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Abstract

Four isoenzymes of xyloglucan endotransglycosylase (XET; EC 2.4.1.207) were isolated from sprouting mung bean seedlings
(M35, M45, M55a, M55b) and two from cauli¯ower ¯orets (C30, C45). Puri®cation in each case was by ammonium sulphate

precipitation, reversible formation of a covalent xyloglucan±enzyme complex, and cation-exchange chromatography. The
isoenzymes di�ered in pH optimum (range 5.0±6.5), Km for the nonasaccharide XLLGol (Gal2.Xyl3.Glc3.glucitol) as acceptor
substrate, ability to utilise diverse oligosaccharides as acceptor substrate, and ability to bind to carboxymethyl-cellulose (and
thus possibly to other polyanions such as pectin in the cell wall). None of the isoenzymes was particularly cold-tolerant, unlike

one XET (TCH4) of Arabidopsis. The two cauli¯ower isoenzymes had higher Km values for XLLGol (70±130 mM) than the four
mung bean isoenzymes (16±35 mM). We suggest that this di�erence is related to the major roles of the XETs in these two
tissues: integration of new xyloglucan into the walls of the densely cytoplasmic cauli¯ower ¯orets, and re-structuring of existing

wall material in the rapidly vacuolating bean shoots. 7 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Xyloglucan is a major structural polysaccharide of
the primary cell walls of higher plants and as such is
thought to play a central role in determining many of
the biologically relevant properties of the wall (Fry,
1989a; Hayashi, 1989). It appears to hydrogen-bond to
the cellulose micro®brils and possibly to tether them,
thus limiting cell expansion (Fry, 1989b; McCann et
al., 1990), and a proportion of the wall's xyloglucan is
covalently bonded to pectic polysaccharides (Thomp-
son and Fry, 2000). Enzyme activities that cleave xylo-
glucan are thus of considerable interest as potential
wall-loosening agents which could be important in the

mechanism of cell expansion growth, fruit softening

during ripening and cell separation during abscission.

One enzyme that cleaves xyloglucan is xyloglucan

endotransglycosylase (XET; EC 2.4.1.207) (Baydoun

and Fry, 1989; Smith and Fry, 1991; Fry et al., 1992;

Nishitani and Tominaga, 1992). XET cleaves a glycosi-

dic linkage in the b-glucan backbone of xyloglucan (=

donor substrate) with the concomitant formation of a

xyloglucan±XET covalent complex (SulovaÂ et al.,

1998); this is followed some time later by the transfer

of the xyloglucan portion from this complex on to the

non-reducing terminus of an acceptor molecule, which

can be either another xyloglucan chain or an oligosac-

charide thereof.

XET activity and XET gene expression are found in

most, if not all, expanding plant cells (Fry et al., 1992;

Pritchard et al., 1993; Nishitani and Tominaga, 1992;

Xu et al., 1995; Antosiewicz et al., 1997; Smith et al.,
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1996; Oh et al., 1998). The occurrence of XET protein
in primary cell walls has been detected immunologi-
cally (Antosiewicz et al., 1997); in addition, it has been
shown that active XET and accessible donor substrate
chains co-occur in primary cell walls (Ito and Nishi-
tani, 1999; Vissenberg et al., 2000). Often XET activity
appears to correlate with rapid cell expansion,
suggesting a causal role in this process. Although mod-
erate XET activity often remains detectable in tissues
that have stopped expanding (Campbell and Braam,
1999a), this observation does not argue against a role
for XET in cell expansion since it is likely that other
factors e.g. phenolic cross-linking (MuÈ sel et al., 1997;
Fry et al., 2000) over-ride the ability of XET to loosen
the wall in mature tissues.

Ammonium sulphate precipitation of proteins from
cauli¯ower ¯orets revealed the existence of several dis-
crete classes of XET activity (Steele and Fry, 1999),
and isoelectric focusing of similar extracts resolved at
least eight XET activity bands di�ering widely in iso-
electric point (Iannetta and Fry, 1999). The Arabidop-
sis genome encodes at least 21 XET-related proteins
(XTRs, de®ned as sequences resembling known XETs,
whether or not the translation product has yet been
shown to possess XET activity) (Xu et al., 1996; Nishi-
tani, 1997; Campbell and Braam, 1999a).

