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Abstract
Xyloglucan has been hypothesised to hydrogen-bond to cellulose microfibrils in the plant cell
wall. This has been further suggested to allow the xyloglucan molecules to tether adjacent
cellulose microfibrils and act as a control of wall loosening and cell expansion.
Transglycosylation of xyloglucan molecules would provide a mechanism by which such loadbearing tethers could be cleaved and reformed, allowing a transitory wall loosening without
any loss in wall integrity. An enzyme (XET) that catalyses the endotransglycosylation of
xyloglucan has previously been reported.
A radiochemical assay for XET was employed to measure the levels of activity in plant tissue
extracts. To ensure that there was no enzymatic degradation of radiolabelled substrate by
exoglycosidases the reaction products were analysed by gel permeation and thin-layer
chromatography. No degradation of the radiolabelled substrate was noted.
XET activity was extracted and partially characterised from light-grown tall pea internodes.
Samples of activity were chromatographed on Sephadex G-75 to reveal a single major peak of
activity with an apparent molecular weight of approximately 33 kDa. This activity was applied
to a concanavalin-A Sepharose column and a further small peak of activity eluted with methyl
a-D-mannopyranoside indicating that the enzyme was glycosylated. Substantial amounts of
activity were lost at this stage. An insoluble matrix of chemically crosslinked xyloglucan was
synthesised and tested as a possible affinity matrix for XET. The activity failed to bind to this
crosslinked substrate under a variety of conditions.
XET activity was extracted from gibberellin-treated dwarf and tall pea internodes, gibberellintreated lettuce hypocotyls, gibberellin- and auxin-treated cucumber hypocotyls, gibberellintreated oat stem segments, and the media and cell walls of gibberellin-sensitive spinach cell
suspension cultures. Activity was found to correlate positively with gibberellin-promoted
growth and endogenous growth. Auxin-promoted elongation and lateral growth of cucumber
hypocotyls were also correlated with a rise in activity. An unusual and apparently wall-bound
form of activity was extracted by a NaCl-containing buffer from young spinach cultures and
was present at elevated levels in gibberellin-treated cultures. Activity accumulated in the
medium of cell cultures during the later stages of growth, although at a lower level in
gibberellin-treated cultures.
The potential roles of )(ET in muro are discussed in relation to the correlations with hormoneinduced and endogenous growth. I suggest that the enzyme acts to integrate newly secreted
xyloglucan into the wall matrix and control the molecule weight of xyloglucan in muro in
tandem with biosynthetic mechanisms within the cell.

xii

1.1 Plant Growth.
1.1.1 Plant growth requires cell expansion.
Plants develop via three mechanisms: cell division, cell expansion,
and differentiation.
Growth is an irreversible increase in cell volume and can only proceed
through cellular expansion. Cell division is the origin of a cell, and occurs by
mitosis in the apical, lateral, and intercalary meristems of the plant. Cell
division alone does not result in growth since there is no obligatory
concurrent increase in cell volume during this process, although cell division
is an essential prerequisite for maintained growth. The maximum period of
cell expansion occurs after new cells leave the meristem.

1.1.2 Cell expansion depends on two interrelated processes.
For expansion a cell requires turgor pressure, which must be
maintained by the uptake of water to account for the increase in volume
(Cleland, 1971; Cosgrove, 1986). This turgor pressure is generated as water
moves down the osmotic gradient formed across the semi-permeable plasma
membrane by the accumulation of solutes within the protoplast. This creates
a hydrostatic pressure on the cell wall (Zimmerman et al., 1978). Increasing
the solute concentration inside the protoplast relative to that outside will
cause an influx of water into the protoplast and increase the turgor pressure,
assuming that the hydraulic conductivity is not limiting (i.e. the water may
pass freely into the cell), although there are tissues where the hydraulic
conductivity proves limiting (Boyer, 1985; Tomos, 1985; Tomos et al., 1989),
for example where water travels from xylem to expanding cells (Nonami and
Boyer, 1987).
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If a cell has sufficient turgor pressure for expansion to occur, there
must also be an increase in existing cell wall area to allow this expansion. The
Lockhart equation (Lockhart, 1965) relates turgor pressure with the yield
threshold (the turgor pressure above which plastic deformation of the wall
occurs) and the wall extensibility.

dlnL

dt

-

inK

(tP0+7t-Y)

m+K

where dlnL/dt is the strain rate (proportional increase in length, L, with
time, t), m is wall extensibility, K is the hydraulic conductance, Tois the
water potential outside the cell, it is the osmotic pressure within the cell, and
Y is the yield threshold.
Assuming that K is much larger than m, which is often the case
(Cosgrove, 1986) this may be simplified to:

dlnL
dt

=m(P-Y)

where P is the turgor pressure (F0+7).
In a turgid cell the elastic elements within the cell wall will be
extended and the wall will be effectively restraining growth. For plastic
deformation and resultant extension of the wall there needs to be either a
decrease in the yield threshold and/or an increase in the wall extensibility
(Green et al., 1971; Cosgrove, 1986; Passioura and Fry, 1992). Changes in wall
biophysics must therefore require biochemical events at the molecular level
of the cell wall.

3

1.2 The primary plant cell wall.

1.2.1 The primary plant cell wall is constructed around a network of
orientated cellulose microfibrils.
The primary plant cell wall (that is, the non-lignified growing cell
wall) is laid down as a series of layers, often in a semi-helicoid fashion
(Wolters-Arts et al., 1993), each layer consisting of a microfibriliar phase
(cellulose) and a matrix phase of other polysaccharides and glycoproteins.
The cellulose is enmeshed in the matrix creating a complex macro-molecular
network capable of restraining the turgor-driven expansion of the
protoplasm.
The cellulose molecules are composed of unbranched p(1->4)-Dglucopyranose residues with a degree of polymerisation of <3000, which are
clustered together in units of 60-70 molecules to form a microfibril of 4-5 nm
wide (Brown, 1982; McCann et al., 1990).
A microfibril is largely paracrystalline in structure, the crystal unit
maintained by intra- and intermolecular hydrogen-bonding. There is,
however, some structural heterogeneity within the microfibrils (Brown,
1982).
The orientation of microfibrils determines the physical and tensile
properties of the cell, and hence the direction of cell expansion and organ
growth (Green, 1980; Preston, 1982). During expansion there appears to be
little degradation of the cellulose (Maclachlan, 1977) but the microfibrils do
move apart (Preston, 1982). This places significant emphasis on the
surrounding matrix in regulating the properties of the wall.
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1.2.2 The primary plant cell wall matrix consists of numerous
polysaccharides and glycoproteins.
The polysaccharide fraction of the primary plant cell wall matrix has a
high proportion of hemicelluloses, which in dicotyledonous plants is chiefly
xyloglucan, and in monocotyledonous plants, mixed-linkage glucans (Wada
and Ray, 1978; Carpita, 1984; Fry, 1989b), along with xylan and several other
hemicelluloses.
Various acidic and neutral pectins are also found in the cell wall and
middle lamella, such as arabinogalactan, rhamnogalacturonan I and II,
homogalaturonan.
Structural proteins in the wall usually belong to a class of
hydroxyproline rich glycoproteins known as extensins (Darvill

et al.,

1980),

which contain repeating Ser-(Hyp)4 and, in some cases Tyr-Lys-Tyr, with
arabinosyl tn- and tetrasaccharide attached to the Hyp residues (Cassab and
Varner, 1988; Cooper et al., 1987).
A large number of enzymes are also found in the wall (for review see
Lamport and Catt, 1981; Fry, 1985): enzyme activities include peroxidase,
invertase, cellulase (endo 3(1->4)-D-glucanase), f3(1-+3)-D-glucanase, acid
phosphatase, pectinase, pectin methylesterase, malate dehydrogenase,

I-

glucosidase, a-xylosidase, 13-xylosidase, a-galactosidase, and 3-galactosidase.
A recent addition to the list of enzyme activities present in the wall is
xyloglucan endotransglycosylase (Smith and Fry, 1991).

5

1.2.3 The cross-links between cell wall matrix components may regulate
wall properties.
The matrix polymers are rendered insoluble in situ by the formation of
a variety of crosslinks, which may be covalent, ionic, or hydrogen-bonds
(Fry, 1986).
Several models of the primary cell wall have been hypothesised
incorporating crosslinks between wall components, although no single
model has gained universal acceptance. The complexity of the plant cell wall
suggests that there may be no simple model of the primary cell wall.
Keegstra et al. (1973) proposed (later modified by Albersheim, 1978)
that covalent linkages between cellulose-bound xyloglucan and
rhamnogalacturonan-I were principal factors, although evidence for
xyloglucan'-'rhamnogalacturonan-I is lacking (Monro, 1976; Darvill et al.,
1980; McNeil et al., 1984) and consequently it seems that hemice11u1osepectin heteropolymers are unlikely to play an important role in the cell wall.
The glycoprotein extensin may form cross-links between tyrosine
residues due to a peroxidase coupling of two residues to form isodityrosine,
which has been found in the wall (Fry, 1982b).
Lamport and Epstein (1983) stressed the importance of covalent crosslinks between extensin molecules, which they hypothesised would make up
a concatenated structure with the cellulose microfibrils, which could then be
surrounded by a gel of pectins and hemicelluloses. In their model they
suggest that the extensins run perpendicular to the cell surface to form a
regularly spaced network through which the cellulose microfibrils run at
right angles, a 'warp/weft' arrangement. It was further suggested (Lamport,
1986) that regions of extensin with arabinosyl tn- and tetrasaccharide units
have a straightened rod shape whereas unsubstituted regions lose this

structure (Strahstrom and Staehlin, 1986) and strengthened substituted
regions may act as spacers between the fibrils. Despite isodityrosine being
found in the wall (Fry, 1982b) little is actually known about the formation of
such linkages in muro.
Pectins and arabinoxylans may also be crosslinked by phenolic
residues, such as diferulic acid (Fry, 1986). Ferulic acid is found attached to
arabinose and galactose residues (Fry, 1982a, 1983) which may again be
crosslinked by wall peroxidases to form an intermolecular diferulate
between adjacent polymer chains.
Ionic interactions are particularly likely between charged polymers,
such as many pectins. Pectins will form gels with Ca2+ in vitro and Ca2+ may
form bridges between pectins in vivo (Jarvis, 1982). Pectin molecules can
bond through the formation of Ca2+-induced 'junction zones' (Rees, 1977)
between two antiparallel pectin molecules (Jarvis, 1984; Powell et al., 1982).
Such junction zones may stack into 'eggbox' structures holding together four
or more molecules provided sufficient Ca2+ is available (Jarvis, 1984).
Methylesterification of pectins prevents formation of calcium bridges
(Yamaoka and Chiba, 1983; Yamaoka et al., 1983), although pectin (thought to
be secreted as a methylesterified polymer [Kauss and Hassid, 1967]) can be
demethylesterified by pectin methylesterase. The extraction of pectin from
onion cell walls, however, does not appear to disrupt wall integrity (McCann
et al., 1990).
Due to the polyhydroxylic and hydrophilic nature of many matrix
polymers there is a potential for many hydrogen bonds, both intra- and
intermolecular, to form. Hemicelluloses, particularly xyloglucan, will
hydrogen-bond to cellulose in vitro (Bauer et al., 1973; Chambat et al., 1984;
Hayashi et al., 1987, 1994) and similar bonds are likely to occur in vivo
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(Monro et al., 1976; Chambat et al., 1984; Hayashi and Maclachian, 1984b;
Hayashi et al., 1987; Levy et al., 1991) probably between the glucan backbone
and the surface of the cellulose microfibril (Hayashi et al., 1987) and thus the
structure of the xyloglucan and particularly and side groups could influence
this bonding (Levy et al., 1991).

cellulose microfibril

Fig 1.1. Schematic representation of the hypothesised tethering of adjacent cellulose
microfibrils by hydrogen-bonded xyloglucan.

Of all the models of the dicotyledonous primary plant cell wall
currently the most acceptable feature is the hypothesis that xyloglucan
molecules form crosslinks, by hydrogen bonding, between adjacent cellulose
microfibrils (Fig 1.1). Xyloglucan does not appear to bind with itself in
solution and consequently is more likely to form a monolayer on the
cellulose microfibrils. The cell walls of dicotyledonous plants contain more
xyloglucan than would be necessary to coat the microfibrils (Hayashi et al.,
1987) and thus it has been suggested that xyloglucan binds to two or more
adjacent microfibrils and acts as a tethering crosslink (Hayashi and
Maclachian, 1984b; Hayashi et al., 1987; Fry 1989ab; Hayashi, 1989; McCann et
al., 1990). Spanning regions of xyloglucan between microfibrils have been
visualised under the electron microscope (McCann et al., 1990) and extracted

[s1

xyloglucan molecules have lengths between 150-1500 nm which could easily
span the distance (20-40 nm) between adjacent microfibrils (McCann et al.,
1990).
The potential tethering role of xyloglucan in the cell wall has led to
much interest into xyloglucan metabolism in muro.

1.3 Xyloglucan.

1.3.1 Xyloglucan is a substituted -(1--A)-g1ucan.
Xyloglucan is a major polysaccharide component of the
dicotyledonous cell wall matrix, constituting approximately 20-25% of the
wall dry weight (McNeil et cii, 1984; Fry, 1989b; Hayashi, 1989).
Xyloglucan is a backbone of 3(1->4)-g1ucopyranose residues (Aspinall
et al., 1969) with a degree of polymerisation of 200-3000 residues (Hayashi et
al., 1980; Nishitani and Masuda, 1982, 1983; Fry, 1989b, 1992). The backbone
glucan is substituted at 0-6 with a-D-xylopyranose on 60-75% of the residues
(Bauer et al., 1973; Kato and Matsuda, 1976; Hayashi, 1989; Joseleau and
Chambat, 1984). A further 20-40% of the a-D-xylopyranosyls are substituted
at 0-2 with 3-D-ga1actopyranose which may be 0-acetylated on mainly the
oxygen at carbon position 6 and occasionally on the oxygen at carbon
positions 3 or 4, or have an additional substitution of L-fucopyranose at 0-2
(York et al., 1988; Kiefer et al., 1989). A smaller proportion of the nonxylosylated glucopyranose residues are cL-L-arabinofuransylated at 0-2
(Kiefer et al., 1990). In some species of monocotyledonous plants there is
feruloylation at 0-4 of the xylose residues (Ishii and Hiroi, 1990; Ishii, 1991).
Unsubstituted glucose residues are more prevalent in Nicotiana (Mori et al,.
1980) and in the Graminaceae (Shibuya and Misaki, 1978). In the

Graminaceae and seed storage xyloglucans (e.g. nasturtium and tamarind)
fucosyl-substitutions are rare or absent (Shibuya and Misaki, 1978; Labavitch
and Ray, 1978; Kato et al., 1982; Kato and Matsuda, 1985), although a recent
report demonstrates the presence of fucose in the xyloglucan of suspensioncultured Festuca cells (McDougall and Fry, 1994b); and in the Solanaceae
there is a higher arabinosyl content (Ring and Selvendran, 1981).

1.3.2 Xyloglucan metabolism in muro.

1.3.2.1 Auxins promote the degradation of xyloglucan
In many plants auxin-induced growth is accompanied by xyloglucan
degradation and solublisation from the wall (in pea: Gilkes and Hall, 1977;
Jacobs and Ray, 1975; Labavitch and Ray, 1974ab; Terry and Bonner, 1980;
Terry et at., 1981; in Vigna, Nishitani and Masuda, 1982, 1983; in Pinus,
Lorences et al., 1987abc; in Avenci, Inhoe et al., 1984; in Oryza, Revilla and
Zarra, 1987). Auxin-induced growth and xyloglucan degradation can be
blocked by fucose-specific lectins (Hoson and Masuda, 1991) and antibodies
for the xyloglucan-derived oligosaccharides XXLG and XXXG (Hoson et al.,
1991). The molecular weight of alkali extractable xyloglucan also decreases
during acid- or auxin-induced growth (Nishitani and Masuda, 1982, 1983;
Inohue et al., 1984; Lorences and Zarra, 1987c).
Endo- 3(1-->4)-D-glucanase activities (cellulases; EC 3.2.1.24) have also
been shown to be associated with the effects of auxin in Pisum (Hayashi et al.,
1984b). Messenger RNAs for cellulases were greatly enhanced by auxin
treatment in pea epicotyls (Verma et a!, 1975; Hayashi and Ohsumi, 1994).
The expression of an isoenzyme for another glucanase, 13(1—*3, 1—*4)glucanase, has been shown to be regulated by auxin and gibberellin in barley
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(Slakeski and Fincher, 1992). Auxin may also rapidly regulate the expression
of other genes (Guilfoyle, 1986; Theologis, 1986; Key, 1989).
In vitro incubations of cell wall and tissue 'ghosts' prepared from pea
epicotyls with purified cellulases from auxin-treated pea resulted in a largescale degradation of xyloglucan and smaller increase in cellulose chain ends
(Hayashi et al., 1984b). Incubation of Avena coleoptiles with bacterial endo-13
(1-4)-D-glucanases, however, did not promote elongation (Ruesink, 1969),
although similar incubation with cortical cells of sunflower stems resulted in
radial enlargement and some cellular disintegration (Kawase, 1979).

1.3.2.2 Acid pH alone results in xyloglucan degradation.
Auxin activates proton pumps in the plasma membrane of the cell
which acidify the cell wall space (Cleland and Rayle, 1978). Acidification of
the wall results in, without auxin treatment, a linear degradation of
xyloglucan with time (Nishitani and Masuda, 1982). The response to acid pH
is shorter-lived than the response to auxin. Acid-growth and auxin-induced
growth may operate by two different mechanisms (Kutschera, 1994).
The activity of endo-(1---4)-D-glucanases is optimal at pH 5.5-6.0 and
acidification of the wall could be hypothesised to result in an increase of
xyloglucan degradation by the promotion of endo-(1-4)-D-glucanase,
although in vitro the enzyme was only activated 1.3-fold by a change from
neutral pH (Byrne et al., 1975).
Acid pH may also affect other wall constituents. Fry (1986) showed
that peroxidase, which could crosslink wall proteins and polysaccharides
with phenolic side-groups (as previously described in section 1.2.3) was
inhibited by both acid pH and Ca2 . Pectinesterase, which will
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demethylesterify pectins and allow gelling where sufficient Ca2 is available,
was also inhibited by acidic pH.
Other changes that have been suggested to account for the acidgrowth response centre around membrane induced changes in the ionic
status of the wall and thus the ionic interactions between wall components
(Moustacus et al., 1986; Ricard and Noat, 1986; Tepfer and Taylor, 1981). An
influence on lectin interactions has also been suggested (Bates and Ray,
1981).

1.3.2.3 Gibberellic acid does not appear to cause the degradation of
xyloglucan.
In lettuce hypocotyls it was shown that gibberellin treatment had no
effect on the amount of xylose or glucose in the cell wall, or in products
recovered from the medium (Jones, 1980); however both exo- and
endoglucanase activities were found to be promoted in a gibberellin-deficient
dwarf of the monocotyledon maize on treatment with GA3 (Carpita and
Kanabus, 1988). In gibberellin-treated dwarf pea epicotyls (internode V)
some induction of endo-(1-4)-D-glucanase was noted although this did not
correlate with the growth kinetics and, when expressed as a specific activity,
showed no increase after gibberellin-treatment (Broughton and McComb,
1971).

1.3.2.4 Xyloglucan cleavage produces a distinctive series of
oligosaccharides.
Non-substituted D-glucose residues of xyloglucan are susceptible to
hydrolysis by fungal and many plant cellulases (EC 3.2.1.4). Some plant
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cellulases require several continuous unsubstituted glucose residues
(Truelsen and Wyndaele, 1991).
Gal
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Figure 1.2. The structures of several xyloglucan-derived oligosaccharides. Nomenclature is
that of Fry et al., 1993a. Old names in brackets. N.h. XG8 may also have the structure XLXG
(present in a 3:1 ratio [)(XLG to XLXG] in tamarind xyloglucan [York et al., 1990]).
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The cellulolytic digestion products of xyloglucan are a distinct series of
oligosaccharides which indicates that a polymeric xyloglucan molecule is
constructed from conserved structural units (Fig. 1.2).
The main oligosaccharides so far characterised are XXXG, XXLG,
XLLG (Kooiman, 1961); XXG (Kato and Matsuda, 1980a); XXXG and XXFG
(Kato and Matsuda, 1980b; Valent et al., 1980; Hayashi et al., 1984b;
McDougall and Fry, 1991a); XLFG (Matsuishita et al., 1985); XFFG
(Hisamatsu et al., 1991); and XXFGAXXG (Kiefer et al., 1989).

1.3.2.5 Xyloglucan oligosaccharides possess biological activity.
FG and XXFG (at an optimum concentration of 10 9M) have been
shown to antagonise the auxin-induced elongation of sections of Pisum stems
(York et al., 1984; McDougall and Fry, 1988; McDougall and Fry, 1989a;
Emmerling and Seitz, 1990; Hoson and Masuda, 1991) although this effect is
lost at higher concentrations (10-7M) with XXFG but not with PG (McDougall
and Fry, 1989ab).
XLLG, XXFG, XXLG, and XXXG at higher concentrations, with an
optimum of 10 6M, will mimic the elongation-inducing effects of auxin in
pea stem segments (McDougall and Fry, 1990).
The mechanism of biological activity has yet to be uncovered.

1.3.2.6 Xyloglucan (and other polysaccharides) are synthesised de novo
during growth.
Polysaccharides are synthesised and deposited into the wall at
increased rates during cellular expansion compared with non-growing
tissues (Baker and Ray, 1965ab; Abdul-Baki and Ray, 1971; Hayashi and
Maclachian, 1984b; Brummell and Hall, 1983; 1985; Kutschera and Briggs;
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1987). Auxin-induced growth of rice coleoptiles and pea internode segments
requires the synthesis of matrix polysaccharides but not cellulosic ones
(Hoson and Masuda, 1992; Brummell and Hall, 1985; Kutschera and Briggs,
1987). Hoson and Masuda (1992) suggested that synthesis is involved in
plant cell wall loosening but indirectly. For growth to continue there will
need to be synthesis and deposition of cell wall polymers.

1.4 Transglycosylation.

Assuming that hydrogen-bonded xyloglucan crosslinks adjacent cellulose
microfibrils and plays an important role in cell wall structure, continued
endohydrolysis of xyloglucan could be expected to damage wall integrity,
and some 'repair' reaction could be necessary to ensure that wall strength is
maintained. Endotransglycosylation has been suggested as such a 'repair
mechanism' (Albersheim, 1976) since the glycosidic bond cleaved is
reformed. An enzyme activity capable of catalysing such a reaction with
xyloglucans has been identified (Baydoun and Fry, 1989; Smith and Fry,
1991; Smith, 1992; Farkag et al., 1992; Fry et al., 1992; Nishitani and Tominaga,
1991, 1992, Fanutti et al., 1993).

1.4.1 Transglycosylation is the transfer of a glycosyl moiety from a donor
molecule to an acceptor molecule.
In the case of xyloglucan endotransglycosylase, a donor xyloglucan
molecule is cleaved (mid-chain or near the reducing terminus; a cleavage at
the non-reducing terminus would be exotransglycosylation) and transferred
onto the non-reducing terminus of an acceptor xyloglucan molecule to form
an a chimaeric xyloglucan molecule where the new reducing terminus is that
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of the acceptor xyloglucan molecule (Smith and Fry, 1991). The mechanism
of such a reaction is likely to involve a glycosyl-enzyme intermediate (Voet
and Abeles, 1970). The size of the new xyloglucan molecule will be
dependent on the position of cleavage within the donor xyloglucan molecule
and the size of both of donor and acceptor xyloglucan molecules.
Exotransglycosylation would transfer only a small portion of a
polysaccharide, whereas endotransglycosylation could transfer a large
glycosyl moiety.

1.4.2 Transglycosylase activity can be shown by hydrolases in vitro.
Enzymatic hydrolysis is a similar reaction to transglycosylation, the
acceptor substrate being water instead of an alcohol. Many hydrolases will
also use an alcoholic (e.g. glycosyl) acceptor substrate in vitro provided it is
present in high enough concentrations (Bacon and Edelman, 1950; Blanchard
and Albon, 1950).
This transglycosylase activity has been described in glycosidases, such
as glucosidases (Barker and Bourne, 1952; Crook and Stone, 1953; Barker et
al., 1955; Yamamota and Nevins, 1979; Tanaka et al., 1982; Kaushal et al.,
1989), galactosidases (Pazur, 1954; Dey and Pridham, 1972; Dey, 1979), and
fructosidases (Carnie and Porteous, 1963; Cooper and Greensheilds, 1964). In
such cases the reaction will only measurably proceed as transglycosylation at
low water, high substrate concentrations.

1.4.3 Hydrolysis and transglycosylation may share a common catalytic
mechanism.
Glycosyl enzymatic hydrolysis has been shown to proceed via a
glycosyl-enzyme complex intermediate (for review see Franck, 1992); for
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example 13-glucanases and xylanases (for review see Clarke et al., 1993),
dextransucrases (Asem et al., 1986), levansucrases (Chambert and GroznyTreboul, 1976). The glycosyl-enzyme complex is formed between the glycosyl
and carboxylate side chain of an aspartic acid or glutamic acid residue
(Sinnott, 1990) to give a covalent glycosyl-ester with the enzyme. Since many
hydrolases can act as transglycosylases under appropriate conditions (section
1.4.2) it is probable that the transglycosylation reaction also proceeds via an
glycosyl-ester intermediate, the acceptor substrate differing being another
glycosyl moiety instead of water.

1.4.4 Endotransglycosylation is

found

in varied polysaccharide

metabolism.
Specific endotransglycosylases have also been described. The 'Denzymes or starch disproportionating enzyme [a-(1--4)-D-g1ucan
D-glucanosyltransferase BC 2.4.1.25] of Bacillus (Peat et al., 1954; Manners and
Rowe, 1969; Lin and Preiss, 1988) is an often cited example, catalysing the
cleavage of an a-(1--4) bond to remove a maltosyl or larger glycosyl from
the glucan donor and transferring this moiety onto an acceptor glucan via
another a-(1--+4) linkage (Walker and Whelan, 1957).
Dextransucrases ((X-D-glucosyltransferases EC 2.4.1.25) and
levansucrases (3-D-fructosyltransferases BC 2.4.1.100) convert sucrose into
polymers, e.g. during dental plaque formation (McGhee and Michalek, 1981),
via transglycosylation of monosaccharides from donor sucrose onto the
acceptor polysaccharide. Both classes of enzyme can also be shown to have a
weak hydrolytic activity (Sinnott, 1990).
An endo-13(1->3)-D-glucanase from a mollusc (Bezukladnikov and
Elyakova, 1990) and a fungal chitinase (Usui et al., 1990) have also been
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shown to catalyse the endotransglycosylation of their substrates under
certain high substrate, low water conditions, although their roles in vivo are
likely to be hydrolytic.
An extracellular plant dextranase has been claimed to catalyse an
endotransglycosylation in vitro (Heyn, 1981) although its purpose again
remains ambiguous since dextran is not a component of the plant cell wall.

1.4.5 An endo-3(1—*4)-D-g1ucanase involved in the metabolism of
nasturtium seed storage xyloglucans is also an endotransglycosylase.
A xyloglucan-specific endo-(1—>4)-D-glucanase purified from
germinated nasturtium seeds (Edwards et al., 1986) was later shown to
catalyse endotransglycosylation reactions (Fanutti et al., 1993). The enzyme
was found to hydrolyse the xyloglucan linkages normally broken by
'cellulases and further incubation resulted in the formation of larger
oligosaccharides which could only be explained by transglycosylation
reactions (Fanutti et al., 1993). Hydrolysis is predominant at low xyloglucan
concentrations, and an equilibrium between hydrolysis and
transglycosylation is reached as the hydrolytic reactions increase the number
of non-reducing termini (transglycosylation acceptors) and thus encourage
transglycosylation (Fanutti et al., 1993). This enzyme is likely to be involved
in the mobilisation of xyloglucan storage reserves in the seed during
germination (cf. the metabolism of starch storage reserves).

In

1.5 Xyloglucan endotransglycosylase activity has been found in plants and
associated with cell wall metabolism.

Baydoun and Fry (1989) noted that 31-1-labelled xyloglucan nonasaccharide
fed to rapidly growing spinach cultures was not broken down but instead
was incorporated into a stable high molecular weight soluble extracellular
polymer, which was digested by Trichoderma cellulase to produce a 31-1labelled oligosaccharide similar to that fed. They suggested that this
incorporation was into polymeric xyloglucan and was mediated by an
endotransglycosylation reaction.
Smith and Fry (1991) reported that Spinacia, Daucus, Rosa, Capsicum,
Zea, and Festuca cell cultures had the ability to incorporate radiolabelled
oligosaccharide into polymeric material, and this polymer was indicated to
be xyloglucan. It was also demonstrated that the reducing terminus of the
added oligosaccharide stayed reducing showing that the oligosaccharide was
the transglycosylation acceptor and the polysaccharide the donor (Fig. 1.3),
i.e. the oligosaccharide was transferred onto the polysaccharide xyloglucan
donor.

0000000000000000000 + 00•
- 000000000000 + 0000000000
Figure 1.3 The apoplastic endotransglycosylation reaction of xyloglucan nonasaccharide
onto xyloglucan (Smith and Fry, 1991). Donor xyloglucan polysaccharide (....00000
and xyloglucan oligosaccharide (OO•) where D is the donor xyloglucan reducing terminus
and • is oligosaccharide reducing terminus.

Xyloglucan oligosaccharides were also demonstrated to promote the
degradation (as measured viscometrically) of xyloglucan incubated with an
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acidic 'cellulase extracted from Phaseolus (McDougall and Fry, 1990). The
authors suggested that the oligosaccharides were promoting the hydrolytic
activity of the cellulase. In the light of more recent evidence it seems that the
Phaseolus

extract may have contained not a cellulase but an

endotransglycosylase that reduced the molecular weight of polymeric
xyloglucans by incorporating low molecular weight oligosaccharides.
By incubating purified xyloglucans from the cell wall of Vigna
epicotyls with an apoplastic enzyme preparation from the same tissue
Nishitani and Tominaga (1991) reported the formation of a population of
xyloglucan with a higher molecular weight than the original xyloglucans,
and suggested that this increase in molecular weight was again due to
endotransglycosylation reactions.

1.5.1 Potential roles of xyloglucan endotransglycosylase.
Xyloglucan metabolism (section 1.3.2) is an important factor in the cell
wall that can be linked with the action of auxin- and acid-induced growth via
the hydrolysis of xyloglucan molecules stretched between cellulose
microfibrils. On the assumption that the xyloglucan-cellulose network is of
major load-bearing significance, the continued hydrolysis of xyloglucan
molecules would be expected to result in a loss of wall strength. A repair
step, where either there is a de novo synthesis and deposition of new
xyloglucan into the cell wall or a reformation of the glycosidic bonds broken
during hydrolysis, would prevent this loss of wall strength.
Transglycosylation (section 1.4) would reform any glycosidic bonds
broken by forming a new chimaeric molecule with another xyloglucan
molecule, thus preventing the potential loss of wall strength. By breaking
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and reforming the bonds the cell wall could be temporarily loosened as the
stressed xyloglucan molecules are cleaved and then rejoined.
Endotransglycosylation could also integrate nascent xyloglucan into
the wall. A major population of xyloglucan is tightly bound into the wall
very soon after secretion (Edelmann and Fry, 1992b), and this integration
could be helped by covalent binding of xyloglucan with that already
hydrogen-bonded into the wall. This may be an important stage in the
deposition of nascent xyloglucan into the wall.
Hydrolytic breakdown of xyloglucan results in the production of
distinctive oligosaccharides (section 1.3.2.5) which have "anti-auxin" and
"auxin-mimicking" activities; and may also act as competitive acceptor
substrates against polymeric xyloglucan for XET. These roles could be
related, and the xyloglucan-cellulose network in the wall could be modified
by the interaction of hydrolases and endotransglycosylases.
The presence of exoglycosidases in the wall could also modify the
non-reducing terminus of polymeric xyloglucan and oligosaccharide XET
acceptor substrates, and modify their abilities to exhibit 'auxin mimicking'
activity (Lorences and Fry, 1993).
Xyloglucan is dynamic within the wall, and there are several potential
roles, for both the polysaccharide and the enzymes involved in its
metabolism.

1.6 Aims and objectives.

The major aims of this work are (a) to investigate some of the properties of
XET extracted from growing pea internodes, and (b) to investigate the role of
XET activity during hormone-induced growth.
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The main objectives of the work described in this thesis are:
the reliable and accurate assay of XET activity in vitro from extracts of
various plant tissue, and to ensure that the assay is measuring solely the
endotransglycosylation reaction and not the degradation of enzyme
substrates by other cell wall enzymes;
the partial characterisation of the enzyme responsible for XET activity in
growing pea internodes in respect to molecular weight and
glycosylation;
the use of chemically-crosslinked xyloglucan as a substrate for XET and
to assess its potential as an affinity matrix for use in a rapid and specific
purification of XET activity;
the changes in XET activity during endogenous and hormone-promoted
growth in various well-characterised plant hormone bioassay systems,
with a view towards understanding the possible physiological and
molecular roles of XET during plant growth;
to discuss the work in the light of the broader body of plant cell wall
research.
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Chapter 2.
Materials and Methods
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2.1 Plant material.

