field has in many apsorh radiation of the right frequency, or scatter it
cases been to materials such as cellulose that usefullyfter absorbing some of its energy, hence, reducing its
can be studied dry, and their adaptation for hydrated frequency. Absorption is the basis of conventional IR
cell walls has followed later. The history of cell-wall  gpectroscopy, while scattered radiation gives Raman
spectroscopy has been quite long but discontinuous.gpectra. Absorption spectroscopy works best with
and has taken separate courses in the cellulose angiprations of asymmetrical (e.g. O-H) bonds, while
plant science communities. There have been signifi- Raman spectra are of higher intensity when the bonds
cant advances whenever ideas have been exchangegre symmetrical (e.g. C-C). In practice, carbohydrates
between these two communities. The historical format 54 jignin give both IR absorption and Raman spectra,
of the following discussion may reveal lessons for the ang many of their vibrational modes appear in both [4,
future of this field, and also outside either plant or 49 52] Absorption spectra are easier to collect using
cellulose science. In terms of the relationship betweengjmpjer instrumentation, but sometimes as with lignin,
structure and mechanical properties, plant cell walls {he Raman spectra are more useful [1, 3].

are now understood better than any other biological
‘soft solids’, and the methodology for their characteri-
sation is relevant to poorly understood mammalian
materials such as cartilage, skin and arterial walls.

Shortly after commercial IR absorption spectrom-
eters first became common in the 1950s, the technique
was taken up by cellulose chemists and the quality of
some of the data collected then is still impressive
today [30, 55]. The deduction of O-H bond orienta-
tions from polarised IR spectra played a significant
part in the development of ideas on cellulose struc-

Covalent bonds in any molecule can behave like ture [4, 30]. However, difficulties arose because the
coil springs, vibrating along their axis or bending. spectra were more complex than could be explained
When there is an electric dipole between the two endsfrom existing structural knowledge. This complexity
of the bond, its vibrations can interact with the electric became attributed to complex coupling between vibra-
wave component of light, if they are matched with itin tions of groups of bonds within the structure [4, 38]
frequency and orientation. For simple vibrations and the difficulty of interpreting the spectra caused
within molecules, the matching frequency range of the some disillusionment with this application of the
spectrum is the mid-range infrared (400-4 000Em  technique. In retrospect, this was unjustified: it was not
corresponding to wavelengths of about i, realised at the time that all natural cellulose contains
table I). As in music, molecular vibrations can have two distinct forms, cellulosed and B [2] and that
overtones at higher frequencies and these fall into thewithin each form, there is some variation in the details
near infrared spectral range (1-2u%). of chain conformation and interchain hydrogen bond-

Radiation polarised with its electric vector in one ing. Unlike, for example, NMR, vibrational spectra are
direction will only interact with similarly oriented not significantly averaged over nanosecond time-
molecular vibrations. This means that vibrational spec- scales. In consequence, even if two interchain hydro-
troscopy can be used to determine molecular orienta-gen bonds in cellulose equilibrate rapidly, O-H stretch-
tions and, apart from the visualisation of individual ing bands from both will be observed in the IR spectra,
molecules by electron or atomic force microscopy, itis whereas in NMR, they may give rise to a single
the only available way of doing this. Polarised IR spectral feature. Thus the complexity of the O-H

3.2. Vibrational (infrared absorption and Raman)
spectroscopy
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stretching region of the cellulose IR spectrum, at least,

b

can be explained by the range of structures present.  ozs A 03| ®

During the 1950s, the use of IR spectroscopy was 02 b
extended to xylans and other components of wood cell o .
walls, largely by Marchessault and co-workers in a o1 a
relation to paper manufacture [36, 37]. It was not g 0.00 00
applied to primary cell walls until about 1970, when £ oaelD
Morikawa and co-workers [39] showed that pectins as £ £
well as cellulose were clearly identifiable in the o0 . b
spectra ofPisum epidermal cell walls and that the 0.41 '
mean orientation of both polysaccharides changed J
with growth. These innovative experiments did not 0.09 oo

