Biosynthesis and properties of the plant cell wall

Wolf-Dieter Reiter

The characterization of cell wall mutants of Arabidopsis
thaliana, combinaed with biochemical approaches toward the
purification and characterzation of glycosyliransferases, has
led to significant advances in understanding cell wall synthesis
and the properties of cell walls. Mew insights have been gained
into the formation of cellulose and the functions of the matnx
polysacchandes rhamnogalacturonan-Il and xyloglecan.
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Abbreviations
AFUT1  Arabidopsis thaliana FUCOSYLTRAN SFERASE

AXT1  Arabidapsis thaliana XYLOSYLTRAM SFERASE]
CESA1 CELLULOSE SYNTHASE

CSL CELLULOSE SYNTHASE-LIKE

cytl cyinkinesis1

IRXZ IRREGULAR XYLEMZ2

KOR KORRIGAN

mur?  munus2

RG-I rhamnagalacturanan-|
rw 1 roat swelling

SCD sitosterol-cebodexsinns
SG sitastercd-f-glucaside

Introduction

The deposation and modification of cell wall matenal play
essential moles dunng plant growth and development, the
responses of plants to the envionment, and the inter
actions of plants with symbionts and pathogens |1]. As cell
migrations do not contnbute to the development of the
plant body, the planes of cell divisions and the ordered
depositon of cell wall matenal ulomately determine the
shapes of plant cells and organs. Most photosynthetically
fixed carbon 15 meorporated into cell wall polymers,
making plant cell walls the most abundant source of
terrestnal biomass and renewable enerey. Cell wall matenal
15 also of great practical importance for human and ammal
nutrition, and as a source of natural hibers for textiles and
paper products. For these reasons, the study of cell wall
synthesis s of considerable interest from both a basic and
an apphed point of view.

Two types of cell walls can be distinguished. Pamary walls
are deposited dunng cell growth, and need to be both
micchamically stable and sufficiently extensible to permat
ecll expansion while avoading the mupture of cells under
their turgpor pressure. Primary cell walls consist mainly of
pedysacchandes that can be broadly classiied as cellulose,
the cellulose-binding hemicelluloses, and pectins. The

latter two classes of cell wall components are often refemed
to as matnx polysacchandes. These are synthestzed within
Colgn cisternac, whereas cellulose s generated at the plasma
membrane i the form of paracrystalline mocrohbnls.
sccondary cell walls are deposited after the cessation of
cell growth and confer mechanical stabality upon specialized
cell types such as xylem elements and sclerenchyma cells.
These walls represent composites of cellulose and hemi-
celluloses, and are often impregnated with hegnns. In
addition to polysacchandes, plant cell walls contain
hundreds of different proteins. Many of these proteins ane
considered to be “structural’ protemns |2], whereas others
participate in cell wall emoedeling and turmover | 3.

This review focuses on recent advances in undestanding
the biosynthesis and function of plant cell wall polysaccha-
ndes, with an emphasis on the model system Arsbrdopso
thaliana. As the genome scquence of this small crucifer has
recently been determined |4), the coding regrons of all
glvcosyltransferases and other enzymes that are mvolved
m cell wall synthesis and modificanon are available in
public databases. Now, the challenge 15 to dentfy
candidate pencs for glyvoosyltransferases and other cell-
wall-related protecins, and to determine theirr function.
Strateries to accomplish these goals have been outhined in
recent review articles |3-7). Because of space hmitations,
advances in the charactercabon of cell wall proteins and
hgmfication pathways are not included in this contnbu-
tion, and the reader 15 referred to recent revicws on these

subjects |8,9].

The synthesiz of celluloge in higher plants

In recent vears, substantal progress has been made in
understanding the svnthesis of cellulose. It s a2 linear
| 4-E-1+glucan that assembles into pamcrystaline microhbals,
each of which contains an estimated 36 parallel podysaccha-
nde chams. Cellulose synthesis occurs at  osctte-hike

structures that consist of s1x hexagonally arranged subunits
that arc embedded in the plasma membeane | 10]. As each
rosctte 15 believed to synthesize one microfibnl, some
mixdels propose that cach of the six mosette subunits 1s com-
posed of six 1 4-B-1x-glucan synthases, cach of which forms
a single glucan molecule from cytoplasmic UDP-D-glucose
[11**,12]. In this scenano, 36 1 4-8-1-plucan chains would
emerge at the apoplastic side of the plasma membrane, and
would assemble into cellulose microfibnls in a process that
may be aided by addittonal proteins such as KORRIGAN
{KOR; see below).

The catalytic subunit of cellulose synthase 15 believed
to be encoded by members of a mult-gene family of
transmembrane proteins that have scquence similanties to

bactenal cellulose synthases, such as aoA from Acerobacter
xylomam | 13) and /A from Aprobedtersam temefacens | 14,15).
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Mutants In the CESA and CSL ganss of Arabigopsis.