One of the most extensively studied XETs is TCH4
of Arabidopsis. Accumulation of TCH4 mRNA is pro-
moted during mechanical stimulation (e.g. by wind) of
the Arabidopsis plant (Braam and Davis, 1990). How-
ever, a TCH4::GUS transgene is also expressed in
expanding tissues in the absence of deliberate mechan-
ical stimulation (Xu et al., 1995). In addition, an anti-
body raised against TCH4 (but probably also
recognising other XETs) labelled not only Arabidopsis
meristems but also developing pith parenchyma and
mesophyll cells at the positions of future cell junctions
(Antosiewicz et al., 1997). The involvement of XETs in
the re-modelling of cell wall contacts during the pro-
duction of air spaces is also supported by a correlation
between XET expression and the production of aer-
enchyma in ¯ooded maize roots (Saab and Sachs,
1996).

The various XTR genes other than TCH4 are
expressed in a tissue-speci®c manner and in response
to di�erent stimuli, e.g. heat-shock, cold, hormone
treatments (Aubert and Herzog, 1996; Clouse, 1996)
and mechanical stimulation (Purugganan et al., 1997;
Nishitani, 1997). However, little is known of the cata-
lytic di�erences, if any, between the various XTRs,
and it is therefore di�cult to comment on their indi-
vidual biological roles.

Potential sources of the variation between native
XETs isolated from diverse plant tissues include (a)
the genetically de®ned amino acid sequence and (b) the
co- or post-translationally determined degree of glyco-

sylation. The N-glycan is important for enzyme ac-
tivity in TCH4 but not in two other Arabidopsis XETs
Ð EXGT and XTR9 (Campbell and Braam, 1998,
1999b).

One potential catalytic di�erence between isoen-
zymes is in their substrate a�nity. The Km of TCH4
for a low-Mr acceptor substrate (XLLGol; for nomen-
clature, Section 4.1 and Fry et al., 1993) is 73 mM,
whereas its Km for high-Mr xyloglucan as acceptor
substrate is 00.3 mM (Purugganan et al., 1997), indi-
cating a much higher a�nity for the polysaccharide.
This suggests that TCH4 preferentially catalyses inter-
polymeric rather than polysaccharide-to-oligosacchar-
ide transglycosylation. Comparison of XETs with
respect to their Km values is complicated by the fact
that di�erent laboratories have used di�erent oligosac-
charides as acceptor substrates. XET from ripening
kiwi fruit has a Km of 100 mM for XXXGol (SchroÈ der
et al., 1998). Unpuri®ed XET activity (probably mixed
isoenzymes) from pea stems has apparent Km values of
19, 50 and 33 mM for XLLG, XXFG and XXXG, re-
spectively (Fry et al., 1992) and of 0300 mM for the
pentasaccharide XXG (Lorences and Fry, 1993).
Unpuri®ed XET activity (again probably mixed isoen-
zymes) from the medium of suspension-cultured poplar
cells has Km values of 320 mM for the Glc4-based hep-
tasaccharide, XXXGol; 230 mM for the Glc8-based tet-
radecasaccharide, XXXGXXXGol; and higher values
for larger acceptors. No transglycosylase activity was
detected with oligosaccharides having backbones of
Glc16 or longer (Takeda et al., 1996). In view of the
diverse assay conditions used by di�erent authors, a
systematic study was required to determine the a�-
nities of di�erent XETs to a standardised substrate.

Another parameter that might vary between XET
isoenzymes is temperature-dependence. TCH4 is sur-
prisingly cold-tolerant: its optimum temperature is ca.
128 and at ÿ58 it still exhibits 55% of its maximal cat-
alytic rate (Purugganan et al., 1997), suggesting a role
in the adaptation of growing Arabidopsis to cold con-
ditions. TCH4 is exceptional in its cold-tolerance: total
XET activity (mixed isoenzymes) from Arabidopsis has
a temperature optimum of ca. 308. More studies were
therefore needed of the temperature-dependence of
diverse XETs.

All XETs characterised to date have pH optima in
keeping with their proposed location in the cell wall.
Unpuri®ed XETs from pea stems have an average pH
optimum of ca. 5.5 (Fry et al., 1992). Puri®ed TCH4
has an optimum of pH 6.0±6.5 (Purugganan et al.,
1997), mung bean stem XET of 5.8±6.0 (Tabuchi et
al., 1997), and ripening kiwi fruit XET of 5.5±5.8
(SchroÈ der et al., 1998).

