J. Plant Res. 108 : 137-148, 1995

Invited Article

Journal of Plant Research
© by The Botanical Society of Japan 1995

Endo-Xyloglucan Transferase, a New Class of
Transferase Involved in Cell Wall Construction

Kazuhiko Nishitani*

College of Liberal Arts, Kagoshima University, Korimoto, Kagoshima, 890 Japan

Cell shape in plants is constrained by cell walls, which
are thick yet dynamic structures composed of crystalline
cellulose microfibrils and matrix polymers. Xyloglucans
are the principal component of the matrix polymers and
bind tightly to the surface of cellulose microfibrils and
thereby cross-link them to form an interwoven xylog-
lucan-cellulose network structure. Thus, cleavage and
reconnection of the cross-links between xyloglucan
molecules are required for the rearrangement of the cell
wall architecture, the process essential for both cell wall
expansion and the wall deposition occurring during cell
growth and differentiation. Endoxyloglucan transferase
(EXT) is a newly identified class of transferase that
catalyzes molecular grafting between xyloglucan mole-
cules. This enzyme catalyzes both endo-type splitting
of a xyloglucan molecule and reconnection of a newly
generated reducing terminus of the xylogiucan to the
non-reducing terminus of another xyloglucan molecule,
thereby mediating molecular grafting between xyloglucan
cross-links in plant cell walls. Molecular cloning and
sequencing of EXT-cDNAs derived from five different
plant species including A. thaliana and V. angularis has
revealed that the amino acid sequence of the mature
protein is extensively conserved in the five different plant
species, indicating that EXT protein is ubiquitous among
higher plants. This structural study has also disclosed
the presence of a group of xyloglucan related proteins
(XRPs) with transferase activity in higher plants. Current
data strongly suggest that these proteins are involved in
a wide spectrum of physiological activities including cell
wall expansion and deposition in growing cell walls.
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Morphological change of a plant organ, such as stem
elongation, and root development, is primarily a result of a
coordinated enlargement of individual cells generated at
respective meristems. The cell enlargement process or
cell growth is a distinctive characteristic of mor-
phogenesis in plants. Since a plant cell is enclosed by a
thick, yet dynamic wall architecture that constrains the
cell shape, structural changes in the cell wall play critical
roles in regulation of cell growth and differentiation, and
hence morphogenesis in plants. The cell wall changes
including extension and deposition are considered to be
regulated via a rearrangement or reconstruction process
of the cell wall framework primarily composed of celiulose
microfibrils and matrix polymers, particularly xyloglucans.
Endo-xyloglucan transferase is a transferase, recently
purified and identified, that can catalyze the molecular
grafting reaction between xyloglucan molecules and
thereby mediate rearrangement of the cell wall architec-
ture in plant tissues (Nishitani and Tominaga 1991).
Characterization of EXT has disclosed its unique function
in cell wall construction (Nishitani and Toiminaga 1992).
This article will deal with the enzymology and molecular
biology of EXT and it's related proteins.

1) Structural features of plant cell wall

Structural studies on the plant cell wall originally started
more than three centuries ago when Robert Hooke obser-
ved cell wall frameworks in the cork layer of an oak tree
and coined the term “cells” in his “Micrographia” publi-
shed in 1665. Shortly after his publication, Marcello
Malpighi and Nehemiah Grew described in more detail the
structure of plant tissues with rigid cell wall frameworks in
“Anatomae Plantarum” and “The Anatomie of Plantes”,
respectively. Investigations into the chemistry of plant
cell walls during the nineteenth century revealed that the
cell wall consisted of several components including cellu-
lose, pectin and hemicellulose (Schulze 1891 and refer-
ences in Preston 1974). X ray-diffraction analysis

‘together with electron microscopy has disclosed that

cellulose exists as microfibril, a crystalline structure com-
posed of several dozen (1-4)-5-D-glucan molecules
(Preston 1974). The glucan is a ribbon-like linear mole-
cule composed of several thousands of glucose residues.
The glucan chains are tied up in a bundle by means of
both intramolecular and intermolecular hydrogen-bond-
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ings among hydroxyl groups in the glucosyl residues to
form a tough crystalline fiber. Recent electron micro-
scopic observations have clarified that the microfibrils are
about 10 nm wide and are laid down in the primary cell
wall wrapping around a whole cell (McCann and Rober-
1s1990).

Linkage analyses of matrix polymers, which were made
possible by methylation techniques coupled with gas-
chromatography/mass-spectrometry (Waeghe et al. 1983)
have shown that xyloglucans (Bauer et al. 1973, Kato and
Matsuda 1976), glucuronoxylans (Darvill et al. 1980,) and
rhamnogalacturonans (Talmadge et al. 1973) are the
principal wall components common to most flowering
plants. Utilization of linkage-specific glycanases or
“appendage dependent glycanases”, such as en-
dopolygalacturonase (English et al. 1972), xyloglucan
specific endoglucanase (Bauer et al. 1973} and glucur-
onoxylanase (Nishitani and Nevins 1991), has revealed that
matrix polysaccharides are basically composed of repeat-
ing structural units.

