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A Novel Alkaline a-Galactosidase from Melon Fruit with a
Substrate Preference for Raffinose’
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The cucurbits translocate the galactosyl-sucrose oligosaccharides
raffinose and stachyose, therefore, a-galactosidase (a-D-galactoside
galactohydrolase, EC 3.2.1.22) is expected to function as the initial
enzyme of photoassimilate catabolism. However, the previously
described alkaline a-galactosidase is specific for the tetrasaccharide
stachyose, leaving raffinose catabolism in these tissues as an
enigma. In this paper we report the partial purification and char-
acterization of three a-galactosidases, including a novel alkaline
a-galactosidase (form 1) from melon (Cucumis melo) fruit tissue.
The form I enzyme showed preferred activity with raffinose and
significant activity with stachyose. Other unique characteristics of
this enzyme, such as weak product inhibition by galactose (in
contrast to the other a-galactosidases, which show stronger product
inhibition), also impart physiological significance. Using raffinose
and stachyose as substrates in the assays, the activities of the three
a-galactosidases (alkaline form I, alkaline form II, and the acid
form) were measured at different stages of fruit development. The
form I enzyme activity increased during the early stages of ovary
development and fruit set, in contrast to the other a-galactosidase
enzymes, both of which declined in activity during this period. In
the mature, sucrose-accumulating mesocarp, the alkaline form 1|
enzyme was the major a-galactosidase present. We also observed
hydrolysis of raffinose at alkaline conditions in enzyme extracts
from other cucurbit sink tissues, as well as from young Coleus
blumei leaves. Our results suggest different physiological roles for
the a-galactosidase forms in the developing cucurbit fruit, and show
that the newly discovered enzyme plays a physiologically significant
role in photoassimilate partitioning in cucurbit sink tissue.

The galactosyl-Suc sugars stachyose and raffinose, to-
gether with Suc, are the primary translocated sugars in the
phloem of cucurbits (Gross and Pharr, 1982; Richardson et
al., 1982; Schaffer et al., 1996), including melon (Cucumis
melo) (Mitchell et al., 1992; Chrost and Schmitz, 1997). The
very low concentrations of raffinose and stachyose in fruit
tissues of C. melo (Hubbard et al., 1989; Chrost and Schmitz,
1997) suggest that galactosyl-Suc unloaded from phloem
is rapidly metabolized, with the initial hydrolysis by «-
galactosidase.
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The enzyme a-galactosidase (EC 3.2.1.22, a-D-galactoside
galactohydrolase) catalyzes the hydrolytic cleavage of the
terminal-linked «-Gal moiety from Gal-containing oligo-
saccharides. It is likely that a-galactosidase, as the initial
enzyme in the metabolic pathway of stachyose and raffin-
ose catabolism (Keller and Pharr, 1996), plays an important
role in the carbohydrate partitioning in the cucurbits.

Plant a-galactosidases from numerous sources have been
studied, and multiple forms of the enzyme have been
described (for review, see Keller and Pharr, 1996). These
can be divided into two groups, acid and alkaline, based on
their activity response to pH. Most studies have dealt with
the acid forms of the enzyme, which play important roles
in seed development and germination (Keller and Pharr,
1996). In the cucurbits Gaudreault and Webb (1982, 1983,
1986) described an alkaline a-galactosidase from young
leaves of Cucurbita pepo, in addition to multiple acid forms
of the enzyme. The alkaline form was unique in that it
showed a high affinity for stachyose and little activity
toward raffinose compared with the acid forms, for which
raffinose was found to be the preferred substrate.

Recently, the study of a-galactosidase activities in cucur-
bit fruit has attracted attention. Irving et al. (1997) reported
the developmental changes in a-galactosidase activities
measured at acid and alkaline pH in Cucurbita maxima fruit.
They found that at anthesis alkaline activity was higher
than acid and that both activities declined during fruit
development. Chrost and Schmitz (1997) reported approx-
imately similar activities of «-galactosidase at acid and
alkaline pH in C. melo fruit at the anthesis stage. They
observed a transient burst of a-galactosidase activity before
(and apparently unrelated to) the onset of Suc accumula-
tion. Pharr and Hubbard (1994) correlated the activity of
alkaline a-galactosidase with stachyose levels in portions
of the Cucumis sativus pedicel and concluded that the alka-
line activity, rather than the acid activity, was responsible
for stachyose hydrolysis. All of these studies were carried
out using the synthetic substrate pNPG rather than the
natural substrates raffinose and stachyose.