Although many XET and XTR sequences have been
identi®ed and their expression patterns documented, at
least at the mRNA level, information on the catalytic
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Fig. 1. E�ect of pH on binding to CM-cellulose and subsequent elution of XET activity. Aliquots of fraction M55 (= bean shoot XET precipi-

tated by 55% saturated ammonium sulphate) were applied to CM-cellulose in bu�ers of pH 4.50, 4.00 or 3.75 and then eluted (ÐÐ) with a step

gradient of NaCl (ÐÐ).
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properties of this large group of cell wall enzymes is
not so plentiful. The aim of the present study was
therefore to perform a concerted set of enzymatic ana-
lyses on a group of pure, native, XET isoenzymes
from cauli¯ower ¯orets and shooting mung beans.
Both these tissues have high XET activity but they
form an interesting contrast: cauli¯ower ¯orets are rich
in small, densely cytoplasmic cells, where wall assem-
bly predominates; on the other hand, mung bean
hypocotyls are rich in rapidly expanding, vacuolated
cells, where the re-structuring of existing wall material
may predominate. The results highlight catalytic di�er-
ences between these isoenzymes in their kinetic proper-
ties with respect to pH optima, Km for XLLGol as
acceptor substrate, and ability to utilise xyloglucan-de-
rived oligosaccharides of various sizes.

2. Results

2.1. Puri®ed XET activities

Stepwise ammonium sulphate precipitation from
crude extracts of cauli¯ower ¯orets and shooting mung
beans revealed ®ve distinct fractions of XET activity
(Steele and Fry, 1999). Cauli¯ower activities were pre-
cipitated by 30% (C30) and 45% (C45) saturated am-
monium sulphate, and mung bean activities by 35%
(M35), 45% (M45) and 55% (M55) saturated am-
monium sulphate (see Fig. 1 of Steele and Fry, 1999).
The activities were puri®ed to size-homogeneity by a
mechanism-based method (Steele and Fry, 1999) which
proved applicable to all ®ve XET fractions. Represen-
tative SDS gels, showing a single 32-kDa polypeptide
in each XET preparation, are given in the previous
paper (Steele and Fry, 1999). However, all known
XETs appear to be of approximately this size; there-
fore SDS gels by themselves do not con®rm isoenzyme
purity.

2.2. Cation-exchange chromatography

The ®ve size-homogeneous XET preparations were
subjected to cation-exchange chromatography at pH
3.75, chosen because this was the highest pH at which
the majority of the XET activity would bind to CM-
cellulose. For example, M55 revealed two isoforms:
neither of them bound to CM-cellulose at pH 4.5;
M55b was able to bind at pH 4.0 and required 500
mM NaCl for elution; M55a required pH 3.75 for
binding and was readily eluted with ca. 100 mM NaCl
(Fig. 1). Thus, at pH 3.75, both isoforms bound to
CM-cellulose and application of a salt gradient
enabled their separation.

Of the other XET preparations, some eluted from
CM-cellulose as single peaks, others as multiple

peaks. C30 eluted in 40 mM NaCl (Fig. 2(a)); C45
eluted in 500 mM (C45a) or 1 M NaCl (C45b)
(Fig. 2(b)); M35 eluted in 50 mM (M35a) or 100
mM NaCl (M35b) (Fig. 2(c)); and M45 eluted in 50
mM (Fig. 2(d)). Multiple peaks may be artefacts due
to the use of step-gradients; nevertheless, they were
kept separately and examined for possible catalytic
di�erences.

2.3. Tissue source of mung bean XETs

The shooting mung beans from which the enzymes
were prepared included the cotyledons. Some of the
mung bean XET isoenzymes could have arisen from
the cotyledons (FarkasÏ et al., 1992; Fanutti et al.,
1993). Tissue-prints (Fry, 1997) of sections of mung
bean seedlings showed that XET activity was more
abundant in the growing tissues of the hypocotyls and
leaves than in the cotyledons (data not shown). This
®nding indicates that the isoenzymes investigated were
principally associated with primary wall metabolism
rather than mobilisation of any seed storage xyloglu-
can.

2.4. Temperature dependence

The temperature±activity pro®les of the CM-cellu-
lose-puri®ed XET isoforms showed that all had a
broad optimum (24±348) and were heat-labile (Fig. 3).
The activity at 38 (relative to that at the optimum
temperature) varied over a three-fold range. How-
ever, none of these isoenzymes exhibited the excep-
tional cold-tolerance noted for TCH4 (Xu et al.,
1995).

2.5. pH dependence

The pH±activity pro®les of the CM-cellulose-puri-
®ed isoforms fell into three classes (Fig. 4). Some iso-
forms had a relatively sharp pH optimum at either
5.0±5.5 (C30, M35a, M35b, M55b) or at ca. 6.5 (C45a,
C45b) (Fig. 4(a)); others had a broad pH optimum of
ca. 5.0±7.0 (M45 and M55a) (Fig 4b). This ®nding
clearly demonstrates catalytic di�erences between the
various XET isoforms.

