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Sitosterol-$3-glucoside as Primer
for Cellulose Synthesis in Plants

Liangcai Peng,* Yasushi Kawagoe, Pat Hogan,
Deborah Delmeri

Cellulose synthesis in plants requires 3-1,4-glucan chain initiation, elongation, and
termination. The process of chain elongation is likely to be distinct from the process
of chaininitiation. We demonstrate that a CesA glucosyltransferase initiates glucan
polymerization by using sitosterol-B-glucoside (SG) as primer. Cotton fiber mem-
branes synthesize sitosterol-cellodextrins (SCDs) from SG and uridine 5'-
diphosphate—glucose (UDP-Glc) under conditions that also favor cellulose syn-
thesis. The cellulase encoded by the Korrigan (Kor) gene, required for cellulose
synthesis in plants, may function to cleave SG from the growing polymer chain.

Cellulose (3-1,4-glucan) microfibrils provide
strength and flexibility to plant tissues and are
also of great importance to wood, paper, textile,
and chemical industries. Genetic evidence im-
plicates plant Ces4 genes, homologous to bac-
terial cellulose synthases, and the Korrigan
(Kor) gene, a membrane-associated cellulase, in
cellulose synthesis (/-5).

Herbicides that disrupt cellulose synthesis
include  2,6-dichlorobenzonitrile (DCB),
which acts in a way that is not understood
(6), and isoxaben, which may interact direct-
ly or indirectly with certain CesA proteins
(7). Another herbicide, thiatriazene-based
CGA 325’625, inhibits synthesis of crystal-
line cellulose and causes accumulation of a
noncrystalline cellulose, which, upon treat-
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ment with cellulase, releases CesA protein
(8) and a small amount of sitosterol linked to
glucose (9). Because hydrophobic glycosides
can function as primers for other glycosyl-
transferases (/0-I4), sitosterol-glucoside
(SG) may serve as a primer for glucan chain
elongation, an idea supported by observations
that it is synthesized on the inner face of plant
plasma membranes (/5), where cellulose syn-
thesis occurs. An enzyme, UDP-Glc:sterol
glucosyltransferase (SGT), which is respon-
sible for synthesis of sterol-B-glucosides, has
been found associated with plasma mem-
branes in various plants, including cotton fi-
bers (16). Diglucosyl and triglucosylsterols
of unknown function have also been isolated
from rice bran (/7).

When cotton fiber membranes are incu-
bated with !*C-labeled UDP-Glc in Tris buff-
er (1/8), two major compounds soluble in
chloroform:methanol (C:M) are synthesized
that migrate on thin-layer chromatography
(TLC) as SG and SG acylated with palmitic
acid (ASG) (Fig. 1A, lane 1). The glucose is
in terminal linkage to sterol, >95% of which
is sitosterol (19). Replacing Tris with Mops
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lane 3, as for lane 2 plus 1 mM unla-
beled UDP-Glc. (B) C:M soluble prod- . . .
ucts synthesized by yeast membranes with the use of ['#C]SG and UDP-Glc as substrates, See (20)  tivity, but only those expressing wild-type
for details of yeast expression and (78) for assay conditions using Na-Mops, MgCL,, cellobiose, and  GhCesA-1 are capable of synthesizing SG3
CaCl, as effectors. Yeast and/or fiber membranes (200 g membrane protein for each) were used  from SG (Fig. 2B). Yeast with vector only or

per assay. Lanes: Membranes from yeast expressing D1 (Asp312Ala) mutant form of GhCesA-7
(lane 1); lane 2, expressing wild-type GhCesA-17; lane 3, transformed with vector only. (C) Yeast
membranes containing expressed GhCesA-1 enhance synthesis of cellulose when incubated with
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Fig. 1. Synthesis of SG, SCDs, and glucans by using
cotton fiber membranes. CC, crystalline cellulose defined
as glucan remaining insoluble after treatment with ace-
tic-nitric reagent (28); NCC, noncrystalline cellulose de-
fined as 4-linked glucan not resistant to acetic-nitric
reagent. (A) Radioautogram of TLC separations of sterol
derivatives synthesized from UDP-['%C]Glc {78). Lane 1,
buffered with Tris-HCl; lane 2, buffered with NaMops;
Glc, refers to cellobiose. (B) Synthesis of glucans by fiber
membranes. Callose is glucan in $-1,3 linkage (78). Lane
1, buffered with Tris; lane 2, buffered with Mops; lane 3,
buffered with Mops and CaCl, in reaction replaced with
5 mM EGTA. (C) Synthesis of SG, SCDs, and glucan as a
function of age of fibers used to harvest membranes (200
ng per reaction). 10 D, stage of primary-wall cellulose
synthesis; 24 D, stage of maximal cellulose synthesis; 17
D, transition stage from primary- to secondary-wall syn-
thesis. (D) Level of CesA and Kor proteins in fiber mem-
branes {10 ug membrane protein per lane) as a function
of fiber age; detection by Western blotting with antibod-
ies against GhCesA-1 and the Kor proteins (8).

buffer leads to additional synthesis of the
sterol cellodextrins (SCDs) S-cellobiose
(8G2), S-cellotriose (SG3), and S-cellote-
traose (SG4) [Fig. 1A, lane 2, and (20)].
Similarly, use of Mops favors synthesis of
noncrystalline and crystalline cellulose over
callose (B-1,3-glucan), and Ca2™ is required
for synthesis of all glucans (Fig. 2B). Synthe-
sis of SG, SCDs, and cellulose is highest in
membranes isolated from fibers at the stage
of active secondary-wall cellulose synthesis
(Fig. 1C), when CesA and Korrigan protein
levels are also highest (Fig. 1D).

