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Cellulose Synthase Like (CSL) pro-
teins are a group of plant glyco-
syltransferases that are predicted to
synthesize B-1,4-linked polysaccharide
backbones. CSLC, CSLF and CSLH
families have been confirmed to syn-
thesize xyloglucan and mixed linkage
B-glucan, while CSLA family proteins
have been shown to synthesize man-
nans. The polysaccharide products of
the five remaining CSL families have
not been determined. Five CSLD genes
have been identified in Arabidopsis thali-
ana and a role in cell wall biosynthesis
has been demonstrated by reverse genet-
ics. We have extended past research by
producing a series of double and triple
Arabidopsis mutants and gathered evi-
dence that CSLD2, CSLD3 and CSLD5
are involved in mannan synthesis and
that their products are necessary for
the transition between early develop-
mental stages in Arabidopsis. Moreover,
our data revealed a complex interaction
between the three glycosyltransferases
and brought new evidence regarding the
formation of non-cellulosic polysaccha-
rides through multimeric complexes.

The plant cell wall is mainly composed of
polysaccharides, which are often grouped
into cellulose, hemicelluloses and pectin.
Since the discovery of the first cellulose
synthase (CESA) genes in cotton fibers,'
the synthesis of cellulose has been exten-
sively studied.” In contrast, the glycosyl-
transferases responsible for synthesizing
hemicelluloses and pectin are still largely
unidentified.>* The CESA genes are
members of a superfamily that includes
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genes with a high sequence similarity
with CESA genes and are named Cel/ulose
Synthase Like (CSL).* The CSL genes have
themselves been grouped into nine fami-
lies designated CSLA, -B, -C, -D, -E, -F,
-G, -H and —/ (Figure 1A).>¢ Mannan
and glucomannan synthase activity has
been demonstrated in the CSLA fam-
ily,”®? while members of the CSLC fam-
ily have been implicated in synthesis of
the xyloglucan backbone.” CSLF and
CSLH, which are found only in grasses,
are involved in synthesis of mixed linkage
glucan.""'? The function of the remaining
CSL families has not been determined.
We have reported our research on the
CSLD family in a recent publication.”® Of
all the CSL families, CSLD possesses the
most ancient intron/exon structure and
is the most similar to the CESA family.®
CSLD genes are found in all sequenced
genomes of terrestrial plants including
Physcomitrella and Selaginella suggesting
a highly conserved function through-
out the plant kingdom (Figure 1A). Five
genes (CSLDI to CSLD5) and one appar-
ent pseudogene (CSLDG) have been iden-
tified in Arabidopsis thaliana® Bernal
et al."®" studied knock-out mutants of
the individual genes and presented evi-
dence for a role in cell wall biosynthesis
for each Arabidopsis CSLD. To elucidate
the activity of the CSLD proteins and
obtain further understanding of their
biological role, we generated double
mutants  csld2/csld3,  csld2/csld5,  csld3/
esld5 and the triple mutant esld2/csld3/
csld5. Immunochemical, biochemical and
complementation assays brought evidence
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Figure 1. (A) Schematic representation of the CESA superfamily phylogeny. The inset on the right is a detailed phylogenetic tree of CSLDs from
Selaginella moellendorffii, Arabidopsis thaliana and Oryza sativa. The figure is modified from Ulvskov and Scheller.> (B) Comparison of csld2, csld3, csld5
with Col-0 20 days after germination. The inflorescences of ¢s/ld2 and cs/d3 were similar to Col-0 whereas csld5 had a delayed growth. Scale bar: 1 cm.
(C) Col-0 and csld2/csld3/csld5 (triple mutant, TM) 40 days after germination. After 40 days, the triple mutant was barely developed and, as shown in the
magnified inset, displayed purple coloration indicating accumulation of anthocyanins, a typical stress response. Scale bar: 2 mm.

that CSLD5 or CSLD2 in concomitance
with CSLD3 act as mannan synthases.