2.1.1 Glasshouse grown material.
Pisum sativum L. (varieties Feitham First and Pilot) were grown under
glasshouse conditions except where stated otherwise. Seeds were soaked
overnight in running tap water before being sown. Plants were grown in 16 h
daylight cycle with maximum temperature of 240C and a minimum of 160C.
Avena sativa L. (var. Victory) was grown under the same conditions.

2.1.2 Cabinet grown material.
Cucumis sativa L. (var. Boston Pickling) and Lactuca sativa L. (var.
Arctic King) were grown in a Fisons growth cabinet under 24 h light
conditions at a constant 230C ± 10C. Lighting was supplemented with
tungsten halide lamps. The average photon flux density was 3.2 jimol m 2s4
Lettuce seeds were germinated on filter paper wetted with 5 mlvi KC1,
0.1 mM CaCl2 solution in complete darkness for two days and transferred
into the growth cabinet (as above).
Cucumber seeds were soaked in aerated water for 4 hours before
being planted in vermiculite wetted with 25% (v/v) Hoaglands solution (see
appendix) and germinated in darkness for 48 h (230C ± 0.10C) and
transferred into the growth cabinet (as above) for a further 48 h prior to
treatment.

2.1.3 Cell suspension cultures.
Spinacia oleracea L. cv Monstrous Viroflay cultures (derived from line
GlO of Dalton and Street, 1976) were used as experimental material. The
cultures had previously been subcultured for 7 years in the presence of 10
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M GA3 (added as a solution in DMSO, the culture medium having a DMSO
concentration of 0.005% [v/v]) and this line was named Gb/C. A control
cell line had been grown for 7 years in the presence of 0.005% (v/v) DMSO
alone and named G10/D (maintenance of cell lines courtesy of J. Miller,
University of Edinburgh). The cultures were incubated at 250C and rotated
at 110 rpm. The average photon flux density was 2.5 tmol m2 s.
All cultures were handled under aseptic conditions; fresh media
(appendix 1) and glassware was sterilised by autoclaving (1210C at 15 psi)
prior to use. All manipulations were carried out in a laminar flow cabinet.
For time courses suspension cultures were maintained in individual
Sterilin pots ('30 nil). Approximately 5 cm3 of well-mixed, freshlysubcultured spinach cell suspension was pipetted with a sterile wide-bore
pipette into new Sterilin pots and the tops were lightly sealed ensuring that
they were not airtight. Growth conditions were as described for the main
cultures.
GA3 solutions were added to autoclaved media as solutions in DMSO
to prevent microbial contamination.
The cell lines were subcultured every fourteen days. Medium was
detailed in appendix 1.

2.1.4 Etiolated pea.
Pisum scitivum L. (var. Feltham First) were germinated (section 2.1.1)
and sown in wetted vermiculite. Growth was in complete darkness for 4 d.
Average temperature was 210C.
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2.2 Enzyme assays.

2.2.1 Tissue extraction.
Experimental tissues were dissected from the plant and immersed in
2:1 (for pea) or 4:1 (for lettuce, cucumber, and oat) [volume buffer to fresh
weight of tissue] ice cold buffer solution [50 mM succinate (Nat; pH 5.5), 10
mM ascorbate, 10 mM CaC12, 1 mM DTT] and ground by hand in a mortar
and pestle until thoroughly homogenised. Samples were then centrifuged at
2500g (<40C) for 10 min to clear solid matter. The supernatant was retained.
Where specific salt extracts were prepared, the residue was washed in
several volumes of distilled water and finally with 1 M NaCl, 50 mM
succinate (Nah pH 5.5), 10 mM ascorbate, 10 mlvi CaC12, 1 mM DTT. After
each wash the residue was retained by centrifugation at 2500g for 10 mm. All
stages were completed at 040C. Supernatants were retained.
For cellulase assays the tissue was extracted in 50 mlvi acetate buffer
(Nat; pH 4.7) with 1 M NaC1 and I mM DTT. The homogenate was
centrifuged at 2500g for 10 rnins and the supernatant assayed for cellulase
activity immediately.
The effects of storage conditions on the XET activity of pea stem
extracts was assessed by extraction and incubation in buffers with and
without sulphydryl reagents 0 mM DTT or 1 mM 2-mercaptoethanol) at
both 0°C and 250C. At specified time points 10 il aliquots of the extracts
were assayed for XET activity as detailed in Section 2.2.2.

2.2.2 Radiochemical assay for XET.
20 l substrate solution (2 mg m14 of tamarind seed xyloglucan
[courtesy of J.S.G. Reid, University of Stirling] and 75 kBq m1 1 of
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[3H]XXXGo1 [courtesy of P.R. Hetherington, University of Edinburgh] in 50
mM succinate (Nat; pH 5.5), 10 mM ascorbate, 10 mM CaC12, 1 mM DTT)
was mixed with 10 tl tissue extract and incubated for I h at 250C. The
reaction was stopped by the addition of 100 p.1 20% (w/v) formic acid. The
products were dried on a 5 x 5cm square of Whatman 3MM chromatography
paper, which was then washed for 45 min in running water to remove
unused [3H]XXXGo1 and redried at 600C, prior to non-aqueous scintillation
counting (Section 2.5.1.3)

2.2.2.1 GPC of radiolabelled assay products.
Reaction products from the above assay were applied to a 1.5 x 150 cm
column of Bio-Gel P-2, equilibrated and eluted with pyridine:acetic
acid:water (1:1:23 by volume; pH approximately 4.5). Internal nonradiolabelled markers of dextran (Mr approximately 9000), maltoheptaose,
and glucose were added and detected in the eluate (section 2.5.4). Eluted
fractions were assayed for radioactivity (section 2.5.1.2).

2.2.2.2 TLC of radiolabelled assay products.
Fractions of GPC-separated reaction products (Section 2.2.2.1) were
vacuum-concentrated to dryness and redissolved in 28 j.il distilled water and
10 p.1 applied to a 20 x 20 cm silica G60 TLC plate (glass backed) and allowed
to dry. TLC plates were developed once in the solvent system described by
Fanutti et al. (1993), propanol:nitromethane:water (5:2:3 by volume). A
radioactive marker of pure [3H]XXXGo1 (0.5 0) and non-radioactive markers
of maltoheptaose (2 p.11% (w/v) solution in distilled water) and D-glucose (2
p.11% (w/v) solution in distilled water) were used. Radiolabelled products
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were detected as described in section 2.5.3, and non-radiolabelled markers,
section 2.5.2.

2.2.2.3 Reconstituted radiochemical XET assay using remaining oligomeric
reaction products.
The remaining 18 p1 of the dried GPC fractions was added to 2 p1 20
mg m1 tamarind xyloglucan in 100 mM succinate (Nat; pH 5.5), 100 mM
ascorbate, 100 mM CaC12, 10 mM DTT. This was then mixed with 10 p1 of an
-1.ammonium sulphate-precipitated pea stem protein extract (-20 mg ml11;
Section 2.3.1) as the basis of a reconstituted XET assay, and incubated at 250C
for 1 h. The reaction was stopped by the addition of 100 p1 20% (w/v) formic
acid and dried onto a 5 cm x 5 cm square of Whatman 3MM chromatography
paper, which was then washed under running water for 45 min and redried
at 600C. The squares were then assayed for 3H by non-aqueous scintillation
counting (section 2.5.1.3)

2.2.3 Fluoro-chemical assay of XET (cf. Nishitani, 1992).

2.2.3.1 Digestion of polymeric xyloglucan to crude oligosaccharides
mixture.
A 1% (w/v) tamarind xyloglucan solution in 50mM sodium acetate
buffer pH 4.7 was mixed with 0.1% (w/v) Trichoderma viride cellulase (Sigma
C 2274) and incubated for 5 h at 250C, made up to 70% ethanol by the
addition of absolute ethanol and centrifuged at 2500g for 5 mm. The
supernatant was freeze-dried and stored at 40C.
Further samples were incubated for 24 h under the same conditions,
and the products isolated as described above.

Prior to reductive amination, the 5 h digested tamarind
oligosaccharide preparation was fractionated by GPC (as described in
Section 2.2.2.1 without the inclusion of internal markers; carbohydratecontaining fractions were detected as described in Section 2.5.4).
Carbohydrate-containing fractions with Kay values characteristic of
xyloglucan oligosaccharides (hepta-, octa- and nonasaccharides) were
collected and dried under vacuum.
The same methodologies were used to produce nasturtium
oligosaccharides from nasturtium xyloglucan.

2.2.3.2 Reductive amination of oligosaccharides with 2-aminopyridine.
(after Hase et al., 1979)
I mg crude tamarind oligosaccharide mixture (section 2.2.3.2), 1 mg
samples of a 24 h Trichoderma digest of nasturtium xyloglucan and tamarind
xyloglucan, I mg maltoheptaose (Sigma), 1 mg malto-oligosaccharides (a
mixture of tetra- to decasaccharides [Sigma]), and I mg D-glucose were
individually dissolved in 20 pJ aliquots of distilled water.
The coupling reagent contained 83 mg 2-aminopyridine, 32 mg
sodium cyanoborohydride, 37 p.1 acetic acid in 0.33 ml methanol, of which 80
p.1 was added to each saccharide in a tightly sealed eppendorf and incubated
for 5hat7O°C.

2.2.3.3 Cation exchange of reductive amination reaction products.
Individual 1.3 ml bed volume columns of Dowex 50X2 (H 100-200
mesh) were washed with 1 M HC1 followed by deionised water until eluate
had a neutral pH. The reaction products from the reductive amination with
2-aminopyridine were applied and washed through with 10 ml deionised
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water. The columns were eluted with 10 ml 0.6 M NH3 (aq) and the eluate
was dried under vacuum.

2.2.3.4 GPC of cationic reductive amination reaction products.
Samples were dissolved in 0.5 ml 20 mM acetic acid and applied to a
150 x 1.8 cm column of Bio-Gel P-2, equilibrated and eluted with 20 mM
acetic acid.

2.2.3.5 Detection of 2-aminopyridine derivatives.
UV absorbance of GPC fractions at 235 nm was measured. The UV
spectra of absorbing peaks were also recorded. All measurements were made
in a Beckman DU-64 UV-visible spectrophotometer.

2.2.3.6 TLC of 2-aminopyridine derivatives.
10

jtl

of 235 nm-absorbing GPC fractions were loaded onto 20 x 20 cm

silica G60 TLC plates (glass backed) and developed in propan-1ol:nitromethane:water (5:2:3 by volume) or chloroform:methanol:water (5:4:1
by volume). 2-Aminopyridine derivatives were visualised under lowwavelength UV light (254 nm), and carbohydrates were detected as
described in section 2.5.2.

2.2.4 Use of 2-aminopyridine derived-oligosaccharides as XET acceptor
substrates.
GPC fractions containing a putative mixture of (2-pyridyl)aminoXLLG, (2-pyridyl)amino-XXLG/XLXG and (2-pyridyl)amino-XXXG were
dried under vacuum. Fluorescent oligosaccharides (10 tg) were redissolved
in 50 mM succinate (Nat; pH 5.5), 10 mM ascorbate, 10 mM CaC12, 1 mM
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DTT, containing 2 mg m1 tamarind xyloglucan, and 20

tl

added to 10 pi

enzyme extract and incubated for I h at 250C. The reaction was stopped by
the addition of 20 i1 90% (w/v) formic acid and dried onto 2 x 2 cm squares
of Whatman 3MM chromatography paper. The papers were then washed
under running water for 1 h and redried. Fluorescence was directly
visualised under low-wavelength UV light (254 nm).

2.2.5 Assay for cellulase activity.
Tissue extracts (0.5 ml) were added to 1 ml 2% CMC (high viscosity) in
50 mM acetate (Nat; pH 4.7) buffer and gently mixed and incubated at 250C.
Flow time was noted in a fine bore 2 ml pipette at 0, 15, 30, 1 h, and 2 h time
points. Comparative viscosities were calculated relative to the flow times of
boiled-extract controls.

2.3 Characterisation and partial purification of XET.

2.3.1 Ammonium sulphate precipitation.
Tissue extracts (section 2.2.1) were made up to 1.2 M (NH4)2SO4 and
left to stand on ice for 15 mm. Samples were then centrifuged at 20000g for 30
min at 0°C. The supernatant was decanted, adjusted to 2.4 M (NH4)2SO4
and left to stand for a further 15 min on ice. Samples were recentrifuged at
20000g for 30 min at 0°C and the supernatant discarded. The protein pellet
was stored at -180C and redissolved in appropriate buffer prior to use.

2.3.2 GPC of enzyme extracts.
Ammonium sulphate precipitated samples were redissolved in 0.5 ml
50 mM succinate (Nat; pH 5.5), 10 mM ascorbate, 10 mM CaC12, 1 mM DTT
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buffer (0.8 mg ml-1 protein) and applied to 130 cm3 bed volume column of
Sephadex G-75 equilibrated and eluted with the above buffer. All column
runs were at 040C. Protein was detected in eluted fractions by UV
absorbance at 280 nm.

2.3.3 Desalting on Bio-Gel P-6.
Samples (0.5 ml) were applied to 5 cm3 bed volume columns of BioGel P-6 equilibrated and eluted in the desired buffer. Proteins were detected
by UV absorbance at 280 nm.

2.3.4 Lectin-affinity chromatography.
Desalted samples (100 ig ml-1 protein) in 200 mM NaCl, 10 mM
succinate (Nat; pH 5.5), 1

m CaCl2, 1 m MnC12,, 1 mM DTT, were applied

to a 10 cm3 bed volume column of Concanavalin-A Sepharose (Pharmacia)
equilibrated in the same buffer. The column was washed with the above
buffer until the UV absorbance at 280 nm was zero. The column was then
eluted with 200 mM NaCl, 10 mM succinate (Nat; pH 5.5), 1 mM CaCl2, 1
mM MnC12, 1 mM DTT, 100 mM methyl a-D-mannopyranoside until UV
absorbance at 280 nm was zero.

2.3.5 Crosslinked xyloglucan-affinity chromatography.

2.3.5.1 Crosslinking xyloglucan with epichiorohydrin.
A 1% solution of tamarind xyloglucan was precipitated by the
addition of ethanol to 70% (v/v). The precipitate was washed in further
absolute ethanol and oven dried at 600C. The residue was ground to a fine
powder by mortar and pestle.
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Three variably linked gel-types were made by varying the
epichlorohydrin:water ratio in the reaction mixture. To 1 g aliquots of
prepared xyloglucan the following were added:

0.28 ml epichiorohyrin, 1.25 ml 30% (w/v) NaOH (aq), 0.775 ml water;
0.55 ml epichorohydrin, 1.25 ml 30% (w/v) NaOH (aq), 0.5 ml water;
0.825 ml epichorohydrin, 1.25 ml 30% (w/v) NaOH (aq), 0.225m1 water.

Reagents were added to the xyloglucan individually in the order
stated above with constant stirring and incubated for 18 h at 250C. The
mixture was then neutralised by washing with 50 mM sodium acetate
followed by copious distilled water. Gels were then serially dehydrated in
70% (v/v), 90% (v/v) and absolute ethanol before being oven-dried to a
constant mass at 600C and ground to powder.

2.3.5.2 Stability of gels to acid and basic pH, and Trichoderma cellulase.
A sample of each of the three crosslinked-xyloglucan gels (100 mg)
was rehydrated and washed in either 2 M HC1 and 2 M NaOH and incubated
for 24 h at 250C. A further sample (100 mg) of each of the three gels was
rehydrated and washed in acetate buffer [Nat; pH 5.01 and incubated for 24
h at 250C in the presence of 0.1% (w/v) Trichoderma cellulase (Sigma). All
samples were then washed thoroughly (x3) and redried to a constant
volume. Percentage loss in dry weight was calculated.

2.3.5.3 Crosslinked xyloglucan gel as an XET donor substrate.
Samples of crosslinked xyloglucan gels were hydrated and washed in
pH 5.5 (succinate; Nat ) buffer. Three replicate samples of gel a and gel c (30
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mg dry weight) were incubated with 20 il ammonium sulphate-concentrated
pea stem protein extract (400 pg protein) and 10 p1 [3H])(XXGo1 (containing
1.5 kBq) both in pH 5.5 (50 mM succinate [Nat]; 10 mlvi ascorbate ENai; 10
mM CaC12; 1 mM DTT) buffer for I h at 250C. The reaction was stopped by
the addition of 200 p1 20% (w/v) formic acid. The samples were then
centrifuged (2000g for 5 mm) and the supernatants removed and assayed for
[3H] polymeric xyloglucan by drying onto Whatman 3MM paper, washing
for 45 min in running tap water, redrying and non-aqueous scintillation
counting (Section 2.5.1.2) of the paper. The remaining crosslinked xyloglucan
gel was washing in deionised water and recentrifuged (three times) and
dried at 600C, then assayed directly for bound tritium by non-aqueous
scintillation counting (Section 2.5.1.2).

2.3.5.4 Binding of protein and XET activity to crosslinked xyloglucan gels.
Samples of crosslinked xyloglucan gel were hydrated as described in
Section 2.3.5.3. Three replicate samples (30 mg dry weight) of each gel type
were incubated with 20 p1 ammonium sulphate-concentrated pea stem
protein extract (400 tg protein) in pH 5.5 (50 mM succinate [Na]; 10 mN'I
ascorbate [Nat]; 10 mM CaC12; 1 mM DTT) buffer for 1 h at 250C. The
samples were then centrifuged (2000g for 5 mm) and the supernatants
removed and assayed for protein (Section 2.5.5) and XET activity (Section
2.2.2).

2.3.5.5 Use of crosslinked xyloglucans as affinity matrices.
Gels rehydrated in 50 mM succinate(Na), 10 mlvi ascorbate, 10 mM
CaC12; pHs 4.5-6.5 were used in 5 cm3 bed volume columns equilibrated in
the same buffer. Protein-containing eluates from GPC, enriched in XET
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activity, ammonium sulphate-precipitated and desalted, were applied (0.5
ml; 200 p.g m1 1 protein) to the column and eluted with the above buffer until
UV absorbance at 280 nm was zero. Gels were then eluted in 2M NaCl or
0.2% (w/v) tamarind seed xyloglucan in 50 mM succinate (Na), 10 mM
ascorbate, 10 mM CaC12; at pHs 4.5-6.5. Eluate was assayed for XET activity
(section 2.2.2) and protein was detected by UV absorbance at 280 nm.

2.3.6 Cellulose chromatography.
Cellulose powder (Sigma, microgranular) was washed thoroughly in I
M NaOH followed by copious deionised water. To a 10 cm3 bed volume
column of washed cellulose equilibrated in 50 mM succinate (Nat pH 5.5)
buffer was added 0.5 ml protein solution enriched in XET activity
(fractionated by GPC, concentrated by ammonium sulphate precipitation,
and desalted; 200 tg m1 protein) and eluted with 50 mM succinate (Nat),
10 mM ascorbate, 10 mM CaC12, pH 5.5 buffer and the eluate assayed for
XET activity (section 2.2.2). Eluted protein was detected by absorbance at 280
uJsi,

2.4 XET in growing plant tissues.

2.4.1 Pea internodes.
Internode numbers were labelled upwards from the base of the plant,
i.e. cotyledonary node, internode I, internode II etc.

2.4.1.1 Treatment with GA3: internodes I, II, and III.
Fourteen days after sowing, 80 plants were sprayed with 400 to 500 ml
of 0.1mM GA3 in 0.1% (v/v) DMSO or with 0.1% (v/v) DMSO alone.
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Five plants of each treatment were randomly harvested at 24 h
intervals for the week following treatment. Successive internodes (numbered
from the cotyledonary node) were measured, excised, and weighed.

2.4.1.2 Treatment with GA3: internode V.
Fourteen days after sowing 80 plants were sprayed as section 2.4.1.1.
This treatment was repeated at subsequent 48 h intervals throughout the
experiment.
Five plants of each treatment were randomly harvested at 48 h
intervals and internode V was measured (±1 mm), excised, and weighed.

2.4.2 Lettuce hypocotyl.

2.4.2.1 Treatment with GA3.
Germinated seedlings were transferred to a double layer of filter
paper soaked in 5 mM KO, 0.1 mM CaC12, 100 tM GA3 (added in 90% (v/v)
ethanol; final ethanol concentration 0.4% (v/v)) or 5 mM KC1, 0.1 mM CaCl2,
0.4% (v/v) ethanol.
Seedlings were harvested from replicate Petri dishes every 24 h for the
week following treatment; the hypocotyl was measured (by overhead
projection ± 0.2 mm), excised, and weighed.

2.4.3 Cucumber hypocotyl.

2.4.3.1 Treatment with GA3 and IAA.
In cucumber seedlings (4 d) when the hypocotyl was just in excess of 2
cm, a 2 cm segment of hypocotyl (measured from the cotyledonary node
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down) was carefully marked with India ink, and each plant was treated by
the apical application of a 10 l droplet of 90% ethanol containing 300 iM
GA3, 6 .iM IAA, both or neither.
Six plants were harvested either at 24-h intervals for 5 d, or at 6, 24, 30,
and 48 h. At time points over 5 d following treatment the marked sections of
hypocotyls were measured, excised, and weighed

2.4.4 Oat stem segments.

2.4.4.1 Treatment with GA3 and IAA.
Oat plants 45 d old were used. The third internode was located and a
1.2 cm section including the node and the internode above taken. The section
was transferred immediately to distilled water. Petri-dishes (9 cm diameter)
were filled with two sheets of filter paper and 4.5 ml growth media which
contained either 30 iM GA3 or 10 M IAA, both, or neither, along with 0.1
M sucrose in all treatments.
At 24 h intervals for 72 h following treatments replicate Petri dishes of
Avena stem sections were taken and the node and leaf sheath carefully
dissected away; the stem was retained and measured (± 1 mm).

2.4.5 Spinach cell-suspension cultures.

2.4.5.1 Cell lines.
Spinach cell suspension cultures were sub-cultured at 14-day
intervals, 30 ml of old culture being aseptically pipetted into 200 ml of fresh
sterile medium. Line GlO has been shown to be promoted in cell expansion
by GA3 (Fry and Street, 1980). In an attempt to enhance the effectiveness of
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exogenous GA3, two sub-lines were produced: for 7 years, line G10/G had
been grown in the presence of 0.1 iM GA3 (10 jil of 2 mM GA3 in DMSO was
added per 200 ml medium at each sub-culturing), whereas line G10/D had
been grown in the same concentration (0.005%, v/v) of DMSO in the absence
of GA3 (culture maintained by J. Miller, University of Edinburgh). For the
experiments described here, the G10/G cells were freed of residual
exogenous GA3 by washing with 11 of sterile, GA-free medium followed by
three 2-week passages in GA-free medium.

2.4.5.2 Spinach cell culture treatments.
Both G10/G and G10/D spinach cell lines were sub-cultured into
fresh medium with or without 10 M GA3 and 5-ml aliquots of the
suspension were aseptically pipetted into 60-ml Sterilin pots. Samples were
cultured for the following 15 days, duplicate pots being harvested for each
time point.
The spent medium of spinach cell suspension cultures was assayed for
XET directly. Cells were filtered through a Poly-Prep column (Bio-Rad) and
the spent medium was retained for assay of XET activity. For investigation of
ionically wall-bound XET, cells were further washed in 30 ml water, then
mixed with 1 ml 50 mM succinate (Nat, pH 5.5) buffer containing 1 M NaCl
and incubated at room temperature for 15 mm. The salt wash was collected
and assayed.

2.5 General methods.

2.5.1 Scintillation counting.

2.5.1.1 Aqueous samples.
Aqueous radioactive samples were mixed with ten volumes of a
scintillation mixture containing 0.33% (w/v) 2,5-diphenyloxazole and 0.033%
(w/v) 1,4-bis(5-phenyl-2-oxazolyl)benzene in toluene:Triton X-100 (2:1 v/v)
and samples assayed in a Beckman LS 5000CE liquid scintillation counter.
Quench curves were obtained courtesy of R.C. Smith.

2.5.1.2 Non-aqueous samples.
Non-aqueous samples (e.g. [3H]xyloglucan bound to Whatman 3MM
paper) were counted in 22 ml scintillation vials with approximately 2 ml of a
scintillation mixture containing 0.5% (w/v) 2,5-diphenyloxazole and 0.05%
(w/v) 1,4-bis(5-phenyl-2-oxazolyl)benzene in toluene.

2.5.2 TLC plate staining for carbohydrates.
TLC plates were sprayed with 2% (w/v) orcinol, 10% (v/v) sulphuric
acid in methanol and heated at 1050C for five minutes or until markers were
clearly visible.

2.5.3 TLC plate scanning for tritium.
TLC plates were scanned by an Isomess 1M3000 Radio-TLC analyser
(R.I.T.A; Nuclear Interface, MUnster, Germany).
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2.5.4 Assay for carbohydrates (Dische, 1962).
Carbohydrate (hexose) content of aqueous samples (0.5 ml) was
determined by the addition of 0.2% (w/v) anthrone in concentrated
sulphuric acid (1 ml) and heating in a boiling water bath for 5 mm. Once
cooled, the absorbance was read at 600 nm. Glucose was used as the
standard.

2.5.5 Assay for proteins.
Protein content of aqueous samples (200 p1) was determined by the
addition of Bio-Rad Protein Assay Reagent (800 il). The absorbance at 595
nm was measured after 15 mm. Bovine serum albumin was used as the
standard and dilutions were made as necessary.
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3.1 Assays for XET activity in plant tissue extracts.

3.1.1 Introduction.
Baydoun and Fry (1989) found that [fucosyl-3H]XXFG, acetylated
[ftwosyl-3H])(XFG, and [xylosy/-3H])O(FG were incorporated into higher
molecular weight material in the apoplast of spinach cell suspension
cultures. Smith and Fry (1991) used [r.t.-1-3H]XXFG O(XFG labelled at
position 1 of its reducing terminal D-glucose residue), and showed a similar
incorporation of 3H label into higher molecular weight polymer in the
apoplast of Spinacia, Daucus, Rosa, Acer, Capsicum, Zea, and Festuca cell
cultures, and further identified the higher molecular weight 3H-labelled
material as polymeric xyloglucan. There had been no breakdown of the [r.t.1-3H]XXFG so the incorporation into polymer was achieved by
transglycosylation. The [r.t.-1-3H]XXFG remained reducing after
incorporation into polymer showing that the [r.t.-1-3H]XXFG was the
glycosyl acceptor and the polysaccharide the donor.
This incorporation of 3H-labelled xyloglucan oligosaccharides into
polymeric xyloglucan by transglycosylation was used as the basis of an in
vitro assay of XET activity extracted from Dicotyledons, Graminaceous and
Liliaceous Monocotyledons, and Bryophytes (Fry et al., 1992).
The aim of the following experiments was to evaluate the reliability of
this radiochemical test as used for the in vitro assay of enzyme extracts from
various plant tissues, specifically that the incorporation of radiolabelled
oligosaccharide acceptor substrate was not compromised by the enzymatic
inactivation of this substrate (e.g. the removal of essential xylose residues by
(x-xylosidases).
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Another method of assaying XET was tested, using (2-pyridyl)aminoxyloglucan oligosaccharides as fluorescent-labelled substrates (Nishitani,
1992), with the aim of enabling the qualitative visual recognition of XET
activity as dot blots on Whatman 3MM chromatography paper, a
potentially useful method for the large scale screening of many plant extracts
or visualising XET protein on native electrophoresis gels.

3.1.2 Extraction of XET activity.
From all assayed tissues of pea, lettuce, cucumber, and oat the
majority of activity was immediately soluble in a low ionic strength buffer,
less than 5% was subsequently extractable in salt-containing buffer (data not
shown). Appreciable amounts of activity were, however, salt-extractable
from young (0-4 d from subculturing) spinach cell cultures.

3.1.3 Radiochemical assay of XET using [3H]XXXGo1 as a radiolabelled
substrate.
The radiochemical assay of XET (section 2.2.2) was similar to that
described by Hetherington and Fry (1993). The buffering was changed from
50 mM phthalate (Nat; pH 5.5) to 50 mM succinate (Nat; pH 5.5), to avoid
the interference of phthalate with protein estimations at 280 nm, without any
effect on the assay, and 10 mM ascorbate and 10 mM CaC12 were added to
enhance XET activity (Fry et at., 1992).
XET activity was noted to be very stable, apart from an initial
reduction within the first 2 h after extraction in all cases; storage at 0°C
resulted in little further degradation over a 24 h period (Fig. 3.1.1). Storage at
250C resulted in the loss of over two thirds of the activity extracted within
24 h.

43

The addition of DTT (or 2-mercaptoethanol [data not shown]) to the
buffer promoted XET activity by up to 20%, although an initial decline in
activity over the first 2 h was still apparent. The stability of XET at 250C was
also enhanced in buffer containing 1 mM DTT, with little loss of activity from
2 h to 24 h. Samples stored with DTT at 0°C showed no loss of activity after
the first 2 h.

3.1.4 Analysis of assay products for enzymatic degradation.
Radiolabelled assay products were analysed by GPC and TLC to
determine whether the [3H]XXXGo1 acceptor substrate had undergone any
degradation that could affect its ability to act as an acceptor substrate and
thus prevent its incorporation into polymeric xyloglucan by
endotransglycosylation.

3.1.4.1 GPC of 3H products.
Samples were separated and the eluate assayed for 3H and
carbohydrate (section 2.2.2.1). Samples chromatographed were [3H]XXXGo1
and the reaction products from the radiochemical assay of an ammonium
sulphate concentrated-extract from internode III of tall genotype pea (section
2.3.1), assayed as described in section 2.2.2; three replicate assays were
combined (390 tl; 90 kcpm) for GPC.
Untreated [3H]XXXCo1 acceptor substrate contained no high
molecular weight radioactive material, and all the 3H eluted in a single peak
(Fig. 3.1.2a). An arnmonium sulphate-concentrated extract caused the
majority of the [3H]X)(XGo1 to be incorporated into high molecular weight
material within one hour (Fig. 3.1.2b). Some residual material was found
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remaining in the oligosaccharide region. Kinetic data obtained with the same
extract shows the reaction had reached equilibrium before 15 mm (Fig. 3.1.3).

3.1.4.2 TLC of 3H products.
Samples were taken from the GPC eluate describe above. The
remaining oligosaccharide and high molecular weight excluded-material
from the GPC eluate of the reaction products were separated by TLC (section
2.2.2.2) and scanned for radioactivity (section 2.5.3). External markers of
[3H]XXXGo1, maltoheptaose and glucose were used.
Radioactive material from the void volume of the GPC column did not
migrate from the origin (Fig. 3.1.4a), suggesting that it was polymeric
[3H]xyloglucan. The remaining oligosaccharide resolved into two peaks, one
of a lower mobility and one of a higher mobility (Fig. 3.1.4.b) than the
[3H]XXXGo1 external marker. This remaining oligosaccharide material is less
than 20% of the original [3H]XXXGo1 and may represent an impurity of
either other [3H]oligosaccharides, non-xyloglucan radioactive material, or
degraded [3H]XXXGo1.