Xyloglucans are characterized as g-(1-4)-glucans with
a-xylosyl side chains attached at the 6-O position of the
glucosyl residues. Their basic repeating structural unit
consists of three consecutive glucosyl residues with
xylosyl side chains followed by a single unsubstituted
glucosyl residue. Occasionally, the xylosyl side chains
are further substituted with §-(1-2)-galactosy! or «-(1-2)-
fucosyi-g-(1-2)-galactosyl side chains. Xyloglucans
form a sheath structure around each microfibril. Some
xyloglucan molecules are intercalated into the noncrystal-
line space on each microfibril and bind tightly to the
cellulose microfibril by hydrogen bonding (Keegstra et al.
1973, Hayashi 1989). Recent electron-microscopic
observations have indicated that celiulose microfibrils are
actually separated from each other by 20 to 40 nm (Mac-
Cann and Roberts 1980, McCann et al. 1991). Xylog-
lucans are string-like molecules with an average molecu-
lar length of 200 nm, and are long enough to extend from
one microfibril to another. Cellulose microfibrils are inter-
connected by these molecules to form a cellulose-xylog-
lucan network structure (Talbott and Ray 1992a, Carpita
and Gibeaut 1993). Accordingly, xyloglucan cross-links
can function as load-bearing molecules in the wall of
growing cells that withstand mechanical stresses caused
by cell turgor pressure.

2) Dynamic aspects of xyloglucans in plant cell walls
The plant cell wall is better considered as a super-
molecular network structure with dynamic properties.
During cell growth and differentiation the molecular archi-
tecture is always changing so as to allow expansion and
deformation of the cell wall, which are essential proces-
ses for cell growth and differentiation {(Masuda 1990). In
an attempt to analyze the dynamic properties of the cell
wall, Yamamoto et af. (1970) and Cleland and Haughton
(1971) measured stress-relaxation process of the cell wall
and simulated it with a viscoelastic model consisting of
Maxwell elemenis, i.e. spring elements and dashpot

elements. In their model the viscoelastic properties of
the cell wall were represented by four physically defined
parameters (Yamamoto and Masuda 1971). These ana-
lyses have revealed that cell expansion growth primarily
depends on alteration of the viscoelastic properties of the
cell wall, the process designated as “cell wall loosening”
(Yamamoto et al. 1970, Cleland 1971). Degradation or
breakage of some load-bearing linkages in the celi wall
was considered to be the chemical basis for mediation of
the rheological properties. Thus, in exploring the cell
wall change responsible for cell wall loosening, the degra-
dation process of cell wall components was investigated
from the viscoelastic point of view (see references cited in
Sakurai 1990, Hoson 1993).

By use of pressure microprobe and pressure block
techniques, Cosgrove (1985, 1987) measured the stress-
relaxation process of the cell wall in growing intact tis-
sues. The in vivo relaxation was interpreted as evidence
that the cell wall structure relaxes as a consequence of
chemical creepage of load-bearing linkages in the cell
wall network structure (Cosgrove 1993b). Cosgrove
designated this a chemorheological process. In support
of the chemorheological view of wall expansion, Cosgrove
and his colleagues demonstrated the presence of an
enzyme activity capable of inducing wall creep in
frozen-thawed wall specimens (Cosgrove 1989). The
protein responsible for the creep activity, designated as
expansin, was purified and characterized recently
(McQueen-Mason et al. 1992). It is claimed that expan-
sin causes cell wall creep by mediating slippage between
cellulose microfibrils and the matrix polymers by still
unknown mechanism (McQueen-Mason and Cosgrove
1994).

What are, then, the molecular process that are respon-
sible for the cell wall loosening or the chemorheological
process ? In order to gain insight into the nature of the
biochemical event, two lines of investigation were con-
ducted, namely, 1) a search for the load-bearing mole-
cules in the cell wall architecture and 2) purification of
enzymes responsible for wall metabolism which leads to
cell wall extension. In early studies, breakdown of sev-
eral matrix polymers was considered as candidates for the
key process responsible for cell wall loosening : xylog-
lucans (Labavitch and Ray 1974, Nishitani and Masuda
1981), -1, 3; £-1,4 glucans (Loesher and Nevins 1972,
Sakurai et al. 1979), galactans (Nishitani and Masuda
1979, 1980, 19823, Nishitani et al. 1979) and xylans (Carpita
1984, Nishitani and Nevins 1988, 1989, 1990). Using
polysaccharide-specific antibodies and lectins as spe-
cific inhibitors for the wall metabolism, Hoson and his
colleagues clarified that metabolism of xyloglucans in
dicotyledons and B-(1-3), (1-4)-glucans in Poaceae is
essential, at least, for auxin-induced wall loosening in
excised tissue sections {Hoson and Masuda 1987, 1991,
Hoson and Nevins 1989, Hoson et ai. 1993).