These developmental changes in a-galactosidase activi-
ties, in addition to analogous changes during the sink-to-
source transition in cucurbit leaves, suggested that the
alkaline a-galactosidase plays a role in phloem unloading
and catabolism of transported stachyose in this sink tissue

Abbreviations: Con A, concanavalin A; DAA, days after anthe-
sis; pNPG, p-nitrophenyl a-galactopyranoside.
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(Pharr and Sox, 1984; Gaudreault and Webb, 1986). How-
ever, Madore (1995) has recently pointed to the dilemma of
stachyose and raffinose metabolism in the cucurbits in light
of only the stachyose-specific alkaline a-galactosidase dis-
covered by Gaudreault and Webb (1983). It is unlikely that
stachyose and raffinose catabolism would take place via a
two-step process in which one enzyme has an alkaline pH
optimum and the other has an acid pH optimum, as this
would imply separate compartments for the two linked
steps.

In the present study we identified two alkaline and one
acid a-galactosidase in C. melo fruit, including a novel
alkaline form with activity toward a broader spectrum of
galactosyl saccharides, particularly raffinose. In addition,
we measured the activities of the three a-galactosidases
from before anthesis until maturity to shed light on the role
of a-galactosidase hydrolysis in photoassimilate metabo-
lism in the melon fruit sink

MATERIALS AND METHODS
Fruit Materials and Chemicals

Melon (Cucumis melo L. cv C-8) plants were grown under
standard conditions in a greenhouse in Bet Dagan, Israel.
Female flowers were hand-pollinated and tagged at anthe-
sis, and fruit load was limited to 1 fruit per plant after 10
DAA. Primary fruits were harvested from 3 d prior to
anthesis and throughout fruit development. For fruits
younger than 6 DAA the whole fruit was sampled, whereas
for fruit after 10 DAA the inner mesocarp was sampled.
Tissue was thinly sliced and immediately frozen in liquid
N, prior to storage at —80°C. Unless otherwise specified,
we purchased chemicals and enzymes from Sigma or
Boehringer Mannheim.

Assays for a-Galactosidase

For routine analysis and monitoring of activity in the
purification steps, a-galactosidase was assayed as de-
scribed by Smart and Pharr (1980) using pNPG as a sub-
strate. We initiated the reaction by adding a 50-uL aliquot
of pNPG either to 200 pL of 100 mM Mcllvaine buffer, pH
5.5, or to 100 mm Hepes buffer, pH 7.5, containing 5 mm
PNPG, and incubated at 35°C. The reaction was terminated
after 10 min by adding 1 mL of 5% (w/v) Na,COj;. Activity
was expressed as nanomoles of nitrophenol per minute
as measured at 410 nm. The hydrolysis of the natural
substrates stachyose, raffinose, and melibiose by a-galacto-
sidases was measured with 10 mm substrate at pH 5.5 or
7.5, as in the assay with pNPG. We started the assay by
adding 25 to 50 pL of enzyme preparation at 35°C, and
terminated it after 20 min by 2 min of boiling. We estimated
enzyme activities by determining the amounts of Gal re-
leased, as described by Smart and Pharr (1980), using an
enzyme-coupled reaction with NAD and B-Gal dehydro-
genase (EC 1.1.1.48).
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Purification of a-Galactosidases

We performed an initial partial purification to separate
and characterize the various a-galactosidases present in C.
melo fruit tissue. Mesocarp tissue (200 g fresh weight) from
10-DAA fruit was homogenized in 200 mL of chilled ex-
traction buffer containing 50 mMm Hepes-NaOH, pH 7.5, 2
mM MgCl,, 2 mm EDTA, and 5 mM DTT. The homogenate
was filtered through four layers of cheesecloth and centri-
fuged at 18,000¢ for 30 min. We used PEG-6000 to precip-
itate proteins from crude extract because there was a sig-
nificantly irreversible loss of activity when we used
(NH,),SO,. Precipitated proteins were collected from the
5% to 50% (w/v) PEG-6000 fraction, suspended in 50 mL of
buffer, pH 7.5, containing 25 mm Hepes and 1 mm DTT
(buffer A), and applied to an ion-exchange column (1.2 X
25 cm; DEAE-Sepharose CL-6B, Pharmacia) previously
equilibrated with buffer A. Unbound protein was eluted
with buffer A, and the bound protein was eluted at flow
rate of 1 mL min~ ' with a linear gradient of 0 to 0.45 M
NaCl in buffer A. Fractions (3.5 mL fraction ') were col-
lected and assayed for a-galactosidase activity at pH 5.5 or
7.5 with pNPG as a substrate.