CSLD Proteins are Involved in Tip
Growth and Early Development

Unlike the single mutations, which did
not cause any drastic growth altera-
tion (Figure 1B),*" the double and
triple mutants showed a reduced viabil-
ity (as represented by csld2/csld3/esld5 in
Figure 1C). Anatomical studies revealed
that the dwarf phenotype was correlated
with an aberrant radial growth, suggesting
perturbations in the development of cam-
bial cells and indicating a crucial role for
the three CSLD proteins at an early stage
of development.”® This was supported by
root measurements that showed reduc-
tions in cell division and cell elongation
in the triple mutant. Furthermore, aber-
rant root hair development indicated that
CSLD2 and CSLD3 have key functions in
specific tip-growing cell types.’* A func-
tion in tip growing pollen tubes was like-
wise observed for CSLDI and CSLD4.”
Analysis of the sugar composition of the
mutant cell walls did not show differ-
ences from wild type. However, immu-
nodetection using the LM21 monoclonal
antibody showed an absence of mannan
in the secondary cell wall of xylem cells
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and the interfascicular fibers (Figure 2A).
Although the correlation between the dis-
ruption of development and the absence
of mannan in young and mature cells is
unclear, the immunodetection provided a
first clue about the possible polymer syn-
thesized by the CSLD proteins.

Tobacco Expressing CSLD
Proteins has High Mannan
Synthase Activity

Tobacco microsomes from plants over-
expressing Arabidopsis CSLD5 or CSLD2
and/or CSLD3 were isolated for in vitro
enzymatic assay where mannose from
GDP-mannose was transferred onto
endogenous acceptors or mannose. The
data indicated that CSLD5 and the joint
activity of CSLD2 and CSLD?3 lead to the
synthesis of mannan (Figure 2B).

The mannan synthase activity of
CSLD members was unexpected since
B-1,4-glucan synthase activity had been
observed in the CSLC, CSLF and CSLH
families, which are all more distant to the
CESA family than the CSLD members
(Figure 1A). Thus, based on the phyloge-
netic data and the protein structure it was
assumed that CSLDs would exhibit a sim-
ilar glucan synthase activity.’® Moreover,

esla knock-out mutants displayed an
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absence of glucomannan in their mature
stems, suggesting an exclusive role in
mannan synthesis by the CSLA family in
this organ.” Nevertheless, our anatomical
and complementation studies have high-
lighted that, firstly, the CSLD proteins are
active in specific cell structure such as the
tip of root hairs and, secondly, they func-
tion at an earlier stage of development
than CSLAs. Thus, it is likely that CSLA
and CSLD functions do not overlap in
Arabidopsis tissues. Moreover, CSLD
and CSLA families may synthesize dif-
ferent classes of mannan polysaccharides.
Indeed, the mannan superclass encom-
passes a range of polymers containing
B-1,4-mannose residues in their backbone
with a degree of substitution that var-
ies from species to cell type. Depending
of the core and the substitution, these
polysaccharides are named mannan,
galactomannan, glucomannan or galac-
toglucomannan.’ A careful comparison
of the evidence suggests that CSLAs and
CSLDs are in fact responsible for synthe-
sis of different types of polymers. The bio-
chemical activity studies of CSLA proteins
from different species have shown that
these proteins readily use GDP-glucose
as well as GDP-mannose and hence effi-
ciently synthesize glucomannans.”® Our
studies indicated a much lower activity
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Figure 2. (A) Immunodetection of mannan epitope in the interfascicular fibers of Col-0 and csld2/
csld3/csld5 (TM). In wild type transverse stem sections, the mannan epitope was strongly detected
in the interfascicular fibers whereas in the triple mutant no antibody binding was observed in the
cell wall of equivalent cells. cp, cortical parenchyma; if, interfascicular fibers; pp, pith parenchyma.
Scale bar: 10 pm. (B) Radiochemical mannosyltransferase activity-assay of tobacco microsomes
isolated from plants transiently expressing Arabidopsis CSLD5 or CSLD2 and/or CSLD3 as YFP
fusion proteins. GDP-"*C-mannose was used as substrate to be transferred onto endogenous ac-
ceptors. Compared to the control plants, the microsomes with Arabidopsis CSLD5 or both CSLD2
and CSLD3 showed a significantly higher mannosyltransferase activity. Data are mean + SE [n =4,
*indicates significant difference from control (p < 0.001, t-test)].

