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Prehistory
It is possible to trace the history of studies on cell walls back to the
time of Nehemiah Grew, who dissected plant organs and tissues, under
both the naked eye and a microscope, and exhibited his observations
to the Royal Society of London from May 15, 1672 to April 2, 1674
(Grew 1682). He described plant organs as being composed of cells
in the same way that a tower is constructed with various types of
bricks. Furthermore, he disclosed that individual cells are
characterized by their respective structures, which are now termed
cell walls.

Three hundred years passed before Peter Albersheim and his
colleagues determined the molecular structure of the walls of
suspension-cultured sycamore cells by enzymatic fragmentation,
followed by a methylation analysis, and advanced the structural model
for the plant cell wall (Keegstra et al. 1973). This model envisaged
xyloglucan molecules as strongly attached to cellulose microfibrils
by hydrogen bonds, some of which are attached through certain
polymers to other cellulose microfibrils. Consequently, cellulose
microfibrils are effectively cross-linked through matrix
polysaccharides to form a super molecular framework. The biological
implication of this model is that cross-links between cellulose
microfibrils serve as load-bearing linkages of the cell wall, and that
breakage and reconnection of the cross-links are required for the cell
wall to loosen and expand during cell growth and differentiation.
Whereas new findings challenged the details of the original structural
model, its essence has withstood the test of time. The current view of
the cell wall structure largely stems from the original model (Hayashi
1989; Carpita 1993; Cosgrove 2000).

The debut of xyloglucan
The first biochemical evidence suggesting a role for xyloglucan in

cell wall expansion was obtained by Peter Ray and his colleagues.
They showed that the metabolic turnover of xyloglucan, as studied
by pulse-chase experiments using 14C-labeled glucose, was enhanced
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during auxin- and acid-induced cell wall expansion in pea epicotyl
sections (Labavitch and Ray 1974). Their study was followed by the
finding that molecular weight changes in xyloglucan decreased when
auxin and acidic pH caused cell extension growth in epicotyl sections
of the azuki bean (Vigna angularis) (Nishitani and Masuda 1981,
1982, 1983). Similar molecular-weight changes in xyloglucans were
observed in various plant species, including monocotyledonous plants
and gymnosperms (Reviewed in Nishitani 1997). These observations
provide strong evidence for the hypothesis that splitting the load-
bearing xyloglucan molecules by hydrolase is the key step controlling
stress relaxation of the cell wall.

However, cleavage of load-bearing linkages between cellulose
microfibrils cannot account for the process of cell wall changes
through which newly synthesized cellulose microfibrils are integrated
into a preexisting cellulose–xyloglucan framework (Nishitani 1997).
Without the deposition of the cell wall, the wall would not maintain
thickness and would lose the mechanical strength to resist turgor
pressure. To explain this paradox, Albersheim (1976) postulated the
involvement of “an endotransglycosylase that transfers a portion of
a polysaccharide to itself” in the restructuring process of plant cell
walls. The existence of this hypothetical enzyme activity was later
demonstrated by three research groups, those of Reid, Fry and our
own work, with each group aimed at a different goal (Reviewed in
Nishitani 1997). Finally, the protein responsible for the
endotransglycosylation between xyloglucan molecules was isolated
from the cell wall space of the Azuki bean (Nishitani and Tominaga
1992) .  This  p ro te in  i s  cur ren t ly  te rmed xylog lucan
endotransglucosylase/hydrolase (XTH). In this chapter, I deal with
our studies on XTH and the perspective of the multigene family that
encodes XTH proteins.

