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Modern techniques of gene cloning have identified the
CesA penes as encoding the probable catalytic subunits of the
plant Cel’, the cellulase synthase enryme complex visualired
in the plasma membrane as rosefites. At least 10 CesA iso-
forms exist in Arabidopsis and have been shown by muatant
analyses to play distinet role’s in the cellulose synthesis proc-
es8. Functional specialization within this family inclades dif-
ferences in pene expression, regulation and, possibly, cata-
Iytic function. Current data points towards zsome CesA
isoforms potentially being responsible for initiation or elon-
pation of the recently identified sterol [-glucoside primer
within different cell types, e.p. those andergoing either pri-
mary or secondary wall cellulose synthesis. Different CesA
isoforms may also play distinet roles within the rosette, and
there is some circamstantial evidence thai Cesd genes may
encode the catalytic subunii of the mixed linkage glucan syn-
thase or callose synthase. Yarious aother proteins such as the
Korrigan endocellulase, sucrose synthase, cvioskeletal com-
ponenis, Racl3, redox proieins and a lipid transfer protein
have been implicated to be involved in synthesizing cellulose
but, apart from Cesds, only Korrigan has been definitively
linked with cellulose synthesis. These proteins should prove
valuable in identifying additional CelS components.

Keywords: Arabidopsis thaliong — Cellubose — CesA —
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Imtroduction

Understanding the biosynihesis of wall polysacchande

componenis has attracied considerable imterest in light of the
fundamendal imporiance of these molecules not just to pland
function, but also to man. Unfortunately, very littke is known of
the mechanismis) and regulation of the hiosynthetic steps that
control polysaccharide hiogynihesis, depo=ition and assembly,
or the interaction of these componenis to provide cells with a
funciional wall. Furthermore, manipulation of polysaccharide
quaniity and quality has been hampered by the lack of cloned
oencs for plant glycosylransferases ((7T8). As recently as 1995,
nid onc single ecreeyme involved in plant cell wall biosynthesis
had been purified to homopgencity, nor had a single pene cnd-
ing for such an cnxzyme been identificd and cloned. Forlu-
nately, since that time, a numiber of GTs have been cloned using
traditional biochemical or, more modem, n silico, molecolar
and genctic technigues. By far the most significant of these has
bocn the cloning of the Cexd pencs of cotton and Arabidopsis,
presumed o encode catalytic subunits of cellulose symthase
(Cels), the cneryme complex responsible for the synthesis of
ccllulose. [We refer to Cels as the entire synihase complex, and
will usc the acceptcd term CesA when refemring just 1o the cata-
Iytic subuniis within that complex.] Mentification of these
oencs has ked to remarkable progress in the ficld, and this
review will focus on this recent work. Duc o space limita-
tions, we will not cover very inieresting recent work on cellu-
lose synihesis i bacicria (Auwsmees el all 1999, Ausmees cf al.
2001, Makai et al 19", Ramling ct al. 2000, Zogaj ci al
2001). The reader is also referred o0 a2 mumber of revicws that
oive the background on ccllulose synthesis (Brown 1994,
Delmer 1999, Brown and Saxcna 2000, Saxcna and Brown
200d), Richmond and Somerville 2000, Dhogga 20001). How-
cwer, for the peneral reader, a few words aboul ouwr current
understanding of the nature of the CelS complex may be help-
ful and are provided below.