2.6. Km values

The Km of each isoenzyme for XLLGol as acceptor
substrate was determined from a plot of the reciprocal
of the rate of 3H-incorporation versus the total con-
centration of XLLGol (Fig. 5), the dose of
[3H]XLLGol being kept constant. The data approxi-
mated straight lines, as predicted by simple Michaelis±
Menten kinetics. A ®rst-order regression was extrapo-
lated to the y-axis, giving an estimate of 1/(maximum
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rate of 3H-incorporation). The concentration of
XLLGol that halves the maximum rate of 3H-incor-
poration (i.e., the intersect with the x-axis) is an esti-
mate of the apparent Km of the isoenzyme for
XLLGol as acceptor substrate.

The results (Fig. 5) show that the mung bean
shoot XETs had a higher a�nity for XLLGol as
acceptor substrate (Km in the range 16±35 mM) than
did the cauli¯ower ¯oret XETs (Km 71±130 mM). This
again demonstrates catalytic di�erences, this time
mainly correlating with the botanical source of the
enzyme.

2.7. Oligosaccharide acceptor preferences

Each cation-exchange-puri®ed XET preparation
was tested against a panel of oligosaccharidyl-
[3H]alditols (with backbones ranging from [3H]Glc2-ol
to [3H]Glc16-ol) as potential acceptor substrates.
[3H]Glc16-ol-based substrates were the largest that
could be tested by the ®lter paper-binding method of
Fry et al. (1992); larger oligosaccharides are themselves
able to bind to the paper (Vincken et al., 1995) and
thus could not be distinguished from transglycosyla-
tion products formed by reaction with the donor

Fig. 2. Binding of various XET preparations to CM-cellulose at pH 3.75 and subsequent elution. Aliquots of XET preparations from cauli¯ower

(C30, C45) or mung bean shoots (M35, M45) were applied to CM-cellulose at pH 3.75 and then eluted (ÐÐ) with a step gradient of NaCl

(ÐÐ) in the same bu�er.
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(tamarind xyloglucan). Each 3H-oligomer was tested at
a low absolute concentration, well below any reported
Km values for oligomeric acceptor substrates. Thus,
rates expressed as Bq of 3H-polymeric product formed
per kBq of 3H-acceptor substrate per hour do not per-
mit calculation of Km or Vmax values but will provide
qualitative information on the structural requirements
of the isoenzymes' acceptor sites and will indicate the
relative activity of a given XET on each oligomer at
low concentration.

Only one of the eight XETs (M55a) had any, slight,
activity on the smallest oligomer tested Ð the Glc2-ol-
based trimer, XGol (Fig. 6). All eight isoforms had
low but signi®cant activity on the Glc3-ol-based penta-
mer, XXGol. Activities on the Glc4-ol-based heptamer,
XXXGol, were 9±19 times greater than on XXGol.
Thus, there was a pronounced preference for oligosac-
charides with backbones of DP 4> 3> 2.

Galactosylation (XXXGol 4 XLLGol) was consist-

ently bene®cial for acceptor substrate function. How-

ever, the isoforms di�ered in their sensitivity to

galactosylation of the acceptor substrate, showing a

1.7±3.6-fold preference for the bis-galactosylated

XLLGol over the corresponding non-galactosylated

molecule, XXXGol.

All XETs tested were able to utilise Glc8-ol- and

Glc16-ol-based oligomers as acceptor substrates,

although there was wide variation in the isoforms' pre-

ferences for these larger substrates. C30 preferred the

Glc16-ol-based oligomers over XLLGol, whereas the

other isoforms preferred XLLGol. Curiously, the

Glc12-ol-based oligomers appeared to be less favoured

by all XETs than the Glc8-ol- and Glc16-ol-based oli-

gomers.

These results con®rm that catalytic di�erences exist

Fig. 3. E�ect of temperature on the activity of XET isoenzymes puri®ed by ion-exchange chromatography. Open symbols represent mung bean

preparations: w ÐÐ w, M35a; qÐ Ðq, M35b; r± ± ±r, M45; t - - - - - t, M55a; ^ ������ ^, M55b. Filled symbols represent cauli¯ower

preparations: * ÐÐ *, C30; QÐ ÐQ, C45a; R± ± ±R, C45b. Each assay was performed in triplicate and s.e. is shown.
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between the various XET isoenzymes puri®ed, indicat-
ing that they may serve di�erent roles in muro.