Gena name Mutant Fremalype(s) References
CESAT row Raal swelling, stunted growth (rswi-1), seeding lethality (rewi-2) [17.327]
CESAZ ir Resiskance 1o isassben, stunted growth (anlisense plams) [117°,18)
CESAd ires Iragular siruciure of sylem elemenls [37]a
CESAR iard Resistance b isoeaben [197]

prc Reduced lkength of roots and hypocotyls [20]
CESAT ined Iregular sirucivre of sylem semenis [21]
CESAR irk1 Irregular struciure of dylem slements [22]
CELAD ratd Resistance bo rook iransiomation by Agrobaclenum [37]
CELDA kjak _Ehoet and deeclive root hairs L[ﬂ'EI'.dI'.'I]

45 Turner, personal communication. Abbresiations: prei, procusled | rald, resistand o ransformation by Agrobacterium umefaciensd.

The Arabidapris penome harbors ten members of this gene
famaly (CELLULOSE SYNTHASE!D |CESAT] through
CESAI®, all of which contain cight transmembsanc
domains, a [2,12,1),Oxx BW maotif that 1s believed to be pant
of the active site, and a putative xinc-binding domain that
may mcdiate protein—protein interacaons | 16). Soon after
the cloming of the temperature-sensitive roor sseelimg
{rree S} allele of CESAS in 1998 | 17), mutations in five addi-
tional CESA soforms were identified by analyzing plants
that had defects in clongation growth, collapsed xvlem
clements or resistance to isoxaben, a herbwoide dhat intedfenes
with cellulose synthesis dunng pomary wall formation
{'lable 1). The phenotypes of these mutants and of GESAS
antiscnse plants | 1%) indwcate that the CESAS, CESAZ, and
CFESAG gpenes are involved in the synthesis of cellulose in
the pnmary cell wall [11*=,17,1%,19*20), whercas the
CESAL, CESAT, and CESAS penes appear to be pnmanly
involved m cellulose synthesis dunng secondary wall
formation (|21,22); 5 Tumer, personal communication).
Although these observations offer some explanation for the
large number of CESA 1soforms in Arefsdlapears, they do not
fully explam why lesions in different catalytic subumits
cause similar visible phenotypes, such as resistance to
isoxaben or the collapse of xylem elements. One possible
explanation 15 the need for at least two different catalvie
subumits per msette o prodece a2 functional cellulose
synthase complex | 11*=,12,20,22]. Taylos & &l |22)] obtained
hochemical evidence in favor of this scenano by demon-
strating an association between CESAT and CESAS
v waire, an approach that may permut the denttheation of
additional components of the cellulose synthase complex
in the futune.

CESA proteins in higher plants and thewr homologs in
bactena do not synthesize cellulose i the absence of
additional gene products. In Aprobacterswm, lipd-linked
cellodextnns (1Le. short chans of 1 4-linked B-D-glucose)
and an exdo-E-D-plucanase participate in cellulose synthesis
| 14], raising the possibality that similar intermediates and
enzymes play a role in plant cellulose svnthesis. Screens
for Arabedopsis mutants with defects in cell clongation,
oot-swelling  phenotypes, abnormal cytokinesis, and

irregular xylem structure led to the denofication of several
mutant alleles of the membrane anchored awas-1,4-B-1>-
glucanase KOR (the KOR T gene product, which s allehe to
MITERED CELL WALL (ACW T, RSW2Z, and IRREGUTAR
XYLEMZ (IRX2) (123,24%,25], 5 "Turmnee, personal commu-
mication). This protein 15 pnmanly localized to the cell
plate |26] but has also been found n plasma-membranc
fractions |23). Mutatons in the KOR/! gene cause a
decrease i cellulose formation |24°,25), which s patly
compensated for by an increase in cell wall pectin |24+
and a change in pectin composition |27]. The strongest
known forf allele (1.c. forf-2) causces defects in cell-plate
formation and cvtokinesis, and leads to extensive callus
formation beyond the cotyledon stage of scedling develop-
ment [26). Interestingly, similar defects i oytokinesis
have been observed in the ovedrmesss! (opff) mutant of
Arabidopss |28, which appears to be dehoent in cellulose
synthesis because of a defect in protein glvecosylation
|29%*]. As none of the published forf mutants are known to
be null alleles, it 15 not clear whether KORI function s
absolutely required for cellulose synthesis in Arabralapss.
Furthemuore, the Arebrdspsr penome contains two tran-
scribed KOR ! homologs (KOR2 and KOR3 | 30)) that may at
least partly compensate for loss of KOR1 activity.

The postulated biochemical function of the Arsbadapss
KORI protein has not been directly shown. Howewver,
recent work by Mealhes) & & | 317 demonstrates that Cell 6,
the KORI otholog from Rrscoce sapas, acts as an enda-1,4-
B-D-glucanase v vaire. Recombinant Cellé proten that
was cxpressed in Prfrg pasforts hvdolyzed amorphous
cellulose but did not act on ervstalline cellulose, xyloglucan,
or xylans |317). This suggests that KORI and related
membranc-anchored endoglucanases may be involved in
chain termination dunng cellulose bosynthesis or in the
degradation of B-D-glucan chains that have not been prop-
erly incorporated into cellulose microfibnls. Altematively,
these cnzymes may remove putatve hpo-cellodextnn
pnmers from the ends of growing B-1>-glucan chains (see
below) or act as cellodextnn higases to poin short B-1-glucan
chains into longer molecules. The latter reaction s

believed to be catalyzed by the cel( endoglucanase dunng
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Structures of {3} xyloglucan and (b} seed storage galactomannan.
Solid armowes indicatz inkages that arz awavs prasent, wherass
dashed amowes dencis partial substitution pattems. Nate $hat fe
xylosa residuas i xyloglucan and the galactoss residues in
galactomannan are both sttached in @-1 8Hinkage to the respective
E-1,4-glycan backbaonas. Fue, fucose; Gal, galactase; Glo, glucose:
Man, mannose; Xyl, xylose. Modified after [58].