3.1.4.3 Remaining oligosaccharide material as a potential XET acceptor
substrate.
A comparison of [3H]X)(XGo1 and the remaining oligosaccharide
material (from GPC of the assay products) in reconstituted XET assays
showed that the remaining oligosaccharide material contained a small
proportion of viable acceptor substrate (Fig. 3.1.5). However, the maximum
percentage incorporation of remaining oligosaccharide material into
[3H]xyloglucan polymer was only 17%, compared with up to 70% for
[3H]XXXGo1.
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3.1.5. Synthesis of fluorescent oligosaccharides.
Fluorescently-labelled compounds were synthesised from the
Trichoderma-digestion products of nasturtium and tamarind xyloglucan,
commercially-obtained malto-oligosaccharides, and

D-glucose

using a

modified version of the methodology described by Hase et al. (1979) and
employed by Nishitani (1992).
The crude tamarind (5 h digest) oligosaccharide mixture (prepared as
described in Section 2.2.3.1 and used in the preparative synthesis of [2pyridyl]amino-oligosaccharide substrates for use in XET assays) contained
several putative oligosaccharides when analysed by TLC (Fig. 3.1.9a). Spots
(a), (b), and (c) co-migrate in the same region as maltoheptaose and have Rf
values comparable with the previously purified [3H]oligosaccharide alditols
of XLLG, XXLG (and XLXG), and XXXG respectively, and agree with the
expected limit-digestion oligosaccharides of tamarind xyloglucan (York et al.,
1990; Fanutti et al., 1991, 1993). Spot (d) may have been a faint trace of XXG or
xylosyl-glucose and there was a further minor constituent that co-migrated
with the glucose marker. Slower migrating components, spots (e), (f), and (g)
and possibly some overlapping constituents, were presumed to be partially
digested higher molecular weight oligosaccharides (Fanutti et al., 1993)
indicating that the tamarind xyloglucan was not fully digested after the 5 h
incubation with Trichoderma cellulase. To remove the putative highermolecular weight oligosaccharides the mixture was chromatographed by
GPC on Bio-Gel P-2 and only the fractions containing the lower-molecular
weight material used in the coupling reaction with 2-aminopyridine.
GPC of nasturtium xyloglucan-derived (24 h) fluorescent material
(Fig. 3.1.6a) produced three UV absorbing peaks, corresponding to
oligosaccharides (Kav 0.42 A235=0.306), monosaccharides (Kav l .0;

A235=0.08), and excess 2-aminopyridine (Kav=1.33; A2350.860). The 2aminopyridine appeared to interact with the column material and
consequently eluted after the included volume. UV spectra in 0.02 M acetic
acid (pH 3) showed Xmax for the oligosaccharide peak of 236nm and 310
nm (Fig. 3.1.6b); for the monosaccharide peak of 232 nm and 300 nm (Fig.
3.1.6c). This agrees with the Figures for 2'max (pH 1) quoted by Hase et cii.
(1979) of 235 nm and 305 nm for 1-deoxy-1-[(2-pyridyl)amino]-D-glucit 0l
whilst 1-deoxy-1-[(2-pyridyl)amino]-D-glucit0l independently synthesised as
a standard using the methodology described in section 2.2.3.2 had Xmax of
238 nm and 309 nm at pH 3 (Fig. 3.1.7).
GPC of tamarind xyloglucan-derived (24 h digest) fluorescent material
(Fig. 3.1.8a) produced four UV absorbing peaks, corresponding to
oligosaccharides (Kav 0.42 A235=0.234), an unidentified lower molecular
weight peak (Kav 0.69; A235=0.062), monosaccharides (Kav l .0;
A235=0.089), and excess 2-aminopyridine (Kav=l .36; A235=0.606) eluting
after the included volume. UV spectra in 0.02 M acetic acid (pH 3) showed 2
max for the oligosaccharide peak of 238 nm and 309 nm (Fig. 3.1.8b); for the
monosaccharide peak of 237 nm and 304 nm (Fig. 3.1.8c). These 2max values
agree with those expected of 2-aminopyridine derivatives.
TLC (with no prior GPC) of the 1-deoxy-1-[(2-pyridyl)amino]-Dglucitol in both propan-1-ol:nitromethane:water (5:2:3 by volume) or
chloroform:methanol:water (5:4:1 by volume) produced a long streak of lowwavelength UV fluorescing material and a smaller spot of 2-aminopyridine
(Fig 3.1.9b). The (2-pyridyl)amino-derivative of maltoheptaose migrated as
one fluorescent spot with both solvent systems (again along with some
remaining 2-aminopyridine). The malto-oligosaccharide mixture migrated as
two apparent fluorescent spots in chloroform:methanol:water, and a single
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streak in propan-1-ol:nitromethane:water with no individual components
discernible. Both 24 h digests of nasturtium and tamarind xyloglucan split
into three fluorescent components with both solvent systems, corresponding
with the three limit-digestion oligosaccharides expected from seed
xyloglucans (York et al., 1990; Fanutti, et al., 1991, 1993). A small amount of
faster-migrating fluorescent material was found in the 24 h tamarind digest
developed in propan-1-ol:nitromethane:water, which may correspond with
the small amount of fluorescent-material found with a GPC Kay higher than
the main peak of eluted fluorescent material (cf. Fig. 3.1.8a). This may
indicate the presence of XXG or xylosyl-glucose in the crude 24 h digested
oligosaccharide mixture. All the samples contained unreacted 2aminopyridine.
(2-Pyridyl)amino-oligosaccharide derivatives were, however, only
faintly fluorescent under both 254 nm and 366 nm UV light, both UV-sources
unfortunately not corresponding with the Xmax of (2-pyridyl)aminoderivatives, and the fluorescence produced was at a low visible wavelength
(pale blue) which made their visualisation difficult and photography
unsuccessful.
TLC in chloroform:methanol:water resulted in the (2-pyridyl)aminooligosaccharide-derivatives having very low chromatographic mobilities, the
derivatives having an increased chromatographic mobility in propan-1ol:nitromethane:water.
TLC of the main tamarind oligosaccharide (crude 5 h digest) GPC
peak of fluorescent material in propan-1-ol:nitromethane:water failed to
separate the (2-pyridyl)amino-derived oligosaccharides into three discernible
components, only one fluorescent spot being clearly identifiable,
corresponding with a larger streak of orcinol-stained carbohydrate (Fig.

E1

3.1.10). This material did, however, have a Rf comparable to the tamarind (24
h digest) oligosaccharide (2-pyridyl)amino-derivatives (c.f. Fig. 3.1.9b). 2Aminopyridine produced a broad and faint, fast migrating blue-white
fluorescent spot, unstained with orcinol/suiphuric acid.

3.1.5.1 Use of fluorescent xyloglucan oligosaccharides as XET acceptor
substrates.
The (2-pyridyl)amino-oligosaccharide-derivatives were faintly visible
when applied to Whatman 3MM paper and illuminated with 254 nm UV
light (Fig. 3.1.11). Ammonium sulphate-concentrated extracts from pea
internodes also fluoresced at this wavelength. A fluorescent-assay reaction
mixture (Section 2.2.4) incubated for I h and stopped with formic acid prior
to spotting onto Whatman 3MM paper had remaining visible fluorescence.
However, washing for 30 minutes in running water followed by redrying
removed practically all the detectable fluorescence, and there was no
apparent difference between a high activity ammonium sulphateconcentrated XET extract (2800 kcpm 0 ml-1 in a radiochemical XET assay;
Section 2.2.2) and a boiled-extract control in terms of remaining visible
fluorescence at 254 nm.

3.1.6 Discussion of results.
XET is soluble and extractable without the use of ionic compounds
from most plant tissues assayed; the only example where an ionic extractant
was found beneficial was young growing spinach cell cultures. It would
seem that XET activity (either a single enzyme or several isoforms) is not
usually ionically bound to the wall or other cell components and in vivo
could permeate the wall freely. XET activity in kiwifruit (Redgwell and Fry,
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1993) and persimmon fruit (Cuttilas-Iturralde et al., 1994) has also found to be
ionically-bound (a xyloglucan-specific, wall-bound hydrolytic activity
activated by xyloglucan oligosaccharides has also been demonstrated in
ripening tomato fruit [Maclachlan and Brady, 1994]). Crude extracts of XET
are very stable in vitro and this stability is promoted by the inclusion of
sulphydryl reagents such as 2-mercaptoethanol and DTT. This is in addition
to the antioxidant ascorbic acid, also included in the buffer (Fry et al., 1992).
Reduced sulphydryl groups in the tertiary structure would thus seem to be
important factors in the structure of the enzyme. There is an initial loss of
XET activity in the 2 h subsequent to extraction (4 h in samples without DTT,
particularly at 250C). This could possibly be due to a short-lived protease or
other damaging component released during the initial homogenisation of the
cell. There may also be unstable XET isozymes in the extract. Consequently
care was taken to ensure that XET activity was assayed promptly after
extraction, and a sulphydryl reagent (DTT) was included in all buffers
containing XET activity.
Although the enzyme is stable in vitro it was necessary to check the
stability of the substrate [3H]oligosaccharide which could be degraded by
several cell wall exo-glycosidases: 13-galactosidase, 13-glucosidase, and
particularly a-xylosidase (Koyama et at., 1983; O'Neill et al., 1989; Fanutti et
al., 1991). If this were the case then the radiochemical assay would be
measuring the net effect of endotransglycosylation and the loss of acceptor
substrate by enzymatic degradation. The two non-reducing terminus xylose
residues are essential for XET acceptor substrates (Fig. 3.1.12) and cleavage of
either of these by cL-D-xylosidase would render the acceptor substrate useless
(Lorences and Fry, 1993). The acceptor substrate could be reactived by the
cleavage of the remaining non-reducing terminus glucose residue by I-
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glucosidase, provided there were two remaining xylose residues left at the
reducing terminus. However, any of these changes will result in a reduction
of the molecular weight of the acceptor oligosaccharide, which could then be
detected by GPC of the reaction products.
(a) Xyl Xyl Xyl
01 c—G1c—*G1 c—G1 c

Xyl Xyl

(b)

G1 c—G1 c—G1 c—*G1 c

(c)Xyl Xyl
Gi c—G1 c—G1 c

Figure. 3.1.12. XET acceptor substrates. XX)(G (a) is a valid substrate, whereas G)O(G (b)
lacks an essential xylose residue, possibly removed by a-D-xylosidase. A second cleavage of
the non-reducing terminus glucose in (b) by 3-D-glucosidase would restore the active
substrate (c) (XXG)

GPC of reaction products did not show any reduction in the molecular
weight of the starting [3H]XXXGo1 substrate after incubation in a saturated
cellular protein solution. The majority of the substrate was enzymatically
transglycosylated into high molecular material (xyloglucan) and eluted in the
void volume. There was no detectable degradation of the [3H]XXXGo1 by
glycosidases, all the remaining oligosaccharide material eluted in the same
region as the original [3H]XXXGo1.
Some residual radioactive material was not incorporated into
polymer. This was of a similar molecular weight to the original [3H])OO(Gol
(by comparison of gel permeation elution volumes) and again does not
appear to have been significantly degraded. TLC of this material resolved the
GPC-separated oligosaccharide material into three main peaks of
radioactivity, two with slightly lower Rf values (0.34 and 0.40 respectively)
and one with a higher Rf value (0.50) than [3H]XXXGo1. These may, in part,
be impurities in the original heptasaccharide preparation since they both
elute under the oligosaccharide GPC peak and have Rf values similar to
other oligosaccharides (external markers have Rf values of 0.32 [larger

oligomers], 0.38 [XLLGo1], and 0.52 [)O(Gol]; [3H]oligosaccharide alditols
courtesy of P.R. Hetherington, University of Edinburgh). A proportion of this
material is still available as a substrate for XET, which suggests, along with
the kinetic evidence, that the equilibrium position of the reaction leaves some
remaining substrate in the original heptasaccharide form. This may be
indicative of XET preferentially acting on the unsubstituted glucose residue
preceding the reducing-terminus oligosaccharide of the donor xyloglucan
chain. If such an attack were preferred, one unlabelled oligosaccharide
would be released for each radiolabelled oligosaccharide incorporated into
the polymeric xyloglucan. A further transglycosylation, attacking again at
the reducing terminus oligosaccharide unit would result in the radioactive
oligosaccharide being re-released, and the reaction equilibrium would leave
a proportion of the oligosaccharide unincorporated into polymeric
xyloglucan (Fig. 3.1.13).

00000000000000000

+ 0

D + 00000000000000000

00000000000000000 + a
Figure. 3.1.13. Possible XET-mediated mechanism for leaving a small amount of
radiolabelled oligosaccharide unincorporated into polymeric xyloglucan at the reaction
equilibrium. Xyloglucan (0000) is cut preceding the reducing terminus oligosaccharide
unit and the radiolabelled oligosaccharide (U) is subject to transglycosylation onto the
polymeric xyloglucan molecule, in the process removing the unlabelled reducing terminus
oligosaccharide (0). Further transglycosylation would then result in the reincorporation of
the unlabelled oligosaccharide into polymeric xyloglucan and produce free radiolabelledoligosaccharide, resulting in an equilibrium were a portion of the radiolabelledoligosaccharide is not incorporated into polymeric xyloglucan.

Since little radiolabelled oligosaccharide is found at the end of the reaction,
and the majority of the radiolabel added becomes incorporated into high
molecular weight material, it appears unlikely that there is an extensive
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endoglucanase activity in the concentrated enzyme preparation, either from
XET, or from co-extracted cellulases (endo-(1-4)-D-g1ucanases); although
these cellulases may have remained ionically bound in the cell wall residue.
Additional data (not shown) supports this conclusion; there was no
measurable decrease in the viscosity of CMC solutions when incubated in the
presence of pea stem extracts (extracted in a low-ionic strength buffer), nor
did prolonged incubation of assay mixtures lead to a further release of 3H
from the polymeric material. The high molecular weight transglycosylation
product and the original oligosaccharide acceptor substrate are both stable in
vitro when incubated in a concentrated solution of freely soluble cell and cell
wall proteins.
The radiochemical assay employed was therefore assumed to be
measuring only the activity of extracted endotransglycosylases, and not the
activity of any other enzymes.

The crude 5 h Trichoderma digestion products of tamarind xyloglucan,
identified by comparison with the Rf values of previously purified
[3H]oligosaccharide alditol external markers included the previously well
characterised oligosaccharides expected from tamarind xyloglucans, namely
XXXG, XXLG/XLXG (unresolved), and XLLG (York et al., 1990) along with
several larger oligosaccharides (combinations of dimerised nona-, octa- and
heptasaccharides), also characterised (Fanutti et al., 1993). A 24 h Trichoderma
digestion of both tamarind and nasturtium xyloglucans (although not
directly subjected to TLC) produced only three main fluorescent derivatives
when, with no prior GPC, coupled with 2-aminopyridine, suggesting that the
larger dimeric oligosaccharides were digested by a 24 h incubation with
Trichoderma cellulase.
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Synthesis of fluorescent oligosaccharides was achieved. All sugars,
rnalto-oligosaccharide markers, and xyloglucan oligosaccharides were
successfully linked via a reductive amination to the fluorophore, 2aminopyridine, to produce fluorescent derivatives.
Comparison of the GPC elution profiles for fluorescent-labelled
tamarind and nasturtium oligosaccharides (24 h digest) reveals that the
majority product of cellulase digestion in both cases is a mixture of the three
oligosaccharides described above. A small amount of low molecular weight
fluorescent material also appears to be present in both samples despite
exhaustive dialysis of the xyloglucan solutions prior to digestion with
Trichoderma cellulase. This low molecular weight flourescent material may be
(2-pyridyl)-amino-monosaccharide produced by the action of glycosidase
impurities in the Trichoderma cellulase preparation, or may be the (2pyridyl)amino-derivative of xylosyl-glucose released by the action of the
cellulase, or there may have some breakdown of the xyloglucan during the
reductive arnination reaction and subsequent purification of the derivatives.
The amount was, however, small compared to the yield of (2-pyridyl)aminooligosaccharides. The only notable difference between the two sources of
seed xyloglucan was a small peak of material between the oligosaccharide
and monosaccharide material in the tamarind preparation which, although
unidentified, could be a trace of (2-pyridyl)amino-XXG or again may be the
(2-pyridyl)amino-derivative of xylosyl-glucose. An additional fluorescent
spot of higher Rf material was also seen on the TLC of fluorescent tamarind
(24 h digest) derivatives (cf. Fig. 3.1.9b) Excess 2-aminopyridine eluted after
the included volume of the column indicating some interaction between the
aromatic 2-aminopyridine and the column matrix.
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TLC of the reductive amination reaction products from 24 h digested
xyloglucan resolved them into the expected three derived oligosaccharide
products with a faint blue-white fluorescence under UV light. 2Aminopyridine was distinct by the broad diffuse appearance of the spot and
UV fluorescence with no corresponding carbohydrate staining. TLC in
propan-1-ol:nitromethane:water failed, however, to resolve the 5 h tamarind
digest into individual constituents (also noted with a mixture of [2pyridyl] amino-malto-oligosaccharides [tetra through to decasaccharides]).
There appeared to be some streaking of the material applied to the plate with
some carbohydrate and fluorescence remaining at the origin which may
indicate some contamination of the sample or an overloading of the plate.
The detectable fluorescent material did have an Rf corresponding with that
of the (2-pyridyl)amino-derived oligosaccharides in the 24 h tamarind digest
and eluted with the same GPC Kay as the hepta-, octa, and nonosaccharide
components of both 24 h digests of tamarind and nasturtium xyloglucans.
Standards of malto-oligosaccharides and glucose were also
successfully coupled to 2-aminopyridine, demonstrating that other
oligosaccharides and sugars were capable, as described (Hase et al., 1979), of
being derivatised with 2-aminopyridine.
Fluorescence was visible when a solution of the (2-pyridyl)aminooligosaccharide was spotted onto paper, although the use of this visual
fluorescence in an XET assay was complicated by the endogenous
fluorescence of plant extracts. It may have been possible to remove this
endogenous fluorescence (probably due to co-extracted phenolic material)
with polyvinylpyrrolidone, but the fluorescence attributable to (2pyridyl)amino-oligosaccharides, any transglycosylated fluorescentxyloglucan product, and endogenous fluorescence were undetectable after a
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30 min washing. This may have been due to both the (2-pyridyl)aniinooligosaccharides not being acceptable substrates for XET and being washed
from the paper, as would the radiolabelled oligosaccharides in a
radiochemical XET assay ([2-pyridyllamino-oligosaccharides were used
successfully, although detected fluorometrically, by Nishitani [1992]). There
was no detectable difference between the fluorescence bound to paper by a
high-activity XET extract and a boiled-extract control which again suggests
that either the (2-pyridyl)amino-oligosaccharides are not viable acceptor
substrates for XET or that the level of fluorescence is not visually detectable.
The latter explanation may be especially plausible. 2-Aminopyridine
derivatives were cited as being detectable down to 1 nmol spotted on paper
(Hase et al., 1979) which is approximately 1.5 .ig [2-pyridyl]aminooctasaccharide. With TLC loadings of 0.5, 1.0, and 2.0 pg the oligosaccharides
were faintly visible and the 10 tg dried on the paper from the
fluorochemical-assay was clearly visible. However the molar ratio of
fluorophore (only coupled to the single reducing terminus) to sugar residue
in polymeric xyloglucan will be far lower; e.g. a 27000 kD xyloglucan
molecule (approximately 150 sugar residues) would require 27 mg of
xyloglucan to be bound to the paper to be present at the I nmol level
specified which is far more than the 40 p.g present in the assay, even
assuming that such an amount of xyloglucan could bind to a 2 x 2 cm square
of paper. This is further complicated by 2-aminopyridine and derivatives
having 2max values far from the optimum wavelengths of commercially
available UV light sources and a fluorescence at the low wavelength end of
the visible spectrum (pale violet), considerably reducing the optimum
conditions for visualising the fluorescence. Thus, it would seem that for
visual identification of XET activity is not feasible using (2-pyridyl)amino-

xyloglucan. These 2-aminopyridine derivatives of xyloglucan can, however,
be detected fluorimetrically in both polymeric and oligomeric forms
(Nishitani, 1992). For the qualitative visual recognition it would be necessary
to use a far more powerful fluorophore. With the accuracy and precision of
the radiochemical assay as used, it was decided that this method would be
used for measuring the levels of XET activity in tissue extracts.

The sensitive and accurate assay of XET activity in the form of an
enzymatically-catalysed incorporation of [3H]oligosaccharides into
polymeric xyloglucan, and the assay of the resulting [3H]polymer, enabled
the identification of XET activity during the characterisation and partial
purification of XET from plant tissue (Section 3.2), and the measurement of
the changes in XET activity extracted from growing plant tissues (Section
3.3).
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Figure 3.1.1. Effect of storage conditions on the XET activity of pea stem
extracts.
A pea internode protein extract was incubated with DII at 0°C (0); with DII at 250C (s);
without DTT at 00C (0); and without DII at 250C (S). Samples (10 t1) were assayed for
XET activity at the time points shown after incubation. All values were the mean of three
replicate assays (±s.e).
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Figure 3.1.2. BioGel P-2 elution profiles of [3H]XXXGo1 and XET assay
reaction products.
(a) [3H]XX)(Gol and (b) the reaction products from a radiochemical assay of an ammonium
sulphate-concentrated pea stem extract. The positions of internal markers (detected with
anthrone/suiphuric acid) are shown.
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Figure 3.1.3. Incorporation of [3H]XXXGo1 into polymeric [3H]xyloglucan
product during incubation with ammonium sulphate-concentrated pea stem
extract.
Individual assays (replicated in triplicate) were stopped by the addition of 20% (w/v) formic
acid at the time points shown. [3H]Xyloglucan was assayed by binding to Whatman 3MM
paper followed by non-aqueous scintillation counting. All values ±s.e.
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Figure 3.1.4. TLC profiles of the radiolabeiled products of an XET assay.
(a) The excluded material (Kav'O) and (b) the remaining oligosaccharide material (Kav=0.43)
from the gel permeation chromatography of XET assay products. The TLC plate was scanned
with the R.I.T.A. TLC analyser (section 2.5.3) and the data smoothed automatically. Extended
marks on distance from start of plate axis show origin and solvent front respectively.
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Figure 3.1.5. Comparison of [3H]X)(XGo1 and the remaining heptasaccharide
material from an XET assay as acceptor subtrates for XET in a reconstituted
assay.
[3H]XX)(Gol (0) and the remaining oligosaccharide material from an )(ET assay (U)
obtained by gel permeation chromatography were used as acceptor substrates in
radiochemical assays of ammonium sulphate-concentrated XET activity and the percentage
efficiency of conversion of [3H]oligosaccharide into [3H]polymeric material calculated for
[3H]XXXGo1 (0) and the heptasaccharide material remaining in the assay products (•).
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Figure 3.1.6. Bio-Gel P-2 elution profile of fluorescently-labelled nasturtium
xyloglucan-derived oligosaccharides and their UV spectra.
(a) elution profile of 235 nm UV absorbing material, with external markers shown. (b) UV
absorbance spectrum of oligosaccharide material (Kav 0.42). (c) UV absorbance spectrum of
monosaccharide material (Kavl.0). UV spectra were measured in 0.02M acetic acid (pH —3)
with a path length of 1 cm.
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Figure 3.1.7. UV spectrum of 1-deoxy-1-[(2-pyridyl)amino]-D-glucitol.
UV spectrum measured in 0.02M acetic acid (pH —3) with a path length of 1 cm.
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Figure 3.1.8. Bio-Gel P-2 elution profiles of fluorescently-labelled tamarind
xyloglucan-derived oligosaccharides and their UV spectra.
(a) elution profile of 235 nm absorbing material. (b) UV absorbance spectra of
oligosaccharide material (Kav''0.42). (c) UV absorbance spectra of monosaccharide material
(Kav l.0). All other details as for Fig. 3.1.6.
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Figure 3.1.9. TLC of oligo- and monosaccharide markers, and the fluorescent
products of reductive amination with 2-aminopyridine.
(a) TLC of markers: I glucose, 2 maltoheptaose, 3 2-aninopyridine, 4 tamarind xyloglucan
(5 h digest). (b) TLC of (2-pyridyl)amino-derivitives: 1 2-aminopyridine, 2 glucose, 3
maltoheptaose, 4 malto-oligosaccharides, 5 nasturtium and 6 tamarind xyloglucan (24 h
digest). Carbohydrates were stained with oricinol/sulphuric acid in methanol (Section
2.5.2) and areas of UV fluorescence outlined in pencil.
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Figure 3.1.10. TLC of (2-pyridyl)amino-oligosaccharides from tamarind
xyloglucan (5 h digest).
TLC markers: 1,14 tamarind xyloglucan oligosaccharides (5 h digest); 2,13 glucose; 3,12
maltopentaose; 4,11 maltohexaose; 5,10 maltoheptaose; 6 1.0 A& 7 2.0 tkg, and 8 5.0 ttg (2pyridyl)amino-oligosaccharide; 9 2-aminopyridine. Carbohydrates were stained with
orcinol/suiphuric acid in methanol (Section 2.5.2) and areas of UV fluorescence outlined in
pencil.
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Figure 3. 1.11. Fluoro-chemical assay of XET.
An ammonium sulphate-concentrated pea internode extract was assayed in vitro by a I h
incubation with tamarind xyloglucan-derived (2-pyridyl)an-uino-oligosaccharides and
polymeric tamarind xyloglucan before being stopped by the addition of formic acid.
Stopped reaction mixes were then dried onto 2 x 2 cm squares of Whatman 3MM paper and
washed for 30 minutes in running tap water. (a) (2-Pyridyl)amino-oligosaccharides alone,
(b) ammonium sulphate-concentrated pea-internode extract alone, (c) stopped reaction mix,
(d) remaining paper-bound fluorescence after washing of the dried assay products of an
assay of an ammonium-sulphate-concentrated pea-internode extract, (e) washed paperbound products of a boiled-extract control assay. Samples were photographed under 254
nm UV light.

3.2 Characterisation and partial purification of XET.

3.2.1 Introduction.
Transglycosylation is a widespread feature of cellular metabolism,
normally involved in synthesis of polysaccharide and glycoprotein materials,
and in the metabolism of polysaccharide storage products e.g. starch (section
1.4). The enzymatic transglycosylation of xyloglucan has been implicated in
the metabolism of xyloglucan storage product in seeds (Fanutti et al., 1993).
Fry et cii. (1992), however, found that this activity was far more widespread
than solely in seed metabolism and suggested that the activity may be
responsible for xyloglucan endotransglycosylation in growing plant cell
walls; a process that could result in the wall loosening that allows cellular
expansion and subsequently tissue growth.
The aims of this series of experiments were to begin to characterise the
protein responsible for the xyloglucan endotransglycosylation activity in
growing, light-grown, pea stems. Also a chemically-crosslinked insoluble
xyloglucan matrix was made with a view to a rapid concentration or
purification of the enzyme responsible for the activity. The activity is known
to have a pH optimum of 5.5, with less than half the activity remaining at pH
7.0 (Fry, 1992). The activity was enhanced by Ca2 t Mg2 , Mn2 t
spermidine, ascorbate, and 2-mercaptoethanol; whilst the activity was
inhibited by Ag, Hg2 , Zn2 , and La3 (Fry, 1992). The activity was freely
extractable by aqueous solutions of low ionic strength, with neither Triton X100, Ca2 , La3t nor Li enhancing extraction, and negligible activity left in
the cell residue (Fry, 1992).
Using the radiochemical assay described in section 3.1 it was possible
to detect XET in extracts of pea stem tissue, and in the eluate of extracts after
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chromatography, allowing the partial characterisation of the pea internode
XET. The affinity of pea stern XET for lectin and crosslinked xyloglucans
could also be tested.

3.2.2 Ammonium sulphate precipitation.
XET activity was extracted in a low ionic strength buffer from pea
stem tissue. The majority of the XET activity was precipitated by the addition
of solid ammonium sulphate to 1.2 - 2.4 M (Fig. 3.2.1). After the ammonium
sulphate-containing supernatant was decanted off the activity could be
restored by redissolving the protein pellet in fresh buffer. The increase in
specific activity is shown in Table 3.2.1.
Stage

Tissue homogenate
(NH4)2504
precipitate.
GPC peak
Con-A sepharose
peak

Protein
concentration
(.tg ml 1)

XET
activity
(kcpm h 1

Purification
(fold)

MI-1

Specific
activity
(cpm 0
.tg)

Recovery
of
activity
(%)

320
810

1100
2800

3400
3450

1
1.05

100
94

30
4

390
32

13000
8000

217
133

57
3

Table 3.2.1: Purification stages of XET (from light-grown pea internode tissue).

3.2.3 GPC of enzyme extracts.
XET activity extracted in a low ionic strength buffer from pea stem
tissue and precipitated with ammonium sulphate was applied to a Sephadex
G-75 column previously calibrated with marker proteins: bovine serum
albumin (67 kDa), horseradish peroxidase (39 kDa), and carbonic anhydrase
(29 kDa). The inclusion volume marker was

D-glucose,

detected with

anthrone reagent. Eluted fractions were assayed for XET activity (section
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2.2.2) and protein, using Bio-Rad protein reagent (Section 2.5.5). The elution
profile of proteins and XET activity is shown in Fig. 3.2.2.
Proteins (and other material) with a molecular weight larger than 75
kDa were eluted in the void volume, and formed the bulk of the protein
eluted. A small peak of XET activity was also noted to coelute with the void
volume material. A single major peak of XET activity coeluted with a small
protein peak (Kav 0.30). A small peak of XET activity was also noted in the
included volume but was not replicable on subsequent column runs.
For comparison, Fig. 3.2.3 shows the elution profile of pea internode
tissue extracted with the inclusion of 1 M NaCl. Much material again had a
molecular weight larger than 75 kDa (note: protein was measured by A280
not by a specific assay). A second peak of A280 absorbing material eluted
before the included volume (Kav 0.34). XET again eluted in a single peak,
although there was no distinguishable coeluting protein peak.
The molecular weight of enzyme responsible for XET activity was
derived from a logarithmic plot of the external marker elution peaks, blue
dextran (void volume marker) and D-glucose (included volume marker) (Fig.
3.2.4). From GPC the molecular weight of XET was estimated to be 33 kDa
(and 29 kDa from the salt-extracted tissue).
Specific activity of eluted enzyme is shown in Table 3.2.1.

3.2.4 Lectin-affinity chromatography.
Samples taken from the eluted GPC peak of XET activity were
reconcentrated by precipitation with ammonium sulphate and desalted on
Bio-Gel P-6 prior to their application to a column of concanavalin-A
sepharose. Approximately 100 jig of protein was applied and recovered from
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the column. The column eluate was assayed for XET activity (section 2.2.2)
and protein (A280). The elution profile is shown in Fig. 3.2.5).
The bulk of the protein washed directly through the column, less than
10% requiring methyl ct-D-rnannopyranoside for elution. No XET activity
was detected in the protein that washed directly through the column. The
only detectable XET activity was found in the protein fraction that required
methyl cL-D-mannopyranOside for elution. The amount of protein recovered
in this fraction was low, less than 10 tg, and it failed to reprecipitate with
ammonium sulphate. Also, the XET activity present in it was very unstable,
rapidly denaturing in dilute solution despite the presence of ascorbate and
DTT and handling at 0-40C.

3.2.5 Crosslinked-xyloglucan as an affinity matrix.

3.2.5.1 Synthesis of gels.

The oven-dried and ground preparation of xyloglucan was treated as
described in section 2.3.5.1. Table 3.2.2 shows the characteristics of the gels
produced.
All three reaction conditions resulted in an approximately 100% yield
of insoluble product once the gels had been dried. Reswelling the gels in
deionised water gave gels of different swelling volumes according to the
predicted degree of crosslinking (gel a having the fewest crosslinks between
xyloglucan molecules, and gel c having the most).
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Gel
type

Reaction conditions.
(per Ig xyloglucan)

a

0.28 ml epicholorohydrin
1.25 rnl3O% (w/v) NaOH (aq)
0.775 ml_water
0.55 ml epicholorohydrin
1.25 ml 30% (w/v) NaOH (aq)
0.5 ml water
0.825 ml epichlorohydrin
1.25 ml 30% (w/v) NaOH (aq)
0.225 ml water

b

c

Swelling
volume
(cm3 g 1)
10.0

Reaction yield
(% (w/w))

6.5

98

4.0

114

101

Table 3.2.2: Characteristics of xyloglucan gels formed through epichiorohydrin
crosslinking at three different epichlorohydrin:water ratios. (Gels are referred to by gel
type notation in text)

No measurable degradation of the gels was noted in 2 M HC1 (aq) or 2
M NaOH (aq), at 250C over a 24 h period. Incubation with Trichodernui
cellulase caused some degradation of gel a, again after 24 h. Results are
shown in Table 3.2.3.
Gel
type
a
b
c

Decrease in dry weight
after treatment with 1
M HC1 (%)
0.17
0.11
0.10

Decrease in dry weight
after treatment with I
M NaOH (%)
0.10
0.12
0.91

Decrease in dry weight after
treatment with 0.1% (w/v)
Trichoderma cellulase (%)
3.24
0.92
0.93

Table 3.2.3: Degradation of crosslinked-xyloglucan gels under acid, alkaline, and
enzymatic conditions.

3.2.5.2 Crosslinked xyloglucan gel as an XET donor substrate.
Gels were tested for their ability to act as an XET donor substrate by
the addition of [3H])(XXGo1 and an ammonium sulphate-concentrated
preparation of pea stem XET activity and measuring the radioactivity found
incorporated into the insoluble gel and that left soluble in the supernatant.
The results are shown in Fig. 3.2.6.
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With both gels a and c significant amounts (>5000 cpm) of
[3H]xyloglucan (as measured by binding to Whatman 3MM chromatography
paper) were found in the supernatant, indicating that the concentrated pea
stem extract had released xyloglucan from the insoluble gel, and that this
xyloglucan was available as a XET donor substrate. Little radioactivity was
incorporated into the remaining insoluble gel (<300 cpm). Release of soluble
[3H]xyloglucan was highest in gel a, and lower in gel c.

3.5.2.3 Binding of XET to crosslinked xyloglucan gels.

Pea stem extract (of a known activity and protein concentration) was
added to samples of gel alone. The gels and protein were incubated for 1 h
and the insoluble material separated by centrifugation. The remaining
protein and XET activity in the supernatants were assayed to assess binding
of protein, and specifically XET, to the insoluble gel. The results are shown in
Table 3.2.4.
Gel
type

Initial
protein
(Vg rnl)

Initial XET
activity
(cpm

End
protein
(tg ml)

End XET
activity
(cpm t1 10)

a
b
c

1284
1284
1284

1460±99
1460±99
1460±99

1185
1245
1302

1640±195
1457±203
1623±199

Protein
lost from
supern.
(%)
7.7
3.0
-1.4

XET lost
from
supern.
(%)
-12.3
0.2
-11.2

Table 3.2.4: Adsorption of protein and XET activity (from light-grown pea internode
tissue) to crosslinked-xyloglucan gels. (Standard error [s.e.] is derived from three trials,
each assay performed in triplicate.)

Only with gel type a was a significant amount of protein lost from the
supernatant. A small reduction in protein was also noted with gel type b. No
loss was noted with gel type c. In all three gel types no XET activity was lost
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from the supernatant, and in small increases in the activity were noted. This
may be due to experimental variation.