3. Discussion

A fractionation scheme based on di�erential pre-
cipitation with ammonium sulphate followed by cat-

ion-exchange chromatography has resolved a series
of isoenzymes from both cauli¯ower and mung
bean. Each preparation was size-homogeneous (032
kDa) according to SDS gels (Steele and Fry, 1999),
showing that few or no proteins other than XETs
remained; however, SDS gels cannot establish
whether each preparation contained only a single
isoenzyme since most XETs are of a similar size

Fig. 4. E�ect of pH on the activity of XET isoenzymes puri®ed by ion-exchange chromatography. Symbols are as in Fig. 3. Each assay was per-

formed in triplicate and s.e. is shown.
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Fig. 5. A�nity for XLLGol as acceptor substrate of XET isoenzymes puri®ed by ion-exchange chromatography. Each assay was performed with

a standard dose of [3H]XLLGol plus various concentrations of non-radioactive XLLGol. The y-axis shows the reciprocal of the rate of incorpor-

ation of 3H into polymeric products. The intersect of the regression line with the x-axis is an estimate of ÿKm of the isoenzyme for XLLGol. Iso-

enzymes tested were (a) M35a, (b) M35b, (c) M45, (d) M55a, (e) M55b, (f) C30, (g) C45a and (h) C45b.
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Fig. 6. Relative e�ectiveness of various reduced oligosaccharides as acceptor substrates of XET isoenzymes puri®ed by ion-exchange chromatog-

raphy. Each potential acceptor substrate was tested at high speci®c radioactivity; data are presented as Bq of 3H-labelled polymeric products

formed per kBq of starting material during a 1-h incubation; background binding of each oligosaccharide to Whatman 3MM paper was sub-

tracted. Each assay was performed in triplicate and s.e. is shown. Isoenzymes tested were (a) M35a, (b) M35b, (c) M45, (d) M55a, (e) M55b, (f)

C30, (g) C45a and (h) C45b.
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(Campbell and Braam, 1999a). Isoenzyme puri®-
cation therefore relied on cation-exchange properties.
The possibility remains that some of the prep-
arations contained more than one individual isoen-
zyme; nevertheless, we did detect catalytic di�erence
between some of the isoenzyme preparations. This
is the main conclusion of the present paper.

Cauli¯ower ¯orets, which are rich in small, den-
sely cytoplasmic cells, yielded at least two isoen-
zymes (C30 and C45). C45 was only partially eluted
(C45a) from the cation-exchange column by 500
mM NaCl; however, C45b (eluted by 1 M NaCl)
did not show any appreciable catalytic di�erences
from C45a and may thus simply have been the tail
of the C45 peak. C30 did show catalytic di�erences
from C45: the former had a greater ability to utilise
Glc16-ol-based acceptor substrates, a much lower tena-
city of binding to CM-cellulose and a lower pH opti-
mum.

Mung bean shoots, which are rich in rapidly
expanding, vacuolated cells, yielded at least four isoen-
zymes (M35, M45, M55a and M55b). M35 was only
partially eluted (as M35a) from CM-cellulose by 50
mM NaCl, but M35b (eluted by 100 mM NaCl) did
not show any clear catalytic di�erences from M35a.
However, M55a and M55b did di�er from each other
not only in a�nity for the cation-exchange resin
(eluted by 100 and 500 mM, respectively), but also in
acceptor substrate preference and in pH pro®le. M45
also di�ered catalytically from M35, M55a and M55b.

The four mung bean isoenzymes all had a consider-
ably higher a�nity for XLLGol as acceptor substrate
than did either of the cauli¯ower isoenzymes (Fig. 5).
A high a�nity for low-DP acceptor substrates, as
exhibited by the mung bean isoenzymes, may indicate
a role in wall re-structuring, which is necessary during
the wall loosening that underlies the enormous cell
expansion occurring in a shooting bean sprout. The
cauli¯ower isoenzymes, in contrast, may prefer poly-
meric acceptors and thus contribute principally to the
integration of new wall material (Thompson et al.,
1997) into the small, dividing cells of the cauli¯ower
¯oret. In support of this interpretation, it has been
found that, in cultured rose cells, 1 mM exogenous
XLLG only partially inhibited the interpolymeric
transglycosylation associated with integration of newly
secreted xyloglucan, but strongly inhibited the interpo-
lymeric transglycosylation involved in `re-structuring'
of existing wall material (Thompson et al., 1997;
Thompson and Fry, unpublished); this suggests that
the XETs involved in wall assembly have a lower a�-
nity for small acceptor molecules than do those
involved in wall re-structuring.

The pH±activity pro®les revealed marked di�erences
between XET isoenzymes. Optima of pH 5.0±5.5
would be characteristic of wall enzymes. The higher

pH optima (06.5), exhibited by other isoenzymes, may
suggest action in di�erent sub-cellular locations, poss-
ibly including endo-membrane vesicles during the
transport of xyloglucans from their site of synthesis in
the Golgi bodies (Driouich et al., 1994) to their desti-
nation in the wall. Such an activity (C45) might be
expected to be abundant in the densely cytoplasmic
cauli¯ower ¯oret cells. None of the XET isoenzymes
tested here exhibited any unusual cold-tolerance of the
type seen with TCH4 (Purugganan et al., 1997). How-
ever, the isoenzymes did di�er in their a�nity for CM-
cellulose, suggesting that they may di�er in binding to
acidic pectin and thus in their placement within the
cell wall in vivo.

