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Review Article

Abstract: The plant cell wall is a dynamic apparatus responsi-
ble for both morphogenesis and responsiveness to environmen-
tal conditions. In the cell wall of most seed plants, cellulose mi-
crofibrils are cross-linked by xyloglucans to form a cellulose/xy-
loglucan framework, which functions as the mechanical under-
pinning of the cell wall. Endoxyloglucan transferases are a class
of enzymes that play a central role in construction and modifi-
cation of the plant cell wall. These enzymes are encoded by a
large multi-gene family termed xyloglucan-related proteins
(XRPs). More than 24 members of the XRP family have so far
been identified in Arabidopsis thaliana. Each member of this fam-
ily functions as either a hydrolase or a transferase acting on xy-
loglucans. The primary structures of proteins and gene-expres-
sion profiles have strongly suggested their potentially divergent
roles in plant morphogenesis: different members of this family
are expressed in different types of tissues at distinct develop-
mental stages and respond differentially to individual hormones
as well as environmental stimuli. These facts imply that each
member of this gene family is individually committed to a
specific process that proceeds in a specific tissue at a specific
stage of development. Probably the generation and mainte-
nance of the cell walls in a whole organ, and thus in the whole
plant, is achieved by the ensemble of individual members of
the XRP family.

Key words: Cell wall, cellulose, xyloglucan, endoxyloglucan
transferase, genome, xyloglucan-related protein family.

Abbreviations:
EXGT: endoxyloglucan transferase
XET: xyloglucan endotransglycosylase
XRP: xyloglucan-related protein

Introduction

The plant cell wall has been considered to have profound phys-
iological implications for plant growth and development since
the nineteenth century, when Julius von Sachs and his contem-
porary plant physiologists recognized its essential roles in

both cell division and cell expansion processes (Sachs,
1887[38]). Extensive structural analyses of the primary cell wall,
which were carried out during the 1970s and 1980s, have re-
vealed the outline of the architectural features of the plant cell
wall in terms of carbohydrate chemistry (see references in Dar-
vill et al., 1980[13]; Carpita and Gibeaut, 1993[10]; Zablackis et
al., 1995[45]). Meanwhile, rheological studies on the mechanical
properties of the cell wall have unveiled its regulatory roles in
cell expansion (see references in Cosgrove, 1997[12]; Kutschera,
1994[23]; Sakurai, 1998[39]). However, the molecular machinery
by which the cell wall architecture is constructed and main-
tained during cell growth and differentiation has remained
mostly unknown until very recently. It was not until the
1990s that the primary structures of several classes of proteins
responsible for wall construction and modification were iden-
tified and characterized. These proteins include glucanases
(Tucker and Milligan, 1991[42]; Lashbrook et al., 1994[24]; Hoj
and Fincher, 1995[18]), cellulose synthases (Amor et al., 1995[2];
Pear et al., 1996[36]; Arioli et al., 1998[3]), expansins (McQueen-
Mason et al., 1992[26]; Cosgrove, 1997[12]), endoxyloglucan
transferases (EXGTs) or xyloglucan endotransglycosylases
(XETs) (Nishitani and Tominaga, 1992[32]; Fry et al., 1992[16];
Okazawa et al., 1993[35]; de Silva et al., 1993[14]), and yieldins
(Okamoto-Nakazato et al., 2000[33,34]).

EXGTs catalyze molecular grafting between xyloglucan mol-
ecules (Nishitani and Tominage, 1992[32]; Fry et al., 1992[16]; Fa-
nutti et al., 1993[15]). Since xyloglucans function as cross-links
among cellulose microfibrils, the transfer between xyloglucan
cross-links can potentially bring about various types of topo-
logical changes in the cellulose/xyloglucan framework that
are responsible for both construction and modification of cell
wall architecture (Nishitani, 1998[30]). The genome sequencing
project on Arabidopsis thaliana and structural studies on indi-
vidual complementary DNAs (cDNAs) encoding EXGTs from
various plant species have revealed that these enzymes are en-
coded by a large multi-gene family (Campbell and Braam,
1999[8]). Since the proteins encoded by this gene family have
been identified as transferases and/or hydrolases acting on xy-
loglucans, we have proposed the term xyloglucan-related pro-
teins (XRPs) for this gene family (Nishitani, 1995[28], 1997[29]).
Evidence obtained to date suggests the likelihood of different
XRPs being preferentially expressed in different tissues (Rose
et al., 1996[37]; Xu et al., 1996[43]) at different developmental
stages under different environmental conditions (Takano et
al., 1999[41]). The data also imply potentially divergent enzy-
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matic activities of individual members toward xyloglucans
(Nishitani and Tominaga, 1992[32]; Fanutti et al., 1993[15]; Rose
et al., 1996[37]; Tabuchi et al., 1997[40]). In this review, we pro-
vide an overview of the structural features of individual XRP
genes and their genomic organizations in A. thaliana. Attention
will also be paid to the versatile enzymatic activities of XRPs
and their potentially divergent roles. Finally, we will discuss
the physiological implications of this gene family for the dy-
namics of the cellulose±xyloglucan framework in growing
plants.