In pea epicoty! sections, auxin (Labavitch and Ray 1974)
and hydrogen ions (Jacobs and Ray 1975), two major
endogenous signals capable of inducing cell expansion
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growth, promoted metabolic turnover of xyloglucans in the
cell wall as studied by a tracer experiment. In epicotyl
sections of Vigna angularis, auxin caused a decrease in
the mass average Mr of xyloglucans in the cell wall when
the hormone induced cell extension growth (Nishitani and
Masuda 1981,1983). The decrease in the Mr of xylog-
lucans was also induced by acidic pH (Nishitani and
Masuda 1982a). The effect of acid pH on the xyloglucan
degradation was completely reversed by subsequent incu-
bation in medium at neutral pH (Nishitani and Masuda
1982a). Similar Mr changes in xyloglucans were obser-
ved in Avena sativa (Inouhe et al. 1984), Oryza sativa
(Revilla and Zarra 1987), Pinus pinaster (Lorences and
Zarra 1987) and Cucurbita maxima (Wakabayashi et al.
1991). Recently, Talbott and Pickard (1994) reported
differential changes in Mr distribution of xyloglucans in
cell walls on the upper and lower sides of gravitropically
responding epicotyls of Pisum sativum and claimed that
the Mr changes were related to changes in extensibility of
the epidermal cell walls. Furthermore, inhibition of xylog-
fucan breakdown in epicotyls of V. angularis by fucose-
binding lectin and xyloglucan specific antibodies resulted
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Fig. 1.
during cell growth and differentiation.

in inhibition of the auxin-induced cell wall expansion
(Hoson and Masuda 1991, Hoson et al. 1993).  Since plant
tissues contain cellulase, which can hydrolyze xylog-
lucans {(Verma et al. 1975, Koyama et al. 1981, McDougall
and Fry 1990}, the degradation of xyloglucan was consid-
ered as a hydrolase-mediated process. These observa-
tions were interpreted as evidence for a “cleavage model”
for the cell wall loosening, which states that the splitting
of load-bearing xyloglucan molecules by hydrolase is the
key step controlling architectural changes which lead to
cell wall extension, and hence cell expansion growth
{Cosgrove 1989, Fry 1989, Hayashi 1989, Hoson 1993,
Nishitani and Masuda 1981) (Fig. 1A).

The “cleavage model” has long been accepted and the
breakage of load-bearing molecules was considered to be
prerequisite for the stress-relaxation process of the grow-
ing cell wall. This hypothesis, however, does not
account for depositions of cellulose microfibrils and other
polysaccharide. As Ray (1967) demonstrated by means
of electron microscope radioautography, the new cell wall
material is deposited within the preexisting wall structure
as well as at the cell surface. Experiments using meta-
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Four possible unit processes involved in architectural changes in the plant cell wall
(A) Cell wall expansion by simple cleavage of a
load-bearing xyloglucan cross-link as catalyzed by hydrolase.

(B) Cell wall expansion

by molecular grafting hetween xyloglucan cross-links in the preexisting cell wall as

catalyzed by transferase.
transferase.

(C) Cell wall deposition without wall expansion catalyzed by
Molecular grafting between a xyloglucan molecule in the preexisting wall

and one in a newly synthesized wall component results in integration of the new

component into the cell wall.
transferase.

structure by the molecular grafting is coupled with cell wall expansion.

xyloglucan, CM ; cellulose microfibril.

(D) Cell wall expansion with wall deposition catalyzed by
Incorporation of the new wall component into the preexisting cell wall

XG;
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bolic inhibitors of synthesis of cell wall polysaccharides
showed that synthesis of matrix polymers is essential for
auxin-induced cell wall extension (Inouhe et al. 1986,
Inouhe and Yamamoto 1991, Hoson and Masuda 1992).
Thus, the cell wall extension process is not fully explained
merely by the cleavage model, which takes no account of
the fact that cell wall expansion ordinarily must involve
the deposition of new wall polymer (Nishitanii and Masuda
1980, 1982b) (Fig. 1).