siructures respongible for cellulose synthesis have been
identificd by clectron microscopy in frecae-fractured plasma
membrancs of many organisms {Brown 1996, Kimura ct al.
1999a). Lincarly arranged terminal complexes (TCs) in single
or mubltiple rows are observed in bacteria, D discoidens and
some algac, or hexagonal sirectures with six-fold symmetry,
tcrmed rosctics, are ohserved in mosses, femns, alpac and vascu-
lar plants (Brown 1996, Delmer 1999, Tsckos 1999). Although
TCs and rosetics reside in the plasma membranc, Haigler and
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A moded Tor the struciore of the roselic. (A) Six subumis, possably conbomng six CesA polypoplides, inleract (o lorm a rossile, o simgle
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Brown (1986) revealed that during synthesi, rosciics are
asscmbled in the Golgi and then transporied o the plasma
membrane. Biochemical studics indicate that the higher plant
Cels complex is a larpe (=300 kDa), integral membrane, multi-
subunit eneyme utilising uridine diphospho-glucose (UDP-Glc)
as substratc (Delmer 1999). Assumed o e incloded within
cach complex arc a specific number of obligaiory CosA cata-
Iytic subunits that wtilse UDP-Gile as substrate for glocan
chain clongation, as well as other componenis thait may be
involved in providing the substrate, in iniliating or tcrmimating
chain clongation or that may be mvolved in repulating the

activity of the complex. Based on our current understanding of
synthesis, UDP-Gle is thought to hind to an active site on the
cyloplasmic face of the plasma membrane with the polysaccha-
ride being cxtruded through the membrane, presumably
through a porc-type structure, into the wall (Delmer 1999,
Brown and Saena 20000, Each rosctie (<25 nm in diamcicr
comprising six subunits) i belicved o contain & number of
synihctic units, possibly six por subunit, cach of which polym-
crizcs a ghecan chain that associaies with adjacent chains of the
samc rosciic io form clemeniary microhbrls (Fig. 1AL
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Identification of Cexd Genes

The road towards identifying componenis of the plant
Cels complex has been a long and arduous onc primarily
boecause of the imability 1o assay this cneyme in vitro despite
high levels of CelS activity in vive. When incubated with
UDP-Gle, isolatcd cell membrancs from numerous plant spe-
cics produce limited amounts of {1,4)-F-glocan, with the pre-
dominant product instead being callose, a linear (1,3)-Hlinked
polymcr of D-Gile with occasional { 1,6)-fHlinked branches, that
is normally found in only small amounis in specialized ccll-
types and wall structures {Delmer 1987, Delmer 19999). Rosciic
dizassembly occurs concomitantly with the boss of CelS activ-
ity upon cell ropture. Studics on the stability of the rosciics
within the plasma membrane of Fusaria bygrometrica have
shown that rosctic number is reduced after 45 min in the pres-
ence of the vesicle transport inhibitors monensin and cylocha-
lagin {(Rudolph ¢t al. 1989), indicating that roscties have a short
half-lifc and arc subjeci o rapid depradation. Thuos, carly
attcmpts to purify the creyme were, and continuc to be,
scvercly hampercd.

Due to these difficultics, rescarchers looked towards sim-
pler systems, notably the bacicrium Acefobacter xylinum, to
ain insight into the mechanism of cellubose synthesis. A cellu-
lose-gynthesis operon [besd—I), later renamcd AxCesd T-0D0 by
Diclmer (1999)] was identified by penclic complementation of
A. xplirum Inseriion muiants lacking CelS activity and by puri-
fication and partial sequencing of the AxCesAl catalviic subu-
nit {revicwed by Ross of al. 1991 )L These advances in the bacte-
rial ccllulose synthesis hield did nod, however, lead 1o the
immediate identification of an homolegous plani gene. Rather,
these plant genes woere identificd wsing a purcly molecular
approach that tarpcied a plant tissuc highly cnriched in cellu-
lose, the cotton fiber, wherein two cDMNA clones (Celdl and
CelA2, renamcd GhACesA T and GhCexA2) were identified (Pear
cl al. 1996G). The full-length ORF of GACezA! encodes a 974
amino-acid polypeptide of 110 kll}a and, like the bacicrial
CesA proteins, is predicied o be a membrane-bound profcin
with cight transmembrane helices (TMHs), two at the M-
terminus and six at the C-lerminus, that border a cemtral, cyto-
plasmic domain. However, GhCesAl and GhCes A2 differ from
the bacierial CesAs in that they condain two larpe “plant-spe-
cific” inseriions within the ceniral domain: onc a conscrved
“plant conservied region™ (CR-P) and the other, 3 “hypervaria-
blc region™ (HVR) (Pear ot al 19, Delmer 1999). Further-
more, the plani CesA protcins have an cxtcndod MN-icrminal
region and a shorler C-terminal region in comparison with the
hacterial CesAs.