Diversity of Genes Encoding Xyloglucan-Related Proteins

According to the Arabidopsis genome database released from
the Kazusa Arabidopsis database opening site (http://www.ka-
zusa.or.jp/kaos/) and cDNA sequence data, 24 distinct XRP
genes have so far been identified in the Arabidopsis thaliana
genome. Figs.1 and 2 show the chromosome maps and gen-
ome organization of these genes, respectively. Two major
structural features of this gene family are the potential signal
peptide located at the top of the first exon and the DEIDFEFLG
motif found in the middle of each gene. As we will see later in
this article, the signal peptide is believed to direct secretion
into the apoplast, and the DEIDFEFLG sequence functions as
the catalytic centre. We have examined the messenger RNA
(mRNA) level for each of these genes in 12-day-old Arabidopsis
seedlings by means of the reverse transcription±polymerase
chain reaction (RT±PCR) procedure using a specific primer set
for each gene. The RT±PCR data, as shown in Fig. 3, indicate
that all the genes examined are actually transcribed in the
seedling although their expression levels vary considerably
from gene to gene.

This family has been classified into three subfamilies with re-
spect to their deduced amino acid sequences (Nishitani,
1995[28]). In Arabidopsis, subfamily I consists of at least 6 XRP
genes, including EXGT-A1, which was the first gene to be iden-

tified as an EXGT in Arabidopsis (Okazawa et al., 1993[35]). Each
member of subfamily I consists of four exons separated by
three introns at exactly the same site. The conserved amino
acid sequence, the DEIDFEFLG motif, and the consensus se-
quence for the N-glycosylation site (not shown) were both lo-
cated in the third exon. So far, eleven XRP genes have been
identified in subfamily II, including the meri-5 gene (Medford
et al., 1991[27]) and the TCH4 gene (Xu et al., 1995[45]). The meri-
5 gene was the first to be identified in this subfamily and was
shown to be expressed preferentially in meristems of Arabi-
dopsis while the TCH4 gene was isolated as one of the touch-
inducible genes. Most members of subfamily II consist of three
exons, with the exception of the TCH4 and XTR18 genes, which
are composed of two exons and four exons, respectively. Apart
from the XTR18 gene, the DEIDFEFLG motif is found in the sec-
ond exon of the members of subfamily II.

The nucleotide sequence of the first exons found in members
of subfamily II roughly corresponds to that of both the first
and second exons of genes in subfamily I or III. Subfamily III is
different from the other two subfamilies in that some mem-
bers of this family exhibit hydrolytic activity as well as trans-
ferase activity (Rose et al., 1996[37]). Some members of this
gene family, such as the XTR13 gene, consist of 5 exons rather
than 4 exons.

Secretory signals

All the xyloglucan-related proteins (XRPs) possess potential N-
terminal signal sequences with high levels of hydrophobic
amino acid residues (Fig. 2). Computer-assisted predictions of
their cellular localization sites by means of PSORT software
(http://psort.nibb.ac.jp/) have disclosed that all the XRPs, ex-
cept for ATXG, are likely to be secreted from the plasma mem-
brane to localize in the apoplast or cell wall space. This predic-
tion is consistent with the fact that EXGT proteins are extract-
ed in apoplastic fluid from intact plant tissues (Nishitani and

Fig. 1 Physical maps for 24 genes encoding
endoxyloglucan transferase and its related
proteins (XRPs) in Arabidopsis chromosomes.
Maps were depicted according to the infor-
mation downloaded from the Kazusa Arabi-
dopsis database opening site released on
June 30, 2000 (http://www.kazusa.or.jp/
kaos/). Two pairs of genes on chromosome
IV and a four-gene cluster on chromosome
V are magnified, with arrows indicating indi-
vidual genes.
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P
l
a
n
t
B
i
o
l
o
g
y

H
e
f
t
6
(
2
0
0
0
)

D
a
t
e
i
:
1
8
1

S
e
i
t
e
:
6
0
0

2
4
.
8
.
2
0
0
1
±
1
0
:
3
1

b
l
a
c
k
c
y
a
n
m
a
g
e
n
t
a
y
e
l
l
o
w

Tominaga, 1991[31]; Ito and Nishitani, 1999[20]). On the other
hand it has been speculated that the ATXG protein is retained
in the membrane of the endoplasmic reticulum (ER). The ATXG
gene was shown to be expressed during germination of Arabi-
dopsis thaliana (Aubert and Herzog, 1996[4]). Its predicted ami-
no acid sequence indicates that this gene belongs to the sub-
family III of Arabidopsis XRPs and that the protein is likely to
function as a hydrolase acting on xyloglucans during seed ger-
mination. According to biochemical studies (Brummell et al.,
1990[6]; Zhang and Staehelin, 1992[46]), xyloglucan molecules
are polymerized and modified in the Golgi apparatus, but not
in the ER. These two independent lines of predictions, one
from the PSORT and the other from biochemistry data, raise
an interesting question about xyloglucan�s physiological role
as well as site of action. One possible explanation for these
controversial results is that ATXG protein may be retained in