3) Endoxyloglucan transferase as a key enzyme for
molecular grafting between xyloglucan cross-links

If the wall expansion process is not achieved by the
cleavage of load-bearing linkages alone, what is its
nature ? The alternative is that certain load-bearing
molecuies between cellulose microfibrils are split and
reconnected to another molecule in the wall network so
as to allow both movement of cellulose microfibrils rela-
tive to one another and integration of new wall material
into the cell wall. The archetype of this hypothesis was
originally advanced by Albersheim as early as the mid-
1970s (Albersheim 1976), although neither the load-bear-
ing molecule nor the enzymatic process was not specified
at that time. This model was subsequently modified by
several researchers (Cleland 1989) and is now accepted
as “chemical-creep hypothesis” (Cosgrove 1993a, 1993c,
Carpita and Gibeaut 1993). The major difference
between the chemical creep model and the hydrolytic
cleavage model is that the latter identifies hydrolases as
mediating the reaction, whereas in the former the catalytic
role is played by transferase capable of mediating molec-
ular grafting between cross-links in the cell wall, particu-
larly between xyloglucans (Fig. 1B, D).

Analysis of Mr distributions of xyloglucans in the cell
walls of Vigna angularis epicotyls by gel permeation
chromatography revealed that the Mr distribution pattern
was precisely controlled during cell growth (Nishitani and
Masuda 1981, 19823, 1983). By ®H-fucose labeling proce-
dures, Talbott and Ray (1992b) determined Mr distribution
profiles of newly synthesized xyloglucans in Pisum
sativum cell walls during cell expansion growth. Their
labeling experiment showed that xyloglucans underwent a
dynamic change that led to both a decrease and an
increase in its Mr during cell growth. These facts implied
the presence in muro of a certain regulatory machinery
controlling molecular weight distribution of xyloglucans.

Incubation of xyloglucans with an average Mr of 420
kDa in solution containing enzyme preparation derived
from the apopiastic or cell wall space of Vigna angularis
epicotyl resuited in production of both higher Mr (820 kDa)
and lower Mr (149 kDa) xyloglucans, which could be
separated based on their solubility in water (Nishitani and
Tominaga 1991). This observation led us to consider that
the apoplastic enzyme preparation mediated transfer of a
large portion of xyloglucan segment from one xyloglucan
molecule to another, a reaction whereby splitting and
reconnection of xyloglucan cross-links in the cell wall
couid be catalyzed. Simultaneously but independently,

Fry and his colleagues also noticed a similar transg-
lycosylation reaction in plant tissues from a tracer labeling
experiment. When a ®H-labeled xyloglucan oligomer was
incubated with suspension cultured spinach cells, a
portion of the radioactivity was incorporated into extracel-
lular polymers of the cultured cell (Smith and Fry 1991).
They also detected similar enzyme activity in crude cell-
free extracts of several plant tissues including Pisum
sativum (Fry et al. 1992). Within a couple of years similar
enzyme activities were reported from two other research
groups (Farkas et al. 1992, Fanutti et al. 1993, Maclachian
and Brady 1994). There was every evidence in favor of
the presence in plant tissues of the transferase capable of
catalyzing segment transfer from one xyloglucan molecule
to another.

Purification and characterization of the enzyme respon-
sible for the molecular grafting between xyloglucans were
made possible by development of two distinct assay
systems : (1) direct measurement of disproportioning of
the Mr distribution of xyloglucan molecules and (2) mea-
surement of transfer of a label from the acceptor xylog-
lucan molecules to the donor molecule. The first method
(Fig. 2A) used a xyloglucan preparation with defined Mr
distribution as the substrate. Since transfer of a portion
of xyloglucan segment from one molecule to another
molecule will result in generation of higher and lower Mr
products, one can quantify the transferase activity by
measuring the degree of disproportioning of the Mr distri-
bution of xyloglucan. The Mr distribution was analyzed
by a GPC system equipped with a pulsed amperometric
detector, which specifically detected carbohydrates in
alkaline solution. In the second method (Fig. 2B), purified
xyloglucan polymers with defined Mr distribution were
used as a donor substrate and fluorescent derivatives of
xyloglucan oligomers (pyridylamino xyloglucan oligomers)
as an acceptor substrate. In this method, transfer of a
xyloglucan segment from the donor to the acceptor
molecule can be quantified by monitoring production of
high Mr labeled xyloglucans by use of the GPC system
equipped with both a pulsed amperometric detector and a
fluorescence spectrophotometer (Nishitani 1992).

With the aid of these two detection procedures, the
enzyme responsible for the molecular grafting between
xyloglucans was finally purified from the apoplastic solu-
tion of epicotyl sections of V. angularis. The enzyme
was a glycoprotein with a molecular mass of about 33
kDa. Based on its molecular grafting activity the new
enzyme was designated as endo-xyloglucan transferase
(EXT) (Nishitani and Tominaga 1992). For their part, Fry's
group used the term, “xyloglucan endo-transglycosylase
(XET) activity” to designate the transferase activity in the
crude tissue extract (Fry et al. 1992). Since the protein for
the XET activity was not isolated or purified, it was not
demonstrated whether the XET activity was atrributable to
the EXT protein or not (Nishitani and Tominaga 1992).