2000 1700 1300 1000 2000 1700 1300 1000

succeed in popularising the technique at the time, but
they were noted and encouraged the more recent WAVENUMBERS

application of infrared microscopy to cell walls by _ . . .
i d co-workers [33] Figure 2. Infrared transmission mlcrospecgrometry of primary cell
McCann, Wilson .an _ g ' walls: A, cell walls from tomato cell suspension culturBscell walls
An infrared microscope is essentially a Fourier- from tomato cell suspension cultures adapted to the herbicide 2,6-
transform (FT) spectrometer with the IR beam focused dicholorobenzonitrile, which inhibits synthesis of microfibrils, leaving
: the cell wall enriched in pectinC, onion parenchyma cell wallf),
on a very small area. of the sample, typlpally a m galacturonan (Sigma). Symbols: a, ester carboxyl; b, carboxylate ions.
across. The absorption spectra generdiigdre 2 are
similar to those obtained in a conventional spectrom-
eter but, even as just a means of obtaining spectra, the

microscopy mode has considerable advantages [32]C2"P0xyl groups or lignin rings [33, 39]. However, the

Cell-wall samples prepared as KBr discs in a conven- recent introduction Of. principal comp.onents'analysis
tional spectrometer give good spectra but because the! the spectral datafigure 4 makes it possible to
cell walls are finely ground and dispersed, information extract the spectral contributions of individual poly-
on polysaccharide orientation is not preserved. This
information can be obtained by polarised IR from
films of cell walls about um thick, but the films need A
to be at least ca. 4 mm in diameter to fill a standard 0.12]
spectrometer beam and uniform specimens of these 1 |
dimensions are difficult to prepare, even by cryo- :
sectioning. In microscopy, this is not a problem.
Polarised IR microscopyfigure 3 also has the advan-
tage that an oriented spectrum can be obtained from a
single cell wall with the radiation beam passing up
through it at right angles [32]. When a larger area of
tissue section is viewed in the same way in a conven-
tional spectrometer, some of the cell walls are vertical,
parallel to the beam. Because cellulose microfibrils are
normally in the plane of each wall of a cell, these
vertical walls make an unjustified contribution to the
mean microfibril orientation observed. With an IR
microscope, this problem can be avoided.

The molecular vibrations that give rise to the
fingerprint region of the spectrum (1 000-1 400¢m
are quite complex, mostly involving simultaneous Figure 3. Polarised infrared spectra of elongating stem tissue from
movement of numbers of ring carbon atoms [4]. They carrot seedlingA, Spectra with polarisation parallel (0) and perpen-
are therefore difficult to interpret from first principles ?;%U'g)f (ggé\f\?ir:he gr'lfgﬁtt;gr?f gf"(2')0ﬂgeitti;3~e[s){2$ffgc73 S%F;‘it(%l)m
alth.OUQh this has been attempted 'fOI’ ceIIu_Iose [4]. peptide (1 650 gnd 1550 ch, (c) pectri’c carboxylate ion (1 600 and
Until recently there has been more interest in bands 414 cm? and (d) general carbohydrate (900-1 200-9nvibra-
just outside this spectral region, derived from pectic tions.

ABSORBANCES

2000 1700 1300 900
WAVENUMBERS
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1900 1600 1300 900 flax. Hydroxyl stretching bands are moved from ca. 3500 to ca.
WAVENUMBERS 2 500 cn1! by exchange with deuterium, except for the interior chains

of cellulose b and B which do not deuterate. Polarisation (——)

parallel and (-----) transverse to the fibre axis; difference spectrum

Figure 4. Variance of infrared spectra from primary walls of apple below

and ten other specied, Cell walls from ten different apple®, Cell
walls from ten species other than apple, showing wider variation than
in A. C, Variance spectra from the two data sets, showing spectral

regio_ns in which variability is localised. (-----) Apple; (—) other  This reveals detailed hydroxyl spectrﬁg(Jre 5 of
species. - .

cellulose showing such features as théf ratio and

the chain orientation.
mers whose composition, estimated by other forms of By selecting a small aperture and scanning the
analysis, varies across a large sample population [7].specimen past the beam, it is possible to construct
This approach, in principle, allows the abundant infor- images based on IR spectral data [32]. The aperture
mation in the fingerprint region to be used without a size and, hence, the spatial resolution are limited by
detailed understanding of the molecular vibrations the wavelength of mid-infrared radiation. The resolu-
from which it originates. Some care is however nec- tion is then considerably inferior to that of visible light
essary because polysaccharide chain conformationsnicroscopy. Details of the wall composition of indi-
can have a large influence on the spectra. Indeed therevidual cells can normally be observed, and the result-
is considerable potential for investigating the confor- ing images give a fascinating visual insight into
mations of cell-wall polysaccharides in situ by this functional plant anatomy through the varying compo-
means, and a change in the conformation of pecticsition of the cell wallsfigure §. Structural details that
galacturonan on drying has been observed through itsvary across the thickness of the cell wall, however, are
influence on this region of the IR spectrum [32]. outside the spatial resolution of IR microscopy.