Discovery of the XTH family
We noticed the first sign of the existence of endotransglycosylation
activity in the cell wall during the research we undertook to explore
hydrolase, but not transferase, acting on xyloglucans. In an attempt
to detect enzyme activity to hydrolyze xyloglucans in the cell wall,
we prepared protein fractions from an apoplastic solution of azuki
bean epicotyls and assayed its activity to degrade xyloglucan



molecules with defined molecular weight distributions. Contrary to
our prediction, the reaction generated xyloglucan components with
molecular weights both higher and lower than that of the initial
substrate (Nishitani and Tominaga 1991). This surprising result was
immediately explained as being the action of an endo-type
transglycosylase that mediated the transfer of a large segment of a
xyloglucan molecule to another xyloglucan polymer. To verify our
hypothetical scheme, we synthesized a fluorescent-labeled xyloglucan
oligosaccharide, which we used as an acceptor substrate to
demonstrate the molecular grafting reaction of the apoplastic enzyme
(Nishitani 1992). With the aid of the enzyme assay system, we finally
succeeded in purifying the protein from the cell wall and characterized
its mode of enzyme action. We designated it endoxyloglucan
transferase (EXT or EXGT) based on its unique mode of enzyme
action (Nishitani and Tominaga 1992). Identification of the enzyme
protein was followed by molecular cloning of the cDNA that encoded
it. This was undertaken using several plant species, which showed
that the EXGT protein is ubiquitous, at least among angiosperms
(Okazawa et al. 1993).

However, Fry’s group independently detected transglycosylation
activity in plant extracts using a radioactive xyloglucan oligomer as
an acceptor substrate, and referred to it  as xyloglucan
endotransglycosylase (XET) activity (Fry et al. 1992). The
transglycosylation activity was also detected by other research groups
(Farkas et al. 1992, Fanutti et al. 1993). The use of two different
names for the same class of enzymes created confusion for the
nomenclature of the gene family. A decade later, this confusion was
resolved with the introduction of a unified nomenclature (Rose et al.
2002).

Molecular cloning of genes encoding the EXGT proteins from five
plant species revealed that they are homologous to Tropaeolum majus
endo-1,4-β-glucanase (de Silva et al. 1993) and other proteins with
unknown protein functions, such as Arabidopsis Meri-5 (Medford et
al. 1991), the Glycine max BRU1 protein (Zurek and Clouse 1994)
and the Zea mays wusl 1005 gene product (Peschke and Sachs 1994).
These findings indicate that EXGT is a member of a gene family that
encodes a class of enzymes capable of mediating the hydrolysis of a
xyloglucan molecule and/or molecular grafting between xyloglucan



molecules (Nishitani 1997). The most notable point is that most of
the reactions required for the formation and rearrangement of the
cellulose–xyloglucan framework are easily explained by the actions
of this class of enzymes alone. These reactions include: (1) simple
cleavage of load-bearing xyloglucans by hydrolytic activity, (2) the
cleavage of xyloglucan by transferring the split end of the donor-
xyloglucan molecule to a soluble acceptor-xyloglucan oligomer or
polymer present in the wall space, (3) integration of new cellulose/
xyloglucan components into the preexisting cell wall framework by
transferase activity, and (4) interchange of xyloglucan cross-links
and the various manipulations of the xyloglucan chains by molecular
grafting activity. Because of its versatile functions, this class of
enzymes is thought to play key roles in cell-wall construction and
modification.

A unified nomenclature for the XTH family
The fact that members of the EXGT/XET family exhibit
endotransglucosylase activity and/or endohydrolase activity added
further confusion and contradiction to its nomenclature. To resolve
such discrepancies in the names of individual family genes, a new
unified systematic nomenclature for this family was proposed and
accepted at the Ninth International Cell Wall Meeting held at Toulouse,
France in 2001 (Yokoyama and Nishitani 2001). According to the
unified nomenclature, any member of this class of genes/proteins
would be referred to as xyloglucan endotransglucosylase/hydrolase
(XTH). The two different enzymatic activities of XTH proteins would
be referred to as xyloglucan endotransglucosylase (XET) activity
and xyloglucan endohydrolase (XEH) activity (Rose et al. 2002).
Since the term XET and XEH is defined as functions of XTH gene
products, which is currently definitely defined based on phylogenetic
analysis of this family of proteins, XEH is distinguished from any
other enzymes exhibiting hydrolytic activities.

