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8-D-Galactosidase activity has been detected previ- a-L-fucopyranosyl residues whichare linked (1+ 2) to xylose
ously in the cotyledonsof germinated nasturtium(-0(McNeil et al., 1984).
paeolum majus L.) seeds and has been linked to the
In a recent investigation of xyloglucan mobilization in
hydrolysis in vivoof storage xyloglucan (amyloid) (Ed- germinatednasturtium seeds(Tropaeolummajus
L.),the
wards, M., Dea, I.C. M., Bulpin, P. V., and Reid, J. S. activities of three enzymes in cotyledon extracts were found
G . (1985) Planta (Berl.)163, 133-140). The major 8- to vary in a manner consistent with their
involvement in
D-galactosidase presentin extracts from the cotyledons xyloglucan hydrolysis in vivo. These are endo-(1 + 4)-P-Dof 9-day seedlings has now been purified to apparent glucanase, a-D-xylosidase, and @-D-galactosidase(Edwards et
homogeneity.Theenzyme (M, 97,000, nosubunits) al., 1985). The endo-@-D-glucanasehas been purified to hocomprised a range ofclosely related molecularspecies mogeneity andhas beenshown to becompletely specific
ranging in isoelectric point frompH 6.6 to 7.1.Further towards xyloglucans (Edwards etal., 1986). In thisrespect the
purification togive a single protein band on isoelectric
focusing (PI= 7.1) was achieved by chromatofocusing. enzyme is novel. Its discovery affords a means of specifically
spe- hydrolyzing, or possibly localizing, the xyloglucan component
The pH optimum of the enzyme (mixed molecular
cies) was 4.0-5.0 (stable from pH 3-10), and the tem- of plant cell walls in thepresence of other wall polymers with
(for example, cellulose and nonperature optimum was 50 “C (stable to 50 “C). It hy- (1+4)-@-D-glucan sequences
cellulosic (1 + 3, 1 + 4)-@-~-glucans). also
It opens up the
drolyzed lactose and 6-D-galactopyranosides butnot
melibiose and a-D-gdactopyranosides. Itdidnot re- possibility that xyloglucan-specific endo-hydrolases may be
lease the terminal nonreducing a-D-galactopyranosyl involved in growth-relatedwall turnover processes (Labavitch
residues from seed galactomannans, but catalyzed the and Ray, 1974a, 197413) or in theproduction in vivo of biologically active xyloglucan fragments (York et al., 1984).
rapid removal of terminal nonreducing 8-D-galactopyranosyl residues from xyloglucans. On the basis of
In this paper we report the purification and some of the
the ability of the enzyme to hydrolyze
xyloglucans, the properties of the major @-D-galactosidasein extractsfrom the
kinetics of xyloglucan hydrolysis, and an experimental cotyledons of 9-day nasturtium seedlings, and we present
demonstration of a clear correlation betweenxyloglu- evidence that the natural substrate
of this enzyme is the
can depletion andthe activity in vitro of this enzyme, xyloglucan in thecell wall.
it is argued that thecell-wall storage xyloglucanof the
nasturtium seedis its natural substrate.
EXPERIMENTAL PROCEDURES AND RESULTS‘
Purification of the Enzyme
Xyloglucans are majorcell-wall storagecomponentsin
many dicotyledonous seeds (Meier and
Reid, 1982; Reid 1985).
They are also quantitatively important non-cellulosic polysaccharides in the primary
cell walls of dicotyledonous plants
two types of
(McNeil et al., 1984). In their structures the
xyloglucans are very similar. Both have a linear (1+ 4)-@linked D-glucan (cellulosic) backbone which carries both single-unit a-D-xylopyranosyl and two-unit @-D-galactopyranosyl-(1 + 2)-a-D-XylOpyranOSylside chains. Both typesof side
chain are attached 1 + 6 to the D-glucan backbone. The
primary cell-wall xyloglucans have a n additional structure
feature which is not present in theseed xyloglucans. Some of
their galactosylxylose side chains are further substituted by
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Properties of the Enzyme-All the experiments described
in this section were carried out using CM-cellulose purified
enzyme, i.e. mixed molecular species. By SDS2-polyacrylamide gel electrophoresis (Figs. 2, 5 , and 6) it was clear that
the subunit molecular weight of the enzyme was 97,000. The
nondenatured enzyme was subjected to gel permeation chromatography on a calibrated Bio-Gel P300 column, and had
an apparent molecular weight of 70,000. Furthermore, crosslinking with dimethyl suberimidate (Lumsden and Coggins,
1977) neither altered the apparent
M , of the enzyme on SDS
gels nor produced additional bands. It is concluded that the
P-D-galactosidase is a single polypeptide chain, M , = 97,000.
The isoelectric focusingpatterns inFig. 3 indicate very clearly
Portions of this paper (including “Experimental Procedures,” part
of “Results” describing the purification of the enzyme, Figs. 1-7, and
Table 1)are presented in miniprintat theend of this paper. Miniprint
is easily read with the aid of a standard magnifying glass. Full size
photocopies are included in the microfilm edition of the Journal that
is available from Waverly Press.
* The abbreviation used is: SDS-PAGE, sodium dodecyl sulfatepolyacrylamide gel electrophoresis.
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that the enzyme consists of a number of closely related
molecular species with PI values between pH 6.6 and 7.1. If
they differ in molecular weight the differences are too small
to be detected by SDS-polyacrylamide gel electrophoresis.
The pHoptimum of the enzyme was at pH4-5 (stable from
pH 2 to lo), and had
it a temperature optimum of 50 “C. The
specificity of the enzyme towards galactosides was tested and
the results are shown in Table2. It hydrolyzed low molecular
weight 8-D- but not a-D-galactopyranosides. In addition, it
catalyzed the efficient removal of the terminal nonreducing
8-D-galactopyranosyl units from polymeric xyloglucans, and
it did not hydrolyze the analogous terminal nonreducing a-Dgalactopyranosyl residues of galactomannans. The linear (1
+ 4)P-D-galactan from lupin seed cotyledons (Crawshaw and
Reid, 1984) was hydrolyzed only to a slight extent. With the