the ER or cis-Golgi, and there the enzyme may take part in a
certain reaction responsible for xyloglucan metabolism. Alter-
natively, it might be that the ATXG protein is not actually re-
tained in the ER. Rather, it may be localized in the plasma
membrane where the enzyme may mediate xyloglucan pro-
cessing at the cell surface.

Catalytic Sites of Endoxyloglucan Transferases

The motif DEIDFEFLG is conserved among XRPs and is also
found in b-1,3:b-1,4-glucanases (EC3.2.1.73), b-1,3-glucanases
and b-1,4:b-1,3-galactanases (Barbeyron et al., 1998[5]). To-
gether with these three classes of hydrolase, XRPs belong to
family 16 of glycosidic hydrolases (Henrissat et al., 1993[17]).
The bacterial endo-b-1,3:b-1,4-glucanases cleaves b-1,4-glyco-
syl linkages on 3-O-linked glucopyranosyl residues in b-1,3:b-
1,4-mixed glucans. On the other hand, XRPs split b-1,4-glycosyl
linkages on 4-O-linked glucopyranosyl residues in the xyloglu-
can main chain, the residues of which are not substituted with
xylosyl side chains. The split fragment of the xyloglucan mol-
ecules is then transferred either to the C4 position of the non-
reducing end of another xyloglucan molecule or to a water
molecule. Thus, the enzymatic process mediated by XRPs
shares a common catalytic step with the enzymatic processes
of bacterial glucanases (Nishitani, 1997[29]).

Several studies suggest that the amino acid sequence con-
served in the bacterial b-1,3:b-1,4-glucanases serves as a cata-
lytic centre for the enzymatic splitting of b-1,4-glycosyl link-
ages (Juncosa et al., 1994[21]). In a recombinant TCH4 protein
produced by a site-directed E97Q mutation, in which the first
glutamic acid residue in the DEIDFEFLG motif was replaced by
glutamine residue, the enzymatic activity was eliminated by
more than 98 %, demonstrating the essential role of the gluta-
mic acid residue for catalytic activity. Thus, the conserved se-
quence may be critical for the cleavage of b-1,4-glycosyl linka-
ges by both the plant transferases (XPRs) and bacterial gluca-
nases (Campbell and Braam, 1998[7], 1999[9]).

In some XRPs the first isoleucine residue in the consensus se-
quence is replaced with another hydrophobic amino acid resi-
due: the isoleucine is replaced with leucine residue in XTR10,
XTR15, XTR13, and XTR4, whereas it is replaced with valine
and phenylalanine in ATXG and XTR16 (EXGT-A6). The apolar
and uncharged nature of the leucine is not altered by substitu-
tions by isoleucine and valine. In EXGT-A6, the first aspartic
acid residue in the consensus sequence is replaced with aspar-
agine in addition to the substitution of the first isoleucine resi-
due with phenylalanine.

According to the three-dimensional structure of recombinant
Bacillus b-1,3:b-1,4-glucanase, as analyzed by X-ray crystallo-
graphy at a resolution of 2.9 �, the sequence of DEIDFEFLG re-
sidues is located along the bottom of the active site, with their
side chains protruding into the catalytic site cleft (Keitel et al.,
1993[22]). Thus, replacement of the acidic residue with the un-
charged polar residue in the consensus sequence will have a
profound effect on the electron environment around the cata-
lytic site of XTR16 (EXGT-A6). In light of these findings, we pre-
dict that XTR16 (EXGT-A6) is likely to exhibit a considerably
more distinct type of enzyme reaction than do other members.
XTR16 (EXGT-A6) gene was first isolated as a cDNA clone from
an equalized cDNA library derived from inflorescence apices of

Fig. 2 Schematic representation of genome structures of XRP
genes. Members of this gene family are grouped into three subfami-
lies according to their predicted amino acid sequences. The boxes in-
dicate putative coding regions, and the thick lines between boxes in-
dicate introns. The dotted boxes represent potential signal sequen-
ces; the closed boxes represent the conserved DEIDFEFLG region. Ac-
cession numbers for indivdual genes are shown in parentheses. The
structures are referenced to the June 30, 2000 release by the Kazusa
Arabidopsis database opening site (http://www. kazusa.or.jp/kaos/).
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A. thaliana (Hyodo et al., 2000[19]). Although the data from the
Arabidopsis expression sequence tag project (EST, Al997579)
and our RT±PCR analysis (Fig. 3) clearly show that this gene is
actually transcribed, its enzyme reaction has not yet been
characterized. Functional analyses, as well as biochemical
study, of this gene and its product seem to be of great impor-
tance for characterizing the whole scheme of the physiological
roles of XRPs.