All three gel types were employed as columns, with ammonium sulphateprecipitated protein (followed by desalting), applied and washed through
initially in extraction buffer, and then eluted with 0.2% (w/v) tamarind
xyloglucan, and finally 1 M NaCl, each in buffers of pH 4.5, 5.0, 5.5, 6.0, and
6.5. The fractions were assayed for XET activity and protein (by UV
absorbance at 280 nm). Only columns run with buffers at pH 6.5 ran
successfully, the columns clogged at all other pHs used. The results are
shown in Figs. 3.2.7 a-c.
In all three gel types the entire protein and XET activity peaks washed
directly through the column, although gel a (loosely crosslinked) resulted in
a broader peak of eluting activity than gel b or gel c (the sharpest XET
elution). Elution with 1 M NaCl removed no further protein or XET activity,
as did elution with 0.2% xyloglucan. Essentially all the protein applied to the
column was recovered in the eluted peak (approximately 9 mg).

3.2.6 Cellulose as an affinity-matrix.
Ammonium sulphate-precipitated and desalted samples of pea stem
XET activity were applied to a column of washed cellulose powder and
eluted. The eluate was assayed for XET activity and protein by UV
absorbance at 280 nm. The elution profile is shown in Fig. 3.2.8.
The protein and XET activity peaks washed directly through the
column. All the protein applied was recovered in this peak (9 mg) and
subsequent elution with 1 M NaCl removed no further protein or XET
activity.
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3.2.7 Discussion of results.
The enzyme(s) responsible for XET activity were precipitated between
concentrations 1.2 and 2.4 M ammonium sulphate. The majority of the
proteins in the plant tissue extract also precipitated at the same
concentrations of ammonium sulphate and there was very little enrichment
in XET activity although recovery of enzyme activity was high. Precipitation
with ammonium sulphate, however, served as a useful method for
concentrating the crude protein mixture. Even with a subsequent desalting
step to remove any remaining ammonium sulphate the protein concentration
was increased to five-fold that in the original extract, along with a concurrent
rise in the level of XET activity.
GPC of extracted proteins showed the enzyme(s) responsible for XET
activity were eluted in a single peak suggesting that any isoenzymes had
similar molecular weights. GPC of a salt-containing buffer extract resulted in
a single major peak of XET activity with a similar apparent molecular weight.
Comparison with marker proteins indicated that XET had an apparent
molecular weight of approximately 29-33 kDa. This in broad agreement with
figures latterly obtained for XETs purified to homogeneity and compared
with markers on SDS-PAGE gels. An endo-3(1---4)-D-g1ucanase purified from
nasturtium seeds (Edwards et al., 1986) that was later found to have an XET
activity (Fanutti et al., 1993) was shown to have a molecular weight of 29 kDa
by SDS-PAGE (Edwards et al., 1986). An XET (in this case alternatively called
endo-xyloglucan transferase [EXT]) purified from the apoplastic fluid of
Vigna angularis was shown to have a molecular weight of approximately 33
kDa by SDS-PAGE (Nishitani and Tominaga, 1992). Sequencing data for the
nasturtium seed XET/endo-I3(1---4)-D-g1ucanase suggested a precursor
polypeptide molecular weight of 33.5 kDa which is then processed to 31 kDa
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mature protein, the cleaved N-terminal possibly a signal sequence targeting
the enzyme to the cell wall We Silva et al., 1993). The Vigna XET gene also
codes for an N-terminal sequence of twenty amino-acids, which was also
suggested to be characteristic of a signal sequence (Okazawa et al., 1993).
XET activity bound to concanavalin-A Sepharose and could be eluted
by methyl a-D-mannopyranoside, indicating that the enzyme is glycosylated
with a-mannose and/or a-glucose residues. The deduced amino acid
sequence for V. angularis XET contains a potential attachment site for an Nlinked oligosaccharide at positions 113-115, the asparagine residue at
position 113 being the probable point of attachment (Okazawa et al., 1993).
However, no N-glycosylation point was found in the sequence of nasturtium
seed 'XET', and there was no decrease in molecular weight upon treatment
with endo--N-acety1glucosaminidase (Endo-H) or peptide:N-4-(N-acetyl-13D-glucosaminyl)aspargine amidase-F (PNGase F), suggesting that this
enzyme was not glycosylated We Silva et al., 1993). This may be a difference
between XETs that are expressed in seeds (to metabolise storage xyloglucans)
and those expressed to modify xyloglucans in the cell walls of growing plant
cells.
XET activity was lost during and after concanavalin-A affinity
chromatography, despite a full recovery of protein from the column. The
XET activity was stable in solution prior to column application but rapidly
denatured upon elution with methyl a-D-mannopyranoside. Attempts to
reprecipitate this activity failed owing to the low concentration of protein in
the eluate. An attempt to concentrate the eluted protein with a commercially
obtained Centriprep ultraconcentrator was also unsuccessful, the bulk of the
XET activity again denatured. The crude enzyme was stable in solutions
containing methyl a-D-mannopyranoside (data not shown); it may be that
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the enzyme denatured owing to the low protein concentrations in the eluted
glycoprotein fraction.

Crosslinked xyloglucans were synthesised according to variations on the
methodology described by Vijayalakshmi et al. (1978). Epichiorohydrincrosslinked dextrans are used for GPC matrices (Sephadex); and affinity
matrices of epichlorohydrin-crosslinked polysaccharides have been used in
the purification of exo-ct-L-arabinofuranosidase, endo-13-(1--4)-xylanase, and
polygalacturonase (Waibel, 1981).
Epichiorohydrin in alkaline solution is able to attack the hydroxyl
groups of hydrophilic polysaccharides to form diether glyceride crosslinks
(Fig. 3.2.9).

()

OH
poly-OH + H---c -CI
HHH

HOHH

-4

PolyO-1—(—(—CI
HHH

LbI
II OH I1
PolyO-I--?—CI
HHH

NaOH

-4

H 0
polyO- --ç -'-H + NaCI + 1120
HHH

(c)

HO
polyO----H + HO-poly
HHH

H OH I1

-4

polyO--t--O-poIy
HHH

Figure 3.2.9. Crosslinking of polyhydroxylic polysaccharides by epichiorohydrin. (a) The
epichiorohydrin epoxide group and a polysaccharide hydroxyl group react to form an etherlinked polysaccharidyl derivative. (b) Under alkaline conditions the epoxide group is
regenerated and (c) may react with another hydroxyl group (e.g. on another polysaccharide
molecule) to crosslink the polysaccharide molecules with a diether glyceride bond.

Xyloglucan crosslinked in such a manner was insoluble, stable in both
acid and alkaline solutions, and very resistant to Trichoderma cellulase.
Increasing the epichlorohydrin to water ratio in the reaction mix resulted in a
gel of lower swelling volume, with presumably more crosslinks and a tighter
molecular structure (perhaps having less opportunity for enzyme binding or
attack). Epichlorohydrin ratios lower than that used in the synthesis of gel a
did not form an insoluble product.
Addition of pea internode protein extract to crosslinked xyloglucan
gels did result in solubilisation of xyloglucan, as measured by the
incorporation of [3H]XXXGo1 into soluble [3H]polymer and the binding of
this radiolabelled polymer to Whatman 3MM chromatography paper.
Whether or not this solublisation of xyloglucan was due to direct XET action
on the crosslinked gel or XET accepting the soluble products of a xyloglucanspecific endoglucanase action as donor substrates is unclear. The majority of
the radiolabelled polymer formed by transglycosylation to [3H]XXXGo1 was
found to be soluble, and very little 3H was found to have been incorporated
into the remaining insoluble gel suggesting that the XET donor substrate
may need to be soluble, or that the enzyme could not penetrate the gel
matrix.
Negligible protein or XET activity was found to bind to the gels. The
gels did however appear to be affected upon the addition of pea internode
protein extract and columns of the crosslinked-xyloglucan gels clogged on
addition of the protein solution at all pHs below 6.5. Whereas there was no
apparent degradation of the xyloglucan gel at pH<6.5, there appeared to be
some interaction between the solution added and the gel preventing the flow
of liquid through the column. Even at pH 6.5 no activity or protein bound to
the gel columns. It was then assumed that crosslinked-xyloglucan gels were
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not a useful or potential binding site for XET, precluding their use as an
affinity matrix. This could have been due to the physical inaccessibility of the
xyloglucan backbone, the diether glyceride crosslinks may have prevented
the penetration of the enzyme into the gel matrix, that is, the exclusion limit
of the gel matrix was too low (the is some evidence suggesting this in that at
all protein and XET activity coeluted and no protein was eluted
subsequently.
It remains unclear why the columns clogged upon the addition of the
ammonium sulphate-concentrated pea internode extract at pHs lower than
6.5. There was no measurable endoglucanase activity (as assayed by the
decrease in viscosity of a CMC solution [data not shown], which would not
preclude the activity of a xyloglucan-specific endoglucanase) and any
endoglucanase activity present in the tissue may have required a higher ionic
strength buffer for extraction (Maclachian, 1988), nor did Trichoderma
cellulase significantly degrade the crosslinked xyloglucan gels, so it seems
unlikely that the clogging of the columns at pH<6.5 was due to the
hydrolytic activity of a pea internode cellulase more effective than
Trichoderma cellulase. The extract applied to the columns contained a crude
mix of enzymatic and non-enzymatic proteins, and it is likely that
glycoproteins and certain polysaccharides were also precipitated by the
ammonium sulphate treatment. These glycoproteins and polysaccharides,
such as xyloglucan, other hemicelluloses and pectin could possibly interact
with the xyloglucan gels and lead to the column clogging effect. Equally, any
xyloglucan solublised by XET activity may have also interacted with the gel
matrix or other components present in the pea internode extract.

To conclude, it did not seem that crosslinked-xyloglucan gels would
bind XET protein specifically and their use as an affinity matrix was
abandoned.

Chromatography on cellulose powder was also unsuccessful. This supports
previous evidence that XET enzymes are specific to xyloglucan only (Fry et
al.. 1992; Nishitani and Tominaga, 1992, Edwards et al., 1986).

The results obtained from the characterisation of pea internode XET agree
with those reported elsewhere for enzymes possessing an XET activity. Pea
internode XET had a molecular weight in the range 29-33 kDa (as estimated
by GPC) and was glycosylated, characteristics in common with the Vigna
angularis XET purified by Nishitani and Tominaga (1992) and sequenced by
Okazawa et al. (1993). The pea enzyme also had a similar molecular weight to
the nasturtium seed endo--(1--4)-D-glucanase purified by Edwards et al.
(1986) and later shown to possess an XET activity by Fanutti et al. (1993).
A partial purification of XET by ammonium sulphate precipitation,
GPC, and concanavalin-A lectin-affinity chromatography resulted in a
considerable increase in the specific activity of the enzyme, although activity
was lost during the lectin-affinity chromatography stage (perhaps owing to
the low concentration of protein leading to denaturation). The final yield of
protein proved insufficient for visualisation on SDS-PAGE gels. Whereas the
procedure could have been scaled-up, it was decided, considering that
several other groups were working on the purification of XET enzymes, to
discontinue this work once the pea internode XET had been partially
characterised.

:j1

Instead, it was decided to use the radiochemical assay to look at the
changes of XET activity in growing plant tissues, particularly the role of XET
in gibberellin-induced elongation with a view towards clarifying the
physiological role of the enzyme.
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Figure 3.2.1. Ammonium sulphate precipitation of XET activity from lightgrown pea internode extract.
XET activity (bars±s.e. of three replicate assays) and protein (O±s.e. of three replicate
measurements). Molar concentration of ammonium sulphate shown along with the source of
the measurement after centrifugation, supernatant (S) and pellet (P). Control values are those
in the ammonium-sulphate free extract.
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Figure 3.2.2. Sephadex G-75 elution profile of XET activity and protein from
light-grown pea internode extract.
XET activity assayed radiochemically (S) and protein concentration (•). Elution volumes of
blue dextran (void) and glucose (included) shown. GPC column run at 0-40C, equilibrated
and eluted in 50 mM succinate (Nat), 10 mM ascorbate (Na), 10 mM CaC12, 1 mM DYE, pH
5.5 buffer.
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Figure 3.2.3. Sephadex G-75 elution profile of XET activity and protein from
salt-extracted, light-grown pea internode extract.
XET activity assayed radiochemically (•) and A280 [protein] (U). Elution volumes of blue
dextran (void) and glucose (included) shown. All other details as for Figure 3.2.2.
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Figure 3.2.5. Lectin-affinity chromatography elution profile of XET activity
and protein on concanavalin-A Sepharose.
XET activity assayed radiochemically (I) and A280 [protein] (s). Column was equilibrated
and eluted with 200 mM NaCl, 10 mM succinate (Na'), 1mM CaC12, 1mM MnC12, 1 mM
Dfl, pH 5.5 with methyl a-D-mannopyranoside added to the eluting buffer at M.
Chromatography was carried out at 0-4°C.
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Figure 3.2.6. Results of incubation of crosslinked-xyloglucan gels with
[3H]XXXGo1.
Orig was the level of XET activity in the extract added to the gels; supera was the amount
recovered in the supernatant of gel a; superc was the amount recovered in the supernatant of
gel C; geld was the amount found bound to the insoluble gel a; and gel the amount found
bound to the insoluble gel c. All values were plotted as the mean of three replicates (±s.e.).
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Figure 3.2.7. Elution profiles of XET activity after affinity-chromatography on
crosslinked xyloglucan gels.
(a) gel a; (b) gel b; (c) gel C; with XET activity assayed radiochemically (•) and A280
[protein] (0). All columns were run at room temperature, equilibrated and eluted with 50
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Figure 3.2.8. Elution profile of XET activity after chromatography on
cellulose powder.
XET activity assayed radiochemically (•) and A280 [protein] (0). Column was run at room
temperature, equilibrated with 50 mM succinate (Na'), pH 5.5 and eluted with 50 mM
succinate (Na), 10 m]V1 ascorbate (Nat ); 10 mM CaC12, 1 mM DIT, pH 5.5 with 1 M NaCl
added to the eluting buffer where indicated (NaCl).
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3.3 Changes in the XET activity of growing plant tissues.

3.3.1 Introduction.
Gibberellins have been shown to regulate internode elongation in
many plants, especially dwarf varieties (Jones, 1973; Ross et al., 1993). Auxins
have also been demonstrated to affect elongation in numerous plant tissues
(Thimann, 1968).
Studies of gibberellin-induced wall loosening often draw their
inspiration from studies of auxin action. In many plants the metabolism of
xyloglucan appears to be central to the mechanism of auxin-induced wall
loosening (see sections 1.3.2 for a discussion of xyloglucan metabolism).
Evidence for the involvement or the lack of involvement of xyloglucan
metabolism in gibberellin-induced wall loosening is sketchy.
Five experimental systems were employed to investigate the role of
XET in gibberellin action, namely dwarf and tall varieties (Feitham First and
Pilot respectively) pea internode elongation, lettuce hypocotyl elongation,
cucumber hypocotyl elongation, gibberellin-sensitive spinach cell suspension
cultures, and oat stem section elongation. These systems were selected
primarily for response to gibberellin, although cucumber hypocotyls also
show a growth response to auxin and this was investigated. Oat stem
sections were included to provide a comparison between monocotyledons
and dicotyledonous species.
The aim of this work is to demonstrate the effects of gibberellin on
XET in growing tissues, with a view towards the potential role of XET in the
mechanism of endogenous and, in particular, gibberellin-induced growth.
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3.3.2 XET activity in pea internodes.

3.3.2.1 XET activity in internode I.
Internode I showed very slight GA3-induced elongation in the dwarf
genotype (Fig. 3.3.1a). Internode I of the tall genotype was consistently 2 cm
longer than that of the dwarf. Extractable XET activity (Fig. 3.3.1b) showed
little variation with time, either between genotypes or in response to GA3.

3.3.2.2 XET activity in internode II.
Internode II also showed little elongation, except in the untreated tall
genotype, where elongation continued until 96 h after spraying (Fig. 3.3.2a).
Internode II of the tall genotype was 2 to 3 cm longer than in the dwarf. At 24
h after spraying the XET activity (per unit fresh weight) was higher in the tall
than in the dwarf genotype, but by 96 h, the difference had become
indiscernible (Fig. 3.3.2b). At 96 to 168 h post-spraying, the XET activity per
unit fresh weight of internode II was about one-third higher than in
internode I.

3.3.2.3 XET activity in internode III.
This was the major elongating internode in the first few days after
spraying (Fig. 3.3.3a). In the tall genotype, internode III elongated
throughout the period of observation; the rate of elongation was unaffected
by exogenous GA3. The untreated dwarf genotype showed much less
elongation, whilst the GA3-treatment moderately increased the elongation of
internode III. Extractable XET activity per unit fresh weight (Fig. 3.3.3b)
increased in all treatments in parallel with growth. Genetically tall plants had
consistently higher XET activities than the untreated dwarf; GA3-treated
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dwarf plants had intermediate levels of XET activity. XET activity per unit
fresh weight in internode III was initially much lower than in internode II,
but the activities in the two internodes tended to equalise as internode III
grew.

3.3.2.4 XET activity in internode V.
Internode V did not appear until a few days after spraying. Its growth
response was similar to that of internode III, but GA3 caused internode V of
the dwarf genotype to reach a final length equal to that of the tall genotype
(Fig. 3.3.4a). Length was closely correlated with XET activity per unit fresh
weight (Fig. 3.3.4b); the GA3-treated and -untreated tall genotype and the
GA3-treated dwarf genotype showed broadly similar XET activities at each
sampling point. The untreated dwarf, which showed little elongation during
the observation period, had a consistently low XET activity per unit fresh
weight. The specific activity of XET extractable from internode V (Fig. 3.3.4c)
also correlated with length (as it did in internodes 1-I11 [not shown])
indicating a selective enhancement of the accumulation of active XET relative
to other extractable proteins.
Because internode V had a substantially greater fresh weight in the
tall and GA3-treated dwarf plants than the untreated dwarf, it follows from
the data that the XET activity per internode was very much higher than in
the tall and GA3-treated dwarf plants (Fig. 3.3.4d). At 240 h, the GA3-treated
dwarf genotype had about 80-fold more XET activity per internode V than
did the untreated dwarf.
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3.3.3 XET activity in lettuce hypocotyls.
GA3 strongly promoted the elongation of lettuce seedling hypocotyls
at 5-72 h after treatment (Fig. 3.3.5a). Extractable activity per unit fresh
weight (Fig. 3.3.5b) began to increase between 5-24 h after GA3 treatment
and the effect of GA3 was most pronounced at approximately 48 h.
Thereafter the XET activity fell. XET activity in the untreated seedlings
broadly mirrored that of the GA3-treated seedlings although the level of XET
activity was consistently lower after 5 h from GA3 treatment and the peak of
XET activity was less marked.
The promotion of XET activity in gibberellin-treated lettuce
hypocotyls was consistent and was replicated in five individual experiments
(each consisting of two separate experimental replicates).

3.3.4 XET activity in cucumber hypocotyls.
In untreated cucumber seedlings, negligible elongation occurred in
the marked 2 cm zone of the hypocotyl during the 96 h of observation (Fig.
3.3.6a). Treatment with a single dose of IAA (0.06 nmol) caused elongation of
the marked zone for 48 h, and growth then ceased. This IAA treatment also
caused hypocotyl thickening and increase of the fresh weight, thus the IAA
did not specifically promote elongation. To try to obtain a more specific
promotion of elongation a range of IAA concentrations were tried, however
higher doses of IAA caused morphological disturbance; lower doses resulted
in a reduced elongation effect (data not shown). A single dose (0.3 nmole) of
GA3 caused continued growth throughout the 96 h period, and
supplementary IAA (0.06 nmole) enhanced this effect of GA3.
Extractable XET activity per unit fresh weight continued to increase in
the control plants until 72 h, although it remained lower than that in any of
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the hormone-treated plants (Fig. 3.3.6b). IAA alone caused the most marked
increase in XET activity, exceeding that achieved by GA3 or IAA-i-GA3. The
IAA-induced accumulation of XET activity was large but short-lived; the
effect of GA3 was smaller but sustained throughout the 96 h.
In separate experiments carried out over the shorter 6-48 h period, the
growth trends were reproduced (Fig. 3.3.7a). XET activity per unit fresh
weight remained low in the control plants (Fig. 3.3.7b), whereas treatment
with IAA resulted in a rapid elevation of XET activity. Again GA3 enhanced
the growth promoting effect of IAA but diminished the IAA-induced
accumulation of XET activity. XET activities in plants treated with GA3 alone
were little different from those in the control plants.

3.3.5 Cellulase activity in cucumber hypocotyls.
All extracts where made in buffer containing 1M NaC1 because many
cellulases are characterised by ionic-binding to the cell wall. Cellulase was
assayed using CMC, the comparative viscosity was the flow time after 120
min incubation relative to a boiled-extract control.
In both IAA and IAA+GA3 treatments, a large increase in cellulase
activity occurred during the first 24 h of IAA-induced hypocotyl elongation
(Fig. 3.3.8). There was little change in cellulase activity during the next 24 h
but after 48 h (the end of auxin-induced elongation) the levels of cellulase
activity declined.
In the control and GA3-treated hypocotyls there was little cellulase
activity, only small increases in both noted throughout the 96 h period.
Cellulase levels were slightly lower in these treatments than those containing
IAA at the end of the experiment.
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3.3.6 XET activity in spinach cell suspension cultures.
The spinach cell lines used were derived from line GlO (Dalton and
Street, 1976) and shown to be promoted in expansion by gibberellin (Fry and
Street, 1980). This cell line was further cultured with and without exogenous
gibberellin for 7 years prior to the experiments taking place.

3.3.6.1 XET activity from 4 d to 15 d (after subculturing).
In the G10/D cells, which had not previously been exposed to
exogenous GA3, XET activity accumulated in the culture medium 4-11 d
after subculture, and the addition of GA3 had little effect during this period
(Fig. 3.3.9a). However, after 11 d, the soluble extracellular XET activity began
to rise sharply in the control and by 15 d it was more that double that of the
GA3-treated cultures.
The spinach cells contained a proportion of XET that was only
released into the medium by solutions of high ionic strength (Fig. 3.3.9b).
This second 'crop of XET activity was assumed to have been wall bound
(another possibility was the salt-induced secretion of the enzyme although
re-extraction of the cells with salt-containing buffer failed to produce further
activity [data not shown]). At 4 d, the GA3-treated cells showed a higher saltextractable XET activity than control cells, although later the situation
reversed. Between 6 and 15 d after subculture, the level of salt-extractable
XET declined; that of the control cells remaining slightly higher.
Line G10/G, which has been pre-adapted to growth in the presence of
GA3 for 7 years, showed relatively little difference from the G10/D line in its
response to the readdition of GA3 (Fig. 3.3.10a). Thus, between 4-11 d after
subculture, there was a gradual accumulation of XET activity in the medium,
and between 11-15 d the GA3-free controls showed a pronounced increase.

In the G10/G line, however, GA3 caused a considerable decrease in the
accumulation of soluble extracellular XET activity 4-11 d; this effect of GA3
was not seen with the G10/D line (Fig. 3.3.9a).
The G10/G line also broadly resembled the Gl0/D line in the time
course of its ionically wall-bound XET activity: again, at 4 d, the GA3-treated
cultures had more salt-extractable XET than the controls, whereas by 15 d the
situation had reversed (Fig. 3.3.10b). The change-over point was at
approximately 9 d in the G10/G line and approximately 5 d in the G10/D
line.

3.3.6.2 XET activity during spinach cell growth; from subculturing to 5 d.
Since it seemed that XET activity was appearing in the medium long
after the 0-4 d growth phase (Smith, 1993; Fry and Street, 1980) but there was
considerable wall-bound activity at 4 d, further experiments were carried out
to measure the levels of XET activity both wall-bound and in the medium
during the period 0-5 d after subculturing.
The time course of XET activity in G10/D cells during the first 5 d
after subculture showed that there was only a slight increase in the soluble
extracellular XET activity during this time, and there were no differences in
the XET activity present in the medium between the control and the GA3treated cell cultures (Fig. 3.3.11a). Again there was a proportion of ionicallybound XET extractable by 1M NaCl. This ionically-bound fraction of XET
activity increased steadily during the first 4 d of the time course, peaking in
both GA3-treated and control cell cultures at 4 d (Fig. 3.3.11b). During 1 d to
3 d there were higher levels of ionically-bound XET activity in the GA3treated cell culture then in the control, although by 4 d this situation
reversed. By 5 d the levels of ionically bound XET activity were in decline
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(with the exception of wall-bound activity in untreated G1O/D cells which
rose considerably between 4 d to 6 d [Fig. 3.3.9], although this late elevation
in activity was not replicable in later experiments [Fig. 3.3.11]).
As in the G1O/D cell line, the G1O/G cells showed little or no increase
in the level of extracellular XET, and there was only a very small difference
between the control and GA3-treated cell cultures, the latter having higher
extracellular XET activities until 3 d (Fig. 3.3.12a). As with the G1O/D cell
line XET activity was found ionically-bound to the cell wall and this fraction
of XET activity increased until 4 d where the XET activity peaked, in both the
control and GA3-treated cell cultures (Fig. 3.3.12b). The levels of ionicallybound XET were higher throughout the whole five day period in the GA3treated cultures; the difference between the control and the GA3-treated cell
lines became most prominent at 3 d and 4 d. Tonically-bound XET activity
began to decrease at 4 d.

3.3.7 XET in oat stem segments.
In untreated oat stem segments there was only a little growth during
the experimental period, whereas GA3 treatment resulted in a large increase
in segment length within the first 24 h and smaller increases during 24 to 72
h (Fig. 3.3.13a). XET activity increased during the first 24 h in both the
untreated and GA3-treated oat stem segments although this elevation in
activity was higher in the GA3-treated segments (Fig. 3.3.13b). XET activities
per mg fwt decreased in both after the peak at 24 h.

3.3.8 Discussion of Results.
These five correlations between gibberellin-induced growth and an
enzyme with a putative role in wall loosening are amongst the first to be
shown.
Endogenous gibberellins are found in many plant tissues and have
been found to have regulatory role in elongation. In pea internodes the level
of GAi influences the internode growth rate and hence the final internode
length (Ross et at., 1992). GAi also influences hypocotyl elongation (and its
light regulation) in lettuce hypocotyls (Toyomasu et at., 1992). GA4 appears
to be the physiologically active gibberellin in cucumber shoots (Nakayama et
al., 1994). GAl is required for stem elongation in spinach (Zeevaart et al.,
1993); and also for shoot elongation in rice (Nakayama et al., 1992) and
internode elongation in Brassica (Zanewich et al., 1991). The relationship
between endogenous gibberellins and tissue elongation appears to be
common throughout both monocotyledonous and dicotylodonous plants.
Gibberellin is not, however the sole regulator of elongation growth in these
tissues; work on peas identified fifteen elongation mutants, and nine of these
loci have multiple alleles; some of these mutations increased GAi levels by
blocking gibberellin catabolism, others showed photomorphogenic effects
attributable to phytochrome B, whilst several lacked a normal response to
GAi (Reid and Ross, 1993). Two mutants lacking a normal response to GAi
showed altered chemorheological wall properties, and others appeared to
have differences in gibberellin perception, and changes in endogenous IAA
levels were also noted (Reid and Ross, 1993). A dwarf pea mutant unrelated
to endogenous levels of gibberellin, with a normal perception of exogenous
gibberellin has also been identified (Cramp and Reid, 1993) demonstrating
that gibberellin is not the only factor controlling internode elongation in pea.

The mechanism through which gibberellin affects elongation and
growth is at best speculative. Along with the demonstrated changes in
extractable XET activity per unit fresh weight, gibberellin influences many
other changes in elongating tissues, some contradictory, and the role of these
changes is often controversial. Gibberellins have been suggested to affect
elongation by increasing turgor pressure (in cucumber hypocotyls [Cleland et
al., 1968; Katsumi and Kazuma, 19781) and to have no effect on cell wall
properties (in etiolated lettuce hypocotyls [Katsu and Kamasaka, 1983]).
Other reports have disputed this, by demonstrating changes in cell wall
properties in dwarf water melon (Zack and Loy, 1984), dark-grown peas
(Cosgrove and Sovonick-Dunford, 1989), oat internodes (Adams et al., 1975),
light-grown lettuce hypocotyls (Kamisaki et al., 1972; Kawamura et al., 1976),
and also by demonstrating poor correlations between turgor and gibberellininduced growth (Stuart and Jones, 1977). Two dwarf mutants of pea lacking a
normal response to GA1 and with altered cell wall chemorheology were
found to have increased turgor pressures and increased cell wall yield
threshold compared with wild type plants, indicating the importance of the
cell wall properties in their phenotype (Reid and Ross, 1993).
Gibberellins have been shown to induce a number of proteins (Chory
et al., 1987), and also a non-specific increase in protein synthesis in elongating
tissues (Tomi et al., 1983), although none of the proteins induced had a
molecular weight characteristic of those subsequently found for XETs.
Several specific gibberellin-regulated genes and proteins have been
characterised, including a gene coding for a water channel protein, 7-TIP
(whose expression has been correlated with cell elongation [Ludevid et al.,
1992]) along with another gene encoding a proline- and glycine-rich protein
that is only expressed in the inflorescence and may be a cell wall constituent
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(Phillips and Huttly, 1994); an unidentified gene encoding a 118-amino acid
polypeptide in tomato (Shi et al., 1992) that possesses a potential cell wall
targeting sequence; a gene encoding a cell wall invertase and its mRNA in
elongating dwarf pea (Wu et al., 1993). Cell wall invertases have been
correlated with growth in the subhooks of etiolated pea (Miyamoto et al.,
1993). An inverse correlation between gibberellin-induced growth and an
increase in cell wall peroxidase activity has been found in tomato and may be
responsible for wall-tightening via the oxidative coupling of polysaccharide
phenolic side-chains (Jupe and Scott 1989, 1992).
Gibberellin has previously been reported to promote endo--(1--*4)glucanase activity in internode V of dwarf pea epicotyls (Broughton and
McComb, 1971), although this increase did not correlate with growth kinetics
and when measured on a specific activity basis showed no increase in
gibberellin-treated plants. Little conclusive evidence of gibberellin-promoted
endo--(1--*4)-glucanase was found (section 1.3.2.3). Currently, there are no
reports of gibberellin inducing an XET activity other than this work.
A recent report has demonstrated a brassinosteroid-regulated gene
(Brul) expressed in elongating soybean epicotyls sharing extensive sequence
homologies with nasturtium seed XET and an uncharacterised gene (rneri-5)
found expressed in Brassica and Arabidopsis (Zurek and Clouse, 1994). Meri-5
(Medford et al., 1991) also shares extensive sequence homologies with Vigna
angularis epicotyl XET, and the cDNAs from Triticum aestivum, Arabidopsis
thaliana, Lycopersicum esculentum, and Glycine max. A fusion product of the
meri-5 transcriptional promoter and a 13-glucuronidase (GUS) reporter gene
demonstrated expression of meri-5 in several tissues of transgenic tobacco,
Brassica and Arabidopsis plants including the apical meristematic dome, post
embryonic cotyledons, the floral meristem and stamen primordia, the
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internal phloem of mature plants, and other floral structures along with the
root apical meristem (Medford et al., 1991). The strongest expression of men5-GUS was, however, noted at branching points in the shoots and roots
below cells (although not cytologically differentiated) capable of forming
axillary meristems (Medford et al., 1991). The meri-5 gene open reading frame
has sequence homologies with 13-glucanases from Bacillus subtilis but not
plant cellulases (Medford et al., 1991) and these sequence homologies with B.
subtilis -glucanases are shared by the sequences of nasturtium XET and
Vigna XET We Silva et al., 1993; Okazawa et al., 1993). Another
uncharacterised gene (TCH4) with extensive sequence homology to men-S
has been shown to be expressed at points of mechanical stress or to be
induced by mechanical stimuli in

Arabidopsis (J. Braam, personal

communication 1994).
Gibberellin-effects on growing tissue are not solely limited to changes
in gene expression and subsequent enzyme activity. Changes in tubulin
expression, cortical microtubule and cellulose microfibril orientation in
response to gibberellin have also been observed in several plant species
(Mendu and Silfiow, 1993; Kaneta et al., 1993; Sauter et al., 1993;
Sakiyamasogo and Shibaoka, 1993; Ishida and Katsumi, 1992; Duckett and
Lloyd, 1994) and these changes could be responsible for large changes in the
wall morphology and structure which will affect the way the cell will expand
and grow (Preston, 1982).
The interactions between individual plant hormones are remarkably
complex. To assume any direct relationship between gibberellin and XET
(i.e. gibberellin promoting the expression of an XET-encoding gene) in any of
the plant tissues tested in this work may neglect the effects of other
hormones, particularly the endogenous levels of hormones. Lettuce
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hypocotyls were the only tissues tested that are not responsive to any of the
major hormones (auxin, kinetin, abscisic acid) applied exogenously at
physiological concentrations other than gibberellin (Silk and Jones, 1975). Pea
internodes, although capable of elongating in response to auxins, showed an
independent effect of auxin and gibberellin: gibberellin treatment resulted in
an increase in XET activity but auxin treatment did not (Fry et al., 1992).
Cucumber hypocotyls (responsive to both auxin and gibberellin [Cleland et
al., 1968]), however, presented a more complex picture, where both auxin
and gibberellin acted to promote XET activity in the elongating hypocotyl,
with IAA and IAA plus GA3 producing the largest increases in XET activity,
and both greater than GA3 alone.
Exogenous gibberellins may not act independently of auxins, and they
may influence the response of a tissue to endogenous auxins (Hasuike and
Okamoto, 1994), which opens the possibility that gibberellins exert their
elongation-promoting effects via the actions of auxins. Since there is no
auxin-characteristic promotion of cellulases in gibberellin-treated dwarf pea
internodes (Broughton and McComb, 1971) this does not seem to be the case
in pea internodes. Gibberellin also failed to produce an elevation in cellulase
activity in cucumber hypocotyls, whilst treatment with IAA did, this would
suggest that auxin can have effects independent of gibberellin on the
hypocotyl elongation. Since the IAA treatment of cucumber hypocotyls
results in both elongation and lateral growth there may be different
enzymatic mechanisms for each, that is, the IAA-promoted increase in
cellulase activity may be responsible for the lateral growth while XET is
involved in the elongation growth. Without localisation of the various
enzymes (and isoenzymes) such a mechanism, however, remains speculative.