Supplying a combination of ['*C]SG with
unlabeled UDP-Glc to fiber membranes re-
sults in conversion of some of the SG to
SCDs (Fig. 2A), indicating that a glycosyl-
transferase can use UDP-Glc to form SCDs
from SG. Addition of ['*C]SCDs to mem-
branes results in a labeled glucan product,
supporting a role for SG as a primer [Web
table 1 and (20)]. Kinetic studies also support
a model in which SG is elongated to SCDs
and subsequently to cellulose [Web fig. 1 and
(20)].

To isolate the functions of CesA, an
epitope-tagged cotton GhCes4-1 cDNA was
expressed in yeast (20). Yeast membranes
contain some endogenous -glucosidase ac-

expressing a form of GhCesA-1 in which the
critical Asp®!? (D1) residue at the active site

fiber membranes. 2X CesA indicates that twice as many of the yeast membranes expressing (/) is mutated to Ala, do not carry out this
GhCesA-1 were added to reaction.

reaction. No cellulose synthesis was detected
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Fig. 3. Cleavage of SCDs
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inhibitory effect of DCB (25 pM), but not CGA 325'615 (20
nM), on synthesis of crystalline cellulose (28) in vivo can be
reversed by addition of isolated cotton fiber SG (7 uM final
concentration) to incubation medium during herbicide treat-
ments. Free sterols (stigmasterol and sitosterol; from Su-
pelco) did not show a similar effect (9). SG was suspended in
1% DMSO before addition to cotton culture medium (final
DMSO concentration in controls and samples was 0.01%).

with the use of membranes expressing
GhCesA-1, but such membranes do enhance
cellulose synthesis when mixed with cotton
fiber membranes (Fig. 2C). Such enhance-
ment might occur through provision of sub-
strate SG3 synthesized by transgene yeast
membranes with the use of sterols from the
cotton membranes or from provision of other
factors necessary for complete chain elonga-
tion and termination.

The requirement for Ca2* for in vitro
cellulose synthesis (Fig. 1) might be ex-
plained by the.fact that the Kor cellulase
requires Ca®* for activity (20, 21). A pos-
sible role for this enzyme might be to
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cleave sterol from the growing glucan chain
to allow further chain elongation. Our re-
action mixtures also produce cellobiose and
glucose [Fig. 1 and (20)] that might come
from cellulase-mediated cleavage of SCDs.
In cotton membranes, SG2 and SG3 can be
partially cleaved to SG and glucose or cel-
lobiose by an endogenous Ca?*-dependent
activity, whereas a commercial endo-$3-1,4-
glucanase can only cleave SG3 (Fig. 3, A and
B). When putatative Kor activity and cellu-
lose synthesis are inhibited by EGTA, ability
of cotton fiber membranes to synthesize cel-
lulose can be restored by addition of very low
levels of a Ca®*-independent endo-f3-1,4-

glucanase (Fig. 3C). [Higher levels of this
glucanase or longer incubation times lead
also to degradation of the glucan product (9).]

An additional connection between the
synthesis of SCDs and cellulose comes
from the observation that DCB inhibits syn-
thesis of SG in vivo (Fig. 4A). In vitro, SG
and SCD synthesis is inhibited by DCB but
not by CGA 325’615 (Fig. 4B). Inhibition
by DCB is effective only if fibers are pre-
treated with DCB, not when it is added
directly to isolated membranes; presumably
some alteration in these activities must oc-
cur in vivo with DCB that cannot at present
be mimicked in vitro. Addition of SG re-
verses the effect of DCB (but not CGA
325’615) on cellulose synthesis in vivo
(Fig. 4C), suggesting that DCB inhibits
cellulose synthesis via inhibition of SG
synthesis.

We suggest a model [Web fig. 2 (20)] in
which SG serves as a primer for B-1,4-glucan
chain elongation catalyzed by CesA proteins.
Kor likely functions to cleave SG from SCDs,
which seemingly allows chain elongation to
proceed more efficiently. Because the Glc moi-
ety of SG is attached via its reducing end to the
sterol, subsequent elongation should also pro-
ceed from the nonreducing end as predicted
(22). It remains to be determined whether all
cellulose-producing eucaryotes will be found to
use SG as primer; procaryotes, lacking such
sterols, either must not use a primer or must use
some other compound. Because the model as-
sumes that SG serves as primer in other plants
besides cotton, it leads to certain predictions
that can be tested. One is that mutants of Kor-
rigan should accumulate SCDs that could be
the “lipid-linked cellodextrins™ that are reported
to accumulate in kor mutants (5). Other predic-

tions are that at least a partial cause of the .

severe phenotypes observed in sitosterol-
reduced transgenic or mutant plants of Ara-
bidopsis (23, 24) may be due to impairment
of cellulose synthesis or that any mutants in
genes encoding SGTs may lead to a similar
reduction in cellulose synthesis. Finally,
because yeast membranes expressing
GhCesA-1 can elongate SG to SG3 but
cannot synthesize cellulose except in the
presence of added fiber membranes, factors
other than just GhCesA-1 protein and SG
must also be required for efficient chain
elongation. In view of the suggestion that
more than one nonidentical CesA may be
required for cellulose synthesis (7, 25, 26),
GhCesA-2 is a likely candidate. The chal-
lenge now is to identify the remaining fac-
tors required to reconstitute cellulose syn-
thesis in vitro.
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