The hydroxyl stretching region of the spectrum  Raman spectroscopy and imaging are also possible
(3 000-3 500 cmt) contains information on hydrogen- at the microscopic level [1, 3], and their potential
bonding patterns [30, 36, 55]. It is not the stretching of spatial resolution is superior when the incident radia-
the hydrogen bond itself that is observed, but conven-tion used is in the near-infrared waveband, with
tional O-H bonds are weakened and their stretching shorter wavelength. So far, Raman microprobe spec-
vibrations moved to lower frequency if the proton is trometry has been more successful for lignified cell
hydrogen-bonded to another oxygen atom. This regionwalls, such as those of wood, which is difficult to
of the cellulose spectrum has been studied intensivelysection for transmission FTIR microspectrometry.
since forty years ago but for intact cell walls, it is less  Mid-range vibrational spectroscopy therefore has
useful because hydration and disorder create a broactonsiderable utility for elucidating the composition,
dispersion of vibrational energies. However, deutera- conformation and orientation of polysaccharides
tion of the free hydroxyl groups moves all of this IR within intact plant cell walls, particularly when the
absorption to lower frequency by a factor of 1.34 (due information can be expressed in image form and
to the extra mass of the D atom), with the exception of related to anatomy and development. It also has
the interior chains of cellulose which are well-ordered potential for investigating what happens inside a cell
and too tightly hydrogen-bonded to deuterate [55]. wall under mechanical stress, and this promises to be
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vibrational frequency [56]. Unlike the first approach, it

probes stress rather than strain. For synthetic poly-
mers, the Raman spectroscopy method is quite well
developed and has recently been applied to cellu-
lose [16], showing how the glycosidic bonds in the

cellulose polymer carry tensile stress. The application
of these two complementary methods to intact cell
walls is awaited with interest.

3.3. Solid-state NMR

NMR, like infrared spectroscopy, has a long history
but it is only since about 1980 that it has been
technically possible to obtain high-resolution NMR
spectra from most types of solids. NMR spectroscopy
probes the three-dimensional distribution of electrons
that is responsible for all types of chemical bonding. It
does this through the tiny magnetic fields created at the
nucleus by orbiting electrons. Cell-wall polysaccha-
rides in solution give detailed and highly informative
13C and'H NMR spectra. However, if intact cell walls
are examined in a conventional, solution-state NMR
Figure 6. Infrared microspectral imaging. Longitudinal section of the SpeCt.rometer’ the*C or proton spectrum is so broad
stem of anArabidopsisseedling with false colour showing the ratio of that I_t cann(_Jt _be seen. This I_S becquse for each
ester to non-esterified pectic carboxyl; high level of ester along the Chemically distinct atom there is a wide range of
central vascular strand. possible orientations and possible dipolar interactions

with neighbouring atoms. These effects are averaged
out by rapid thermal motion in solution, but not in the
the key to a new way of understanding the functional solid state [51].
architecture of the cell wall. Solid-state*C NMR became a practical possibility

There are two complementary ways in which this in the late 1970s with the introduction of high-speed
question can be approached. The first is by two- magic-angle spinning (MAS) and high-power dipolar
dimensional mechanical/FTIR spectroscopy, where decoupling, which provide alternatives to thermal
polarised FTIR is used to probe changes in the averaging of these broadening effects [51]. This is
orientation of polymers in or out of phase with an achieved at a cost. A specialised NMR spectrometer is
applied, oscillating mechanical stress. This approachneeded for working with solids, with a wide-bore
has been developed to a considerable degree of refinesuperconducting magnet to accommodate the complex
ment for synthetic polymers by Noda[44], and probes required. Dipolar decoupling requires a con-
appears to have great potential for characterising thetrolled input of radiofrequency energy rather like in
internal deformation of the structure of the cell wall microwave cooking, and care may be needed to
under mechanical stress. prevent the sample from overheating. Magic-angle

Application of two-dimensional FTIR spectroscopy spinning at 2-5 kHz (up to 20 kHz on some modern
to onion epidermal cell walls showed that both cellu- spectrometers) means that the sample is subjected to
lose and pectin bands changed in their vibrational centrifugal forces comparable with those in an ultra-
orientation in response to a mechanical oscillation at centrifuge, so that it is not in an unstressed condition
20 Hz, but lagged behind the imposed oscillation to and water is difficult to retain in hydrated samples. It
different extents. This indicates that both pectic also rules out the possibility of studying the effects of
polysaccharides and cellulose deformed under thecontrolled mechanical stress on the sample, and nor-
applied stress, but that they did so independently (M. mally restricts the sample size to about 0.1 g so that
Kacurakova and R.H. Wilson, unpubl. results). some thousands of repetitions of each spectral mea-