The preparation used had a specific activity of679 nanokatal
(nkat)/mg protein in the standard nitrophenylgalactosidaseassay
when freshly prepared.
Reaction rate at
10 m M
substrate“

K,

V,.

nkatlmg protein

mM

nkatlmg protein

0
Methyl-a-D-galactoside
8.5
20
2.1
Methyl-fi-D-galactoside
0
Melibiose (Gal Is> 4 Glc)
Lactose (Gal 1 -+ 204 Glc)
1.7
4.9
0
p-Nitrophenyl-a-D-galactoside
900
3.7
657
p-Nitrophenyl-fi-D-galactoside
0
Guar gala@mannan
(Gal 1 -D 6 Man)
0
Locust be5n gum
(Gal 1-D 6 Man)
1.8
Very highb Very highb
Nasturtium xyloglucan“
2.6
Very highb Very highb
Tamarind xyloglucan”
ND
0.24
NDd
Lupin seed (1+ 4)-fi-Dgalactan‘
“Polysaccharide concentrations were adjusted to give 10 m M Dgalactose equivalent.
See text.
10 mg/ml.
ND, not determined.
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FIG. 9. Activities of boundandnonbound
8-D-galactosidases in relation to xyloglucan depletion in nasturtiumcotyledons. Xyloglucan levels are taken from Edwards et al., 1985.

xyloglucan substrates it was not possible to obtain K , or Vmax
values. Plots of velocity (V) against substrate concentration
[SI were linear, and double-reciprocal (l/Vuersus l/[S])plots
passed through the origin. This indicates that reaction velocity would continue to increase up to and beyond the true
solution limits of the xyloglucans.
Actiuities in Vitro of the DEAE-cellulose “Boundnand“Nonbound” /3-D-Galactosidases in Relation to Xyloglucan Mobilization-To determine to what extent thetwo P-D-galactosidase activities in nasturtiumseed cotyledonary extracts (bound
and nonbound in Fig. 1) varied in relation to xyloglucan
depletion, extracts were prepared at different timesafter
sowing. These were fractionated on short DEAE-cellulose
columns to separate the two p-D-galactosidase activities (Fig.
8) which were assayed separately. It is clear from Fig. 9 that
both activities peak during xyloglucan mobilization. The activity which did not bind to the column (the major 8 - D galactosidase the properties of which are described here)
showed a 7-fold greater increase in activity than the other.
Furthermore, the major activity reached its maximum at day
9, just before the most rapid phase of xyloglucan depletion.
The other enzyme peaked at day 12, when xyloglucan mobilization was almost complete.
DISCUSSION
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TABLE2
Substrate specificity of the enzyme
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FIG. 8. DEAE-cellulose separation of bound and nonbound
&D-galactosidaseactivities.