In conclusion we have con®rmed the presence in
vivo of multiple XET isoenzymes, whose existence had
been suspected on the basis of studies of mRNA ex-
pression (Xu et al., 1996; Nishitani, 1997). Further-
more, we have shown that the isoenzymes exhibit
di�erences with respect to functionally relevant fea-
tures such as acceptor substrate a�nity and speci®city,
pH optimum, and ability to bind acidic polysacchar-
ides. The precise physiological role of each isoenzyme
remains to be elucidated but the present work provides
a foundation for the hypothesis that di�erent XETs do
indeed serve di�erent roles.

4. Experimental

4.1. Materials

Xyloglucan, prepared from tamarind ¯our by a
method similar to that of Edwards et al. (1986), was a
generous gift of Mr. K. Yamatoya, Dainippon Phar-
maceutical, Osaka, Japan. Xyloglucan oligosaccharides
are named according to the abbreviated nomenclature
of Fry et al. (1993): each (14 4)-linked glucose residue
(and the reducing terminal glucose group) of the oligo-
saccharide's backbone is given a 1-letter code accord-
ing to its substituents (if any); the name of the
oligosaccharide consists of these code letters listed in
sequence from the non-reducing terminus of the back-
bone. The code letters used in the present paper are
(all residues in the pyranose ring-form): G = b-D-Glc;
X = a-D-Xyl-(1 4 6)-b-D-Glc; L = b-D-Gal-(1 4 2)-
a-D-Xyl-(1 4 6)-b-D-Glc; Gol = D-glucitol. An oligo-
saccharide mixture (principally XLLG, XXLG and
XXXG, but also containing several larger and smaller
oligosaccharides), produced from tamarind xyloglucan
by digestion with cellulase, was also kindly provided
by Mr. Yamatoya. A sample of the trisaccharide, XG,
was kindly provided by Dr. Y. Kato, Hirosaki Univer-
sity, Japan.
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4.2. Bu�ers

The following bu�ers were used: A, 100 mM succi-
nate (Na+), 15 mM CaCl2, 10% glycerol (pH 5.5); B,
20 mM acetate (Na+), 10% glycerol (pH 5.0); C, as B
with the pH adjusted to pH 3.75 by addition of
HOAc; D, pyridine±HOAc±H2O (1:1:98, by volume,
pH 4.7) containing 0.5% 1,1,1-trichloro-2-methylpro-
pan-2-ol as an anti-microbial agent; E, 350 mM succi-
nate (Na+), 16.7 mM CaCl2, 1.67 mM dithiothreitol
(pH 5.5); F, 100 mM succinate (Na+), 18 mM acetate
(Na+), 9% glycerol, (pH 5.5).

4.3. Fractionation of oligosaccharides

A portion of the oligosaccharide mixture (500 mg in
20 ml bu�er `D') was chromatographed on a 750-ml
bed-volume column of Bio-Gel P-2 in bu�er `D'. A
portion (5 ml) of each fraction was subjected to TLC
on silica gel in PrOH±nitromethane±H2O (5:2:3) and
stained with ethanolic orcinol±H2SO4. A second por-
tion (20 ml) was analysed by PC in EtOAc±HOAc±
H2O (10:5:6) and stained with aniline hydrogen-phtha-
late (Fry, 2000). Besides traces of glucose and xylose,
thirteen carbohydrate spots (A±M) were detected by
TLC and collected individually or in pools (Table 1).

Fractions E, F and G (Table 1) were further puri®ed
by preparative PC on Whatman 3MM developed in
BuOH±pyridine±H2O (4:3:4) for 48 h by the descend-
ing method. The major bands were eluted by the
method of Eshdat and Mirelman (1972); yields were:

XXXG, 18.9 mg; XXLG, 51.7 mg; XLLG, 64.0 mg.
Pool I±K and pool L±M were separately re-chromato-
graphed on Bio-Gel P-4 and portions of the eluate
were analysed by TLC as before; the fractions which
gave the same major TLC spots as after the Bio-Gel
P-2 run were pooled and freeze-dried.

4.4. Preparation of oligosaccharidyl-[1-3H]alditols

To an aq. soln of each puri®ed oligosaccharide prep-
aration was added an aliquot of 10 mM NaB3H4 (326
MBq/mmol) in 1 M NH3. Wherever possible, quantities
were 10 mg oligosaccharide in 100 ml H2O + 100 ml
NaB3H4 soln (326 MBq). After incubation at 258 for
16 h, an excess of HOAc was added and the solns
were left open in a fume cupboard for several hours to
allow 3H2 gas to dissipate.