In the second technique, changes in the force surement must be averaged to obtain an adequate
constants of chemical bonds bearing mechanical stressignal/noise ratio. This can lead to very long durations
are observed through small changes in their stretchingfor *3C NMR experiments. These can be reduced by
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8 M.C. Jarvis, M.C. McCann

cross-polarisation (CP) or transfer of magnetisation Table Il. Distinctive peak assignments if®C NMR spectra of

from H to 13C for measurement, mainly becauds
magnetisation returns to equilibrium much faster than

primary cell walls. Asterisked chemical shifts are variable depending
on the polymer chain conformation.

°C so that each repetition requires about 1 s ratherpoiymer

‘ ! . _ Carbon Chemical shift
than 1 min. The CP-MAS experiment, with high- (ppm)
power decoupling, has become the standard way ofgacwuronan COONa 177
recordmg NMR spectra from organic solids [51]. Galacturonan coOCa 175

Solid-state'*C NMR spectroscopy can be useful for Acetyl COOR 173
detecting features of primary structure that are lost on Galacturonan COOH 173
dissolution or cannot be solubilised, like lignifica- 'Cja'alcmlrona” gggg% 1176%3
tion [54] or cutinisation [15] fable II). It is not sensi- Af;‘;icr’]gneswr o1 100
tive enough, however, to detect the relatively rare cejyiose-glucan c1 105
povaler]t cross-links that are assumed to b(_e importantgalactan c-1 105
in holding cell-wall polymers together in insoluble Xylan c-1 102
networks. Since its inception, it has been used successGalacturonan c-1 96-101*
fully for investigating polysaccharide conformations gg::ﬂ:gzg '(Slmace) Cé44 8894
in muro. The conformational distinction between the .

. . . Xyloglucan, xylan C-4 81-84

lo and B forms of cellulose was d|S(_:overed in this  Galacturonan C.a 77-81*

way shortly after the CP-MAS technique was intro- Galactan C-4 78

duced [2, 21], as more recently was the broad range ofAll glycans 72-76

chain conformations adopted by pectic galacturonansGalacturonan C-2,C-3 69
within the cell wall [14, 25, 53]. Cellulose | c-6 66
A unique advantage of solid-state NMR is its 22" ©s 63

o .q g . . . Cellulose (surface) C-6 62
sensitivity to thermal motion in polymers. This galactan C6 62
approach has been worked out in detail for examining Galacturonan COOH, 54
the molecular basis of mechanical properties in syn- Cutin CH, 31
thetic polymers and its potential for understanding Acet! CHy 21
Rhamnose, fucose CH, 18

how the plant cell wall functions was recognised at an

early stage by Irwin et al. [22]. These initial results
were not promising because Irwin worked only with

dry cell walls, in which thermal motion is restricted detailed picture of the mobility of the main groups of
and not closely related to mechanical properties. For acell-wall polymers in situ has been constructed.

period after this, interesting data on proton mobility = Thermal motion

influences the rates at which

were collected by Taylor and co-workers [35] using nuclear magnetisation is dissipated (relaxed) or trans-
broadline™H NMR methods, which do not require ferred in a number of types of NMR experiment
magic-angle spinning. However, individual polymers (table Ill). These experiments are possible for both
cannot be resolved in the broadlitd spectra. Some protons and*C nuclei. Because magnetisation equili-
five years ago, a number of groups simultaneously brates rapidly by nuclear spin diffusion within pools of
found solutions to the practical problems of doing spatially adjacent protons, proton relaxation experi-
solid-state  CP-MAS 13C NMR experiments on ments provide information on the mean mobility
hydrated cell walls [11, 26, 41] and since then, quite a within domains a few nanometers across — somewhat

Table lll. NMR methods for probing molecular mobility in solids. Each method has a characteristic frequency range for the thermal motion
influencing it, and the time constants are averaged over a characteristic domain size by spin diffusion.