The promotion of XET activity in cucumber hypocotyls may not be a
direct consequence of auxin either, but could instead be the result of
ethylene. Ethylene is often produced as a response to auxin (McKeon and
Yang, 1987). Cucumber seedlings treated with IAA showed epinastic
drooping of the cotyledons and thickening of the hypocotyl, features
characteristic of ethylene-treated plants. There is evidence for auxin
promoting the radial growth and ethylene the elongation of Ranunculus
sceleratus petioles (Smulders and Horton, 1991) although in other cases
ethylene inhibits elongation and reduces the level of physiologically
important endogenous gibberellins, i.e. GAi in sunflower hypocotyls (Pearce
et al., 1991). Transgenic uncoupling of auxin and ethylene effects in
elongating Arabidopsis and tobacco plants showed that ethylene did cause a
partial reduction in stem elongation but auxins were responsible for leaf
epinasty and increased apical dominance (Romano et al., 1993). Both
gibberellin and ethylene may have effects on the elongation of tissues, for
example, gibberellin and ethylene (which may be induced by anoxia)
promote rice internode elongation (Takahashi and Kaufman, 1992) and
auxin, gibberellin, and ethylene promote rice coleoptile elongation (Horton,
1991). Ethylene has also been shown to promote rice coleoptile growth by
enhancing tissue sensitivity to gibberellin (Hoffmann-Benning and Kende,
1992). Ethylene-induced ripening of kiwifruit results in a rapid and major
increase of extractable XET activity (Redgwell and Fry, 1993).
Clarifying the effects of individual hormones on a plant tissue (such as
cucumber hypocotyl) is difficult. The problem is also endemic to assessing
the actions of endogenous hormones in plant tissues (Cramp and Reid, 1993).
Since cucumber hypocotyl exhibits a growth response to both auxin and
gibberellin, and this is mirrored in both cases by increases in XET activity, it
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is interesting to consider whether the hormones are acting via independent
pathways to induce XET activity or the increase in XET activity is a
consequence of the shared growth response. Such considerations should also
be tempered by the fact that XET activity cannot be causally implicated in
growth by a simple correlation between growth and activity. It is also
important to consider that the growth response may not be a direct response
to the hormone exogenously applied but may be produced in response to
another factor; in cucumber hypocotyls this should be stressed, since the
auxin-induced growth-response has characteristic epinastic features common
to ethylene-treatment (and auxin may induce ethylene, as discussed earlier).
The auxin-induced effects on growth and XET activity may then be due, at
least in part, to ethylene action on the tissue. This could explain why 2,4-D
failed to produce similar increases in XET activity in pea stems (Fry et al.,
1992). Another explanation would be that auxin and gibberellin can enact a
growth response through different mechanisms in different tissues. The
exogenous hormone may also affect tissue sensitivity to endogenous
hormones, e.g. auxin or ethylene could increase the sensitivity of a plant
tissue to the endogenous level of gibberellin; such an effect could be expected
to be similar to that produced by exogenous gibberellin, and may produce a
stronger response (since the amount of exogenously applied hormone that
penetrates the tissue may be low compared with the amount applied.
These hypotheses do not preclude the idea that there may be different
mechanisms promoting radial and elongation growth of cells within the
hypocotyl.

In an auxin-independent/gibberellin-sensitive line of suspension-cultured
spinach cells, in which GA3 causes a biphasic promotion of cell expansion at
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the expense of cell division and chlorophyll synthesis (Fry and Street, 1980),
GA3 reduced the accumulation of XET activity in the medium (perhaps by
slowing the rate of synthesis, secretion, or transit through the cell wall),
resulting in lower levels of XET activity in the medium by the end of growth
cycle when compared to untreated cell cultures. The presence of a fraction of
XET activity that appeared to be ionically bound to the cell wall complicates
the picture (in pea, lettuce, cucumber and oat, little salt-extractable XET
activity was found; see also Fry

et

al., 1992). An ionically wall-bound XET

activity has previously been found in ripening kiwifruit (Redgwell and Fry,
1993). In spinach cells there appears to be an inverse relationship between the
ionically wall-bound fraction of XET activity and the fraction of XET activity
that accumulates in the medium; initially there is little activity in the medium
but an increasing amount is found in the ionically wall-bound fraction over
the first four days, where thereafter the ionically wall-bound fraction of XET
activity begins to decline at the apparent expense of a gradual accumulation
in the medium. GA3 increases the level of ionically wall-bound XET activity
during the first 4 d when cell elongation is peaking (Fry and Street, 1990;
Smith, 1992) but suppresses the later accumulation into the medium.
It may reasonably be proposed that XET is only effective whilst within
the cell wall. XET appears to be a specifically apoplastic enzyme, as evinced
by the deduced peptide targeting sequences obtained from gene sequence
data We Silva et al., 1993; Okazawa et al., 1993), its activity and purification
from the Vigna apoplast (Nishitani and Tominaga, 1991, 1992), and the fact
that the detergent Triton X-100 did not enhance extraction (Fry et al., 1992)
suggesting that little activity was trapped within the protoplast. Thus the
ionically wall-bound fraction of XET activity would appear very important,
maintaining close contact between the enzyme and potential xylogllucan
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substrates and could be part of the mechanism by which GA3 increases
cellular expansion during the first phase of the biphasic growth response.
There is some difficulty in proposing a role for the XET activity that
accumulates in medium, particularly the increased levels found in cells
cultured without the presence of GA3. This fraction of XET activity could
have little direct effect on the cell wall and may simply be enzyme 'discarded'
by the cell after its useful passage through the wall. Similar accumulations of
XET activity in the medium have been described in carrot cell cultures
during elongation and in phases of somatic embryogenesis that involve
elongation (Hetherington and Fry, 1993) and the authors proposed that XET
had an ephemeral role as it traversed the cell wall.
This work on extracted XET activity agrees with that of Smith (1992)
on spinach cell suspension cultures which showed the incorporation of
[3H]XXFG into chromatographically immobile material (presumed to be
xyloglucan polymer) by washed spinach cells and spinach cell media to be a
similar biphasic phenomenon. There were two peaks of incorporation: one
by the washed cells during 0-5 d after subculture, and a second gradual
increase 8 d onwards by the cell medium. The peak of incorporation during
0-5 d mirrored that of the activity of the salt-extracted XET activity, whereas
the second phase of incorporation after 8 d correlated with the accumulation
of XET activity in the medium (this work).
The incorporation activity (presumed to be an XET) found remaining
in the apoplast of washed 0-5 d spinach cells (Smith, 1992), was hypothesised
to be (a) ionically or covalently bound to the wall; or (b) continually secreted
into the cell wall. From the in vitro assay of salt-extracted XET activity it
appears that hypothesis (a) was correct. Cells were thoroughly washed
before salt-extraction until the XET activities in the washings were close to
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background levels, and the plotted values were corrected for any remaining
water-soluble activity, indicating that secretion of enzyme into the wall is
only a very small proportion of the activity found in the salt-extract.
There is now evidence to suggest that XET is encoded by a family of
genes which show different developmental patterns of expression We Silva et
al., 1994), a consequence of which may be the two forms of XET identified in
spinach cell suspension cultures. As to why spinach produces a form of XET
capable of binding to the cell wall, the answer at this stage can only be
speculative. In suspension culture it is likely that a small freely-soluble
protein like XET would be rapidly washed from the cell wall, before the
enzyme could have a significant effect, and thus the binding of XET within
the wall at an important stage of growth may be an adaptation of the cell
culture to its conditions.

GA3 also promoted XET activity during growth in oat stem segments. This is
initially more surprising as oat is a Graminaceous monocotyledon plant,
whereas pea, lettuce, cucumber and spinach are dicotyledonous, and
Graminaceous monocotyledons are often cited to have differing wall
compositions from dicotyledons, in particular low levels of xyloglucan
(Burke et al., 1974). Estimations of xyloglucan content often rely on the
methylation analysis of the sugars from extracted polysaccharides, and the
results may well be underestimates since monocotyledon xyloglucan
contains fewer characteristic xylosyl substitutions than dicotyledon
xyloglucan (Hayashi, 1989). Furthermore, cells of Graminaceous
monocotyledon plants contain less cellulose than those of dicotyledonous
plants and so the ratios of xyloglucan to cellulose may be quite similar
(Hayashi, 1989). XET activity is also prevalent in the monocotyledonous
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plants; XET activity has been measured and correlated with root growth in
maize (Pritchard et al., 1993) and was found in monocotyledons (both
Graminaceous and Liliaceous) along with bryophytes (Fry et al., 1992). This
would suggest that the xyloglucan endotransglycosylation is an important
and evolutionarily conserved process throughout the land plants.
Comparison of the growth and XET activity profiles over time in the
various biological systems tested shows that the response of oat stem
segments is similar to that of lettuce hypocotyls: a sharp peak of XET activity
characterised the period of peak growth rate, and by the end of tissue
elongation the level of XET activity was falling. The situation is different in
pea internodes and cucumber hypocotyls where XET accumulates
throughout the period of elongation, the highest levels of XET activity
present at the end of the elongation phase and a high level of XET activity
persisting thereafter (although comparison with early mature pea internodes,
which have a lower level of XET activity, suggests that the level of XET
activity does eventually decrease). High XET activities present at the end of
elongation or residual activities in non-elongating tissues could be accounted
for by the accumulation of secreted protein in the outer regions of the cell
wall or the middle lamella (forced through the cell wall by the bulk flow of
secreted materials), where it would be expected to have little effect on loadbearing structures, often assumed to be the inner face of the cell wall
(Labavitch, 1981) although with a freely soluble protein such as XET it may
be that the cell wall has tightened by another mechanism (e.g. phenolic
coupling by peroxidases) and the XET can no longer exert an effect. In the
case of lettuce and oat it appears that XET activity is lost in the latter stages
of elongation. However, it is not known if the persisting level of XET activity
at the end of elongation in pea and cucumber is due to a continued secretion
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of enzyme or an accumulation within the cell wall, nor whether the reduction
of XET activity in lettuce and oat is due to the cessation of enzyme secretion
or to the specific inactivation of the enzyme. It does appear from the
increasing specific activity that XET continues to be secreted in pea
internodes, although this could also be accounted for by a decrease in the
level of other cellular and wall proteins along with a persistence of XET in
the outer regions of the wall. A closer spatial analysis of XET protein at the
cellular level would be necessary to show where and when XET is in a
position where it has the potential to affect the cell wall.
The GA3-induced growth response of intact lettuce hypocotyls is of
far longer time period than that described for lettuce hypocotyl segments,
detectable within 10 mm (Moll and Jones, 1981). An additional lag would be
expected in whole plants owing to the increased diffusion and transpiration
times required for the hormone to be taken up into the tissue. It may also
suggest that the hormone has to be transported to specific tissue to have an
effect on growth and XET activity. The lag between hormone application and
visible effect in cucumber hypocotyls was similar to that obtained in
previous work, i.e. 7 h, although mechanical changes in the wall were noted
within 2 h of GA3 application (Taylor and Cosgrove, 1989).

It is not possible from these correlations to infer a causative role for XET
during growth, although the presence of a potential wall-loosening enzyme
that can be correlated with growth (both endogenous and hormonepromoted) does suggest a role for XET. It would, however, be an
oversimplification to imply that any role of XET was of solitary importance
to cell wall loosening. A variety of hormone-induced changes in enzymes
and wall properties were discussed earlier in this section and (with regard to
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auxins) in sections 1.3.2, which indicates the complexity of the mechanisms
that lead to wall loosening and growth. Chapter 5 will discuss the potential
implications of XET activity in the plant cell wall in the wider context of cell
elongation and growth.
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Figure 3.3.1. Elongation and XET activity in internode I.
Effect of a single application of GA3 on (a) the elongation and (b) the XET activity of
internode I of pea. Time zero on the graphs represents the time of spraying with GA3 (•, •)
or with control solution (0, 0) 14 d after sowing. The plants were dwarf genotype (cv.
Feitham First; 0, •) or tall genotype (cv. Pilot; 0, •). Each datapoint plotted was the mean
of 5 internodes (±s.e.).
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Figure 3.3.2. Elongation and XET activity in internode II.
Effect of a single application of GA3 on (a) the elongation and (b) the XET activity of
internode II of pea. Other details are the same as for Figure 3.3.1.
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Figure 3.3.3. Elongation and XET activity in internode III.
Effect of a single application of GA3 on (a) the elongation and (b) the XET activity of
internode II of pea. Other details are the same as for figure 3.3.1.
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Figure 3.3.4. Elongation and XET activity in internode V.
Effect of multiple applications of GA3 on internode V of pea. (a) Elongation; (b) XET activity
per unit fresh weight; (c) XET specific activity; (d) XET activity per internode. Other details
are the same as for Figure 3.3.1.

115

5

al
U

.

I

01

I

I

I

0 24 48 72 96 120 144 168 192

time (h)

28
24
20
LL
IM
16
0
I—'12
CL
C.,

4
0
0 24 48 72

Sb 120 144 155 152

time (h)

Figure 3.3.5. Effects of GA3 on the hypocotyls of intact lettuce seedlings.
(a) Hypocotyl length and (b) XET activity in GA3-treated seedlings (•) and untreated
seedlings (0). Each datapoint plotted was the mean of 20 hypocotyls, from two experimental
replicates comprising 10 seedlings each (±s.e.).
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Figure 3.3.6. Long term effects of GA3 and IAA on the hypocotyls of intact
cucumber seedlings.
(a) Changes in the length of a marked section of hypocotyl (2cm); (b) XET activity. Untreated
seedlings (•); treated with 6 M [AA (•); treated with 6 iM IAA and 300 iM GA3 (A);
treated with 300 jiM GA3 (Y). Each datapoint plotted was the mean of 6 hypocotyls, from
two experimental replicates comprising three seedlings each (±s.e.).
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Figure 3.3.7. Short term effects of GA3 and IAA on the hypocotyls of intact
cucumber seedlings.
(a) Changes in the length of a marked section of hypocotyl (2cm); (b) XET activity. Other
details as for Fig. 3.3.6.
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Figure 3.3.8. Cellulase activity in GA3- and IAA-treated cucumber
hypocotyls.
Comparative viscosity was measured as the relative decrease in the viscosity of a CMC
solution over 120 min after the addition of cucumber hypocotyl salt-extract compared with
boiled extract controls. Other details as for Fig. 3.3.6.
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Figure 3.3.9. Effects of GA3 on XET activity in cell suspension culture line
G10/D of spinach.
(a) Soluble extracellular XET activity (present in the spent medium); (b) ionically wall-bound
XET activity (eluted from living cells by a salt-containing solution). Untreated cells (0.005%
{v/v] DMSO only) (•); treated cells (0.005% [v/v] DMSO + 10 7M GA3) (•). Each datapoint
plotted was the mean of two experimental replicates assayed in triplicate (±s.e.).
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Figure 3.3.10. Effects of GA3 on XET activity in cell suspension culture line
G10/G of spinach.
Other details as for Fig. 3.3.9.
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Figure 3.3.11. Short-term effects of GA3 on XET activity in cell suspension
culture line G10/D of spinach.
Other details as for Fig. 3.3.9.
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Figure 3.3.12 Short-term effects of GA3 on XET activity in cell suspension
culture line G10/G of spinach.
Other details as for Fig. 3.3.9
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Figure 3.3.13. Effects of GA3 on the length and XET activity in oat stem
segments.
(a) Changes in length of a segment (1.2 cm) of oat stem; (b) XET activity. Untreated segments
(•) and GA3-treated (100 riM) segments (U). Each datapoint plotted was the mean of 20
segments, from two experimental replicates comprising ten segments each (±s.e.).
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Chapter 4.
General Discussion
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4.1 XET is an enzyme involved in plant growth.

Some of the proteins responsible for XET activity have been relatively well
characterised in respect of molecular weight and structure. Many of the
properties of XET seem to be conserved in the tissues assayed. All
characterised XET activities correspond with an approximately 33 kDa
polypeptide, can be found in the cell wall, have pH optima of approximately
5.5, will only accept xyloglucan or xyloglucan-derived oligosaccharides as
substrate (with no activity towards other (1-4)-g1ucans, such as
carboxymethylcellulose), are usually glycosylated (apart from nasturtium
seed XET) and have considerable sequence homologies with each other and
with several genes encoding as yet uncharacterised polypeptides (Brul, men5, and TCH4). The enzyme(s) is present in both monocotyledonous and
dicotyledonous species (and activity has been reported in lower plants such
as bryophytes). Thus it appears that xyloglucan endotransglycosylase
activity is a conserved feature throughout the land plants (there are no
reports of algae being tested for the presence of XET activity at the time of
writing).
It has been suggested that XET genes are differentially expressed
throughout the plant We Silva et al., 1993) and that there may be various
isoforms of XET We Silva et al., 1994). The data presented in this thesis
demonstrate both freely soluble and ionically wall-bound forms of XET
activity; another ionically wall-bound form has been reported in the cell
walls of ripening kiwifruit (Redgwell and Fry, 1993) and both of these
ionically-bound activities may be specialised isoforms of XET (an ionicallybound xyloglucan-specific hydrolytic activity activated by xyloglucan
oligosaccharides has been demonstrated in ripening tomato fruit that could
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possibly be an XET with hydrolytic ability, and is found along with a soluble
XET [Maclachlan and Brady, 1994]). XET activity is present in most plant
tissues (although negligible amounts of XET activity were found in pea
embryo tissues [data not shown]) and this activity may be promoted and
correlated with hormone-induced elongation growth. The promotion of XET
activity is, however, not simply limited to the elongation that is induced by
exogenous hormones; increases were noted during endogenous growth (this
work), during the elongation of maize roots (Pritchard et al., 1993),
elongation and somatic embryogenesis in carrot cell suspension cultures
(Hetherington and Fry, 1993), and during ripening in kiwifruit (Redgewell
and Fry, 1993) and persimmon (Cutillas-Iturralde et al., 1994).
What is evident from this summary is that XET activity is often found
to increase during periods of intensified cell wall metabolism. This,
combined with the evident widespread occurrence of XET activity in tissues,
suggests that XET may have a significant and fundamental role in plant
growth.

4.2 There is no direct evidence to show that XET acts in muro.

Endo- (1-->4)-glucanases (cellulases) are often associated with the loosening
of the cell wall that allows elongation growth, particularly in response to
auxin (sections 1.3.2), and result in the degradation of xyloglucan. Examples
of a similar stimulation of endo-(1-->4)-glucanase activity by gibberellin
remain elusive, and no reports were found that conclusively showed or
negated the involvement of end o-13(1 —>4)-glucanases in gibberellin-induced
wall loosening. There is a considerable difficulty in detecting
endotransglycosylase reactions owing to the reaction substrates being
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chemically identical to the products and the additional possibility of a
proportion of the product being smaller than the starting substrate, such a
reaction being practically indistinguishable from endo-(1--4)-g1ucanasecatalysed hydrolytic cleavage. Xyloglucan oligosaccharides have previously
been suggested to promote cellulase activity directly (Farka§ and
Maclachlan, 1988; McDougall and Fry, 1990), although the emphasis with the
discovery of XET activity in plant tissues has moved to the role of xyloglucan
oligosaccharides as competitive substrates against polymeric acceptor
substrates of the enzyme (section 4.4).
Unlike most cellulases, XET has been shown not to degrade the
artificial substrate carboxymethylcellulose or 3(1—*3),(1--4)-D-glucan and is
not competitively inhibited by cello-oligosaccharides, and has a specificity
solely for xyloglucan or xyloglucan-derived oligosaccharides (Fry et al.,
1992). Nasturtium seed XET has been shown to have a limited xyloglucanhydrolysing activity at low substrate concentrations (Fanutti et al., 1993)
although the enzyme purified from the apoplast of Vigna hypocotyls was
reported to have no detectable hydrolytic activity (Nishitani and Tominaga,
1992). This may point to a difference between the action of an XET involved
in the metabolism of xyloglucan storage polymer in plant seeds and an XET
involved in primary cell wall metabolism and cell elongation. None of the
work carried out during the period of this thesis showed a non-seed XET to
possess any measurable hydrolase activity against xyloglucan.
The evidence demonstrates that XET operates differently from the
many cellulase isoforms that can be extracted from plant tissues, as an
endotransglycosylase, catalysing the formation of chimeric xyloglucan
molecules from xyloglucan donor and acceptor substrates. The
endotransglycosylase activity has been demonstrated in vitro with a variety
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of radiochemical and fluorescent assays of tissue extracts, and in vivo in cell
suspension cultures (Smith and Fry, 1991), but owing to the difficulties
involved in detecting an endotransglycosylation reaction has not been
demonstrated conclusively in inuro. In cell suspension cultures the
incorporation of radiolabelled oligosaccharides into polymeric material has
only been found in the culture medium with no incorporation into the cell
wall (Smith and Fry, 1991). This may be due to the physical inaccessibility of
the cell wall to the labelled-oligosaccharide substrates used, or due to the fact
that xyloglucan when not hydrogen-bonded to cellulose (i.e. when it is
soluble in the medium) is a more susceptible substrate for XET and is
transglycosylated more readily than that bound within the cell wall.
The role of endotransglycosylation in muro is difficult to decipher and
is highly conjectural. The following discussion focuses on some of
hypothesised roles for endotransglycosylation in the light of the results
presented in this thesis and other recent cell wall research.

4.3 XET may allow reversible cell wall loosening by cutting and reforming
the xyloglucan tethers hydrogen-bonded between adjacent cellulose
microfibrils.

Fry (1989a) described a model of the primary plant cell wall during auxininduced growth where cellulose microfibrils were tethered by hydrogenbonded xyloglucan molecules (see Section 1.2.3; Fig 1.1).
Cell wall loosening could thus be achieved by the hydrolytic cleavage
of these xyloglucan molecules by endo-f3(1---*4)-glucanase, which would
allow the cellulose microfibrils to move apart. Assuming that the xyloglucan
-cellulose microfibril network is a major load-bearing component of the
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primary cell wall repeated hydrolysis of xyloglucan would damage the
overall integrity of the wall and leave it irreversibly weakened and perhaps
unable to restrain the turgor pressure within the protoplast. The presence of
some repair mechanism' is thus an attractive proposition: this could involve
other wall components, for example the peroxidase-catalysed cross-linking of
polysaccharide or glycoprotein phenolic groups (Fry 1986, 1988), or the
further deposition of xyloglucan into the wall.

cellulose microfibril

1

2

3

XET

Figure 4.1. Hypothetical mechanism of wall loosening by XET. (1) Adjacent microfibrils are
tethered by hydrogen-bonded xyloglucan molecules (light shaded) whilst other xyloglucan
molecules (dark shaded) are non-tethering; XET may attack (->XFT) and cleave the tethering
xyloglucan molecules. (2) The new reducing termini of the tethering xyloglucan molecules
are transferred by XET to the non-tethering xyloglucan molecules, lengthening the tethering
xyloglucan molecules and allowing expansion as the cellulose microfibrils part. (3) The
xyloglucan-cellulose microfibrillar network remains intact after expansion resulting in no
net loss in wall strength.
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Another suggested alternative was a reversible cleavage (cutting and
reforming of the glycosidic bond) of the tethering xyloglucan molecules, that
is, endotransglycosylation, allowing a transitory loosening of the cell wall,
while leaving the xyloglucan—cellulose network intact. (Fig. 4.1). With the
discovery of XET activity, this hypothesis of wall loosening has gained
popularity, although this role for XET in muro is far from established and no
direct evidence exists for such a mechanism of wall loosening.
As was suggested for carrot suspension cultures, namely that XET
exerts an ephemeral action on xyloglucan molecules whilst transiting the cell
wall (Hetherington and Fry, 1993), there are several factors that require
consideration in respect to the above model of wall loosening. Firstly, there
has been little consideration of the passage time of a protein through the cell
wall, which may be of very short duration. A protein molecule that may
freely permeate the cell wall may pass through the cell wall, particularly a
thin primary cell wall, within perhaps 100 ms (an assumption based on
Monte Carlo modelling studies of diffusion in an environment with obstacles
[Saxton, 1994]), although this will be influenced by interactions between the
protein and the wall constituents such as charged pectin molecules and also
the period of time spent by the enzyme in complex (presumably covalent)
with the donor xyloglucan substrate which may be well anchored in the wall
by hydrogen bonding. The load bearing portion of the cell wall may be far
less than the total thickness of the wall, which would reduce the effective
transit time of XET molecules. During this short period of action, XET must
find areas of donor xyloglucan molecules to cleave along with sufficient
acceptor xyloglucan molecules to complete the transglycosylation process.
The level of potential xyloglucan substrate within the cell wall is unknown,
partly since it is not known whether xyloglucan bound in the wall matrix is

131

an effective XET substrate. Such a mechanism of XET action within the wall
is reliant on many assumptions (as are all models of the loosening primary
cell wall) about the conditions within the wall and even accepting such
assumptions there have been no attempts to consider the physical
requirements of such an hypothesis, such as the statistical likelihood of these
events happening within the time constraints of diffusion through the wall
(which would depend on such variables as the concentration of donor and
acceptor substrates within a specified load-bearing volume of the cell wall,
the concentration and active half-life of XET within the same volume of cell
wall, and the reaction kinetics of XET).
The ability of XET to form stable complexes with its xyloglucan
substrates would increase the likelihood of the above mechanism of wall
loosening, slowing the diffusion of XET throughout the wall and
significantly increasing the statistical likelihood of enzyme, donor, and
acceptor substrate occurring within the same volume of wall space. This
would enable the transglycosylation reaction to proceed to completion at a
higher rate and increase the potential wall loosening effect. No evidence has
yet been presented for the presence of a stable, measurably long-lived XET
substrate complex, although small amounts of XET activity were found in the
void volume of a Sephadex G-75 GPC column (this work) which may
indicate either a minor degree of non-specific interaction between cell
components in the crude homogenate or the possibility of a specific
interaction between XET and high molecular weight xyloglucan substrate to
form an enzyme substrate complex. However, the formation of even a shortlived enzyme'-'substrate(s) complex may significantly reduce the rate of
enzyme diffusion, allowing for a considerable number of transglycosylation
events in muro.
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If the action of XET is an ephemeral one, occurring as the XET diffuses
outwards through the cell wall, what of the XET activity found in nongrowing tissues (such as internodes I and II of pea)? Exogenous XET has no
loosening activity on isolated boiled cell walls when added in mechanical
assays (McQueen-Mason et al., 1993) and so the simple presence of XET in
the cell wall does not necessarily result in cell wall loosening. A spatial
consideration may localise the XET in regions of the cell wall that may be
supposed to be non-load-bearing (such as the outer-face [Labavitch, 1981]).
Some XET may remain compartmentalised within the protoplast. If XET has
a role in wall loosening (or indeed, wall tightening) there may be other
factors influencing its activity. It may be argued that a small, freely soluble
protein such as XET would diffuse readily throughout the cell wall and resist
compartmentalisation in muro which would place the emphasis on other
factors, e.g. the deposition of nascent xyloglucan (Section 4.5) or separate
mechanisms of wall tightening.
As witnessed in spinach suspension cultures (this work) and in
ripening kiwifruit (Redgwell and Fry, 1993), a fraction of XET activity does
not freely permeate the cell wall and requires a high ionic-strength buffer for
extraction, and in these cases it was assumed XET was ionically-bound to the
cell wall. It remains to be shown whether this binding is attributable to some
difference in the XET polypeptide or to some difference in the cell wall.
However, with these wall-bound forms of XET activity it would appear that
a purely ephemeral action as the enzyme diffused out through the cell wall
was not the case. It was suggested earlier that such binding of XET activity
within the wall may be a specific adaptation to the environment, i.e. to
prevent the rapid washing of XET from the wall and into the culture
medium, which would not be necessary in whole plant tissues.
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4.4 XET may mediate the actions of oligosaccharins on plant growth.

Some oligosaccharides of xyloglucan have growth effects on plant tissues
and often are referred to as a class of signalling molecules known as
oligosaccharins (section 1.3.2.4). The two effects described for xyloglucanderived oligosaccharins are (a) an "anti-auxin" effect, and (b) an "auxinmimicking effect. XXFG at an approximate concentration of 10 9 M will
antagonise ("anti-auxin") the effect of 2,4-D on pea stem segments (York et at.,
1984) and this action is dependent on the presence of the fucose residue in
the oligosaccharide (McDougall and Fry, 1989a). XLFG and certain nonfucosylated xyloglucan oligosaccharides at higher concentrations (10-6 M)
can promote elongation (auxin-mimicking") in the absence of 2,4-D
(McDougall and Fry, 1990). Whereas XET substrates have no requirement for
fucosylation (making XET mediation in the "anti-auxin" effect unlikely) the
efficacy of oligosaccharides in promoting elongation (McDougall and Fry,
1990) matches their efficacy as XET substrates (Fry et al., 1992), namely
XLLG>XXXG>XXFG.
It has been suggested that the presence of these oligosaccharides in the
wall allows them to compete with polymeric xyloglucan as XET acceptor
substrates (Fry et al., 1993b); the incorporation of small oligosaccharides into
a large xyloglucan molecule would have almost the same effect as a
hydrolytic cleavage by an endo-(1--->4)-g1ucanase (Fig. 4.2), reducing the
molecular weight and length of a tethering xyloglucan molecule and leading
to a potential wall loosening in the manner suggested by Fry (1989a).
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Figure 4.2. The similarity in effect of polysaccharide-.oligosaccharide
endotransglycosylation and hydrolysis. (a) endotranglycosylation of polymeric donor
substrate onto oligosaccharide acceptor substrate, reducing molecular weight of donor by
approximately half. (b) hydrolytic cleavage by cellulase reducing product molecular by half.
For simplicity, both examples assume that an attack is made at mid-point of the polymeric
molecule.

Xyloglucan oligosaccharides produced by the degradation of
polymeric xyloglucan have been found to accumulate in cell suspension
culture medium (McDougall and Fry, 1991b) and similar mechanisms may
exist in the cell walls of intact plants. These oligosaccharides could be
produced by endo-3(1—*4)-glucanase action on polymeric xyloglucan or by
XET acting on the reducing terminus oligosaccharide of polymeric
xyloglucan. If both endo-13(1-->4)-glucanase and XET are present in the cell
wall there is a possibility of an additive effect between the actions of the two
enzymes; the production of oligosaccharides by endo-13(1—*4)-glucanase
would, whilst reducing the molecular weight and length of xyloglucan,
provide acceptor substrates for XET which would result in further reduction
of xyloglucan molecular weight and length (Fig. 4.3).
A rapid depolymerisation of xyloglucan by such a mechanism may be
involved in the metabolism of seed xyloglucan and fruit cell wall xyloglucan
and would be expected to lead to the rapid breakdown of xyloglucan in the
cell wall (compare with the reactions involved in starch metabolism [section
1.4.3]), and such reactions within the cell wall would be expected to cause
considerable cell wall loosening.
Only small amounts of measurable endo-3(1-4)-glucanase activity
were found in gibberellin-treated tissues (although auxin-treatment did
result in large increases in carboxymethylcellulose-degrading activity). Such
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an hypothesis of dual enzyme action would again be dependent on the
spatial and temporal separation of enzyme activities, although the
oligosaccharides may accumulate within the wall and act as substrates at
later stage.

.oligo
:1

cellulose microfibri]

Figure 4.3. Highly schematic representation of both cellulase and XET action in the cell
wall (cf. Fig 4.2). (1) Tethering xyloglucan molecules are attacked by both XET (—*XET) and
cellulase (—cellulase). (2) If xyloglucan oligosaccharides are utilised as the acceptor substrate
of )(ET the resultant effect is similar to a cellulase hydrolytic cleavage (c.f. Fig. 4.2). In
addition to cleaving load-bearing tethers, cellulase may also produce the oligosaccharide
substrate for transglycosylation.

Oligosaccharides may be removed from the cell wall: for example, the
sequestration into polymeric xyloglucan by XET would reduce the
concentration of oligosaccharides. Such a mechanism may constitute
feedback between cell wall xyloglucan metabolising enzymes and prevent
uncontrolled xyloglucan degradation and the uncontrolled disruption of
wall integrity.
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Xyloglucan oligosaccharides are subject to enzymatic attack by
exoglycosidases in the cell wall. Potentially the most important of these
exoglycosidases is a-D-xylosidase which by removing a single xylose residue
from the non-reducing end of the oligosaccharide would prevent it then
acting as an XET acceptor substrate (Lorences and Fry, 1993). A similar
reaction may deactivate polymeric xyloglucan acceptor substrates, although
CC-D-xylosidases reported and purified from nasturtium seeds (Fanutti et al.,
1991) and pea stems (O'Neill et al., 1989) were noted to be oligosaccharide
specific. This does not preclude the presence of other u-D-xylosidases that
lack this specificity, but the presence of an oligosaccharide-specific a-Dxylosidase is interesting when considering the role that the oligosaccharides
could play in the metabolism of cell-wall xyloglucan. The metabolism of
xyloglucan oligosaccharides by exoglycosidases was further discussed in
section 3.1.6.