[3H]XGol (prepared from Dr Kato's XG sample)
was further puri®ed by PC in EtOAc±HOAc±H2O
(10:5:6) for 36 h. The Glc4-ol-based compounds were
further puri®ed by preparative PC in BuOH±pyridine±
H2O (4:3:4) for 72 h; their RM7 values were
[3H]XXXGol = 1.02, [3H]XXLGol = 0.91,
[3H]XLLGol = 0.78, the marker maltoheptaose (M7)
migrating 33 cm. Higher-DP 3H-compounds (produced
from pools I±K and L±M) were applied to 1-mm-thick
layers of silica-gel and developed in PrOH±nitro-
methane±H2O (5:2:3). All chromatograms were ¯uoro-
graphed after dipping through 7% PPO in Et2O
(Randerath, 1970). The major radioactive spots were
eluted with 0.5% aq. 1,1,1-trichloro-2-methylpropan-2-

Table 1

Fractionation on Bio-Gel P-2 of oligosaccharides from tamarind seed xyloglucan

Spot Kav on

Bio-Gel

P-2

Staining intensity

on TLC

Apparent `DP' (Glc-units)a RM7
b Proposed

identity

Yield on

drying

(mg)

by TLC by PC on TLC on PC

Glc 1.00 + 1.0 1.0 Glucose

A 0.82 +++ 3.2 2.3 XG 35

B 0.66 + 2.8 03 21

C 0.64 + 4.0 03

D 0.59 + 3.2 03 1

E 0.44 +++ 05 07 XXXG 38

F 0.39 ++++ 06 07 XXLG 107

G 0.33 +++++ 08 07 XLLG 149

H 0.25 ++ 0.60 ns 6

I 0.13 + 0.51 0.2 Glc8-based

J 0.11 ++ 0.39 0.2 Glc8-based 25

K 0.09 ++ 0.32 0.2 Glc8-based

L 0.03 + 0.10 ns Glc12-based 02

M 0.01 ++ 0.00 ns Glc16-based

a Apparent degree of polymerisation (DP) in `Glc-units' relative to malto-oligosaccharides (DP 1±8) analysed on the same chromatogram.

Solvents used were propan-1-ol±nitromethane±water (5:2:3) for TLC and ethyl acetate±acetic acid±water (10:5:6) for PC.
b RM7 = chromatographic mobility relative to that of maltoheptaose; ns = not detectably stained.

o

g

g

N.M. Steele, S.C. Fry / Phytochemistry 54 (2000) 667±680 677



ol; 0.33 vol. of EtOH was added to the eluate and the
solution stored at 48. The two main fractions in the L±
M pool (the putative [3H]Glc12-ol- and [3H]Glc16-ol-
based oligosaccharides, respectively) were separated
from each other by gel-permeation chromatography on
Bio-Gel P-6.

[3H]XXGol was prepared by partial digestion of
[3H]XXXGol with Driselase followed by fractionation
of the products on Bio-Gel P-2. The products were
[3H]XXGol, [3H]XGol and a trace of [3H]glucitol.
Radiochemical purity of the isolated [3H]XXGol was
established by TLC on silica-gel in BuOH±HOAc±
H2O (2:1:1), 3H being monitored on a radio-isotope
thin layer analyser (RITA; LabLogic, She�eld).

The [3H]XGol, [3H]XXXGol, [3H]XXLGol and
[3H]XLLGol had sp. act ca. 80 MBq/mmol. The
[3H]Glc8-ol-, [3H]Glc12-ol- and [3H]Glc16-ol-based oli-
gomers had sp. act ca. 6.5, 3.9 and 2.0 MBq/mmol, re-
spectively.

4.5. Preparation of non-radioactive XLLGol

A further portion of XLLG was reduced with an
excess of non-radioactive NaBH4 in 1 M NH4OH, and
the XLLGol formed was puri®ed by GPC on Bio-Gel
P-2. On TLC, the product was stainable with orcinol±
H2SO4 but not with aniline hydrogen-phthalate, indi-
cating that it had been successfully reduced.

4.6. Preparation of XET isoenzymes

Five putative isoenzymes of XET were prepared as
described by Steele and Fry (1999). Cauli¯ower ¯orets
and shooting mung beans (400 g fr. wt) were hom-
ogenised in ice-cold bu�er `E' in an AtoMix blender.
The homogenate was left at 48 for 2 h with occasional
mixing, strained through four layers of muslin and
centrifuged at 2500 �g for 10 min.