NMR process Time constant Motion frequency Domain size
IH spin-lattice relaxation HT, 10° Hz > 10 nm

H rotating-frame spin-lattice relaxation H Ty, 10° Hz 1-10 nm

IH spin-spin relaxation HT, 10* Hz 1-10 nm
1H-13C cross-polarisation Ten 10* Hz 1-10 nm

13C spin-lattice relaxation CT, 10% Hz <1lnm

13C spin-spin relaxation 15CT, 10* Hz <1lnm

Plant Physiol. Biochem.
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larger than a monosaccharide residue [40]. On the
other hand, because tHéC isotope constitutes only
1% of natural carbon, spin diffusion betweéfC
nuclei is restricted and3C relaxation experiments
probe the mobility of the specific carbon atom con-
cerned.

Spectrum

Typical results of a proton spin-spin relaxation,
experiment on hydrated onion cell walls [13] are 100
shown in figure 7 A Using the CP technique, the 80
information on proton relaxation is transferred into the 4 6o
13C spectrum so that different polysaccharides can be & 40
readily distinguished. The protoh, values recorded 20
for any peak in the'*C spectrum are derived from
those protons in the immediate vicinity of tHéC Rigid
atom and in spin communication with it. The spectral MM
regions corresponding to cellulose have short values of
the relaxation time constaiit, corresponding to those
expected for a rigid more or less crystalline solid. If
the cell walls are dry, its non-cellulosic constituents
behave quite similarly as was found by Irwin
et al. [22] but on hydration, th€, values for the pectic L, : PTPTPPP AT PRTY I
polysaccharides become much longer as thermal &« ¢ 8 8 8 R 8 8 =%
motion increases [13, 53]. An alternative way of pre- ppm

senting these results is shownfigure 7 B where the

.. . i - 1 H
13C spectrum has been digitally separated into sub-Figure 7. CP-MAS™C NMR spectra of hydrated onion parenchyma
cell walls (A) with proton spin-spin relaxation time constantshown

spectra corresponding to domains of high and oW yejon; shortH T, implies relative thermal rigidityB, Subspectra
thermal mobility [41]. Relaxation data are particularly corresponding to rigid and mobile components calculated from the
informative about states of matter within complex same experiment. The rigid component corresponds to the microfibril

solids if they are carried out at a range of tempera- phase plus strongly cross-linked pectic chains, and the relatively
tures [53] mobile component to more mobile pectins (see assignments in

table Il). Pectic (1,4)B-galactans are missing from these spectra

. . because a short contact time of | was used to minimise spin
In the rather different mOblllty'reSONed spectral diffusion. The galactans can be observed with longer contact time or

editing procedure pioneered by Foster et al. [11], the in an experiment similar to that shown figure 8

experiment directly generatésC spectra from poly-

mers with a specific level of mobility. An example of

a spectrum from the most mobile parts of the beet cell It is now possible to summarise how the different
wall, generated in this way by using MAS together polymers vary in their thermal mobility within the
with a proton decoupling method designed for mol- intact, hydrated cell wall. Cellulose chains are the
ecules in solution [46], is shown ifigure 8 The most rigid and least hydrated elements in primary cell
spectrum is derived entirely from the pectic arabinans, walls [13, 28, 41], although their surface hydroxyl and
which must therefore be the most mobile or solution- exocyclic CHOH groups show considerable rota-
like components of the beet cell wall. It very closely tional motion and proton exchange [17, 21]. When
resembles the spectrum for beet arabinan in solution,xyloglucans are the major hemicelluloses, the fraction
showing that the arabinan conformations are averagedbound to cellulose shares its rigidity, while an unbound
to essentially their solution-state values, and that thefraction with considerably more thermal mobility has
motions responsible apply to the entire polymer and been identified [13]. The cellulose and bound xyloglu-
not merely to individual functional groups. Similar can may therefore be considered as a solid microfibril
high-resolution spectra have been obtained from pecticphase. Pectic galacturonans cover a broad span of
galactans in potato cell walls (W.G. Jardine, D.C. thermal mobility in the region between solids and
Apperley and M.C. Jarvis, unpubl. results) and from solutions, with a tendency for highly methyl-esterified
both arabinans and galactans in citrus cell walls (D.C. segments to show more motion of the main chain as
Apperley and M.C. Jarvis, unpubl. results). well as the characteristic rotation of the methyl groups.