4.5 XET has the potential to integrate xyloglucan covalently into the cell
wall matrix.

Much of the discussion of XET action has centred around its effects on
xyloglucan molecules that are already firmly bound into the cell wall by
hydrogen-bonding to cellulose. Its potential role in the incorporation of
nascent xyloglucan into the wall has been the subject of far less discussion.
Polymer synthesis de novo and polymer secretion/ deposition into the
wall is necessary for continued auxin-promoted elongation of cells (section
1.3.2.6). Brefeldin-A, a compound which interferes with Golgi-mediated
secretion of proteins and N-glycans in animal cells, caused an accumulation
of densely packed xyloglucan-containing vesicles which appeared to have
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difficulty fusing with the plasma membrane in the region of the Golgi stacks,
along with the reduced fucosylation of secreted glycoproteins and
hemicelluloses (Driouich et al., 1993). Brefeldin-A has also been shown to
block auxin-mediated elongation (Schindler et al., 1994) although the
presence of XG-loaded vesicles was not reported.
The inhibition of cellulose synthesis alone (with the inhibitor DCB)
does not prevent auxin-promoted growth in maize coleoptiles (Edelmann et
al., 1989) nor in etiolated pea stem segments where it contrarily promoted
both endogenous and 2,4-D-stimulated elongation with no effects on the
integration of xyloglucan into the cell wall (Edelmann and Fry, 1992c). Thus
it appears that cellulose synthesis is not essential for elongation, whilst that
of the matrix polysaccharides and enzymes may be; it also seems unlikely
that xyloglucan can be held in the wall by hydrogen-bonding alone, since the
inhibition of cellulose synthesis would dramatically reduce the potential
hydrogen-bonding sites for newly secreted xyloglucan molecules and these
molecules would not be bound into the cell wall.
Under normal circumstances, xyloglucan is very firmly bound into the
cell wall (Edelmann and Fry, 1992a) and a major proportion of xyloglucan
molecules are integrated tightly very soon after secretion, spending very
little time free in either the cytoplasm or the apoplast (Edelmann and Fry,
1992b).
In oat coleoptiles and pea stem epidermal tissue, new cell wall
material was found to be deposited both at the protoplast surface
(apposition) and within the wall itself (intussusception), with cellulose
mainly deposited by apposition and hemicelluloses by intussusception (Ray,
1967), the latter effect preferentially stimulated by IAA (Brummell and Hall,
1983).
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If xyloglucan is rapidly and firmly bound throughout the cell wall,
even cell walls with greatly reduced amounts of cellulose, there may exist a
mechanism for covalently integrating the nascent xyloglucan molecules into
the cell wall matrix. Transglycosylation would provide such a mechanism.
XET within the cell walls could take previously wall-bound
xyloglucan as an acceptor substrate and newly secreted xyloglucan as the
donor substrate and integrate the nascent xyloglucan into the cell wall by
endotransglycosylation (Fig. 4.4).

cellulose miciufibril
1

xyloglucan

additional mkrofibril

3
XET

Figure 4.4. Highly schematic representation of a potential mechanism of covalently
integrating xyloglucan into the cell wall matrix, leading to the construction of a complex
load-bearing matrix. (1) Primary cell wall contains hydrogen-bonded xyloglucan molecules
(light shaded) and free xyloglucan molecules (dark shaded). XET may attack (—XET) the
hydrogen-bonded xyloglucan molecules. (2) The free xyloglucan molecules are utilised as
endotransglycosylation substrates and are covalently linked to hydrogen-boned xyloglucan
molecules. These potential longer molecules may help tether additional microfibrils. (3) A
network of linked microfibrils is built up by the action of XET and secreted xyloglucan
molecules.
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Such a mechanism would be expected to produce other fragments of
xyloglucan, their size dependent on where XET cleaves the donor molecule:
smaller polymeric xyloglucan molecules or oligosaccharides. These
fragments would be free for further transglycosylation (or possibly, in the
case of polymeric xyloglucan, hydrolytic cleavage to oligosaccharides) or
hydrogen bonding onto cellulose microfibrils. Alternatively they may be left
free in the cell wall. In cell cultures xyloglucan is sloughed into the medium
(Aspinall et al., 1969).
Such a mechanism of xyloglucan integration as that outlined above
would allow the control of xyloglucan size in the wall (and is dependent on
whether XET cleaves the donor substrate randomly or near the reducing
terminus). Random cleavage would cause the molecular weights of
xyloglucans to proceed towards to the average of that already in the wall and
that being secreted, therefore the size of the xyloglucan secreted would
influence the final size of xyloglucans within the cell wall. In effect, the
xyloglucan molecular weight is jointly controlled by metabolism inside the
protoplast and in muro. That random attack by XET can occur assumes that
all the xyloglucan in the cell wall, whether hydrogen-bonded to cellulose
microfibrils or not, has the same chance of being attacked and
transglycosylated by XET otherwise the equilibrium would be biased by the
proportion of unbound xyloglucan molecule in the cell wall. A cleavage near
the reducing terminus would result in a divergent population of xyloglucan
molecules, one population becoming very large and another of
oligosaccharide size. Oligosaccharides produced in such a manner could
however be prevented from becoming further XET substrates by an
oligosaccharide-specific a-D-xylosidase removing the non-reducing terminal
xylose residue. There is little evidence for this terminal mode of attack by
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XET; indeed where investigators have looked at the molecular weight of
xyloglucan in the presence of extracts containing endotransglycosylase
activity the molecular weights have proceeded towards the mean value of
the substrate xyloglucan added and the endogenous xyloglucan (Nishitani
and Tominaga, 1991). Currently there is little evidence for XET activities
encountered having a specific attacking position at any point in the donor
substrate, although this does not preclude the possibility of there being
isoforms of XET with different attacking preferences.
Xyloglucan has been suggested to have a tightly controlled molecular
weight; the major fraction of xyloglucan in pea epicotyl cell walls has a
molecular weight of approximately 30 kD, with another minor fraction
around 300 kD (Talbott and Ray, 1992a). Pea epicotyl xyloglucan also
undergoes an increase of molecular weight from 9 kD to 30 kD within 30 mm
after deposition, while similar shifts are not seen in other matrix polymers
(Talbott and Ray, 1992b). Treatments with IAA often cause changes in the
molecular weights of xyloglucan in the cell wall; treatment of etiolated pea
epicotyl segments caused a 2 to 3-fold decrease relative to the untreated
controls within 30 minutes, and caused an even larger decrease in the
molecular weights of newly synthesised xyloglucan molecules within one
hour (Talbott and Ray, 1992b). Such auxin-induced reductions in the
molecular weight of xyloglucans have been commonly reported (sections
1.3.2). A step-increase in turgor pressure resulted in a 10-fold increase in the
molecular weight of previously deposited xyloglucan within 30 mm (Talbott
and Ray, 1992b); however cell enlargement induced by turgor pressure
increases is quickly suppressed (Green and Cummins, 1974) and the
molecular weight of the xyloglucan molecules returns to normal within I h
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(Talbott and Ray, 1992b). Again, there appears to be a tight control of
molecular weight.
Measurements of the molecular weight distributions of xyloglucan in
the upper and lower region cell walls of gravitropically responding pea
epicotyls showed similar correlations between elongation and xyloglucan
molecular weight; in the upper section (reduced elongation rate) there was a
transient increase in the molecular weights of xyloglucan, whereas in the
lower region (elevated elongation rate) the was a slower but marked
reduction in the molecular weights of xyloglucan (Talbott and Pickard, 1994).
From this evidence, molecular weights of xyloglucan in muro appear
to be able to increase and decrease. Increases in xyloglucan molecular weight
mark reductions in growth rate (perhaps due to the fact that a longer
xyloglucan chain could bind to more cellulose microfibrils cf. Fig 4.4).
Decreases in xyloglucan molecular weight mark increases of growth rate
(perhaps as the xyloglucan linkages between microfibrils are broken). It was
also suggested the step up from 9 kD to 30 kD of xyloglucan after deposition
into the cell wall marked an integration. Since no xyloglucan synthesis
capacity has been reported within the wall, increases in xyloglucan
molecular weight in muro are strong circumstantial evidence of the action of
XET(s).
An hypothetical xyloglucan integration mechanism like this would
allow two control points for the size of xyloglucan: one at the biosynthetic
stage in the Golgi apparatus (molecular weight of xyloglucan secreted into
the cell wall), and another within the cell wall (increase and decrease in the
molecular weight of secreted xyloglucans).
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4.6 Xyloglucan metabolism is unlikely to be sole determinant of wall
loosening.

Xyloglucan is only one of the many polysaccharides and glycoproteins found
in the primary plant cell wall (section 1.2.2). Many of the other polymers
have hypothesised roles in the structure of the primary cell wall, and these
must be considered along with the role of xyloglucan metabolism in plant
growth. Endotransglycosylation has only been found for xyloglucan and was
not found for pectins (GarcIa-Romera and Fry, 1993); it is not known if other
polymers can undergo similar reactions. Whether other polymers act as loadbearing elements in the primary cell wall also remains to be answered (the
role of xyloglucan as a load-bearing element within the cell wall is still
putative) and even if they prove not to be load-bearing they may have vital
roles in regulating the porosity of the cell wall (e.g. pectins [Baron-Epel et al.,
1988]) or creating charged areas that would slow the diffusion or bind
enzymes or polymers within the cell wall matrix. There may be temporal
differences in wall polymer metabolism; for example, a degradation of
xyloglucan that allows wall loosening may be followed by a wall tightening
caused by peroxidase-catalysed crosslinking of extensins. Therefore, there
may be high levels of xyloglucan metabolising activity (either endo-13(1-4)glucanase or XET) in a wall that is no longer "loose", the load-bearing
framework of the cell wall no longer being the xyloglucan—cellulose network
but instead the postulated warp-weft arrangement of crosslinked extensins
about the microfibrils.
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4.7 Metabolism within the cell wall is a complex phenomenon.

A potent mixture of enzymes is secreted into the cell wall. Even endo-13(1—>
4)-glucanase, one of the most cited cell wall enzymes, still has a disputed role
in wall loosening, its promotion by auxin appearing to be too slow to
coincide with the initiation of wall loosening (Verma

et al.,

1975). The

complicated interactions of the many enzymes are again conjectural and
correlations between the activity of an enzyme and growth rate do not reveal
a causal mechanism for growth.
Another recent addition to the catalogue of potential wall-loosening
activities are a curious class of proteins called "expansins" which appear to
loosen isolated cell walls by breaking down the hydrogen-bonding between
wall components in a non-enzymatic fashion (McQueen-Mason et al., 1992; Li
et al., 1993;

McQueen-Mason and Cosgrove, 1994, 1995). Their low pH optima

indicate that they may be potential key factors in the "acid growth" response
often, though debatably, applied to the proton-extrusion that accompanies
the early stages of auxin-induced elongation (see Rayle and Cleland, 1992;
Kutschera, 1994). Despite the large body of work on the auxin-induction of
growth, the mechanism by which this growth is caused still remains a
mystery. A far smaller body of work exists pertaining to the mechanism of
gibberellin-promotion of growth, or indeed to whether this mechanism is
different from that which underlies auxin-promoted growth.
What is often apparent is that growth at the cellular level is a biphasic
process, an initial rapid loosening of the wall followed by a later deposition
of polymer (and secretion of enzymes). From all established correlations of
XET activity with growth there was no immediate promotion of activity to
accompany the initiation of wall loosening and growth; peak levels of XET
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activity were noted during growth and not preceeding it. This is suggestive
of role in the deposition phase of growth, not in the initial wall loosening. As
to the early events of endogenous growth and particularly exogenous
hormone-induced growth there is still little consensus. What is evident is that
there are several stages, from the perception of the hormone (either
endogenous or exogenous) to changes in the cell wall. There must also be a
feedback mechanism between the cell wall and the protoplast. The apoplast,
far from being simply an extracellular matrix, must thus appear as integral a
part of the cell as the mitochondrion and chioroplast.

4.8 Conclusions.

XET activity, with characteristics in agreement with other cited examples of
purified XET enzymes, was positively correlated with exogenous hormoneinduced and endogenous growth of all plant tissues tested. There is,
however, no direct evidence for a causal role of XET in this growth and
consequently the role of XET (if any) is conjectural. Hypothetical roles for
XET in the cell wall were discussed, namely the transient loosening of the cell
wall by the endotransglycosylation of tethering xyloglucan molecules or the
integration and regulation of the molecular weight of newly deposited
xyloglucan molecules. An hypothetical role of XET in the growth effects of
xyloglucan-derived oligosaccharins was also discussed.
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Spinach cell suspension medium.

Murashige and Skoog, basal salt mixture (Murashige and Skoog, 4.4 g 11
1962; manufactured by Sigma [M55241)
Glucose

10g1

pH (adjusted with sodium hydroxide)

4.4

Using purified water (Purite Analyst HP water purifier) and autoclaved at
1210C at 15 psi for 19 mm.

Hoagland's solution.

KNO3

0.50 g 1

Ca(NO3)2.4H20

1.20 g 11

EDTA

1.25mg1

MgSO4.7H0

0.5 g 11

KH2PO4

136 mg 11

H3B03

2.86 mg i

MnC12.H20

1.81 mg i

ZnSO4.7H20

0.22 mg 11

CuSO4.5H20

80 ig i

H2MoO4.H20

90 ig i

Made up fresh in distilled water.
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Poster presented at the 2nd Scottish Cell Wall Group meeting, University
of Edinburgh 10-11 April 1992.
Preliminary physico-chemical characterisation of xyloglucan
endotransglycosylase from Pisum stems.
Ian Potter. Centre for Plant Science, University of Edinburgh, Daniel Rutherford
Building, The King's Buildings, Edinburgh EH9 3JH.
Background. Xyloglucan (XC) is a structural hemicellulose that may
hydrogen bond to cellulosic microfibrils in the cell wall and could act to
tether adjacent microfibrils1.
XG is 'cellulase' labile at unsubstituted glucose residues and due to the
paracrystalline structure of the cellulose microfibrils it may be a more
acceptable substrate for such enzymes. Hydrolytic cleavage of intermicrofibril XC could then be envisaged to cause wall loosening, however
such a mechanism would weaken the wall. It would therefore be important
that bond was reformed2.
Methods. Enzyme activity from Pisum stems was precipitated with
ammonium sulphate, redissolved and subjected to GPC on Sephadex G-75. A
potential next stage is XC affinity chromatography, and XC was crosslinked
under various conditions with epichlorohydrin3. Preliminary experiments on
xyloglucan endotransglycosylase (XET) activity is GA3-treated dward Pisum
seedlings were also carried out.
Results. Approximately 90% of the XET activity could be precipitated
between 1.2 and 2.4 M ammonium sulphate. Subsequent GPC on Sephadex
G-75 showed one major peak of activity at approximately 36 kDa. XC gels
were synthesised and their properties could be altered by varying the
reaction conditions. GA3 promoted growth in Pisum (and Phaseolus) and
showed considerable increases in XET activity in growing internodes.
Conclusion. XC endotransglycosylation appears to be catalysed by a single
36kDa protein, and XET activity can be correlated with GA3-stimulated
growth. The use of crosslinked XC as an affinity matrix fro XET is envisaged
as a potential next step in the ongoing purification protocol.
References. 1Fry SC (1989) Physiol. Plant. Z: 532-6; 2Albersheim P (1976) in
Plant Biochemistry (Bonner and Varner Eds), Academic Press, New York
pp.225-274; 3Vijayalakshmi MA et al. (1976) Lebensm. Wis. u. Technol. II:
288-90.
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Poster presented at the Sixth Cell Wall meeting, Nijmegen 25-28 August
1992.

XYLOGLUCAN ENDOTRANSGLYCOSYLASE (XET): PRELIMINARY CHARACTERISATION AND
PHYSIOLOGY IN PISUM SATIVUM STEMS.
I. Potter and S.C. Fry.
Centre for Plant Science, Division of Biological Sciences, The Kings Buildings, University of Edinburgh,
Edinburgh, EH9 3JH, Scotland, UK.
Introduction: Xyloglucan is a major structural hemicellulose, consisting of a backbone of 13-0glucooyranose residues, in the primary cell wall of dicotyledonous plants that may hydrogen bond to the
cellulosic microfibrils, and may act as a tethering bond between adjacent microfibrils when stressed(1). The
xyloglucan l3-0-glucan backbone at unsubstituted residues is subject to cellulolytic cleavage by many plant
cellulases (EC. 3.2.1.4), which could lead to wall loosening by breaking stressed xyloglucan molecules.
However repeated cutting of stressed xyloglucan would reduce the overall strength of the wall and
thus a repair step would seem important. Transglycosylation would seem to provide a mechanism for this,
since a new glycosidic bond is formed for every one broken but such a reaction is very difficult to detect in
vivo since there is no net reaction, the substrates and products being identical.
Transglycosylation has, however, been detected using [3H]oligosaccharides as acceptor substrates
in the reaction, both in vitro using soluble enzyme extracts from a variety of plants(2), and in vivo in the
medium of plant cell suspension cultures(3).
Endotransglycosylation and could also aid the integration of newly secreted xyloglucan into the cell
wall matrix by linking exocytosed xyloglucan molecules onto nearby matrix xyloglucan leading to rapid
integration.
The purpose of this work was to (a) characterise XET while formulating a methodology for
purification; and (b) look at physiological variations in XET during growth in Pisum stems.
Methods: XET activity was extracted from growing pea internodes and precipitated with ammonium
sulphate, and then redissolved in a minimum volume of buffer, before gel permeation chromatography
(GPC) on Sephadex G-75. Xyloglucan gels formed from epichlorohydrin crosslinking of soluble
xyloglucan(4) were made and tested as affinity matrices for XET, as was concanavalin-A Sepharose.
The levels of XET in separate internodes of dwarf and tall Pisum varieties were also assayed
throughout periods of growth, along the levels of XET in dwarf seedlings with GA 3 to induce internode
elongation.
Results: XET activity could be precipitated from a solution (containing approximately 2 mg cm-3 protein)
between 1.2 and 2.4 M ammonium sulphate and redissolved to give concentrations of protein in excess of
30 mg cm-3 suitable for GPC, which removed many of the contaminating proteins and gave a molecular
weight estimate of 30-35 kDa. Xyloglucan gels of varying properties have been produced by crosslinking
with epichiorohydrin and tested for their ability to bind XET, although unsuccessful so far. Columns of
concanvalin-A were tested and found to bind XET in preliminary experiments, indicating that XET is a
glycoprotein.
Total cellular XET levels were found to increase with internode expansion in both dwarf and tall
Pisum seedlings, and dwarf seedlings treated with GA3 had apparent higher levels of XET than untreated
dwarf seedlings. XET was still at relatively high levels in non-growing internodes. Further experiments are
ongoing to relate changes in XET to growth rate in pea internodes.
References.
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(XET): Roles

in Gibbereflic Acid Induced Growth

Centre for Plant Science, Institute of Cell and Molecular Biology, Division of Biological
an Potter.
Sciences, The King's Buildings, University of Edinburgh, Edinburgh, EH9 3JH, Scotland.

Introduction. Xyloglucan is a major structural hemicellulose, consisting of a backbone of 13-0glucospyranOSe residues, in the primary cell wails of dicotyledonous plants that may hydrogen
bond to cellulosic microfibrils. This may act as a tethering bond between adjacent fibrils once
stressed'. Unsubstituted 13-0-glucopyranose residues in the in the xyloglucan backbone are
subject to hydrolytic cleavage by many plant cellulases (EC 3.2.1.4), and more recently, the endoacting glycosyl transferase activity of XET.
The cleavage of stressed xyloglucan molecules can be hypothesised to result in wall
loosening which would allow turgor driven growth to occur. However, if only repeated hydrolytic
cleavage (by cellulase) occurred it would result in a degradation of the wail. Thus, a repair step
would seem important to maintain the integrity of the wall. Since XET reforms the i3-(1 -4)
glycosydic bond cleaved, with another xyloglucan chain, this would constitute the repair ste.
Gibberellin is widely known to regulate internode expansion in many plants2. The
mechanism via which gibberellin causes growth is, as yet, unknown. Several investigations have
shown this to include wall loosening3, which could be due to enzymic changes of stressed
xyloglucan molecules, in particular XET which would allow wall loosening without weakening.
The aims of this work are to investigate XET activity in growing P/sum internodes and
XET in gibberellin
Lactuca hypocotyls, during gibberellin induced growth, with a view to the role of
induced growth.
Methods. XET activity was extracted from plant tissues by homogenisation in pH 5.5 buffer, and
measured using a radiochemical assay based on [3 H]XG7-alditol incorporation into polymeric
xyloglucan4.
XET activity per unit fresh weight in P/sum was measured in internodes I, II, and Ill after a
single treatment with gibbereilic acid (GA3) over a 7 day period at 24 hour intervals; and internode
V with a GA3 treatment repeated after every 48 hour.
XET activity was also measured in Lactuca hypocotyls during a period of 7 days growth on
GA3 containing medium.
Results. 0.1mM GA3 promoted growth in dwarf. P/sum and Lactuca, although repeated sprayings
were necessary to attain the levels noted in tall P/sum plants.
XET activity per unit fresh weight could be correlated with growth and GA3 induced
growth. In P/sum XET levels increased over a seven day growth period, whilst in Lactuca XET
activity peaked within 48 hours, although growth continued over the subsequent period of the
experiment.
Conclusions. XET can be correlated with gibberellin induced growth in both P/sum internodes and
Lactuca hypocotyls. The possible roles of XET in this growth effect are discussed.
References.
Fry, SC. (1989). Physiol Plant 75, 532-36.
Jones, RL. (1973). Annu Rev Plant Physiol 24, 571-98.
Cosarove DJ and Sovonick-Dunford, SA. (1989). Plant Physiol 8 9, 184-191.
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821-28.
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Changes in Xyloglucan Endotransglycosylase (XET) Activity During
Hormone-Induced Plant Growth.
I. Potter and S.C. Fry. Centre for Plant Science, DBS, University of Edinburgh.
Xyloglucan is an important constituent of the cell wall matrix, and has
been shown to bind firmly to cellulosic microfibrils. Xyloglucan molecules,
by acting as load-bearing tethers between adjacent microfibrils, could limit
the cell wall loosening that allows turgor-driven growth. Any enzyme that
can cleave load-bearing bonds and allow adjacent microfibrils to move apart
could result in wall loosening.
Xyloglucans are susceptible to hydrolytic cleavage by most plant
cellulases EEC 3.2.1.41. However, continued cleavage of load-bearing
xyloglucan molecules could be postulated to weaken the wall unduly. The
enzyme XET could reform the cleaved bond with another xyloglucan
molecule resulting in no net loss of wall integrity. Such an enzyme could
have a pivotal role in plant growth.
XET activity has been measured during the growth of several plant
species. In a dwarf variety of pea regularly applied gibberellic acid (GA)
caused XET activity to be promoted over a several day period. Lettuce
hypocotyls showed a similar response when treated with GA, although the
effect was noted within 48h. XET activity in cucumber hypocotyls proved
less responsive to GA in the short term, although treatment with auxin
caused a considerable promotion of XET activity within 48h. XET activity has
also been shown to increase throughout the growth cycle of spinach cell
suspension cultures.
Reference: Potter, I. and Fry S.C. (1993) Plant Physiol iiQ: 235-241.
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ENDOTRANSGLYCOSYLATION OF XYLOGLUCAN: A ROLE IN
CELL WALL YIELDING?
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Introduction
Enzvmic Hydrolysis versus Transglycosvlation
Discovery of Xyloglucan Endotransglvcosylase (XET)
Polysaccharides versus Oligosaccharides as Acceptor Substrate
A Simple Radiochemical Assay for Xyloglucan Endotransglvcosylase
Occurrence and Properties of Xyloglucan Endotransglycosylase
A Viscometric Assay for Xyloglucan Endotransglvcosylase
Acceptor Substrate Specificity
Relationships Between XET Levels and Cell Expansion
Biological Significance of Xyloglucan Endotransglvcosvlase
The Possible Effect of Exo-Glvcosidases on the Suitability of Xyloglucan Chains as
Acceptor Substrates for XET

Introduction
It is generally accepted that the extensibility of the cell wall is often rate-limiting for cell

expansion and therefore for plant growth (8.9.11,45). In particular, wall extensibility often
changes along the plant axis in parallel with the gradient of gr
owth rate (24). In addition.
phytohormones that promote or inhibit growth often loosen or tighten the cell wall. respectively
(10). What are the chemical bases of the physical property, extensibility"?
To answer this question, we need a reliable working model of the primary cell wall - i.e..
of how the water-soluble polysaccharides and glvcoproteins of the cell wall matrix are held
together (18), and, especially, how they move apart to accommodate cell expansion. There have
been mv attempts to build models of the cell wall (20,27.30,39,40); none has gained universal
acceptance.
One major problem with model building is that the primary cell wall is composed of
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Published by Interscipünarv Plant Group

University of Missouri

42

Mt

_

Figure 1. The possible
arrangement of xyloglucan in the
primary cell wail. An individual
xyloglucan chain (XG) is shown
hydrogen-bonded to two different
microfibrils (Mf), which are
thereby tethered.

A

/

rather a large diversity of structurally complex polymers (3,19). Simplifying somewhat, a model
of the bare bones of the primary cell wall in Dicotyledons can be proposed (Figure 1) based on
the physical interaction of two of the quantitatively major components of the wall, namely
cellulose (the material of which microfibrils are composed [6,381) and xyloglucan (the major
hemicellulose [21,251). Some of their salient features are summarized in Table 1. Two facts are
particularly relevant here: (a) hemicellulose molecules can hydrogen-bond to cellulose (witness
binding of xyloglucan and xylans to filter paper or cellulose powder in vitro, presumably to the
outer surfaces of microfibrils); and (b) xyloglucan chains are very long. The latter fact has not
been widely recognized in previously published depictions of the cell wall (1,27).

Table 1. Some major structural features of cellulosic microfibrils and xyloglucan chains.

Parameter

MICROFIBRIL

XYLOGLUCAN CHAIN

Length

> 10,000 nm

150-1500 nm

Diameter

45 rim.

<0.5 nm

Spacing within cell wall

20-40 nm

Solubility in water

insoluble

soluble

Flexibility

low

moderate'

H-bonding to xyloglucan

yes

no

[1]

No reliable data
-After extraction from the cell wall, or before integration into the wall
A xyloglucan chain of total contour length - 1 jm can fit into the lumen of a Golgi vesicle of
diameter - 0.1 jam. This indicates considerable long-range flexibility despite the frequent
description of xyloglucan as a "rigid' molecule.
i.e., there is no evidence for strong xyloglucan-xyloglucan hydrogen-bonding in aqueous
solution.
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Putting the available facts and figures together leads to a picture of wall assembly in
which each xyloglucan chain: (a) is synthesized in the Golgi apparatus and packaged into a
vesicle (7,35), (b) is exported in soluble form from the protoplast by exocytosis (witness the
secretion of soluble xyloglucan by cellulose-less tomato cell lines [41]), (c) binds, at several
intervals along its worm-like structure, to the surfaces of two or more microfibrils simultaneously
(20,33). A xyloglucan chain could thereby 'tether' adjacent microfibrils, and hence limit cell
expansion.
(It has been reported that variant [possibly mutant] cell cultures of tomato grown in the
presence of the cellulose synthesis inhibitor 2.6-dichlorobenzonitrile virtually lack cellulose and
xyloglucan in their cell walls, and produce walls composed largely of pectic polysaccharides [41]:
however, this does not detract from the view that the normal primary cell wall of Dicotyledons is
based on a cellulose-xyloglucan skeleton.)
The hydrogen-bonding of hemicellulose chains to the surface of cellulosic microfibrils is
only part of the picture of wall assembly. Ionic bonding also occurs e.g., between pectic
polysaccharides and extensin (42). Covalent bonding - e.g., (a) coupling of the tyrosine residues
of extensin to form isodityrosine bridges (17). (b) oxidative coupling of O-feruloyl side-chains of
acidic polysaccharides to form diferulovi bridges (32), and perhaps also (c) esterification of
uronic acid residues to other wall components to form O-uronoyl-ester cross-links (5.28) - also
contributes to the assembly of a coherent cell wall matrix from water-soluble polymers. The
relative importance of all these potential inter-polymeric cross-links, covalent and non-covalent,
needs to be thoroughly explored. Meanwhile, however, current evidence suggests that
xyloglucan-cellulose hydrogen-bonding plays a major role in wall architecture.
II.

Enzymic Hydrolysis versus Transglvcosvlation
If xyloglucan chains play an architectural role similar to that described above, enzymes

that cut xyloglucan chains are of great interest to our understanding of the mechanism and control
of plant cell expansion. Much interest has centered on cellulase, an endohydrolase that (despite
its name) attacks xyloglucan much more readily than it attacks native cellulose, and which is
present in the apoplast of many plant tissues (26). Cellulase catalyses the irreversible cleavage of
xyloglucan chains by endo-hydrolysis. the reaction possibly proceeding via a covalent
polYsaccharidvl-enzyme intermediate (Figure 2a). This would indeed be able to cut microfibriltethering xyloglucan chains and therefore presumably to loosen the cell wall (20), but would do

LEJ

so permanently and might do architectural damage that could only be repaired by extensive new
wall synthesis.
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Figure 2. Diagrammatic comparison of the proposed mechanisms of hydrolysis and
trans glycosylation of a xyloglucan chain. (a) Endohydrolysis, (b) endotransglycosylation
with polysaccharide as acceptor substrate, (c) endotransgly cosy lation with oligosaccharide
as acceptor substrate. •..... and
are chemically-similar xylog!ucan chains
[each '. or
represents a single heptasaccharide (XG7) or nonasaccharide (XG9)
repeating unit (see Figure 4)]; § = XG9. E = Enzyme [cellulase in (a):
endotransglycosylase in (b) and (c)J.
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Apparently better designed for the task of wall loosening is an endo-transgly cosy lase
rather than an endo-hydrolase (22). Endo-transglycosylation can be catalyzed by the recentlydiscovered enzyme, xyloglucan endotransglycosvlase (XET). What this enzyme does is to cut
one xyloglucan chain and transfer the cut (potentially reducing) end on to the non-reducing
terminus of a different (although possibly identical) chain. The reaction may again proceed via a
covalent polysaccharidyl-enzyme intermediate (Figure 2b). The energy of the Glc-3-(1-4)-Glc

1

101

Figure 3. The proposed
mechanism by which XET can
reversibly loosen the cell wall.
The plane of the page represents
the plane of cell wall. (a) The
diagram shows a pair of adiacent
microfibrils (
) both
covered with hydrogen-bonded
xvlogiucan chains (-), one of
which is acting as an
intermicrofjbrjl lar tether. (b' XET
(.) cuts the intermicrofibrjllar
xvlogiucan chain, thereby locally
untethering the pair of
microfibrils, and allowing them to
be moved apart by turgor
(c) XET may then create a new
tether by joining the broken chain
to the non-reducing terminus of a
neighboring xyloglucan chain.
The energy of the broken bond is
conserved in the formation of the
new bond.

C

bond that is broken is conserved in the new Glc-i3-(1--'.4)-Glc bond that is formed: the net ,G 0 ' is
close to zero. (Readers may be familiar with the 'D-enzyme' [disproportionating enzyme]. which
46

catalyses a similar reaction in starch [37]). The cutting of a tethering' xyloglucan chain could
still loosen the wall (as in the action of cellulase), allowing incremental cell expansion, but then
XET (unlike cellulase) could re-form a new tether, restoring much of the cell wall's original
strength (Figure 3).

HI.

Discovery of Xyloglucan Endotransglycosylase (XET)
XET was discovered during studies of the fate of a 3H-labelled, xyloglucanderired

nonasaccharide ([3H]XG9 -- see Figure 4) in the medium of cultured spinach cells. It was shown
that {3 HJXG9 was not greatly broken down by the cultured cells but rather incorporated into a
soluble extracellular polymer. The incorporation was observed whether the XG9 was tritiated in
the fucose or xylose residues (Figures 4a.-lb) (4), indicating that the whole XG9 molecule was
being incorporated into a polymer, more or less intact. (The alternative possibility -- that the
[3 H]XG9 was first degraded to monosaccharides which were then re-incorporated into new
polysaccharides within the protoplast -- was ruled out by two facts: (a) little radioactivity entered
or bound to the cells, and (b) acid-hydrolysis of the purified ['H] polymer yielded only the
original [3H]monosaccharide (e.g., [3H]xylose from [Xy1-3 HJXG9) in contrast to the wide range
of [3 H]sugars expected from [3H]polymers produced when free [3 H]xylose is fed to cultured
cells.)
Incorporation of the oligosaccharide in intact form was confirmed by the fact that
[3 H]XG9 could be recovered from the 3 H-labelled polymer by digestion with

Trichoderma

cellulase (4,43). The bond between the [3 H]XG9 moiety and the polymer appeared from its
chemical stability to be glycosidic, and, since it was cellulase-labile, it was probably a

D-Glcp--

(1-4)-D-Glc linkage (4,43).
Two hypotheses were advanced (4) to account for the apoplastic incorporation of [3H]XG9
into a soluble polymer (Figure

5). In hypothesis (a), the oligosaccharide is enzymically cut and

an 'oligosaccharidyl' portion (e.g., an octasaccharide group) transferred on to the polymer; in
(b), the polymer is cut and a 'polysaccharidyl' portion transferred on to the oligosaccharide.
Hypothesis (b) was shown to be correct by the fact that the reducing terminal [3H]glucose moiety
of the oligosaccharide (Figure 4c) was incorporated into the [3 H]polymer (43). This was
supported by the fact that the reducing terminal [3 H]glucose moiety of [3H}XG9 remained a
reducing group after its incorporation into the polymer -- as shown by the fact that it was still
convertible to a [3 H]sorbitol moiety by treatment with NaBH4 (43).
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(d)

Figure 4. Structure of xvloglucan nonasaccharide (XG9), showing the positions
of 3H-iabelling used in experiments. (a) [fiicos 1-3 H]XG9. (b) [.r'1osvI-3 H]XG9.
(c) [reducing rerrninal- 3 H]XG9, (d) [1-3 H] XG9-ol (= the product of treating nonradioactive XG9 with NaB3H4). UPPER CASE = 'H-labelled:
= reducing
terminus. Fuc = c-L-fucose: Gal = /3-D-galactose; Gic = -D-glucose: Xyl = cD-xyiose: .) = ( l—'2)-link-age, - = (1—'4)-hnkage;
(1—'6)-linkage. Other
oligosaccharides mentioned in the text include XG7 (= as for XG9 but minus the
Fuc and Gal residues) and XG9n (= as for XG9 but minus the Fuc and plus
another Gal on the middle Xyl residue).