Each member of subfamilies I and II contains a potential site
for N-linked glycosylation (N-X-S/T) on the C-terminal side of
the DEIDFeFLG sequence, except for XTR14, which possesses
two potential N-linked glycosylation sites in both the N- and
C-terminal sides. In most members of subfamily III, on the con-
trary, the potential N-glycosylation site is not found next to the
consensus sequence but is displaced instead toward the C-
terminal side by 15 residues. It should be noted that the ATXG
protein lacks the potential site for N-glycosylation. Although
the N-linked glycosylation is not always a prerequisite for pro-
tein secretion in plants (Lerouge et al., 1996[25]), the lack of a
glycosylation site apparently adds circumstantial evidence in
support of our prediction that the ATXG protein will not be se-
creted from plasma membrane and that the protein has a
unique physiological role. Taken together, these facts imply
that members of subfamily III are unique in terms of protein
localization as well as catalytic activities and that these mem-
bers might be committed to special roles, being distinct from
those of members of other subfamilies.

The question we have to ask here is whether the three XRP
subfamilies play biologically distinct roles. XRPs capable of ex-
hibiting hydrolytic activity will take part in degradation of the
cell wall architecture by breaking xyloglucan cross-links
among the cellulose microfibrils. The XRP-mediated hydroly-
sis of cell wall xyloglucans has been observed during tissue de-
gradation processes, such as fruit ripening and seed germina-
tion (Fanutti et al., 1993[15]; Rose et al., 1996[37]). Hydrolysis-di-
rected action of XRP also plays a role in cell wall extension dur-
ing stem growth in azuki bean (Tabuchi et al., 1997[40]). In this
case, the enzyme is considered to cleave tension-bearing

cross-links of xyloglucans in the wall architecture, and thereby
can cause cell wall loosening. On the other hand, the transfer-
ase-directed activity of XRP is required for 1) extension of xy-
loglucan chain, 2) formation of xyloglucan loop, and 3) forma-
tion of xyloglucan cross-links, and is essential for construction
of the cell wall architecture in most types of plant cells (Nishi-
tani, 1997[29]; Nishitani, 1998[30]). The cell wall construction is
found not only in the primary cell wall, but also in the second-
ary one. Moreover, the cell plate formation during anaphase of
the cell division process is achieved via de novo formation of
the cell wall architecture. Thus, the members of the XRP family
are involved in a broad spectrum of cell wall dynamics, ranging
from the cell plate formation and extension of primary cell
walls to differentiation and degradation of secondary cell

"Fig. 3 Expression levels of mRNA for individual Arabidopsis XRP
genes as estimated by RT±PCR procedures. Intact Arabidopsis seed-
lings, which had been grown on a solid Murashige-Skoog (MS) medi-
um for 12 days, followed by incubation in liquid MS medium for 1
additional day, were treated with 1 mM 3-indoleacetic acid (IAA, lanes
1 ± 3), 1 mM gibberellic acid (GA3) (GA: lanes 4 ± 5), 1 mM brassinolide
(BR, lanes 7 ± 9), or without hormones (lanes 10 ± 12) for 2 h at 22 8C.
After the hormone treatment, five seedlings from each treatment
group were subjected to extraction of total RNA according to a
small-scale adapted procedure for rapid isolation of plant RNA. One
microgram each of the total RNA was used as a template for the re-
verse transcription to synthesize cDNA using ReverTra Ace Dash�
(Toyobo, Japan). Portions of individual cDNA samples derived from
20 ng (lanes 1, 4, 7, 10), 60 ng (lanes 2, 5, 8, 11), or 200 ng (lanes 3,
6, 9, 12) of total RNA were subjected to amplification by PCR for 30
to 35 cycles. The PCR-amplified products were separated on agarose
gels, and the amounts of individual products were disclosed by stain-
ing with ethidium bromide. In order to avoid amplification of non-
specific products, we designed and used sets of oligonucleotide pri-
mers that were strictly specific to individual genes. A specific primer
set for a tubulin gene was used to evaluate its mRNA level, and it
was then used as a control.

Endoxyloglucan Transferases in Cell Wall Dynamics Plant biol. 2 (2000) 601
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walls. It is, therefore, quite likely that XRPs with different en-
zymatic activities are functionally distinct, and have their own
biological role in certain aspects among a variety of cell wall
construction processes.

Genome Organization of the XRP Gene Family

As shown in Fig.1, most XRP genes are spread fairly evenly
among the Arabidopsis chromosomes. Two pairs of genes,
AT4g13080/AT4g13090 and XTR6/XTR9, are located side by
side in a direct series in chromosome IV, the DNA sequence of
which has already been completed. The AT4g13080/
AT4g13090 gene pair is mapped at the 72.9 cM position,
whereas the XTR6/XTR9 gene pair is at the 43.1 cM position.