On the other hand, Reid’'s group (Fanutti et al. 1993)
reported that purified sample of Tropaeolum majus
glucanase, which had been identified as a hydrolase that
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Fig. 2. Two assay systems for detection and quantification of endoxyloglucan transferase
activity. (A) Unlabeled xyloglucan polymers (XG) with uniform Mr distribution are used
as the substrate. Degree of disproportioning of the Mr distribution is monitored by GPC
equipped with pulsed amperometric detector which responds specifically to carbo-
hydrates. (B) An unlabeled xyloglucan polymer (XG) with defined Mr distribution and a
xyloglucan oligomer tagged with a fluorescent group (pyridylamino group) (PA) were
used as the donor and acceptor substrates, respectively. The quantity of high Mr
fluorescent xyloglucan is measured by GPC equipped with a fluorescence spectrofluor-

ometer.

specifically hydrolyze xyloglucans (Edwards 1986), ex-
hibited an endo-transglycosylase activity in addition to its
hydrolytic activity. The term xyloglucan endo-transg-
lycosylase (XET) was also used for this T, majus
glucanase. Although the enzymic reaction of T. majus
glucanase {(or XET) looks like that of V. angularis EXT,
they are different because of two major reasons as fol-
lows : 1) T. majus glucanase (or XET) hydrolyzes xylog-
lucans, whereas V. angularis EXT does not exhibit any
hydrolytic activity. 2) 7. majus glucanse (or XET) catal-
yzes endo-transglycosylation between xylgolucan
oligomers, whereas V. angularis EXT exhibits a strict
donor substrate specificity for high Mr xyloglucan poly-
mers and does not acts on low Mr xyloglucans and
xylogicuan oligomers (cf. Nishitani and Tominaga 1992,
Fanutti et al. 1993). Very recently deSilva et al. (1994)
purified a “XET” protein from homogenate of L. es-
culentum fruits by use of the XET assay as developed by
Fry’s group. Sequencing of the purified protein has
shown that the N-terminal amino acid sequence of the L.
esculentum “XET” is identical to the predicted amino acid
sequence of L. esculentum EXT, the cDNA of which had
been cloned and identified as the L. esculentum counter-
part for the V. angularis EXT (Okazawa et al. 1993, also
see Section 5). This result indicates that EXT protein is
responsible for the XET activity.

4) Mode of action of endo-xyloglucan transferase
Donor substrate specificity of EXT was investigated
using various polysaccharides including three xyloglucans
with different side chains and several other polysacchar-
ides, such as carboxymethyl cellulose and g-(1-3) (1-4)-
glucan, as the donor substrate and a pyridylamino xylog-
lucan oligomer as the acceptor substrate. EXT exclu-

sively acted on three xyloglucans derived from Vigna
angularis, Tamarindus indica and Tropaeolum majus
equally, but not on other glucans at all. The donor
substrate activity depended on the Mr of the xyloglucans :
EXT exhibited higher reaction rates when higher Mr
xyloglucans were used as donor substrates. Xyloglucans
smaller than 10 kDa showed little or no donor substrate
activity. Thus, EXT strictly exhibits donor substrate
specificity for high Mr xyloglucans (Nishitani and
Tominaga 1992).

The molecular size of transferred segment depended on
the size of the donor molecule. The average Mr of
transferred segment was found to be about 50-60% of the
average Mr of the donor substrate, regardless of their Mrs.
This means that the donor substrates are cleaved in an
endo-type fashion to produce transferred segments with
an average Mr that equals nearly half (50-60%) of the
donor size. This is the first direct evidence that EXT
actually mediates endo-type transglycosylation (Nishitani
and Tominaga 1992).

Acceptor substrate activities were analyzed using vari-
ous pyridylamino oligosaccharides as the acceptor sub-
strate, and xyloglucan polymers as-the donor substrate.
EXT mediated the transfer of large segments of xylog-
lucan from donor xyloglucans to the three pyridylamino
xyloglucan oligomers equally, irrespective of the presence
of galactosyl or fucosyl side chains in the oligomers. On
the other hand, pyridylamino cellohexaose or laminarihex-
aose did not act as acceptor substrates. Furthermore,
deletion of the terminal xylosy! side chain of xyloglucan
oligomers completely abolished its acceptor substrate
activity. Thus, B-(1-4) glucosyl residue of the non-
reducing terminus with a-(1-6)-xylosyl substitution is
required for the acceptor activity, suggesting that the EXT
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protein recognizes the acceptor substrate in an exo-type
fashion (Nishitani and Tominaga 1992).