with GDP-glucose suggesting that man-
nan rather than glucomannan would be
the product.” This biochemical difference
is consistent with the mutant phenotypes.
The esla mutants studied by Goubet et
al.” had little mannose in the stems and
enzymatic fingerprinting indicated that
glucomannan was essentially absent.
However, the fingerprinting analysis also
showed that pure mannooligosaccharides
were more or less at wild-type levels in the
mutants. Likewise, a polyclonal anti-man-
nan antibody showed the virtual absence
of mannan.” However, this antibody is
known to preferentially bind glucoman-
nans rather than pure mannans.® In

1622

contrast, the LM21 antibody used in our
study preferentially detects unsubstituted
pure mannans and has a lower affinity for
glucomannan.” Thus, these observations
lead us to propose that the bulk gluco-
mannan polysaccharides in Arabidopsis
are synthesized by members of the CSLA
family while the pure mannans are syn-
thesized by CSLDs. According to the
enzymatic fingerprinting, the pure man-
nans are much less abundant, consistent
with our inability to detect significant
changes in sugar composition of the cell
walls from ¢s/d mutants. Nevertheless, the
CSLD proteins clearly have a vital func-
tion as evidenced by the strong phenotype
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of the triple mutant, and this is in contrast
with the esla stem glucomannan mutants,
which had no morphological or develop-
mental phenotype. However, it should be
noted that the Arabidopsis ¢slz7 mutant
has a strong embryolethal phenotype indi-
cating an essential role of glucomannan in
the embryo.'®

Interestingly, the catalytic site of
CSLA9 has been shown to face the Golgi
lumen whereas CSLC4 transfers UDP-
glucose to xyloglucan chain acceptors
in the cytoplasm before the transport of
its resulting product into the Golgi.” In
silico data suggest that CSLDs would have
a similar topology to CSLC4 and CESAs
rather than CSLA9. Thus, the CSLD
proteins are predicted to use cytoplasmic
GDP-mannose whereas the CSLA pro-
teins would depend on one or more trans-
porters of GDP-mannose and/or GDP
glucose.

CSLD Protein Complexes

CSLD2 and CSLD3 only showed man-
nan synthase activity when co-expressed.
This confirmed previous assumptions
regarding the interaction between the
two proteins. Indeed, microarray data has
already shown that CSLD2 and CSLD3
are strongly co-expressed in Arabidopsis
thaliana® Our complementation stud-
ies and also the severe phenotypes of the
esld2/csld5 and esld3/csld5 double mutants
proved the non-redundancy of the two
genes."?

Several other studies have mentioned
the existence of non-cellulosic glycosyl-
transferase complexes but so far direct
evidence has only been reported for gluc-
uronoarabinoxylan synthase. Zeng et al.
have isolated three glycosyltransferases
in wheat, proved their cooperative trans-
ferase activities in glucuronoarabinox-
ylan synthesis and demonstrated that
the three proteins, TaGT43-4, TaGT47-
13 and TaGT75-4, form a complex.?
The dimerization between ARADI and
ARAD2 involved in arabinan biosyn-
thesis has also been confirmed but this
data has not yet been published (unpub-
lished data). Indirect evidence suggested
that  GAUTI1/GAUT?7 probably form
a homogalacturonan synthase
plex® and the slight reduction of (gluco)

com-
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mannan antibody binding in csla2/esla3
stems also suggests a cooperative activity
between the two CSLA proteins.” Here,
our study showed that the CSLD2 and
CSLD3 mannosyltransferases were only
active when co-expressed, strongly sug-
gesting that they function in a complex.
Bimolecular fluorescence complementa-
tion studies suggested homo- or heterodi-
merization between CSLD2, CSLD3 and
CSLD5. Unfortunately, the limits of the
technique—i.e. a propensity of false posi-
tives—require additional evidence to vali-
date the direct interaction between these
proteins and our attempts to co-immuno-
precipitate a complex remain inconclusive.
Numerous enzymes have been tested
for glycosyltransferase activity without
success. Indeed, many efforts over the last
ten years to discover the glycosyltrans-
ferases involved in cell wall biosynthesis
mostly focused on the enzymes as single
active units rather than components in
complexes. Future research will need to
focus on new strategies that will take into
account the possible modulation of activ-
ity through protein-protein interactions.
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