On the other hand, in chromosome V, four XRP genes are map-
ped consecutively, again in the same direction, forming a four-
gene-cluster. Akamatsu et al. (1999[1]) revealed that the XTR3
(EXGT-A5) gene was located adjacent to the TCH4 gene (Xu et
al., 1995[44]) in a direct repeat. More recently, the genome se-
quencing projects of Arabidopsis have disclosed the presence
of two additional XRP genes, MUA2.7 and MUA2.8, located
next to the TCH4/XTR3 (EXGT-A5) genes. The four genes en-
code proteins of closely related primary structures and belong
to subfamily II. They share from 70% to 90 % identical amino
acid sequences. More than 90 % of the nucleotide sequences
between the MUA2.8 and MUA2.7 genes are identical, suggest-
ing that the two genes have arisen from the same ancestor
gene by a duplication procedure very recently during evolu-
tion. Interestingly, the structurally or phylogenetically related
four genes exhibit more or less distinct expression profiles in
terms of responsiveness to exogenous signals as well as devel-
opmental cues (Fig. 3). These results imply that the divergence
of this gene family may have been generated to meet special-
ized roles of XRPs as regulated by divergent cues during evolu-
tion of the more complicated morphology of higher plants, in-
cluding Arabidopsis thaliana.

As mentioned at the beginning of this article, XTR18 consists of
four exons, unlike other members of subfamily II, most of
which consist of three exons (Fig. 2). On the other hand, TCH4,
which belongs to the same subfamily, consists of two exons in-
terrupted by only one intron (Xu et al., 1995[44]). Furthermore,
the TCH4 gene lacks the nucleotide sequence corresponding to
the third intron found in most members of this gene family. Al-
though the biological implications of the length of introns re-
main controversial, the loss of the introns in subfamily II might
imply the adaptation to meet quick responsiveness to environ-
mental signals as well as hormonal stimuli. This consideration
is supported by the fact that the TCH4 gene is up-regulated
quite rapidly in response to environmental stimuli such as
touch, wind, rain, darkness, and heat shock.

Differential Responsiveness of XRP Genes
to Hormonal Signals

Plant hormones are considered to be the principal signaling
mechanism in regulation of growth and differentiation in
plants, and their roles in cell wall metabolism have long been
a major topic in plant physiology during the second half of the
twentieth century. To date, however, no clear signaling path-
way from hormonal perception to individual enzymes respon-
sible for cell wall construction is known in terms of molecular

interactions. In an attempt to find the missing link between
hormone action and cell wall construction, effects of exogen-
ous hormones on mRNA levels of several XRP genes have been
examined by RNA blot analyses. These studies have shown that
some members of this gene family, such as TCH4 and meri5
genes, respond to auxin and brassinolide (Xu et al., 1996[43];
Catala et al., 1997[11]). To examine the responsiveness of all
members of this gene family, we employed reverse transcrip-
tion (RT)±PCR and estimated mRNA levels for individual XRP
genes in intact Arabidopsis seedlings which had been incuba-
ted for 2 h in a medium containing indole-3-acetic acid (IAA),
gibberellic acid (GA), or brassinolide (BR). Fig. 3 shows that
most genes of this family responded to some of the three hor-
mones under these conditions. The data also show that indi-
vidual XRP genes respond differentially to the three hormones.
It should be noted that many genes have responded to GA and
IAA, substances that are known to stimulate cell wall metab-
olism. These facts may imply indirect action of these hor-
mones on many XRP genes. At present, it is hard to correlate
enzyme function and responsiveness to hormones, and the
biological implications for the responsiveness of individual
members of the XRP family to these hormones needs further
investigation.

Perspectives

The recent expansion of libraries for Arabidopsis T-DNA tagged
lines and the establishment of a public system to screen their
genomic DNA pools by PCR have made it feasible to isolate T-
DNA tagged lines with a disrupted certain gene of special inter-
est. Also, the ability to make quantitative analyses of specific
mRNA species by means of a real-time RT±PCR procedure
makes it practical to compare expression levels of mRNAs for
dozens of XRP genes in different tissues at different develop-
mental stages in Arabidopsis plants grown under different en-
vironmental conditions, including physical, chemical, and bio-
logical factors. Thus, the future direction of the study of this
gene family will encompass both functional and structural ap-
proaches with the aid of these new tools. We are now in the
midst of describing expression profiles of all members of this
gene family identified thus far, in terms of tissue/organ speci-
ficity, responsiveness to developmental cues, environmental
signals, and hormonal stimuli. Our preliminary results, as well
as recent data from other research groups (Xu et al., 1996[44];
cf. Fig. 3), support the hypothesis that each member of this
gene family is committed to an individual role in a different
tissue or organ. For example, the TCH4 gene responds to envir-
onmental stimuli and hormones in a manner similar to that of
meri5 (Xu et al., 1996[43]; Fig. 2), but it exhibits totally different
tissue-specific expression patterns from the meri5 gene. The
former is expressed in trichomes, lateral root primordia, vas-
cular bundles and leaves (Xu et al., 1995[44]), whereas the latter
is expressed preferentially in meristematic tissues (Medford et
al., 1991[27]). The XTR3 and TCH4 genes offer another example
in support of the hypothesis: the two genes are located adja-
cent to each other on the genome and encode similar proteins.
Despite their close relationship in terms of their gene struc-
tures, their expression patterns are totally different. The ex-
pression of XTR3 is strictly restricted to siliques and mature
leaves and, unlike TCH4, XTR3 is not clearly up-regulated by
any hormonal application (Akamatsu et al., 1999[1]; Xu et al.,
1996[43]). Thus, it is quite likely that each member of the XRP
family has its own role in cell wall construction. Clearly, tran-