Biological implication of the XTH gene families
With reference to the genome sequence database of Arabidopsis
thaliana released in December 2000 by Arabidopsis Genome
Initiative, we have identified 33 XTH genes that are widely dispersed
across the five chromosomes (Yokoyama and Nishitani 2001). Some
are found as solitary genes and others as clusters of a few genes



occurring in tandem. The presence of so many multiple copies of the
XTH genes raised the question of whether individual members are
redundant in terms of sharing the same function. To address this
question, we examined mRNA expression profiles of all members of
this gene family using quantitative real-time PCR. What we found is
that most members exhibit distinct expression profiles in terms of
spatial expression profiles and responses to hormonal signals
(Yokoyama and Nishitani 2001). For example, the AtXTH-1 gene is
expressed in the silique, AtXTH-9 in the flower, AtXTH-17 in the
root, AtXTH-32 in the stem, etc. However, several genes such as
AtXTH-2, AtXTH-4 and AtXTH-27 are expressed in the five organs.
In addition, individual genes respond differently to plant hormones
such as IAA, gibberellin, brassinolide and ABA. Therefore, most
genes exhibit distinct expression profiles in terms of both the site of
expression and the response to hormones. These results show that
members of the XTH gene family are involved in a specific process
in a specific tissue at a specific stage of development. They are also
regulated by different sets of plant hormones. This means that
members of the XTH family are not redundant and have their own
specific roles in Arabidopsis (Nishitani 2002).

The XTH family in monocots
Commelinoid monocotyledons, which include rice (Oryza sativa),

have a so-called type II cell wall, which is distinct from the type I cell
wall found in dicotyledonous plants, as represented by Arabidopsis.
Most studies report that type II walls in rice have relatively little
xyloglucan, and the predominant glycan that cross-links the cellulose
microfibrils is, instead, glucuronoarabinoxylan (GAX) and
(1→3;1→4)-β-glucan (mixed-linkage glucan) (Carpita and Gibeaut
1993). Moreover, the relatively small amounts of xyloglucans in the
rice wall are structurally quite different from those found in type I
walls in terms of their size and branching patterns, and are typically
described as not being involved in cross-linking cellulose microfibrils.
Given the structural and functional differences of xyloglucans in the
two distinct types of cell wall, it would be logical to predict that the
XTH gene families would also have evolved quite differently in the
two plant species, and that XTHs would be less abundant in rice.



Based on the genomic sequence of O. sativa subsp. Japonica recently
released by the International Rice Genome Sequencing Project
(IRGSP), we revealed a large rice XTH (OsXTH) gene family with
29 members. Contrary to expectations, a number of these are similar
to the AtXTH gene family. To examine the functions of the rice XTHs
further, we characterized the expression patterns of the whole
complement of this gene family using DNA array expression profiling
and quantitative real-time PCR. The results indicated that most of
the OsXTH ORFs are actually transcribed and exhibit organ- and
growth-stage-dependent expression patterns. It is surprising that not
only is the number of OsXTH family members comparable to that of
the AtXTH family, but that most members of the OsXTH family are
expressed and in a pattern similar to that seen in Arabidopsis. More
interestingly, a certain member (OsXTH 19) was specifically expressed
in the dividing/elongating zone of the shoot and internode, which
suggested that it played an important role in cell expansion in the
shoot organs of rice plants (Yokoyama et al. 2004). These new findings
imply that the biochemical characterization of individual proteins, as
well as comparative genomics of the XTH family between the two
extreme plant species with distinct types of cell walls, will be
promising for elucidating the mechanism of cell wall dynamics. Such
an approach, in combination with analysis of the wall polysaccharides,
may offer an opportunity to explore new aspects of XTH function in
plants, the elucidation of which might break fresh ground in the field
of the plant cell wall biology.
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