It was further shown that the

[3 H]polvmer

formed in cell cultures was capable of

hydrogen-bonding strongly to cellulose powder (43). This, coupled with its water-solubility and
cellulase-labilftv, strongly suggests that it was xyloglucan. Soluble. extracellular xyloglucan has
frequently been reported to occur in cell suspension cultures (2.44).
It was concluded that endotransglycosylation was occurring: endogenous polymeric
xylog1ucn was acting as the glvcosyl donor and exogenous

[3 HJXG9

as the glycosyl acceptor

(Figure2c).

IV.

Polvsaccharides versus Oligosaccharides as Acceptor Substrate
This mode of transglvcosvlation ('polysaccharide-to-oligosaccharide') may be atypical of

what normally occurs in vivo, where amounts of xyloglucan (polysaccharide) greatly exceed
amounts of oligosaccharide. Evidence that enzymically-catalyzed 'polysaccharide-
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Figure 5 (aL(hl. Two hypotheses to account for the incorporation of exogenous jJucosy1-3 llXG9 and [xy/osy!-'IIIXG9 into
endogenous polymeric xyloglucan in the apoplast of a cell-suspension culture, and how subsequent digestion of the polymer with
Trwlwderina cellulase could regenerate [ 3 11]XG9.
= Uypothetical transglycosylase; F = -L-fucose; G = 13-D-glucose; L = j3-D-galactose; X = -D-xylose. Residues derived from
the starting nonasaccharide are shown in hold type (boxed). For simplicity, fucose and galactose are omitted from the diagram of the
endogenous polymeric xyloglucan. Note that only hypothesis (b) correctly predicts that the reducing terminal glucose moiety of the
XG9 is incorporated into the polymer.

to-polysaccharide' transglycosylation of.xyloglucans can occur was first provided by an
experiment in which high-M, non-radioactive xyloglucan was mixed with a trace of medium-Mr
[3 H]xyloglucan

and incubated in the presence of a partially purified cellulase from young

Phcseolu.s vulgaris leaves (34). The enzymic reaction-products included some high-M,
[3 H]xyloglucan,

indicating that radioactivity from the medium-Mr molecules had become part of

some considerably larger molecules. The reaction was enzyme- and time-dependent.
Further evidence for an enzyme-catalyzed polysaccharide-to-polysaccharide
endotransglycosylation was provided by Nishitani and Tominaga (36), who showed that an
enzyme activity from Vigna stems catalyzed the conversion of high-Me soluble xyloglucan (420
kDa) to a mixture of 10W-MT soluble xyloglucan plus some xyloglucan that was of such a high M
that it precipitated out of the solution. The pH optimum for the reaction was shown to be 5.4.
Thus, in the trans glycosylation reaction, the donor substrate is polymeric xyloglucan. and
the acceptor substrate can be either a xyloglucan-derived oligosaccharide (Figure 2c) or another
xyloglucan polysaccharide molecule (Figure 2b).

A Simple Radiochemical Assay for Xyloglucan Endotransglvcosviase
The use of

[3 H]XG9

as acceptor provides a very simple assay for the enzyme responsible

for endo-transgiy cosy lation (Figure 6) (23): 20 Al of a mixture of non-radioactive xyloglucan
(0.3% w/v) and

[3 H]XG9

(e.g. 1 /.LM) is incubated in the presence of 10 pA of a solution of the

putative enzyme for 1 h at pH 5.5 and 25°C. The reaction is terminated by addition of 100 pA of
20% formic acid, and the reaction-products (the whole 130 Al) are dried onto a small square of
Whatman 3MM chromagraphy paper so as to immobilize the xyioglucan by hydrogen-bonding.
The paper is washed in running tap-water for about 30 min to remove unreacted [3HIXG9. dried
and assayed for bound 3H -- representing the high-Me. 3 H-labelled transglvcosylation products.

Occurrence and Properties of Xyloglucan EndotransgJycosvlase
By use of this assay, a wide range of growing plant tissues was surveyed and shown to
contain readily water-extractable XET activity (23). The range included Bryophytes as well as
Dicotyledons and both graminaceous and non-graminaceous Monocorviedons. XET thus appears
to be universal in land plants.
The enzyme from etiolated pea stems was heat-labile, and had a fairly sharp pH optimum
of 5.5 (compatible with its having evolved to operate in the apopiast). It was slightly enhanced
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Figure 6. Scheme to show the radiochemical assay of XET activity. Nonradioactive, polymeric xyloglucan (—) is incubated with a [3 H]oligosaccharide.
e.g.. [3 HJXG9 (). in the presence of the enzyme preparation. The action of XET
produces some [3 H]polvmer ( x) The products are dried on to a square of filter
paper, which is then rinsed in running water. Polymeric xyloglucan, including
any newly-formed [3H]xyloglucan. remains bound to the paper, whereas unreacted
oligosaccharide (aK) is washed out. The paper is finally re-dried and assayed for
3 H by scintillation-counting.

in activity by Ca2 and by ascorbate, which were therefore included in the enzyme extraction
buffer. It was not inhibited by cellopentaose at up to 25 mM, a powerful competitive substrate
for cellulase, demonstrating that it was different from cellulase. This conclusion was backed up
by the fact that spraying of pea seedlings with high concentrations of 2,4-D, which induced high
levels of cellulase, did not increase extractable XET activity. The enzyme was highly specific
for xvlogiucan as donor substrate; no other polysaccharide tested exhibited convincing activity
(including three other cellulase substrates -- cellulose, carboxymethylceilulose [CMC] and 3
(1-.3).(1-4)D-g1ucan) (23). The pea enzyme was effective on xvloglucan from both Rosa
cultures and Tropaeolum seeds (i.e., fticose-rich and fucose-less xyloglucans, respectively). The
acceptor substrate specificity has also been explored, as will be discussed in Section VIII.
VII. A Viscometric Assay for Xvloglucan Endotransglycosylase
An alternative assay for XET is based on measurements of viscosity -- an indicator of the
molecular weight of xyloglucan chains in solution. An aqueous solution of Tropaeolum
Xyloglucan (e.g., 0.5% w/v) is moderately viscous, giving a flow-out time from a suitable 0.1-ml
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pipette of —20 s, compared with - 1 s for water. Addition of cellulase to this solution caused a
rapid decrease in viscosity (flow-time) as the polysaccharide chains were endo-hydrolysed.
Addition of an enzyme extract from non-2,4-D-treated pea stems caused a slight gradual decrease
in viscosity, indicating that, at most, small amounts of cellulase are present. However, th
subsequent addition of a suitable xyloglucan-derived oligosaccharide (e.g. XG9; —25 M' to the
mixture resulted in a rapid but short-lived promotion of the rate of decrease in viscosity (Figure
7). This effect was first noted by Farkag and Maclachlan (15), who interpreted it as being due to
a promotion of the action of cellulase on the depolymerization of xyloglucan.
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Fiiure 7. Effect of an oligosaccharide on the depolymerization of xloglucan (.) and
carboxymethyl cellulose (CMC) (0) by an enzyme preparation from Phaseolus vulgaris.

assayed viscometrically. Emerging primary leaves of 4-day old seedlings of Phaseolus
vulgaris were ground in a low-salt buffer and the extractable proteins that precipitated in
50% saturated (NH4)SO4 were de-salted, mixed with polysaccharide in 40 mM acetate
buffer (pH 5.0) and incubated at 25°C. Final concentrations of substrates were 0.40%
xvloglucan (ex Tropaeolum majus seeds) or 0.33% CMC. At intervals, the flow-time of
0.1 ml of the solution was measured in a suitable pipette. At the time indicated by the
arrow, solid XG9n (Gal. Xvl 3 G1c4 ) was added to a final concentration of 25 1M. The
flow-time for distilled water was —0.8 s.
(Previously unpublished data).
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The viscometric data can now be re-interpreted on the assumption that the enzyme
responsible was not cellulase but XET. In the absence of oligosaccharides, XET catalyses
polysaccharide-to-oolvsaccharide endotransgly cosy lation (an 'idling' reaction), which may result
in some slight change in viscosity depending on the initial molecular weight distribution of the
xyloglucan substrate. For each polysaccharide molecule cut, another polysaccharide molecule in
the population is lengthened, so that there is no change in mean M.; indeed, there may be a
focusing of the Mr profile towards the mean of the population. (The slight decrease in viScosity
in the absence of oligosacoharides may also be partly due to the presence of a small amount of
cellulase, catalyzing erido-hvdrolysis, and possibly also to a limited ability of XET to catalyze
endo-hydrolysis). Upon addition of the oligosaccharide, however, polysaccharide-tooligosaccharide endotransglvcosylation becomes possible. In this reaction, in contrast to the
'idling' reaction, a substantial decrease occurs in the molecular weight of the polysaccharide (as
the mean Mr approaches the number-average M. of the polysaccharide and the oligosaccharide),
and thus the viscosity of the solution sharply declines. Although the absolute concentration of the
polysacoharide (-0.5

.v/v) will generally greatly exceed that of the oligosaccharide

(-0.0025% w/v) in a typical experiment, the reactants may in fact be roughly equimolar since
the poivsaccharide (M, iO to 106) is much larger than the oligosaccharide (M, - 10') and it is
believed that only the non-reducing terminus of the polysaccharide (i.e., one glucose residue per
polysaccharide molecule) participates as acceptor substrate.

VIII. Acceptor Substrate Specificity
Although most of the initial studies on XET were conducted with [3 H]XG9
(Fuc- GalXy13 G1c4; K = 50 M) as acceptor, other [3Holigosaccharides have turned out to be
somewhat more effective acceptors, e.g. XG9n (Ga12'Xyl3'G1c4; Km = 19 M) and XG7
(Xyl3 G1c4; Km = 33 M) (23). Therefore, neither the -L-fucose nor the -D-galactose residue
of XG9 is essential for XET acceptor activity. The reducing terminus of the oligosaccharides is
also not required, since 3 H-labelled XG9-ol, XG9n-ol, XG7-ol and Xyl1G1c3-01 (i.e., the products
formed upon conversion of the reducing terminal glucose moiety to [3H]sorbitol by treatment of
XG9, XG9n, XG7 and Xyl2G1c3 , respectively, with NaB3H4) will all function as acceptors (P.R.
Hetherington and S.C. Fry, unpublished). It has also been shown by use of the visconietric assay
that Xvi, Gb 3 itself is an effective acceptor (31). However, the removal of either of the -Dxylose residues of XyIGic3 virtually abolished activity. (The methods used for this experiment

53

are summarized in

FiZI
gur

8.) De-xylosylation of the pentasaccharide was done by partial acid-

hydrolysis of XykGlc3 followed by purification of the two tetrasaccharides,
Xyl

Xyl

4.

4.

G1c-G1c-1c & G1c-sG1c--G1c,
(a)
(b)

by preparative paper chromatography in ethyl acetate/pyridine/water (10:4:3) and HPLC on
amino-substituted silica; the two isomers were distinguished by the products which they yielded
upon partial hydrolysis with Driselase (which cleaves theglucosyl linkages sequentially from the
non-reducing terminus but not the xylosyl linkages), tetrasaccharide (a) giving cellobiose and
Xyl-oGlc, and (b) giving Xyl-oGlc-oGlc (E.P. Lorences, M. Lluch, J. Aitken and S.C. Fry,
unpublished). Thus, since neither tetrasaccharide was an acceptor, the minimal acceptor unit for
NET is:

Xyl Xyl

4,

4,

G1c-G1c-*R

where Xyl = n-D-xylose, Gic = -D-glucose, R = glucose or sorbitol,

= (1_o6)iinkage, _. =

(1-.4) linkage. Precisely which of the eleven non-anomeric --OH groups of Xy]2G1c3 acts as the
glycosvl acceptor? The answer is probably the 0-4 position of the glucose residue furthest from
the reducing terminus since this is probably the only atom to which a cut xvloglucan chain
polysaccharide group) could make a cellulase-labile linkage [D-Gicp--( 1

IX.

)-D-Gic] (43).

Relationships between XET Levels and Cell Expansion
Several positive correlations between the rate of cell expansion and the extractable NET

activity support the contention that XET is central to the mechanism of expansion growth:
a

XET levels are highest in the 3rd (upper) internode of etiolated pea (23) and Vigna
stems (36), which is the most rapidly elongating.
In maize roots, extractable NET activity peaked at about 2.5 mm from the root tip, i.e.
in the zone of accelerating cell expansion, the maximal rate of cell expansion occurring
about 4.5 mm from the tip (Pritchard er al.. these Proceedings).
Subjection of maize seedlings to drought caused an apparent loosening of cell walls
near the primary root tip. so that root elongation was maintained despite the loss of
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turgor; this loosening was correlated with an increase in extractable XET activity (Wu
et al., these Proceedings).
d

In cultured spinach cells, monitored during a normal growth cycle, the ability of the
(freshly washed) cells to catalyze xyloglucan endo trans glvcosylation in the apoplast
peaked sharply during the period of maximal growth (as measured by packed cell
volume) (R. C. Smith and S.C. Fry. unpublished).

C

In cultured carrot cells, removal of 2.4-D from the medium caused a cessation çif cell
division but permitted extensive cell expansion: levels of cell-associated XET activity
increased during this period of cell expansion (P. R. Hetherington and S. C. Fry,
unpublished).
Xyi Xyi Xyl
4.
4..
4..
Gic-G1c-*Gic-.ic

Xyi Xy].
Dris.
-+

4.

4.

G1C-G1C-GiC

Xv13Gic4 (XG7)

Xvi1201c3

Mild acid

xi

I1
G1c-G1c-.G1c

Glc-Glc-'Gic

Xvii Gic3

Xvii G1c3'

--Partial Drisel
f

xY1
4.
Gic + G1c-G1c

Xyi
4.
Gic + Gic-Gic

Celiubiose

XG3

Fiure 3. Scheme to show the methods used to prepare and characterize two isomeric
tetras ac ch arides (Xyl . G1c1) of xyloglucan. The starting material (X07) was obtained by
digestion of Rosa hemicellulose with Trichoderma cellulase and purified by 0-elpermeation chromatography on Bio-Gel P-2. Dris. = Partial digestion with Driselase, a
fun-al enzyme mixture whose only activities capable of attacking XG7 are -glucosidases
which cleave the glucosyl linkages, sequentially, from the non-reducing terminus. The
resulting pentasaccharide was subjected to partial acid hydrolysis and the two major
tetrasaccharides obtained were separated (by preparative paper chromatography in
EtOAc/PyIHO, 10:4:3, followed by HPLC on an amino-substituted silica column) and
distinguished by their products of further Driselase digestion (XG3 and cellobiose,
respectively).
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f.

In dwarf pea and broad bean plants, grown in the light, spraying with gibberellic acid
induced internode elongation and an increase in extractable XET activity (I. Potter and
S.C. Fry, unpublished).

X.

Biological Significance of Xyloglucan Endotransglycosylase
In conclusion, XET is an enzyme that cleaves the backbone of a xyloglucan chain and

then transfers the newly formed (potentially reducing) terminus on to an acceptor. The acceptor
appears to be the 0-4 position of the single glucose residue at the non-reducing terminus of either
another xyloglucan chain or a xyloglucan-derived oligosaccharide. The minimal structural
requirement for the non-reducing terminus of this acceptor appears to be two contiguous Xvl-a(1-'6)-Glc groups. We propose that XET catalyses an important reaction in the cell wall.
reversibly causing wall-loosening. The enzyme may be speculated to cut an inter-microfibrillar
xylogucari chain, transiently forming a covalent polvsaccharidyl-enzvme intermediate and in the
process facilitating incremental cell expansion (wall yielding), and then to transfer the
polysaccharidyl group on to the non-reducing terminus of another xvloglucan chain within the cell
wall, thus potentially re-forming an inter-microfibrillar tether and tending to restore the strength
of the wall.
Some additional suggestions can be made about the physiological consequences of

T:

The existence of = may allow xyloglucan-derived oligosaccharides to act as chain
breakers. It is known that exogenous xyloglucan-oligosaccharides at concentrations of
- 1 gM are capable of 'mimicking' auxin in the sense that they promote the
elongation of pea stem segments in the absence of exogenous auxins (34). This may
be attributable to the ability of the oligosarcharides to act as acceptor substrates for
>T, in competition with what are regarded as 'normal' acceptors -- other xviogiucan
chains. Thus, in the presence of oligosaccharides, polvsaccharide-to-oligosaccharide
/

endotransglycosylation can occur, having almost the same effect as endo-hydrolysis,
whereas in the absence of oligosaccharides. polysaccharide-to-polysaccharide
endotransglycosylation predominates and walls are repaired after transient loosening.
XFT could be responsible for the initial integration of xvloglucari into the wall by
catalyzing endotransglycosylation between newly secreted xyloglucan chains and those
already bound within the fabric of the wall. It has been shown that newly secreted
xyloglucan is very rapidly (within minutes) integrated into the accreting wall so firmly
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that prolonged treatment with 6 M NaOH is required for its extraction (12,13). Such
firm binding cannot readily be reproduced in vitro on mixing xyloglucan with
cellulose at ratios similar to those occurring in cell walls, suggesting that a process
additional to simple hydrogen-bonding contributes to the wall-binding of xyloglucan in
vivo. Supporting this contention, it has also been shown that inhibition of cellulose
synthesis (by 2,6-dichlorobenzonitrile) for up to 24 h does not significantly affect the
subsequent integration of newly-synthesized [3Hxyloglucan into the wall (13aI
Edelman & S. C. Fry, unpublished). This again suggests that simple hydrogenbonding to naked surfaces of microfibrils does not fully account for the binding of
xyloglucan into the cell wall.
The reaction catalyzed by XET could be the mechanism of wall loosening during (at
least some kinds of) cell expansion. This has been discussed above.
The XET reaction could perhaps also provide the mechanism of some other kinds of
wall-lysis such as occur during abscision, ripening and related processes.
The synthesis, secretion and action of XET could be key control points in the
regulation of wall loosening. The positive correlations between XET activity and cell
expansion are particularly suggestive here.

XI.

The Possible Effect of Exo-Gycosidases on the Suitability of Xyloglucan Chains as
Acceptor Substrates for XET
The information on the structural requirements for oligosaccharides to act as acceptor

substrates may give some insight into the requirements of a non-reducing terminus of a
polysaccharide to act as acceptor. Thus, the fact that

Xyl Xy1.
G 1 c-G 1 c-G 1 c

is an acceptor while

Xyl.
Xyl
.1.
G1c-G1c-G1c and Glc-'Glc-'Glc

are not suggest that a polysaccharide would only act as an acceptor substrate if the two glucose
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residues nearest its non-reducing terminus were both xylosylated. Thus,

x x x x x x

xx x x x x x x x x x x x x x x x x

would be expected to act as an acceptor (specifically at the left-hand 'G') [where X = a-Dxylose; G = 3-D
-glucose; 4 = (1-6)-linkage; - = (1-4)-Iinkage; for simplicity, the galactose
and fucose side-chains of the xyloglucan molecule are not shown], whereas
x

x x x x x x x x x x x x x x x x x x x x x

would not.
This immediately focuses attention on the role of a-D-xylosidase in the cell wall. This
enzyme is present in many plant tissues, and has a remarkable specificity: it will remove the nonreducing terminal a-D-xylose residue from oligosaccharides such as XG7 and XG9, but it will not
hydrolyse the disaccharide D-Xyl --(1-.6)-D-Glc (isoprimeverose: the major repeating
disaccharide of xyloglucan) nor will it hydrolyse the chromogenic substrate p-nitrophenvl-c-D
xYlopyranoside (14,29). It has been reported not to remove the xylose residues from polymeric
xyloglucan, but it seems quite possible that the removal of the single xylose residue from the
non-reducing end of a long polysaccharide chain would have been overlooked. Thus. a-Dxylosidase may convert (I) to (II). Therefore, although only perhaps 0.1% of the wall's

-D-

xylose residues would be susceptible to this hydrolysis, it would be a highly significant reaction.
preventing a whole xyloglucan molecule from acting as acceptor substrate for XET.
Polysaccharide (II) could, however, be brought back into the game by the action of a

-D-

glucosidase, which would convert (II) to
/

x
'1. 4.

x x x x x x x x x x x x x x x x x x x x x

4. 4. 4.

4. 4. 4.

4.
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4.

4. 4. 4.

4,

4. 4.

,j. 4,

4,

4. 4. 4.

(Ill)

Thus, the exo-hydrolases -D-xylosjdase and $-D-glucosidase -- widely disregarded in studies of
wall-loosening because they only nibble the ends of polysaccharides rather than biting them in the
middle -- could in fact have very serious consequences for the occurrence of wall-loosening
reactions.
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Eiaure 9. Scheme to show the possible sequential actions of a battery of cell wall exoglycosidases on the non-reducing terminus of a xyloglucan chain, and their predicted effect on the
ability of the chain to act as an acceptor substrate for XET.The box (left) draws attention to the
portion of the polysaccharide molecule proposed to be susceptible to hydrolysis by the
glycosidases. The [J or [-] (right margin) indicates the expected ability of the polysaccharide
to act as an acceptor substrate in endotransglycosylation, predicted from the known structural
requirements of o!igosaccharides.
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The presence of a Fuc-Gal- substituent on a xylose residue would block further nibbling
by -xylosidase and 3-glucosidase. Farka et al. (16) have found a plant a-L-fucosidase that
splits the fucose residues off xyloglucan oligosaccharides, but not off p-nitrophenyl-c-Lfucopyranoside nor apparently off xyloglucan. However, it seems possible that this enzyme
would attack the -L-fucose residue of a single XG9-yl unit located at the non-reducing end of a
long xyloglucan chain, releasing such a small percentage of the total fucose present in the
polysaccharide that it would have been overlooked. Such an action, followed by the action of /3D-galactosidase, would open up the polysaccharide to further nibbling by a-xylosidase and 3glucosidase. The combined actions of xyloglucan endotransglycosylase, c-D-xylosidase, /3-Dglucosidase, -L-fucosidase and /3-D-galactosidase could constitute a very complex and subtle
growth control mechanism (Figure 9) and deserve detailed investigation.
In conclusion, XET is a new enzyme activity that probably occurs in all land plants. It is
easily extracted and assayed, and is capable of catalyzing a reaction that could be central to the
mechanism of plant growth. Its physiological roles will no doubt be a focus for intensive study
over the next few years. Its existence also calls for a re-assessment of the significance of
previously disregarded exo-glycosidases in the control of cell expansion.
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Xyfoglucan Endotransglycosylase Activity in Pea Internodes1
Effects of Applied Gibberellic Acid

Ian Potter and Stephen C. Fry'

Daniel Rutherford Building, University of Edinburgh, The King's Buildings, Mayfield Road,
Edinburgh EH9 3JH, United Kingdom

Xyloglucan endotransgfycosylase (XET) activity extractable from
internodes or tall and dwarf varieties of pea (Pisum sativum L)
was assayed radiochemicallv using tamarind seed xvloglucan as
donor substrate and an oligosaccharidvlf'l.faldjtol as acceptor
substrate. Internodes I and LI showed little elongation during the
period 15 to 21 d after sowing; NET activity remained relatively
constant and was unaffected by exogenous gibberellic acid (CA,).
A single application of GA1 to the dwarf genotype resulted in a
small enhancement of elongation in internode III between d 17
and 21 and caused a small increase in XET activity in internode Ill.
Repeated applications of GA1 caused internode V to elongate
between d 20 and 26, to the same extent as in the tall variety, and
concomitantly led to greatly elevated XET activity (expressed per
unit fresh weight, per unit of extractable protein, and per internode). Thus. XET activity correlated with GA1-enhanced length in
pea interriodes; the possibility that this represents a causal relationship is discussed.

to the mechanism of auxin-induced wail loosening (Labavitch
and Ray, 1974; Koson et al.. 1991). Xylogiucan is a wailbound hemicellulose with a backbone of 3-(1— 4)-linked aGIc residues, about 60 to 75% of which are -o-xvlosvlated
at O-'; galactosvl, fucosvl. and O-scervi groups are also
present (for review, see Fry, 1989a). Xvloglucan chains, which
may be about I im in total length, can hydrogen-bond to
cellulose (Hayashi et al.. 1987) and may act as molecular
tethers between adjacent cellulosic nicrofibriis in the cell
wail, restraining wail expansion (Fn, 1989b; Passioura and
Fry, 1992). The evidence that xviogiucan participates in
auxin-induced wall loosening is 2-fold. First. during auxininduced growth, xvloglucan decreases in mean M and may
become partially solubihzed, suggesting endohvdroiysis catalyzed by cellulase (EC 3.2.1.4) (Labavitch and Ray, 1974;
Wakabavashi et al.. 1991). Second, reatment of dicotyledonous stem segments with xyloglucan-binding lectins or antibodies, which might be expected to interfere with xvlogiucan-

GAs have been shown to regulate internode elongation in
many pian, especially in dwarf varieties (Jones. 1973; Ross
et ai.. 1992). Internode elongation is due to turgor-driven
wall yielding (Cleland, 1981; Cosgrove, 1986). Therefore,

If xvlog!ucan cleavage occurred soieiv by cellulase-catalvzed hydrolysis, the repeated cutting of tethers might be

GAs could enhance elongation by increasing either wall

expected to reduce wall strength unduly; therefore, a repair

extensibility or turgor pressure. Several studies show that

function would seem equally important. Endoti-ansgivcosvlation could provide such a mechanism, and an enzyme. XET.
capable of catalyzing xyloglucan endo trans glvcosvlation. has

GAs increase wall extensibility (Nakamura et al.. 1975; Stuart
and fortes, 1977; Cosgrove and Sovonick-Durtiord, 1989).
Several biochemical mechanisms have been pr000sed For
the effec of GAs on wall extensibility, including a promotion

enzyme interaction, can block auxin-induced growth (Hoson
etal.. 1991).

been described recently (McDougall and Fry, 1990; Smith
and Fry, 1991; Farkai et al., 1992; Fry et al., 1992b; Nishitani

of wall-loosening reactions (Cleland, 1981; Cosgrove and
Sovoruck-Dunford, 1989), an inhibition of wall-tightening
reactions (Fry, 1980), changes in the relative rates of synthesis

and Tominaga. 1992). XET cuts a xviogiucan molecule (the
donor substrate) in mid-chain and then conserves the energy
of the cleaved glucosvl bond in the formation of a new,
chemically identical bond with another xylogiucan or XGO

of specific wail polysaccharides (e.g. a relative increase in
cellulose synthesis [Mondal, 19731), and increased total wall
synthesis (Montague and Ilkuma. 1975). The rapidity with

molecule (the acceptor substrate). The reaction can be monitored by measurement of the incorporation of radioactively
labeled XGOs (Smith and Fry, 1991) or fluorescently labeled
XGOs (Nishitani and Tominaga. 1992) into high-M, xvlo-

which GAs can initiate growth promotion (within 10 'rmin in
lettuce hvoocotyis [Moll and Jones, 19811) focuses attention
on wall-loosening reactions, at least in studies of the early
phases of the response.
Studies of GA-induced wall loosening may reasonably

glucan, or by determination of changes in the size distribution
of hig
h -M. xvloglucan molecules (McDougall and Fry, 1990;

inspiration
inspiraon from studies of auxin action. In dicotvledonous plan, the metabolism oi xvloglucan appears to be central

Abbreviations: XET, xylogiucan endoansg1vcosvlase: xco. loglucan-derived oligosaccharide; XXXCoI. a-o-xvLopvranosyf-(16)-d-o-2lucopvranosvl-(1 - 4)-fa-o-xvloovranosvl-c1 - ó)l--o-g1ucopyranosvl-(1 - 4)-[a-o-yiovranosvl-(1 - 0)J-,3.0-giucopvrano
svl-(I - 4)-o.glucitol.