The major p-D-galactosidase from the cotyledons of germinated nasturtium seedlings is a mixture of three principal
isoenzymes which differ in PI (6.6,6.9, and 7.1) but not
detectably in molecular weight. This microheterogeneity may
reflect genetic variability in the seed population or may result
from limited proteolysis. The continued presence of minor,
lower molecular weight components on SDS gels, even of
fractions removed from isoelectric focusing gels, suggests proteolysis. Such components may arise from the dissociation in
SDS/mercaptoethanol of proteolytically “nicked” but undissociated species. The proteolysis may occur before isolation,
since the patternsof separation on SDS gels werenot changed
when iodoacetic acid, an inhibitor of thiol proteinases, was
incorporated into all buffer systems prior to DEAE-cellulose
chr~matography.~
Although there are numerous reports of P-D-galactosidase
activity in plant extracts, few plant P-D-galactosidases have
M. Edwards, Y.J. L. Bowman, I. C. M. Dea, and J. S. G. Reid,
unpublished results.

@-D-Galactosidasefrom Nasturtium
been purified to homogeneity (Li et al., 1975).Their substrates
in uiuo have remained unknown, althoughglycoproteins (Harley and Beevers, 1981) and cell walls (Johnson et d., 1974)
have been suggested. The activities measured in vitro of the
two p-D-galactosidases in nasturtiumcotyledon extracts both
peak during xyloglucan mobilization, indicating that both are
involved in themobilization process in uiuo. The major activity (i.e. the one purified) increases in activity more than the
other,andit
reaches its peak during the early stages of
xyloglucan breakdown, when intact xyloglucan and relatively
large xyloglucan fragments generated by endo-p-D-glucanase
cleavage are likely to be presentin thecotyledonary cell walls.
I n vitro the enzyme is capable of catalyzing the rapid hydrolysis of the terminal P-D-galactopyranosyl units from intact
xyloglucans. Other purified P-D-galactosidases have not been
reported to hydrolyze xyloglucans, but itis possible that their
action on xyloglucans had simply not been tested. We therefore examined a number of commercially available p-D-galactosidase preparations (from Escherichia coli, yeast, and jack
bean) and did not observe any release of D-galactose from
tamarind xyloglucan? It is significant that the rates of hydrolysis of the xyloglucans from tamarind and nasturtium
seeds increase linearly withsubstrate concentration up to and
beyond the true solution limits of the xyloglucans. This suggests that if saturation conditions can beachieved, it must be
at substrate "concentrations" which correspond to a hydrated
solid rather than a solution. This corresponds to the stateof
the xyloglucan in the cotyledonary cell walls. We therefore
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conclude that the natural substrate of this enzyme is the
storage xyloglucan of the cotyledonary cell walls of nasturtium.
REFERENCES
Crawshaw, L. A., and Reid, J. S. G . (1984) Planta (Berl.) 160,449454
Dawson, R. M. C., Elliott, D. C., Elliott, W. H., and Jones, K. M.
(1982) Data for Biochemical Research, pp. 475-508, Claredon Press,
Oxford
Edwards, M., Dea, I. C. M., Bulpin, P. V., and Reid, J. S. G . (1985)
Planta (Berl.) 163, 133-140
Edwards, M., Dea, I. C. M., Bulpin, P. V., and Reid, J. S. G . (1986)
J. Biol. Chem. 261,9489-9494
Harley, S. M., and Beevers, H. (1981) Plant Physiol. (Bethesda) 67,
(suppl.) 140
Johnson, K. D., Daniels, D., Dowler, M. J., and Royle, D. G . (1974)
Plant Physiol. 53,226-228
Labavitch, J. M., and Ray, P. M. (1974a) Plant Physiol. (Bethesda)
53,669-673
Labavitch, J. M., and Ray, P. M.(197413) Plant Physiol. (Bethesda)
54,499-502
Li, S.-C., Mazzotta, M. Y., Chien, S.-F., and Li, Y.-T. (1975) J. Biol.
Chem. 250,6786-6791
Lumsden, J., and Coggins, J. R. (1977) Biochem. J. 161,599-607
McNeil, M., Darvill, A. G., Fry, S. C., and Albersheim, P. (19%)
Annu. Rev. Biochem. 53,625-663
Meier, H., and Reid, J. S. G. (1982) in Encyclopedia of Plant Physiology (Loewus, F. A., and Tanner, W., eds) Vol. 13A, pp. 418-471,
Springer-Verlag, Berlin
Reid, J. S. G . (1985) Adu. Bot. Res. 11, 125-155
York, W. S., Darvill, A. G., and Albersheim, P. (1984) Plant Physiol.
(Bethesda) 75,295-297

0-D-Galactosidase
Nasturtium
from

4336

c

Fraction m m b x
$3 49 5763 73 79

e

4
.-

C

1

0.2

10

20

30

60
40

50

Fraction number

70

80

4337

P-D-Galactosidase from Nasturtium
Fraction number
6 9

10
11

12 13.
14

15 S M

6*g1i

PI 7.2

8

I
6