Plant biol. 2 (2000) R. Yokoyama and K. Nishitani602
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scription processes for these genes must be precisely regulated
in order to guarantee a specific expression profile for each
gene. These considerations lead to the speculation that each
gene of this family has distinct regulatory machinery for its
specific transcription. At present, however, no transcription
factor or cis element for any member of this gene family has
ben identified. The Arabidopsis genome database, which is
scheduled to be completed and released by the end of 2000,
will help identify molecules responsible for the specific regu-
lation of each XTR gene. Molecular dissection of the regulatory
machinery for this gene family will not only offer the opportu-
nity to dissect signal transduction pathways leading to indi-
vidual gene expression events but should also disclose the
mechanism by which different types of signals are integrated
to control the expression of a single gene. The elucidation of
the regulatory system for each of the XRP genes will provide
invaluable information required to trace the routes through
which multicellular land plants evolved.

Acknowledgements

This work was supported by Grants-in Aid for Scientific Re-
search on Priority Areas (ªMolecular mechanism controlling
multicellular organization of plantsº No.10182102 and
12440221) from the Ministry of Education, Science and Cul-
ture of Japan and by the JSPS ªResearch for the Futureº Pro-
gramme (JSPS-RFTF96L00403) from the Japan Society for the
Promotion of Science.

References

1 Akamatsu, T., Hanzawa, Y., Ohtake, Y., Takahashi, T., Nishitani, K.,
and Komeda, Y. (1999) Expression of endoxyloglucan transferase
genes in acaulis mutants of Arabidopsis. Plant Physiol. 121, 715±
721.

2 Amor, Y., Haigler, C. H., Johnson, S., Wainscott, M., and Delmer, D. P.
(1995) A membrane-associated form of sucrose synthase and its
potential role in synthesis of cellulose and callose in plants. Proc.
Natl. Acad. Sci. USA 92, 9353±9357.

3 Arioli, T., Peng, L. C., Betzner, A. S., Burn, J., Wittke, W., Herth, W.,
Camilleri, C., Hofte, H., Plazinski, J., Birch, R., Cork, A., Glover, J.,
Redmond, J., and Williamson, R. E. (1998) Molecular analysis of
cellulose biosynthesis in Arabidopsis. Science 279, 717 ±720.

4 Aubert, D. and Herzog, M. (1996) A new cDNA encoding a xyloglu-
can endo-transglycosylase-related polypeptide (AtXTR8) prefer-
entially expressed in seedling, root and stem of Arabidopsis thali-
ana. Plant Sci. 121, 187± 196.

5 Barbeyron, T., Gerard, A., Potin, P., Henrissat, B., and Kloareg, B.
(1998) The kappa-carrageenase of the marine bacterium Cytopha-
ga drobachiensis: structural and phylogenetic relationships within
family-16 glycoside hydrolases. Molecular Biology Evolution 15,
528± 537.

6 Brummell, D. A., Camirand, A., and Maclachlan, G. A. (1990) Differ-
ential distribution of xyloglucan glycosyl transferases in pea Golgi
dictyosomes and secretory vesicles. J. Cell Sci. 96, 705± 710.

7 Campbell, P. and Braam, J. (1998) Co- and/or post-translational
modifications are critical for TCH4 XET Activity. Plant J. 15, 553±
561.

8 Campbell, P. and Braam, J. (1999) Xyloglucan endotransglycosy-
lase: diversity of genes, enzymes and potential wall-modyfying
functions. Trends in Plant Sciences 4, 361 ±366.

9 Campbell, P. and Braam, J. (1999) In vitro activities of four xyloglu-
can endotransglycosylases from Arabidopsis. Plant J. 18, 371± 382.

10 Carpita, N. C. and Gibeaut, D. M. (1993) Structural models of pri-
mary cell walls in flowering plants: consistency of molecular
structure with the physical properties of the walls during growth.
Plant J. 3, 1± 30.