The identification of the colton Cexd pencs as being
homologouws o the bacterial Cesd penes and, thus, encoding
potential catalyiic subunits of CelS, was hased on three lines of
evidence. First, the encoded protein sequences containcd three
rcgions within the central domain that had a low (50-60%%)
level of similarity to the bacierial CesA proicins. Owerall, DNA
identity 18 less than 30%., which accounts for the lack of delce-
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tion of plamt homologues in carlicr heterolopows sercens. Fur-
thermore, included in these regions were small and more highly
conscrved regions that condained the “ DD DX XEW™T motil
(Saxcna ct al. 1995). Enzymes having this signature have since
becn classified as members of the glhycosyHransierase family 2
(G family 2) (Camphell et al. 1997, Hennssat of al. 2001;
http: ¥ afmb.cnrs-mrs. fr”cary CAZY index himl). The critical
nature of the amino acids comprising the DD DX XRW
modif for substraie binding and catalysis has been shown cxper-
mmentally by mumerous sitc-dirccted muolagencsis studies and
by resolution of the crystal strecture of a8 member of GT
family 2 (Magahashi ct al. 1995, Saxena ot al. 1995, Saxcna ol
al. 2{i)1, Saxcna and Brown 1997, Saxcena and Brown 200K),
Chamock and Davies 1999, Chamock cf al. 2001). The
DD DVOXERW motifl has now bocome a robust scquence
characteristic of the polysaccharide synthase members of this
GT family, examples of which include all known chitin syn-

thages, hyaluronan synihases and cellulose synthases. See-
ondly, Pear et al. {199%) demonstrated that the DNA scoment

cncoding the central region of GhiCesAl bound the substratc
UDP-Gile; binding did nod occur under the same conditions
when a fusion protein with the region containing the first con-
served 1D residuc was deleted. Thirdly, expression of G esA T
and (GhCesA 2 correlated with the timing of cellulose hiosynithe-
518. Morthern blot analysis showed that their expression was
lowest during the siage of primary wall deposition in the fiber,
but rose o mwch higher levels in the transition stage from pri-
mary to sccondary wall synthesis at 17 days post-anthesis
(dpa) and rcaching maximal levels at 24 dpa, when the raic of
ccllulose synthesis s highest in vivo. Taken topether, these data
poind towards the cotfon Cesd penes encoding  functional
homolopgucs of the hacterial Cesd penes, and thus the presumed
Cels catalytic subunits.

Experimental cvidence for this proposed role has now
bocn provided by the wsolation of a number of cellulose-
deficicni mutanis in Arabidopsis thaliana, the genclic lesions
for which hawe been shown to be In Cesd penes (AiCesAT:
Fawl, Arioli cf al. 1998a; AiCesAT: iorl, Scheible et al 2001;
AiCesA4: irx5, Taylor and Tumer 2001; AiCezAd: procusie,
Fagard ct al. 2000; &r2, Scheible ot al. 2001, Desprez ot al.
2002; AfCesAT: irx3, Taylor ci al. 199%; AnCexAS: irxl, Taylor
cl al. 200d0). In addition, the disassembly of rosetics within the
Fawl mutant (Arioli ot al. 1998a), the =ignificantly lower
number of rosctics (20% compared with wild type) in a cellu-
losc-deficient brifile culm muoiant line of harley (Kimura et al.
1999h), and the specific labelling of these structures by poly-
chomal aniiscra direcied towards a recombmant cotfon CesA
polypeptide (Kimora ¢t al. 1999a), confirms that the rosctics
obhscrved in frecec-fraciuore experiments are the sies of cellu-

lose synithesis in plants.

Dizcovery af the CexA/Csl superfamily
Sequence database scarches with the cotton Cesd penes
revealed that a relatively large number of Arabidopsis and