XET activities, pptd by step-wise addition of am-
monium sulphate at 48, were puri®ed to size-homogen-
eity (as judged by SDS±PAGE) by a two-column
method (Steele and Fry, 1999) that exploits the stable
association formed between XET and its donor sub-
strate. Each activity, eluted from the second column in
bu�er `A', was dialysed into bu�er `B' overnight at 48.
The pH was adjusted to pH 3.75 (forming bu�er `C')
by addition of glacial acetic acid immediately before
cation-exchange chromatography.

Whatman CM22 carboxymethyl-cellulose (CM-cellu-
lose) was washed in 0.5 M NaOH for 30 min followed
by 0.5 M HCl for 30 min. To achieve a high column
¯ow-rate, we then mixed the CM-cellulose with a large
volume of bu�er C in a beaker and allowed it to settle
for 30 s for every cm in height of the suspension. The
supernatant was rejected and the process repeated
three times. The resulting cation-exchange resin was

stored at room temperature in bu�er C containing 1%
NaN3 until needed, when 1-ml beds were prepared in
BioRad `PolyPrep' columns. The column was rinsed in
5 vol. of bu�er C containing 1 M NaCl, followed by 5
vol. of bu�er C.

Each size-homogeneous preparation of XET (040
ml in bu�er C) was applied to a column, and eluted
with 5 vols. of bu�er C followed by a step-wise gradi-
ent of NaCl in bu�er C as indicated on the graphs.
Each XET-containing eluate was immediately adjusted
to pH 5.5 by addition of 1

9 vol. of 1 M succinate
(forming bu�er `F') and quickly frozen in liquid nitro-
gen.

4.7. Assay of XET activity

XET activity was assayed using a method similar to
that of Fry et al. (1992). Enzyme solns were diluted in
bu�er `F' such that all samples contained approxi-
mately the same activity when assayed with
[3H]XLLGol as acceptor substrate. The appropriately
diluted enzyme (10 ml) was added to 20 ml of a sub-
strate mixture to give (®nal concentrations) 0.45% (w/
v) tamarind xyloglucan and 167 mM [3H]XLLGol
(speci®c radioactivity adjusted to 102 kBq/mmol by ad-
dition of non-radioactive XLLGol) in bu�er `F', pH
5.5. Incubation was at 208 (unless otherwise stated) for
1 h, during which time the reaction rate was approxi-
mately constant. The reaction was stopped by addition
of 20 ml 50% formic acid; the products were dried on
Whatman 3MM paper and washed in running water
overnight. The paper was then re-dried and the bound
[3H]xyloglucan assayed using OptiScint Hisafe scintil-
lation ¯uid (Wallac, Milton Keynes, Bucks, UK).

For investigation of pH±activity pro®les, the sub-
strate mixtures were modi®ed to contain 100 mM suc-
cinic acid and 100 mM HEPES, adjusted with NaOH
to pH values such that when 20 ml was mixed with 10
ml of enzyme soln the ®nal pH had the required value.

For determination of Km values, the substrate mix-
tures were designed such that the ®nal reaction mixture
always contained 0.45% xyloglucan and 1.02 kBq of
[3H]XLLGol (80 MBq/mmol) in bu�er `A'; various
doses of non-radioactive XLLGol were also included
to give the ®nal desired concentrations. The Km value
of each isoenzyme was determined from the concen-
tration of non-radioactive XLLGol required to give
half the maximal rate of incorporation of 3H into
high-Mr products.

For the investigation of oligosaccharide preferences,
the substrate mixtures were such that the ®nal reaction
mixtures contained 0.45% xyloglucan in bu�er `F',
plus a low concentration of a high-speci®c-radioac-
tivity (carrier-free) oligosaccharidyl-[3H]alditol. The 3H
dose per assay was 1.9 kBq [3H]XGol, 1.1 kBq
[3H]XXGol, 1.8 kBq [3H]XXXGol 1.8 kBq

N.M. Steele, S.C. Fry / Phytochemistry 54 (2000) 667±680678



[3H]XLLGol, or 1.5 kBq [3H]Glc8-ol-based, 0.3 kBq of
[3H]Glc12-ol-based or 0.1 kBq of [3H]Glc16-ol-based
oligosaccharides. Data for enzyme-free controls were
subtracted for each substrate tested.

4.8. Tissue printing

XET activity test-papers were as described by Fry
(1997) and Iannetta and Fry (1999). Longitudinal sec-
tions of mung bean seedlings were brie¯y pressed
against the moist papers, which were then incubated
under humid conditions for 1 h. The distribution of
the ¯uorescent reaction-products of XET activity was
monitored under 254-nm UV (Fry, 1997).
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