11 Catala, C., Rose, J. K. C., and Bennett, A. B. (1997) Auxin regulation
and spatial localization of an endo-1,4-b-D-glucanase and a xylo-
glucan endotransglycosylase in expanding tomato hypocotyls.
Plant J. 12, 417± 426.

12 Cosgrove, D. J. (1997) Relaxation in a high-stress environment: the
molecular bases of extensible cell walls and cell enlargement.
Plant Cell 9, 1031 ±1041.

13 Darvill, A. G., McNeil, M., Albersheim, P., and Delmer, D. P. (1980)
The primary cell walls of flowering plants. In The Biochemistry of
Plants, Vol.1 (Tolbert, N. E., ed.), New York: Academic Press,
pp. 91± 162.

14 de Silva, J., Jarman, C. D., Arrowsmith, D. A., Stronach, M. S., Chen-
gappa, S., Sidebottom, C., and Reid, J. S. (1993) Molecular charac-
terization of a xyloglucan-specific endo-(1®4)-b-D-glucanase
(xyloglucan endo-transglycosylase) from nasturtium seeds. Plant
J. 3, 701±711.

15 Fanutti, C., Gidley, M. J., and Reid, J. S. (1993) Action of a pure xylo-
glucan endo-transglycosylase (formerly called xyloglucan-specific
endo-(1®4)-b-D-glucanase) from the cotyledons of germinated
nasturtium seeds. Plant J. 3, 691± 700.

16 Fry, S. C., Smith, R. C., Renwick, K. F., Martin, D. J., Hodge, S. K., and
Matthews, K. J. (1992) Xyloglucan endotransglycosylase, a new
wall-loosening enzyme activity from plants. Biochemical J. 282,
821± 828.

17 Henrissat, B. and Bairoch, A. (1993) New families in the classifica-
tion of glycosyl hydrolases based on amino acid sequence similari-
ties. Biochemical J. 293, 781 ±788.

18 Hoj, P. B. and Fincher, G. B. (1995) Molecular evolution of plant
beta-glucan endohydrolases. Plant J. 7, 367± 379.

19 Hyodo, H., Takemura, M., Yokota, A., Ohyama, K., and Kohchi, T.
(2000) Systematic isolation of highly transcribed genes in inflores-
cences apices in Arabidopsis thaliana from an equalized cDNA li-
brary. Biosci. Biotechnol. Biochem. 64, 1538± 1541.

20 Ito, H. and Nishitani, K. (1999) Visualization of EXGT-mediated
molecular grafting activity by means of a fluorescent-labeled xylo-
glucan oligomer. Plant Cell Physiol. 40, 1172± 1176.

21 Juncosa, M., Pons, J., Dot, T., Querol, E., and Planas, A. (1994) Iden-
tification of active site carboxylic residues in Bacillus licheniformis
1,3-1,4-b-D-glucan 4-glucanohydrolase by site-directed mutagen-
esis. J. Biol. Chem. 269, 14530 ± 14535.

22 Keitel, T., Simon, O., Borriss, R., and Heinemann, U. (1993) Molecu-
lar and active-site structure of a Bacillus 1,3-1,4-b-glucanase. Proc.
Natl. Acad. Sci. USA 90, 5287± 5291.

23 Kutschera, U. (1994) The current status of the acid-growth hypoth-
esis. New Phytol. 126, 549± 569.

24 Lashbrook, C. C., Gonzalez-Bosch, C., and Bennett, A. B. (1994) Two
divergent endo-b-1,4-glucanase genes exhibit overlapping expres-
sion in ripening fruit and abscising flowers. Plant Cell 6, 1485 ±
1493.

25 Lerouge, P., Fitchette-Lain, A.-C., Chekkafi, A., Avidgor, V., and Faye,
L. (1996) N-linked oligosaccharide processing is not necessary for
glycoprotein secretion in plants. Plant J. 10, 713± 719.

26 McQueen-Mason, S., Durachko, D. M., and Cosgrove, D. J. (1992)
Two endogenous proteins that induce cell wall extension in plants.
Plant Cell 4, 1425 ±1433.

27 Medford, J. I., Elmer, J. S., and Klee, H. J. (1991) Molecular cloning
and characterization of genes expressed in shoot apical meris-
tems. Plant Cell 3, 359± 370.

28 Nishitani, K. (1995) Endo-xyloglucan transferase, a new class of
transferase involved in cell wall construction. J. Plant Res. 108,
137± 148.

Endoxyloglucan Transferases in Cell Wall Dynamics Plant biol. 2 (2000) 603



P
l
a
n
t
B
i
o
l
o
g
y

H
e
f
t
6
(
2
0
0
0
)

D
a
t
e
i
:
1
8
1

S
e
i
t
e
:
6
0
4

2
4
.
8
.
2
0
0
1
±
1
0
:
3
1

b
l
a
c
k
c
y
a
n
m
a
g
e
n
t
a
y
e
l
l
o
w

29 Nishitani, K. (1997) The role of endoxyloglucan transferase in the
organization of plant cell walls. Int. Rev. Cytol. 173, 157± 206.