EXT-mediated transglycosylation caused no change in
glycosidic linkage compositions of xyloglucans as studied
by 'H-NMR spectrometry and the methylation procedure
followed by gas-chromatography mass-spectrometry (Ni-
shitani and Tominaga 1991,1992). These observations
indicate that a single type of glycosidic linkage, i.e. 8-(1-
4)-glucosyl linkage, is involved in both cleavage and
reconnection reactions (Nishitani and Tominaga 1992).
Based on these findings it was concluded that EXT
catalyzes (1) endo-type splitting of a B-(1-4)-glucosyl
linkage adjacent to the unsubstituted glucosyl residue of
xyloglucan backbone and (2) linking of a newly generat-
ed reducing terminus of the xyloglucan to the non-reduc-
ing terminus of another xyloglucan, and thereby mediates
molecular grafting between xyloglucans.

It should be noticed that the average Mr of xyloglucans
remained constant during EXT-mediated molecular graft-
ing reactions. This fact indicates that the cleaved seg-
ment of the donor molecule is exclusively transferred to
the acceptor xyloglucan molecule but not to water mole-
cule. One possible explanation for this unique reaction
is that the formation of acceptor substrate-enzyme com-
plex is prerequisite for the onset of the cleavage of the -
(1-4)-glucosyl linkage in the donor substrate. Alterna-
tively, the enzyme might have certain structural features
which allow the catalytic site to exclude water molecules,
thereby avoiding transfer of the cleaved segment to water
molecule. Clearly, the EXT-catalyzed xyloglucan graft-
ing reaction is distinct from ordinary reverse reactions of
glycosidase or glycanase, and seems to fit into no existing
category of transglycosylation. Elucidation by X-ray
crystallography of the topology of its catalytic domain,
including binding sites for donor and acceptor molecules,
will offer the opportunity for revealing both the determi-
nant of substrate preference for xyloglucan molecule and
the unique transglycosylation mechanism whereby a
segment of xyloglucan molecules is exactly grafted to
another xyloglucan molecule.

5) Structure of EXT proteins

The primary structure of Vigna angularis EXT protein
was predicted from the open reading frame of Vigna
angularis EXT-cDNA, which had been cloned based on
the NH:-terminal amino acid sequence information of
purified EXT (Okazawa et al. 1993). The deduced amino
sequence indicated the presence of a signal peptide
chiefly composed of hydrophobic amino acid residues, a
characteristic signal peptide destined for initial transfer to
the endoplasmic reticulum. The mature EXT protein is
probably transported via vesicles derived from the Golgi
apparatus and secreted into the apoplast or cell wall
space by exocytosis. The deduced sequence also in-
dicated the presence of one potential attachment site for
an N-linked sugar chain. This result is consistent with
the fact that EXT is glycosylated and secreted into the
apoplast or cell wall space of the epicotyls of V. angularis.

The V. angularis cDNA was used as a probe to isolate
corresponding EXT cDNAs from seedlings of G. max, A.
thaliana, L. esculentum and T. aestivum (Okazawa et al.
1993). The predicted amino acid sequences of the four
EXT proteins are 70-90% identical to the V. angularis EXT
protein. The homology is distributed throughout the
sequence, and the four cysteine residues located in the
COOH-terminal region, which could be involved in two
disulfide linkages, are all conserved in the five plant
species. Thus, the secondary structure, as well as the
primary structure of the EXT protein is highly conserved
among the five plant species, indicating ubiquitous pres-
ence of the EXT protein at least among angiosperms.

6) Roles of EXT in cell wall construction

Although little is known of the molecular events by
which the cell wall network is constructed and rearranged
during cell wall expansion, it is apparent that the events
act through molecular mechanisms that have certain
prerequisites. Firstly, cell wall expansion is closely cor-
related with cell wall deposition so as to allow integration
of new wall material, particularly xyloglucans and cellu-
lose microfibrils, into the cell wall network structure, a
process formerly called intususception. This process is
essential in that it makes it possible for the cell wall to
conserve its thickness and mechanical properties during
cell growth. Secondly, the cellulose microfibrils are
synthesized at the plasma membrane (Delmer 1987),
whereas xyloglucans are polymerized in the Golgi appara-
tus and are discharged into wall space (Ray 1980, Hayashi
and Matsuda 1981). These two sorts of component are
then integrated into the preexisting network structure of
the cell wall thereby remodeling the cell wall architecture
during the wall deposition process. Molecular grafting
reactions between xyloglucan cross-links are required for
the integration process. Evidence strongly suggests that
EXT is likely to play a role as the catalyst in charge of
construction and rearrangement of the cell wall network
structure during cell growth. Biochemical studies as to
EXT actions in cell wall space will provide valuable clues.