ccllulose synthesis in Agrobadienrem | 14). Recombinant
Cells protein loses its emsle-1 4-B-D-glucanase activity
upon enzymatic removal of N-linked glycans (317,
sugpesting that this protein necds to be propedy glyoosylated
to fulfill its function s2 orow. This may explan why some
mutants that have defects in the synthesis or processing of
A-lmked glveans are defective in cellulose synthesis, leading
to embryo lethahty. Examples of such mutants are the opf
mutant, which has defective GIY-D-mannose pyrophaos-
phorvlase |29*=], and the fmepf and o /mutants, which
have defective a-plucosidase 1 132%,33,34)). CESA proteins
do not appear to be glycosylated sr vroe |32*%), sugeesting
that some other components of the cellulose-synthesming
machinery are sensitive to structural changes in N-glvcans.

As there 15 considerable evidence for the presence of
lipid-bound cellsdextnins dunng cellulose synthesis in
Agrobaaermum, ipo-glucosides have been suspected to senve
as pnmerns dunng cellulose svnthesis in higher plants.
Sitosterd-E-glucoside 15 an attractive candidate for a lipad-
linked pomer as it s prosduced at the plasma membrane

where collulose synthesis occurs |35). Peng & afl |36
recently demonstrated that cotton fiber membranes can
convert  sitosterol-B-glucoside  (50) molecules 1ot sito-
stenl-cellodextnns (SC1Y) wath up to four glucose esiducs,
using UDP-glucose as the monosacchande donor.
Furthermore, they found that radiolabeled SCIDs werne
mcorporated into a labeled glucan product, supporting the
notion that 50 can act as a pnmer for cellulose synthesis
m oire. These authors also demonstrated that, when
expressed i yeast, the cellulose synthase GhOESAL from
cotton  catalyees the conversion of 506G into sitosterol-

cellotniose (50:3), although other SCIs were not formed.
This result establishes that GhCESAL can act as a 50
glucosyltransferase but clearly shows that additronal compao-
nents are necded to prduce polvmene cellulose. These
components may include addional 1soforms of CESA |22)
and the KOR erdo-1 4-8-plucanase. Interestingly, Peng & al
| 3% | found that cellulose synthesis in cotton fiber membmances
i strongly inhabited by the CaZs chelator EGTA (Le. ethylene
glycol-bas-(Z-aminoethyl ether)-N N, N’ N -tetraacetate),
which blocks the action of the KOR1 protem. The addition
of a Ca®*-independent erdb-1,4-B-glucanase sestored cellulose
synthesis, sugpesting that this eneyme activity 15 required
for cellulose formation in higher plants. Although S50
appears to serve as a pnmer for cellulose synthesis in cotton
fibers, it 15 not clear how far this observation can be pencral-
eed. Lapsd-linked  1,4-B-glucans have been reported o
accumulate in the ford allele aaef |24%] but the dentty of
the lipid moiety remains to be detcrmined.

The CFESA gene products belong to a much lager famaly of
putative glycosyltransferases that have been termed CSl.
proteins for cellulose synthase-hike proteins |16 On the
basis of similanbies between the predicted amino-acid
sequences, the GV, gene family in Arafsdopss has been sub-
divided into six groups, CSEA through GSLE plus GSLG | 16).
A mutatyon in the GYLAZ pene (at the reed locus; see | 37,38))
leads to resistance to ot transformation by ;"u,gmi!n:kn.un
but the biochemical function of the encoded protein remamns
to be determined. [oss of funcoon of the G513 protein
causes severe defocts in the op growth of root haes |39,40),
which led to short and distorted hars that freqquently burst at
thew tips. Although the GYLOD3 pene 15 expressed throughout
the plant, the mutation appears to affect oot hair growth
specifically. It has no effect on the clongation of pollen tubes
|40], the only other plant cells to clongaie by a op-growth
mechanism. Favery & & |39 found that a CS1L1)3:rreen
fusrescent protein (GEP) fusion proten localeeed o the
endoplasmic reticulum of tobacco epidermal cells. Howeves,
they could not exclude s pamal localization to the Golg o
plasma membrane, where the glyoosyltransferases of cell
wall synthesis are expected to eside. "The use of immuno-
localpation procedures on root hair cells from Arsbrdspes
plants should provide a better undestanding of the mle of
CSLS in cell wall synthesas.

Somerville and co-workers |37] uwsed mud-infrared
microspectroscopy  to charactemse msertion mutants 0