'supported by the Aicuftural and Food Research Council
corresponding author; fax 44-31-650-3392.
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Farkai et al., 1992; Nishitani and Tominaga, 1992; Lorences
and Fry, 1993).
Several correlations exist between XET activity and tissue
growth rate, e.g. during the growth cycle of spinach cell
cultures and along the length of an elongating stem or root
(Fry et al., 1992a; Pritchard et al., 1993). However, no increase in XET activity occurred during the auxin-induced
elongation of pea stem segments (Fry et al., 1992a, 1992b).
Also, the stems of dark-grown (rapidly elongatin g) pea seedlings did not contain more XET activity than those of lightgrown (slowly elongating) seedlings (I. Potter and S.C. Fry,
unpublished observations). Furthermore, a wall-bound protein that appears to mediate H"-induced wall creep was
shown to lack XET activity (McQueen-Mason et al.. 1993).
In the present work, we have investigated whether XET
activity is correlated with GA3 -induced growth. This makes
an interesting comparison with the studies mentioned above
because, unlike auxin, GAs do not appear to act via H
secretion (Stuart and Jones. 1973), and endogenous CA.,, do
not seem to be responsible for dark-induced elongation of
stems (Sponsel, 1986).
,MATERIALS AND METHODS
Plant Material
Pea (Pisum sativum 1... var Feltharn First [GA-responsive
dwarf] and Pilot [tail]) seeds were soaked for 24 hi in running
tap water before being sown in soil at 80 seeds per tray and
grown for 14 d in the glasshouse.
Incernodes Ito III

Fourteen days after sowing, 80 plants were sprayed with
400 to 500 mL of 0.1 mm CA, in 0.1% (v/v) DM50 or with
400 to 500 mL of 0.1% DMSO. Five plants of each treatment
were randomly harvested at 24-h intervals thereafter for the
following week. Successive thternodes (numbered from the
cotvledonaz-y node) were measured (±1 trim), excised, and
weighed. Lengths are reported as mean (±sa) of the five
replicate plants.
Internode V

Since at 14 d after sowing the plants had three to four
visible internodes, number V was selected for study as a
posttreatuient internode. After 14 d, 80 plants were sprayed
as above and then resprayed every 48 h throughout the
experiment. Also at 48-h intervals, five plants were randomly
harvested and internode V was measured (±1 mm), excised,
and weighed.
Extraction or Soluble XET Activity
Excised internodes were frozen (-18°C) in buffer (50 mm
succiriic add, 10 MM L -ascorbic add. 10 rrui CaCI1, and 1 mm
D'IT, final pH adjusted to 3.5 with NaOH) at 2 rnL/g fresh
weight. thawed, and homogenized at 0 to 4°C by mortar and
pestle with a little add-washed sand. Homogenates were
centrifuged for 10 min at 2500g and 0 to 4°C, and the
supernatant was immediately assayed.
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Substrates
Tamarind seed xvloglucan (high-Me donor substrate) was
kind.lv donated by Dr. J.S.G. Reid (University of Stirling, UK).
[1-31HIXXXGOI (low-M, acceptor substrate; specific activity
'2.3 MBq/Mmo!) was synthesized and kindly donated by Dr.
P.R. Hetherington (University of Edinburgh. UK).
Enzyme Assay
Substrate solution (2 mg/mL of tamarind seed xylogiucan
and 73 kBq/mL of [3HIXXXG0I in the above buffer; 20 ML)
was mixed with 10 ML of enzyme extract and incubated for
I h at 25°C. The reaction was stopped by the addition of 100
ML of 20% (w/v) formic acid. The products were dried on a
5 x 5-cm square of Whatman 341M chromatography paper,
which was then washed for 45 min in running tap water to
remove the unreacted [3 H]XXXGoI, and redried at 60°C. The
squares were placed, with the loaded side outermost, :n
mL scintillation vials, soaked with 2. mL of sciritillant A [0.5%
2.5-diphenyloxazole and 0.05% 1,4-bis(5-phenvl-2-oxazolvlberizene in toluene, and assayed for paper-bound [3H]xvloglucan by scintillation counting (efficiency was approximately
44%). Enzyme activity is recorded as C of paper-bound
radioactivity produced (mg fresh weight) h'. Data are
plotted as the mean (±sz) of three replicate assays of the
combined homogenate of five thtemodes. Detailed data are
provided for two experiments; comparable results had been
obtained in two independent previous trials (data not shown).
Protein Assay
Protein was assayed by the Bio-Rad protein assay dye
reagent (Coomassie blue) as recommended by the suppliers.
BSA was used as standard.
Gel Permeation Chromatography
To test for possible degradation of the [3H]XXXGoI, e.g. by
the action of contaminating -o-xylosidase and 3-o-giucosidase, during the XET assays, we examined the M, range of
the reaction products. For this work, the enzyme extract was
concentrated by precipitation with saturated (N1-4),SO4 so
that the reactions would approach completion during the 1h incubation period. Samples of the reaction products formed
by concentrated extracts of internode III of CA,-treated and
untreated tall and dwarf genotypes were applied to a 1.5 X
150-cm column of Bio-Gei P-2 and equilibrated and eluted
with pvridine:acetic acid:water (1:1:23 by volume, pH approximately 4.5). Internal nonradioactive markers of dexrran
(Mr approximately 9000), maltoheptaose. and Gic were added
to the samples and detected in the eluate with anthrone.
Fractions were assayed for radioactivity in 10 volumes of
sdndllant B [0.33% 2,5-diphenvloxazole and 0.033% 1.4bis(5 -phenvi-2-oxazolyi)benzene in toiuene:Triton X-100
(2:1, v/v)].
RESULTS

Validation or Assay
XET activity was found in all interniodes tested (I, II. III.
and V). Product formation was usually linear with respect to

CA3 and Xyloglucan Endotransglvcosvlase

time

over the 1st h. Where this was not the case (in the most
active extracts), the enzyme sample was diluted prior to assay,
and the rate then became linear. When the rate was linear,
the amount of product formed within 1 h was proportional
to enzyme concentration (data not shown).
Untreated [3 H]XXXCoI (acceptor substrate) contained no
high -M, radioactive material (Fig. Ia). An (NH4 2SO4-concentrated extract of internode Ill of the tail genotype caused the
majority of the (3 HJXXXGOI to be incorporated into high-M,
material within I h (Fig. lb). Negli
bte degradation of the
{3 H}XXXGoI occurred during this reaction, as shown by the
lack of radioactive material eluting later than the [3HIXXXGoI
(Fig. ib). Similar results were obtained for extracts of the
GA3 -treated and -untreated dwarf genotype (data not
shown). The lack of decease in mcl wt of the substrate
([3 H]XXXCoI) allows us to discount the possibility that contaminating hydrolases interfered during the XET assay. This
eliminates, for example, the possibility that cr-o-xvlosidase
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Internode I

Internode I showed very slight GA3-induced elongation in
the dwarf genotype (Fig. 2a). Internode I of the tall genotype
was consistently 2 = longer than in the dwarf. Extractable
XET activity showed little variation with time, either between
genotypes or in response to GA3. This was true whether the
data were expressed as activity per unit fresh weight (Fig. 2b)
or as spedfic activity (not shown).
Internode II
Internode II also showed little elongation, except in the
untreated tall genotype, where elongation continued until 96
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h after sprayrng (Fig. 3a). internode II of the tall genotYpe
was 2 to 3 cm longer than in the dwarf. At 24 h after sraving,
extractable XET activity (per unit fresh weight) was higher in
the tall than in the dwarf genotvoe, but by 96 Li, the difference
had become indiscernible (Fig. 3b). At 96 to 168 h postsoraying, the XET activity per unit fresh weight of internode II
was about one-third higher than in internode 1.
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Internode V did not appear until a few days alter spraying.
Its growth response was similar to that of internode III. but
GA3 caused internode V of the dwarf genotype to reach a
final length equal to that of the tall genotype (Fig. 3a). Length
was closely correlated with XET activity per unit fresh weight
(Fig. Sb); the GA3-treated and -untreated tall genotype and
the GA,-treated dwarf genotype showed broadly similar XET
values at each sampling point. The untreated dwarf, which
showed Little elongation, had a consistently low XET activity
per unit fresh weight (Fig. Sb). The spedfic activity of XET
extractable from internode V also correlated with length (Fig.
Sc), indicating a selective enhancement of the accumulation
of active XET relative to other extractable proteins.
Because internode V had a substantially greater fresh
weight in the tall and GA3
-treated dwarf genotypes than in
the untreated dwarf, it follows from the data in Figure Sb
that the XET activity per internode was very much higher in
the tail and GA3-treated dwarf plan (Fig. 3d). At 240 h. the
GA,-treated dwarf genotype had about 30-fold more XET
activity per internode V than did the untreated dwarf.
DISCUSSION
To our knowledge, the present work reports the largest
known GA-induced effect on the activity of a potentially
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Figure

wail-loosening enzyme. We have demonstrated a strong positive correlation between GA 3-enhanced length and extractable (ET activity in pea irtternodes. XET activity and specific
activity increased 3- to 6-fold during elongation (whether
endogenous in the tall genotype or GA3-induced in the
dwarf), while remaining at a constant, lower level in internodes that had stopped growing.
Any potentially wall-loosening enzyme could conceivably
mediate the action of GA3. Cellulase (EC 3.2.1.4), which
hydrolyzes xyioglucan more readily than native cellulose
(Hayashi et al.. 1984), was induced in GA3-treated abscission
zones (Rather et al.. 1969) and in auxin-treated pea stems
(Fan and Maclachian, 1967). However, in dwarf pea internodes, GA3 provoked a 30% decrease in cellulase specific

activity (Broughton and McComb. 1971). In abscission zones.
GA3 appeared to promote the hydrolysis of pectic poiysaccharides (Bominan cc al., 1969); this has not been re'orted
in growing tissues, although a 257c reduction in pectinmethylesterase specific activity was noted in GArtreated dwarf
pea internodes (Broughton and McComb, 1971).
Thus, our data suggest that XET activity may be Particularly
relevant to an understanding of GA action. Further work will
be required to determine whether the increased XET activity
is causally involved in the enhancement of elongation during
the non- H--mediated action of GA3. It will also be important
to determine whether the increase in XET activity is due to
an increase in the synthesis of the XET protein or to an
inhibition of its degradation or denaturation. GA3 treatment
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of dwarf pea stems does promote the de novo synthesis of
several unidentified soluble proteins (Chory et al., 1987);
however, none of these had M, close to 33,000, the size
reported for azuki bean XET (Nishitani and Tominaga. 1992).
It would be oversimplistic to propose that XET is the sole
detemianant of wall loosening during CA3-induced growth;
in parucular, the action of other enzymes on wail-bound
xvloglucans may also contribute. For example, cellulase can
hydrolyze xYioglucan and this could loosen the wail. Also,
the products of cellulase action include XCOs, the formation
of which has been detected in vivo (McDougall and Fri.
1991). These XGOs are good acceptor substrates for transgl vo in a reaction in which XET effectively becomes a
cosvlaon
xvlogiucan-cleaving enzyme - (Scheme 1) rather than an enzyme ;involved in the cleavage and iubsecuent repair of
xvlog!ucan chains, as occurs when polvsaccharide is the
accetor (Scheme 2). This means that celiulase, as well as
directly cutting xvloglucan chains by endohvdroivsis, can
also convert XET into a 'chain-breaking' enzyme by supplying it with low-Mr acceptor molecules (XCOs). Tne scission
of xylogiucan chains, either by XET in the presence of cellulase-generated XCOs or by cellulase directly, could loosen
the cell wail in a manner eistadc to the cleave-and-repair
action that XET exerts when it uses a ooivsaccharide as
acceptor substrate.
Other enzymes that could modify the action of XET in vivo
include -o-xvlosidase (Kovama et at., 1983), which, by removing a single xvlose group from the nonreducing end of a
xvloglucan molecule (Eq. 1, reaction a), could greatly diminish
its abili' to act as an acceptor substrate for XET (Lorences
and Fri, 1993). Subsequent action of .3-a-giucosidase (Eq. 1,
reaction b) could restore acceptor function by regeneradrtg
the necessary acceptor structure:
Xvl Xvl Xvl

(a)

C ic—C *Lc—C Ic—GIc—...
Xyl Xvi

(b)
-

(1)

Gic-0 ic—Cl c—.GIc—.
Xyl Xyl
j.
C Ic—C lc—Gic--..
In addition to the complicated interolav of reactions involving xviog!ucan, other apparently unrelated reactions
could contribute to CA3 -induced wail loosening. For example.
several GAs decease the secretion of peroxidase into the cell
wall (Fry, 1980) and could thereby minimize the formation
of oxadahvelv coupled phenolic cross-links (e.g., diferulate
and isoditvrosine). Thus, a decrease in peroxidase could delay
the tightening of the ceiPwail, and an increase in XET could
promote its loosening.
The wail-tightening action of peroxidase could perhaps
explain why growth eventually ceases in older internodes
even though XET activities remain high. Tne combined acIn these diagrams, each circle or square denotes one XCO (e.g.
heotasacchande) unit; circles, donor chain; squares, acce ptor; filled
symbols, reducing terminal XCO unit; , bond cleaved.
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tions of XET, cellulases, o-o-xvlosidase, and -o-glucosidase,
which act to modify the structure of xvloglucan, produce a
complicated picture of xvloglucan metabolism. The intricate
relationship that exists between these enzymes and other
wall enzymes such as peroxidase could have a profound
influence on wall loosening and, thus, on growth. Des pite
this great potential inthcacy, however, we believe that the
results reported in the present vacer invite attention to be
focused on XET in future attempts to explain the basis or'
CA3-promoted growth.
Received March 8, 1993; accepted May 30, 1993.
Copyright Clearance Center: 0032-)3891/93/l03/,0233/07.
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Abstract
The promotion of stem elongation in dwarf pea plants
by GA3 has been correlated with an increase in extractable xyloglucan endotransglycosylase (XET) activity
(Potter and Fry, 1993). Doses of auxin that caused
either elongation or lateral swelling in pea stems have
not been found to increase XET activity (Fry et al.,
1992). We therefore explored the generality of the
association between GA3 action and XET activity by
testing three other bioassay systems.
A similar correlation was found in the hypocotyls of
intact lettuce seedlings, where GA3 strongly promoted
elongation and doubled the extractable XET activity
per unit fresh weight.
In the hypocotyls of intact cucumber seedlings, GA3
evoked a prolonged promotion of elongation for at
least 96 h; this was correlated with only a small
increase in XET activity per unit fresh weight of tissue.
IAA promoted elongation for only 48 h, but this effect
was correlated with a larger increase in XET activity
per unit fresh weight than that due to GA3.
In cell suspension cultures of spinach, much of the
XET activity was present in solution in the culture
medium. GA3 had little effect on this fraction for the
first 9 d, but thereafter the hormone suppressed a
sudden burst in soluble extracellular XET activity that
occurred in the untreated controls. A further proportion of the XET activity was ionically wall-bound; this
fraction was enhanced by GA3 in the early phase of
the growth cycle of the culture and inhibited in later
1

phases. Pre-adaptation of the culture by growth for 6
years in the presence of iO M GA3 intensified the
response of the cells to re-addition of GA3 .
We conclude that there is no simple or unique relationship between total extractable XET activity and
GA3 action. Nevertheless, we have extended the evidence that XET is often subject to the effects of GA3
in systems where this hormone influences growth.
Key words: Auxin, cell expansion, cucumber, gibberellic
acid, lettuce, suspension culture (spinach), xyloglucan,
xyloglucan endotransglycosylase.

Introduction

Plant cell walls are widely regarded as the major controlling factor in cell expansion (Cleland, 1977). GAs have
been shown to regulate tissue elongation in numerous
plants, notably in genetic dwarf varieties (Jones, 1973;
Ross ci at., 1992). Auxins too, have been demonstrated
to have elongation effects on numerous plant tissues
(Thimann, 1968). Such growth effects are often the result
of increased wall extensibility followed by turgor-driven
elongation.
Several biochemical mechanisms have been proposed
for the effect of GAs on wall extensibility, including a
promotion of wall loosening reactions (Cleland, 1981;
Cosgrove and Sovonick-Dunford, 1989; Potter and Fry.
1993), an inhibition of wall tightening reactions (Fry,
1980), changes in the relative rates of specific wall poly-

To whom correspondence should be addressed. Fax: +4431 6505392.

Abbreviations: DMSO, dimethylsulphoxide; G1 O/D & G1 0/G, two sub-lines of cultured spinach cells pre-adapted by growth for 6 years in the absence
and presence, respectively, of 10 M GA3; XET, xyloglucan endotransglycosylase; XXXG0I, reduced heptasaccharide of xyloglucan.
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saccharide synthesis (e.g. cellulose [Mondal, 1975]), or
an increase in total wall polymer synthesis (Montague
and Ikuma, 1975).
Auxin-induced wall loosening has often been shown to
parallel the metabolism of the polysaccharide xyloglucan,
which is a major component of the primary plant cell
wall matrix. Xyloglucan is a hemicellulose based on a
backbone of -( 1 —4)-linked D-glucose residues, 60-75%
of which are a-D-xylosylated at 0-6. D-Galactose, Lfucose, and 0-acetyl groups may also be present (for a
review, see Fry, 1989a). Xyloglucan can hydrogen-bond
to cellulose ( Hayashi ci al., 1987) and may act as a
molecular tether between cellulosic microfibrils, thus reducing the extensibility of the cell wall (Fry, 1989b;
Passioura and Fry, 1992).
Xyloglucan is susceptible to the action of many plant
cellulases (EC 3.2.1.4), which cleave glycosidic bonds in
the glucan backbone (Hayashi ci al., 1984). Evidence for
cellulase action in viva is the reduction in the molecular
weight and partial solublization of xyloglucan after auxin
treatment (Labavitch and Ray, 1974; Wakabayashi ci al.,
1991). Treatment with auxin has been shown to promote
the transcription of mRNAs for cellulase in pea sterns
(Verma etal., 1975). Also, xyloglucan-specific lectins and
antibodies, which could physically block the access of
xyloglucan-modifying enzymes to their substrate, can
prevent auxin-induced cell elongation (Hoson et al.,
1991).
XET is another enzyme activity that catalyses the endocleavage of xyloglucan (McDougall and Fry, 1990; Smith
and Fry, 1991; Farkag ci al., 1992; Fry ci al., 1992;
Nishitani and Tominaga, 1992). End otransglycosylation
of xyloglucan, catalysed by XET, could provide a mechanism to ensure that any cut chains are re-annealed to other
xyloglucan molecules, allowing a dynamic re-arrangement
of a stressed xyloglucan—cellulose network without irreversibly weakening the wall.
XET cuts a xyloglucan molecule (the donor substrate)
and uses the conserved energy of the glycosyl bond to
form a chemically identical bond with another xyloglucan
chain (the acceptor) or a structurally-related oligosaccharide. The reaction can be shown by the incorporation of
either radioactive oligosaccharide substrates (Smith and
Fry, 1991) or fluorescent oligosaccharide substrates
(Nishitani and Tominaga, 1992) into higher molecular
weight xyloglucan, or by detection of changes in the
molecular weight distribution of xyloglucans (McDougall
and Fry, 1990; Farka§ ci al., 1992; Nishitani and
Tominaga, 1992; Lorences and Fry, 1993).
Correlations between XET and growth rate have been
shown in the growth cycle of spinach cell suspension
cultures (R.C. Smith and S.C. Fry, unpublished data)
and along a growing stem (Fry ci al., 1992) or root
(Pritchard ci al., 1993). XET has been shown to increase
in elongating cultured carrot cells, where large amounts
of XET were secreted into the medium (Hetherington

and Fry, 1993). In pea internodes, a dwarf variety had
much less XET activity than a tall variety, and treatment
of the dwarf with GA 3 caused substantial elevation of
XET activities to values similar to those found in the tall
genotype, while at the same time restoring stem elongation
(Potter and Fry, 1993). Treatment of pea plants with
auxin, however, resulted in no increase in XET activity
(Fry ci al., 1992); this was true whether the seedlings
were sprayed with high doses of 2,4-D to cause lateral
swelling or the excised stem segments were treated with
low doses to cause longitudinal extension.
As xyloglucan is widely thought to be an important
component of auxin-induced growth, and XET activity
can be correlated with GA-induced growth in dwarf peas,
XET could play an important role in either or both types
of hormone-induced growth.
In this paper we look at hormone-induced growth in
lettuce and cucumber seedlings and GA 3-sensitive spinach
cell suspension cultures in order to establish the changes
in XET activity in response to different hormone treatments and to clarify the role of XET in growth.
Materials and methods

Plant materials
Lettuce (Lactuca saliva L. var. Arctic King) seeds were surfacesterilized in 70% ethanol followed by 10% sodium hypochiorite,
rinsed in water, and germinated on moist filter paper in
complete darkness. After 48 h, seedlings were transferred to
9 cm Petri dishes containing two layers of Whatman No. 1 filter
paper soaked in 5 mM KCI, 0.5 mM CaCI, plus either 100 1 M
GA3 (added in 90/ aqueous ethanol final ethanol concentration
0.4%) or 0.4% ethanol as control. Seedlings were grown in
continuous light period (23 C).
Cucumber (Cucumis sa tiva L. var. Boston Pickling) seeds
were soaked in aerated water for 3-4 h before being sown in
vermiculite soaked in 25% Hoagland's solution and incubated
for 48 h in total darkness. Seedlings were then transferred to
continuous light (23 -C)for a further 48 h before hormone
treatment, and then continued throughout the experiment under
the same conditions.
Spinach (Spinacia oleracca L. cv. Monstrous Viroflay) cell
suspension cultures (derived from line G 10 of Dalton and
Street, 1976) were subcultured at 14 d intervals. 30 ml of old
culture being aseptically pipetted into 200 ml of fresh sterile
medium. Line GlO has been shown to be promoted in cell
expansion by GA3 (Fry and Street, 1980). In an attempt to
enhance the effectiveness of exogenous GA 3, we produced two
sub-lines: for 6 years, line GI0/G was grown in the presence of
0.1 1 M GA3 (10 1( 1 of 2 m GA3 in DMSO was added per
200 ml medium at each subculturing), whereas line G10/D was
grown in the same concentration (0.005°/, v/v) of DMSO in
the absence of GA3. For the experiments described here, the
Gl0/G cells were freed of residual exogenous GA 3 by washing
with I I of sterile, GA-free medium followed by three 2-week
passages in GA-free medium.
Treatments
Lettuce seedlings were transferred to filter paper soaked in
hormone solutions as described. Two replicate plates of 10
seedlings were harvested at each 24 Ii interval for 7 d, and the
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XET extracted from each set of 10 seedlings was assayed in
triplicate.
For the 4 d cucumber seedlings, when the hypocotyl was just
in excess of 2 cm. a 2 cm segment of hypocotyl (measured from
the cotyledonary node down) was carefully marked with indian
ink, and each plant was treated by the apical application of a
10 il droplet of 90% ethanol containing 300 1iM GA3. 6 1 M
IAA, both or neither. Six plants were harvested either at 24 h
intervals for 5 d, or at 6, 24, 30, and 48 h.
Both Gl0/G and 610 /D spinach cell lines were subcultured
into fresh medium with or without 10 M GA 3 and 5 ml
aliquots of the suspension were aseptically pipetted into 60 ml
Sterilin pots. Samples were cultured for the following 15 d,
duplicate pots being harvested for each time point.
0 24 48 72 96 120 144 168 192

Extraction of soluble XET activity

Lettuce hypocotyls were excised, transferred to an overhead
projector and the projected images measured. Hypocotyls were
then weighed, homogenized (at 2: 1, buffer: fresh weight) by
pestle and mortar in 50 m succinate (Na, p1-1 5.5) buffer,
containing 10mM ascorbate. 10mM CaCI,. and 1 mM dithiothreitol, at 0 C with a little acid-washed sand.
The marked segments of cucumber hypocotyls were measured,
excised, weighed and homogenized (as two replicates of three
plants: at 4: 1 buffer: fresh weight) as above.
The spent medium of spinach cell suspension cultures was
assayed for XET directly. Cells were filtered through a PolyPrep column (Bio-Rad) and the spent medium was retained for
assay of XET activity. For investigation of ionically wall-bound
XET, cells were further washed in 30 ml water, then mixed with
I ml 50 mM succinate (Na
pH 5.5) buffer containing I M
NaCl and incubated at room temperature for 15 min. The salt
wash was collected and assayed. NaCl at the relevant final
concentration has a negligible effect on the XET assay (data
not shown).
XET assay

Substrate solution [2 rng ml
tamarind xyloglucan and
75 kBq ml 1 [3 H]XXXGoI (for nomenclature, see Fry et of.,
1993) in pH 5.5 buffer (as above): 20 l] was mixed with 10 pJ
enzyme extract and incubated for I h at 25
The reaction
was stopped by the addition of 100 pA of 20% (w/v) formic acid.
The products were dried on to a 5 x 5 cm square of Whatman
3MM chromatography paper, which was washed for 45 min in
running tap water to remove unreacted [3 H]XXXGo1. and
re-dried at 60 °C. The squares were placed, with the loaded side
outermost, in 22 ml scintillation vials. with 2 ml of scintillant
[0. 5% 2,5-diphenyloxazole and 0.05010 1 ,4-bis( 5-phenyl-2-ozalolyl )benzene in toluene] and assayed for paper-bound
[3 H]xyloglucan by scintillation counting (approximate efficiency
was 44%). Enzyme activity was noted as cpm mg 1 fresh
weight. All assay values were the mean of three replicate assays.

Results
Lettuce

GA3 strongly promoted the elongation of the lettuce
seedling hypocotyls between 5-72 h (Fig. la). Extractable
XET activity per mg fresh weight (Fig. lb) began to
increase between 5-24h after GA3-treatment, and the
effect of GA3 was most pronounced at 48 h (Fig. Ib).
Thereafter the extractable XET activity fell. XET activity

28
24
20
16
12

0 24 48 72 96 120 144 168 192

time (h)

Fig. I. Effects of GA3 on the hypocotyls of intact lettuce seedlings. (a)
Hypocotyl length (each datapoint was the mean ± s.c. of two experimental replicates comprising 10 seedlings each) and (b) XET activity
per unit fresh weight (each datapoint was the mean ± se. of two
experimental replicates assayed in triplicate). (±) Control seedlings:
(•) treated with 100pM GA3 .
in the untreated seedlings broadly mirrored that of the
GA3-treated seedlings although the peak of XET activity
at 48 h was less marked.

Cucumber
In the untreated cucumber seedlings, negligible elongation
occurred in the marked 2 cm zone of the hypocotyl during
the 96 h of observation (Fig. 2a). Treatment with a single
dose of IAA (0.06 nmol) caused elongation of the marked
zone for 48 h, and growth then ceased (Fig. 2a). [This
IAA treatment also caused some thickening of the hypocotyl and increase of fresh weight. Higher doses of IAA
caused morphological disturbance; lower doses resulted
in a reduced elongation effect (data not shown).] A single
dose (3 nmol) of GA3 caused continued growth throughout the 96 11 period, and supplementary IAA (0.06 nmol)
enhanced this effect of GA3 .
Extractable XET activity per unit fresh weight continued to increase in the control plants until 72 h, although
it remained lower than that in any of the hormone-treated
plants (Fig. 2b). IAA alone caused the most marked
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Fig. 2. Long-term effects of GA3 and IAA on the hypocotyls of intact
cucumber seedlings. (a) Changes in length of a marked segment of
hypocotyl (initially 2 cm) (each datapoint is the mean ± s.c. of two
experimental replicates of three plants) and ( b ) XET activity per unit
fresh weight (each datapoint is the mean ± s.c. of two experimental
replicates assayed in triplicate). ( •) Control seedlings; (0) treated with
6 0.M IAA: (A) treated with in 6 0.M IAA + 300 1 .M GA 3 ; ( V) treated
with 300 f M GA3 .

increase in XET activity, exceeding that achieved by
either GA 3 or IAA +GA, (Fig. 2b). The IAA-induced
accumulation of XET activity was large but short-lived;
the effect of GA 3 was smaller but sustained throughout
the 96 h.
In independent experiments carried out over the 6-48 h
period, the growth trends were reproduced (Fig. 3a). XET
activity remained low in the control plants (Fig. 3b),
whereas treatment with IAA resulted in a rapid elevation
of XET activity. Again, GA3 enhanced the growthpr omoting effect of IAA (Fig. 3a), but diminished the
IAA-induced accumulation of XET activity (Fig. 3b).
XET activities in plants treated with GA 3 alone were
little different from those in the control plants.
Spinach cell suspension cultures

In the GlO/D cells, which had not previously been
exposed to exogenous GA3, XET activity accumulated in
the culture medium 4-11 d after subculture, and the
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time (h)
Fig. 3. Short-term eftects of GA3 and IAA on the hypocotyls of intact
cucumber seedlings. Other details as for Fig. 2.

addition of GA3 had little effect during this period
(Fig. 4a). However, after II d, the soluble extracellular
XET activity began to rise sharply in the control and by
15 d it was more than double that of the GA3-treated
cultures.
The spinach cells contained a proportion of XET that
was only released into the medium by solutions of high
ionic strength (Fig. 4b). This second crop' of XET
activity is assumed to have been ionically wall-bound. At
4 d. the GA,-treated cells showed a higher salt-extractable
XET activity than control cells, although later the situation was reversed (Fig. 4b). Between 6 and 15 d after
subcultitre, the level of salt-extractable XET declined;
that of the control cells remaining slightly higher.
Line GlO/G, which had been pre-adapted to growth in
the presence of GA3 for 6 years, showed relatively little
difference from the Gl0/D line in its response to the
re-addition of GA3 (Fig. 5a). Thus, between 4-11 dafter
subculture, there was a gradual accitmulation of XET
activity in the medium, and between II - 15 d the GA3_
freecontrols showed a pronounced increase. In the Gl0/G
line, however, GA3 caused a considerable decrease in the
accumulation of soluble extracellular XET activity 4-11 d
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Fig. 4. Effects of GA3 on XET activity in cell suspension culture line
G10/D of spinach. (a) Soluble extracellular XET (=activity in the spent
medium): (b) ionically wall-bound XET (=activity eluted from the
living cells by a salt solution). (•) Control cells (treated with 0.005/
DMSO): (•) treated with 10 -'M GA 3 and 0.005/ DMSO. (Each
data-point was the mean ± s.c. of two experimental replicates assayed
in triplicate.)

(Fig. Sa); this effect of GA3 was not seen with the G10/D
line (Fig. 4a).
The Gl0/G line also broadly resembled the Gl0/D line
in the time-course of its ionically wall-bound XET activity: again, at 4 d, the GA3-treated cultures had more saltextractable XET than the controls, whereas by 15 d the
situation had been reversed (Fig. 5b). The change-over
point was at -.9 din the GlO/G line (Fig. 4b), as opposed
to -5 d in the GlO/D line (Fig. 4b).
Discussion

We have previously demonstrated a correlation between
XET activity and GA3-induced growth in pea internodes
(Potter and Fry, 1993): GA3 promoted the elongation
rate of a dwarf variety (Feltharn First) to that found in
a tall variety (Pilot) and strongly increased the extractable
XET activity in the dwarf to values typical of those found
in the tall genotype. The present work aimed to discover
how widespread, botanically, is the correlation between

Time (d)

Fig. 5. Effects of GA 3 on XET activity in cell suspension culture line
Gl0/G of spinach. Other details as for Fig. 4.

GA3-stimulated growth and XET activity. To this end,
we tested three other GA3-sensitive systems: lettuce hypocotyls, cucumber hypocotyls, and spinach cell cultures.
In the hypocotyls of lettuce seedlings, GA3-induced
growth was accompanied by a large increase in extractable
XET activity. Thus a positive correlation, similar to that
seen in dwarf peas, was repeated in lettuce. It was not
possible to use the time-courses to provide evidence for
or against a causal correlation. The growth response of
excised lettuce hypocotyls is very rapid. being detectable
within 10 mm (Moll and Jones, 1981), whereas in our
work with intact seedlings no significant difference in
total extractable XET activity was noted between the two
treatments until after 5 h (Fig. Ib). However, compared
with excised hypocotyl segments, some additional lag
would be expected in the response of intact seedlings to
GA3, the GA3 having to be taken up by the roots and
passed by transpiration or diffusion to the physiologically
responsive region in the hypocotyl. Also, it remains
possible that there is a much earlier increase in XET
activity at a particular site, such as the epidermis, which
may be limiting for hypocotyl elongation; only after
several hours of this effect would total XET activity
measurably increase. It is even possible that the initial
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effect of GA, is on the subcellular distribution of XET
and that only later is there an increase in XET protein
synthesis. IAA does not affect lettuce hypocotyl growth
(Silk and Jones, 1975) and so it would seem that the
promotion of XET activity is a GA-related phenomenon,
as in dwarf pea stems.
Both auxin and GA have been demonstrated to induce
growth in cucumber hypocotyls (Cleland el al., 1968).
Taylor and Cosgrove (1989) noted that mechanical
changes were apparent in GA-treated hypocotyls after
7 h. Again there will be a lag between application of the
hormone and its effects within whole plants. IAA and
GA, each promoted XET activity in intact cucumber
seedlings, but IAA had a much larger effect than GA,
within the first 48 h. Therefore, it would appear that IAA
and GA, have very different effects on the growing tissue.
The effects of IAA + GA, on both growth and XET levels
approximated to the average of the individual effects of
the two hormones.
From these data it appears that, if XET mediates the
effect of GA, in cucumber hypocotyls, the mechanism is
not a simple promotion of enzyme accumulation by the
hormone. The data also show that an auxin can exhibit
a positive correlation with XET activity, in contrast to
what had been observed in etiolated pea seedlings and
stem segments.
In cultured spinach cells, in which GA3 causes a
biphasic promotion of cell expansion at the expense of
cell division and chlorophyll synthesis (Fry and Street,
1980), GA, reduced the accumulation of XET activity in
the medium, particularly at later stages in the growth
cycle. The presence of a fraction of XET activity that
appeared to be ionically bound to the cell wall complicates
the picture, however. In pea, cucumber and lettuce seedlings, little salt-extractable XET activity was found in the
residues obtained after extraction with low-salt buffer
(Fry et al., 1992; and data not shown), although some
ionically wall-bound XET activity was found in ripening
kiwi fruit (Redgwell and Fry, 1993). In young spinach
cell cultures, some of the XET activity was apparently
ionically bound in the cell wall, this activity being greater
in the GA,-treated cultures. The ionically wall-bound
enzyme activity apparently slowly leached into the soluble
extracellular fraction throughout the growth cycle. It
appears possible that the enhancement of ionically bound
XET by GA, is specifically related to the first phase of
the biphasic growth-response of these cells to the hormone
(Fry and Street, 1980).
The interpretation of measured XET activity in vitro
to in rho is an important goal. The majority of XET
activity in lettuce and cucumber hypocotyls and pea stems
can be extracted from the tissue by homogenization in a
low ionic strength buffer, and thus appear not to be hound
to the cell walls. The fact that a detergent, Triton X-100,
does not enhance extraction (Fry et al., 1992) suggests

that little of the activity is trapped within the cells. Thus
much of the active enzyme appears to be present in
solution in the apoplast. It has been argued that an XET
molecule only serves its role in wall-loosening during the
time when it is in passage through the inner, load-bearing
layer of the cell wall (Hetherington and Fry, 1993) and
this time may be short. Similarly, XET activity present
in the culture medium of spinach cells can have no direct
effect on the growing walls since it is no longer in contact
with the inner, load-bearing layer of the wall. The saltextractable XET fraction, reported here, does, however,
have a potential role in growth—in particular, the GA3enhanced levels of ionically wall-bound XET in the spinach cultures at 4 d after subculture could contribute to
the promotion of cell expansion reported earlier.
It would be an over-simplification to suggest that XET
would in any situation be solely responsible for growth.
Re-addition of high-activity XET extracts to isolated
cucumber cell walls did not cause extension (McQueenMason et of., 1993). The pH optimum of XET activity is
not compatible with that cited for acid growth' (Rayle
and Cleland, 1992), although the complex Dorman freespace equilibria of the cell wall preclude the precise
estimation of effective pH at any specific location within
the wall matrix and thus local pH effects could be
influential. XET may also have several other important
functions within the cell wall. For instance, XET could
aid the integration of freshly synthesized xyloglucan into
the wall matrix at the interface of the plasma membrane
and cell wall.
Cell expansion in plants is undoubtedly a complex
process, involving chemorheological changes and physical
changes in the cell wall. The discovery of two proteins
that induce elongation in isolated and heat-inactivated
cell walls (McQueen-Mason et of., 1992) that appear to
interfere with hydrogen bonding between cellulose microfibrils in vitro (McQueen-Mason and Cosgrove, 1993)
suggests a possible non-enzyme mechanism for wall
loosening. This could complement the activities of putative wall-loosening enzymes such as XET and cellulase,
which allow structural modification of load-bearing components of the cell wall. In addition, in view of the
numerous negative correlations between growth rate and
peroxidase levels, it remains plausible that a GA3-induced
promotion of growth could be caused or enhanced by a
suppression of the production and/or secretion of a walltightening enzyme such as peroxidase (Fry, 1980).
Thus, in conclusion, it seems that XET is often subject
to the effects of hormones in systems where they influence
growth. The profiles of XET activity, however, vary
between species. Any role that XET may have in growth
would appear to be complementary to several other
processes in the wall, each of which may be temporally,
spatially, or taxonomically separated and may, in turn,
be controlled by different factors. The picture is that of

Changes in XET activity 1709
a complex and dynamically active matrix of polysaccharides that have a fine control of plant growth.
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