Fry’s group compared the XET activity with capacity of
the cell wall to extend in several plant tissues. Along the
root of Zea mays seedling, distribution pattern of XET
activity was closely related to that of the degree of “cell
wall loosening” as estimated by simple comparison
between extension growth rate and turgor pressure in
individual zones along the root (Prichard et al. 1993).
Repeated application of GA to seedlings of a GA-respon-
sive dwarf variety pea (P. sativum L. var Feltham) enhan-
ced elongation growth of the fifth internode and concomi-
tant elevation of the XET activity in the internode tissue
(Potter and Fry 1993). In hypocotyls of intact cucumber
seedlings, IAA-induced elongation growth was correlated
with an increase in the XET activity (Potter and Fry 1994).
Based on these findings Fry and his colleagues conclude
that XET activity is responsible for cell wall loosening
during cell extension growth, and claim that XET activity
represents the wall-loosening enzyme in plants (Fry et al.
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1992, Potter and Fry 1994),

A crude XET preparation derived from cucumber
hypocotyls was assayed for its ability to induce “cell wall
loosening” by means of “extension reconstitution assay”,
a procedure primarily developed by Cosgrove (1989).
This assay system was based on measurement of in vitro
extension of wall specimens which had been prepared by
inactivating tissue sections by freezing and thawing foll-
owed by boiling for 15s. The extension analysis revealed
that the XET fraction did not induce any in vitro extension
of isolated wall specimens derived from cucumber
hypocotyls under the conditions examined (McQueen-
Mason et al. 1993). Thus, XET activity is not sufficient
for the in vitro wall loosening. This negative result,
however, does not exclude the possibility that EXT protein
takes part in the cell wall rearrangement during cell wall
deposition in living cells, and is not inconsistent with our
current idea that EXT protein is responsible for cell wall
construction during cell growth and differentiation.

Very recently, we quantified EXT-RNA levels in various
organs of V. angualris by RNA gel blot analyses, and
found that EXT-mRNA was extensively transcribed in
growing epicotyls of V. angularis plants, particularly in
tissues which exhibited high activities for the cell wall
construction (Nlishitani et al. 1994). The RNA gel bolt
analysis also indicated that Gibberellic acid and indole-3-
acetic acid substantially increased EXT-mRNA levels in
tissue sections excised from the epicotyls. Moreover, 50
mM sucrose, which caused cell wall deposition in the
excised sections, significantly increased EXT-mRNA
levels. These data clearly indicate that the gene expres-
sion for EXT protein is closely correlated with cell wall
deposition as well as cell expansion growth, strongly
suggesting important roles of the EXT protein in both cell
wall extension and cell wall deposition.

7) Xyloglucan related proteins (XRPs)

The GenBank/EMBL data base search reveals that the
EXT proteins are homologous to Tropaeolum majus endo-
B-(1-4)-glucanase (de Silva et al. 1993) and four proteins
with unknown functions, e.g. A. thaliana Meri-5 protein
(Medford et al. 1991), Glycine max BRU-1 protein (Zurek
and Clouse 1994), Zea mays wusl 1005 gene product
(Peschke and Sachs, 1994) and L. esculenium XET-1
protein (Arrowsmith and de Silva 1994, de Silva et al.
1994). Alignment of the ten proteins shown in Fig. 3
indicates that they share several blocks of amino acid
sequences, the homology being distributed throughout the
sequence. The dendrogram based on the UPGMA
method (Fig. 4) indicates that the ten proteins are tenta-
tively classified into three clusters: EXT group, MER-
BRU-XET-WUS group and NXG.

T. majus glucanase specifically hydrolyzes xyloglucans
(Edwards et al. 1986) and is distinct from other glucanases
classified as cellulases (Tucker and Milligan 1991). As
described before T. majus glucanase mediates the transg-
lycosylation reaction between xyloglucan oligomers as a
side reaction (Fanutti et al. 1993), and is now called

xyloglucan endo-transglycosylase (XET). Although V.
angularis EXT does not exhibit hydrolysis activity, the
EXT-mediated transglycosylation reaction involves cleav-
age of a f-(1-4)-glucosyl linkage in the xyloglucan back-
bone. Thus, the EXT and 7. majus glucanase (XET)
share a common molecular process in their catalytic
processes. In support of this idea the conserved amino
acid sequence DEID-EFLG in the EXTs and T. majus
glucanase as indicated by asterisks in Fig.4 is also
conserved among several Bacillus pS-(1-3), (1-4-)-
glucanases which catalyze hydrolysis of 5-(1, 4)-glucosyl
linkage (Borriss et al. 1990). Furthermore, the sequence
is also partially homologous to the sequence at the active
site of phage T4 lysozyme. Thus, it seems quite likely
that the conserved sequence serves as a catalytic center
in both glucanases and EXTs.