30 Nishitani, K. (1998) Construction and restructuring of the cellu-
lose-xyloglucan framework in the apoplast as mediated by the xy-
loglucan-related protein family: a hypothetical scheme. J. Plant
Res. 111, 159 ± 166.

31 Nishitani, K. and Tominaga, R. (1991) In vitro molecular weight in-
crease in xyloglucans by an apoplastic enzyme preparation from
epicotyls of Vigna angularis. Physiol. Plant 82, 490 ±497.

32 Nishitani, K. and Tominaga, R. (1992) Endo-xyloglucan transferase,
a novel class of glycosyltransferase that catalyzes transfer of a seg-
ment of xyloglucan molecule to another xyloglucan molecule. J.
Biol. Chem. 267, 21058 ± 21064.

33 Okamoto-Nakazato, A., Nakamura, T., and Okamoto, H. (2000) The
isolation of wall-bound proteins regulating yield threshold ten-
sion in glycerinated hollow cylinders of cowpea hypocotyl. Plant
Cell Environment 23, 145 ± 154.

34 Okamoto-Nakazato, A., Takahashi, K., Kido, N., Owaribe, K., and Ka-
tou, K. (2000) Molecular cloning of yieldins regulating the yield
threshold of cowpea cell walls: cDNA cloning and characterization
of recombinant yieldin. Plant Cell Environment 23, 155 ±164.

35 Okazawa, K., Sato, Y., Nakagawa, T., Asada, K., Kato, I., Tomita, E.,
and Nishitani, K. (1993) Molecular cloning and cDNA sequencing
of endoxyloglucan transferase, a novel class of glycosyltransferase
that mediates molecular grafting between matrix polysaccharides
in plant walls. J. Biol. Chem. 268, 25364 ±25368.

36 Pear, J. R., Kawagoe, Y., Schreckengost, W. E., Delmer, D. P., and
Stalker, D. M. (1996) Higher plants contain homologs of the bacte-
rial ce/A genes encoding the catalytic subunit of cellulose syn-
thase. Proc. Natl. Acad. Sci. USA 93, 12637± 12642.

37 Rose, J. K. C., Brummell, D. A., and Bennett, A. B. (1996) Two diver-
gent xyloglucan endotransglycosylases exhibit mutually exclusive
patterns of expression in nasturtium. Plant Physiol. 110, 493 ±499.

38 Sachs, J. V. (1887) Lectures on the physiology of plants (translated
by H. M. Ward). Oxford: The Clarendon Press.

39 Sakurai, N. (1998) Dynamic function and regulation of apoplast in
the plant body. J. of Plant Res. 111, 133± 148.

40 Tabuchi, A., Kamisaka, S., and Hoson, T. (1997) Purification of xylo-
glucan hydrolase/endotransferase from cell walls of azuki bean
epicotyls. Plant Cell Physiol. 38, 653± 658.

41 Takano, M., Fujii, N., Higashitani, A., Nishitani, K., Hirasawa, T., and
Takahashi, H. (1999) Endoxyloglucan transferase cDNA isolated
from pea roots and its fluctuating expression in hydrotropically re-
sponding roots. Plant Cell Physiol. 40, 135± 142.

42 Tucker, M. L. and Milligan, S. B. (1991) Sequence analysis and com-
parison of avocado fruit and bean abscission cellulases. Plant Phys-
iol. 95, 928± 933.

43 Xu, W., Campbell, P., Vargheese, A. V., and Braam, J. (1996) The Ara-
bidopsis XET-related gene family: environmental and hormonal
regulation of expression. Plant J. 9, 879 ±889.

44 Xu, W., Purugganan, M., Polisensky, D. H., Antosiewicz, D. M., Fry, S.
C., and Braam, J. (1995) Arabidopsis TCH4, regulated by hormones
and the environment, encodes a xyloglucan endotransglycosylase.
Plant Cell 7, 1555 ±1567.

45 Zablackis, E., Huang, J., Muller, B., Darvill, A. G., and Albersheim, P.
(1995) Structure of plant cell walls. 39. Characterization of the
cell-wall polysaccharides of Arabidopsis thaliana leaves. Plant
Physiol. 107, 1129 ± 1138.

46 Zhang, G. F. and Staehelin, L. A. (1992) Functional compartmenta-
tion of the Golgi apparatus of plant cells. Plant Physiol. 99, 1070±
1083.

K. Nishitani

Biological Institute
Graduate School of Science
Tohoku University
Sendai, 980-8578
Japan

E-mail: nishitan@mail.cc.tohoku.ac.jp

Section Editor: T. Nagata

Plant biol. 2 (2000) R. Yokoyama and K. Nishitani604