HT,

Mobile
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4. CELL WALLS AS NANOSTRUCTURES:
FUNCTIONAL ARCHITECTURE

Is it possible to assemble an overview from the
information already available on internal stress-strain
b relationships in cell walls? A problem is that at present

much of our knowledge comes from solid-state NMR
w)wmwwwm experiments measuring thermal motion of polymer
molecules. Thermal motion is not the same thing as
deformation in response to an applied stress, and
pem inference from one phenomenon to the other is not

Figure 8. SP-MAS*3C NMR spectrum of hydrated beet cell walls Slmpl,e'_
with WALTZ-16 multiple-pulse proton decoupling and 200-ms This is a problem encountered commonly by poly-
recycle time to edit out components witfC T, longer than this. The  mer physicists who use NMR methods and some
. ol Toponone s o s n Qudelnes fo dealing with it are avaiable from that
tahrias expériment. It showspline—narrowir?g dueg to conformational field [51]. In partlcu'?‘r’ itis necess_ary to Concemr?‘te
averaging on the NMR time-scale, and resembles the solution-stateON the thermal motion of the main polymer chain.
spectrum of beet arabinan because the averaged conformations ard/lotions of side-groups may absorb impact energy in
similar to those found in solution. some circumstances but they contribute little other-
wise to mechanical properties of the material. Main-
chain motion can be used to distinguish crystalline
solids, glassy and rubber-like phases, and where two of
these types of solid are mingled, there is a considerable
body of composite materials science that can be
In pectin-rich cell walls, the most mobile elements are brought to bear in predicting the physical properties of
the galactan and arabinan sidechains of the rhamnogathe specimen as a whole [18, 19].
lacturonan | fraction, which behave essentially as With these caveats, NMR relaxation experiments
tethered liquids [11, 46]. can be used to identify strongly rigid materials like the
microfibril phase of the cell wall and to confirm their
central structural role. The relatively uniform rigidity
of lignified secondary cell walls [40] is consistent, in
broad terms, with their function in sustaining compres-
sive stress without buckling. This rigidity arises sepa-
rately from the crystallinity of the cellulose in the
microfibril phase and from cross-linking of lignins in
the matrix. A more detailed interpretation of the
mechanical properties of secondary cell walls is pos-
sible if microfibril angles are included [19].

Primary cell walls present more of a challenge,
however. It seems reasonable to suppose that much of
their strength and rigidity in the plane of the wall are
supplied by layers of cellulose microfibrils. Within
each layer, the microfibrils lie approximately parallel

In lignified secondary cell walls, the cellulose has and are joined by thin cross-links which have been
similar rigidity to that of primary cell walls, and the tentatively identified as xyloglucan chains [34]: if so,
rigidity of lignin is comparable [40]. The hemicellulo- these may correspond to the relatively mobile xylo-
ses of wood are more mobile than cellulose or lignin glucan fraction identifiable by NMR [13]. Elongated
but, compared with most of the non-cellulosic polysac- cells have the microfibrils wrapped predominantly
charides of primary cell walls, they are still very rigid around them and both external tension and growth
indeed. There may be some doubt on the states ofbring about a more longitudinal orientation of the
matter present in hydrated primary cell walls but microfibrils, as well as orienting other cell-wall poly-
secondary walls are indisputably solid. mers [10, 32, 39]. This geometry suggests that the

o [=3 [=] o [=]

o (=] [=] o Q o o [=] Q Q o
~ © 2] < 2] [ - o o o ~ © o < ® ~
- - - - - - - -

The primary cell walls of the grasses and cereals
have not been so extensively studied by solid-state
NMR. In these cell walls, it would appear that arabi-
noxylans occupy a broad range of mobility, some
being nearly as rigid as xyloglucans are in the primary
walls of other plants and others as mobile as the pectic
galacturonans [50]. No polymer in the oat coleoptile
cell wall appeared to be as mobile as the pectic
arabinans and galactans (D.C. Apperley and M.C.
Jarvis, unpubl. results), but otherwise the range of
mobility in the primary cell walls of cereals appears
similar to that found in dicots, even though the
polymer composition is different [50]. This would be
consistent with similar mechanical functions.

Plant Physiol. Biochem.
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cross-links may become tensioned, whether due toform. Lignified secondary cell walls can be considered
lateral separation or to shear between the ascomposite solid materials, but hydrated primary cell
microfibrils [6]. Flexibility would not affect the walls are nanostructures built from polymers that
strength of the cross-linking polymer chains in tension range from crystalline solids to tethered liquids. The
and might even contribute a degree of rubber elastic-ways in which these complex networks respond to
ity [9], but it is not possible to deduce how that might mechanical stress can potentially be explored by
influence the mechanical properties of the cell wall as emerging techniques based on vibrational spectros-
a whole, let alone its behaviour during growth. copy.

The data available on the swelling of primary cell
walls [23] suggest that the pectic polysaccharides hold
these walls together across their thickness in addition Acknowledgments
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