A. thaliana Meri-5 protein was identified as a meristem
specific gene by a differential screening (Medford et al.
1991). Analysis of expression profiles of Meri-5
promoter-GUS fusion gene in transgenic N. tabacum and
A. thaliana showed that the gene is specifically expressed
in the meristematic dome and branching points in the
shoot and root. The BRU-1 protein was isolated as a
brassinosteroid-regulated gene product from G. max
epicotyls (Zurek et al. 1994, Zurek and Clouse 1994).
RNase protection assays showed that BRU1 mRNA levels
were preferentially high in both hypocotyls and epicotyls
of soybean plants, and were enhanced by application of
brassinosteroid. The wusl005 clone was isolated from
Z. mays as an oxygen-deprivation inducible gene {Pesch-
ke and Sachs 1994). The clone for L. esculentum XET-1
was screened from a tomato fruit (breaker stage) cDNA
library using a DNA fragment with sequence homologous
to 7. mjus glucanase as a probe. The recombinant XET-
1 protein produced in E. coli was shown to exhibit xylog-
lucan endo-transglycosylase activity following purifica-
tion and refolding (de Silva et al. 1994).

Although the function of the first three proteins is still
unknown, their structural similarity to the L. esculentum
XET-1 protein and T. majus glucanase (XET) as well as
EXT proteins, strongly suggest their enzymatic functions
are related to xyloglucans. As shown in the dendrogram
in Fig. 4, there is every evidence that the ten proteins
belong to a single family. For this family we propose
tentatively the term “xyloglucan related proteins”, to be
abbreviated as XRPs. It is likely that XRPs with slightly
different catalytic activities plays specific roles in cell wall
construction, a complex process composed of several
different types of reactions as shown in Fig. 1.

Gene expression of T. majus glucanase (de Silva et al.
1993), L. esculentum XET (Arrowsmith and de Silva 1994,
de Silva et al. 1994), V. angularis EXT (Nishitani et al. 1994)
and A. thaliana Meri-5 (Medford et al. 1991) are all strictly
regulated spatially and temporally : 7. majus glucanase is
extensively expressed in cotyledons, L. escufentum XET-1
in ripening fruit, V. angularis EXT in growing epicotyls and
A. thaliana meri-5 in meristematic tissues. Also G. max
BRU-1 and Z. mays wusl1005 are controlled by brassinos-
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.3. Alignment of EXT proteins and five related proteins. The deduced amino acid

sequences of EXT proteins and five gene products with the most homologous amino
acid sequences were aligned using the multiple alignment program on CLUSTAL W
Multiple sequence alignments software package (version 1.4). Sequences were
obtained from GenBank. Abbreviations and accession numbers for the ten gene
products are as follows: EXT-A.t.: A. thaliana EXT, D16454 ; EXT-V.a.: V. angularis
EXT, D16458; EXT-L.e. L. esculentum-EXT, D16456 ; EXT-G.m.: Glycine max EXT,
D16455 ; EXT-T.a.: T. aestivum EXT, D16457 ; MER-A.t.. A. thaliana meri-5, X82683 ;
BRU-G.m.: G. max BRU-1, L22162; XET-L.e. L. esculentum XET1, X82685; WUS-Z.
m.: Zea mays wush008, U15781; NXG-T.m.: 7. majus NXG-1. Of these, the residues
that are identical among the ten sequences are shown in reverse contrast, whereas
similar amino acid residues are enclosed by squares. Similar residues are defined as
those that belong to the same group: groupi: A,S,T,P,G; groupll: N,D,E, Q;
groupill: H,R,K; group IV: L,M,I; groupV: F,Y,W. Asterisks indicate sequence
conserved in several Bacillus f-(1-3), (1-4) glucanases.
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Fig. 4. Possible evolutionary relationship among the EXT proteins and five related proteins.
A UPGMA dendrogram showing the genetic distances estimated based on comparisons
of deduced amino acid sequences corresponding to mature protein domains using a
multiple alignment program on Gene Works software packaging is shown. The ten
proteins can be classified tentatively into three groups, EXT-family, MER-BRU-XET-

WUS family and NXG (also see Fig. 3).

feroid and oxygen depletion, respectively. The versatile
responsiveness of the XRP-family genes to develop-
mental and environmental signals might reflect the fact
that cell growth and differentiation, in which XRPs take
part, is regulated by a wide spectrum of signals of differ-
ent types.

In conclusion, the discovery of endo-xyloglucan trans-
ferase (EXT) is a substantial clue to the elucidation of the
molecular machinery by which cell wall expansion and
deposition processes are controlled. This discovery has
also disclosed the presence of a group of xyloglucan
related proteins (XRPs), some of which exhibit transferase
activity. The evidence strongly suggests the usefulness
of XRP genes as promising probes to analyze the mecha-
nism through which the dynamic architecture of the cell
wall is regulated by hormones and environmental signals.
Thus, further investigations of gene expression for XRPs
will offer the opportunity for a unique approach for explor-
ing the molecular processes responsible for cell wall
expansion and deposition, and hence cell growth and
differentiation.

The author is grateful to Dr. Takayuki Hoson of Osaka
City University and Dr. Shigehisa Okamoto of Kagoshima
University for their helpful discussions and critical reading
of the manuscript.
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