Partial Purification of the Acid Form of a-Galactosidase

The fractions active at pH 5.5 were pooled and concen-
trated by reverse dialysis against solid Suc. We chromato-
graphed the concentrated fractions on a gel-filtration
column (4.5 X 120 cm; Sephacryl-S 200, Pharmacia), previ-
ously equilibrated with buffer A and containing 150 mm
NaCl, at a flow rate of 0.5 mL min~'. We collected and
assayed fractions of 3.5 mL for a-galactosidase activity at
pH 5.5, using pNPG as a substrate. The active fractions
were pooled and NaCl was added to 0.5 m before loading
onto a lectin-affinity column (1 X 5 cm; Con A-Sepharose
4B, Pharmacia) previously equilibrated with buffer A con-
taining 0.5 M NaClL. Unbound proteins were eluted with the
same buffer, and bound proteins were eluted with the same
buffer containing 50 mm methyl a-p-glucopyranoside. The
active fractions were then desalted by dialysis against
buffer A for 12 h with two changes of the buffer. We used
this enzyme fraction for the characterization of the acid
form of a-galactosidase, which was not further purified.

Alkaline a-Galactosidase Purification

We pooled and dialyzed the fractions from the DEAE-
Sepharose chromatography that were active at pH 7.5
against buffer A for 12 h before loading onto a Mono-Q HR
5/5 column (Pharmacia), previously equilibrated with
buffer A. Bound proteins were eluted with a linear gradient
of 0.1 to 0.45 m NaCl, and the active fractions were de-
tected using pNPG as a substrate at pH 7.5, as described
above. Two peaks of alkaline a-galactosidase, labeled I and
II according to elution, were separated by Mono-Q
chromatography.

For the further purification of form II, the active fraction
of the peak II was chromatographed on hydrophobic inter-
action chromatography. The fractions were pooled,



a-Galactosidases in Melon Fruit 981

brought to 1 M (NH,),SO,, and loaded on to a Phenyl-
Sepharose 6 fast-flow column (0.5 X 12 cm, Pharmacia)
previously equilibrated with buffer A containing 1 ™
(NH,),SO,. The protein was eluted with a reverse-stepwise
gradient from 1 to 0 m (NH,),SO, at 50 mm intervals in
buffer A. We pooled and dialyzed the active fractions for
12 h against buffer A and concentrated the dialysate by
reverse dialysis against solid Suc. We used the enzyme
after hydrophobic-interaction chromatography for charac-
terization of the form II. In addition, the active fractions
from the hydrophobic interaction column were further pu-
rified. We separated the active fractions electrophoretically
using a Mini Prep Cell (Bio-Rad) for discontinuous native-
PAGE with 7% polyacrylamide according to the manufac-
turer’s instructions. Fractions (0.25 mL fraction™!) were
assayed at pH 7.5 with pNPG as a substrate for the activity.
The active fractions were pooled, concentrated (Vivaspin
Concentrator, Vivascience, Lincoln, UK), and electropho-
resed in 8% SDS-PAGE, as described below.

We did not apply hydrophobic-interaction chromatogra-
phy to the fractions of peak I because there was a great loss
of the activity in the (NH,),SO, solution. Therefore, for the
characterization of form I, we used the active fractions after
Mono-Q chromatography. In addition, we carried out fur-
ther purification of alkaline a-galactosidase form I. The
fractions of peak I obtained after Mono-Q chromatography
were chromatographed on a hydroxylapatite column (0.5 X
12 ¢cm; BioGel BTP, Bio-Rad) previously equilibrated with
10 mm NaPi buffer, pH 7.0, containing 0.5 mm DTT. The
enzyme was eluted with a 60-mL, 10 to 100 mm NaP4i linear
gradient. The active fractions were pooled and concen-
trated. The concentrated protein was separated electro-
phoretically on nondenaturing PAGE with a Mini-Protean
II apparatus (Bio-Rad) using 1-mm-thick slab gels con-
taining 10% acrylamide, according to the procedure of
Laemmli (1970). We identified the active band as a yellow-
ish band in an activity stain containing 50 mm Hepes, pH
7.5, and 2 mm pNPG incubated at 35°C. Following native
electrophoresis, the active band was excised and the pro-
tein was eluted with water overnight and electrophoresed
in 8% SDS-PAGE.

SDS-PAGE

SDS-PAGE was carried out with a Mini-Protean II appa-
ratus (Bio-Rad) using 1-mm-thick slab gels containing 8%
acrylamide according to the procedure of Laemmli (1970).
Gels were stained with Coomassie brilliant blue R-250
and destained in a methanol:acetic acid:water solution.
Molecular-mass standards (Pharmacia) were phosphory-
lase b (94 kD), albumin (67 kD), ovalbumin (43 kD), car-
bonic anhydrase (30 kD), trypsin inhibitor (20.1 kD), and
a-lactalbumin (14.4 kD).

Determination of the Native Molecular Mass and pl

The partially purified enzymes were chromatographed
on a gel-filtration column (Superdex 200H 10/30, Pharma-
cia) equilibrated with 50 mm Na-phosphate buffer, pH 7.0,
containing 0.15 M NaCl and 1 mm DTT. Retention time was

compared with that of gel-filtration markers run simulta-
neously with the a-galactosidase proteins. The markers
used were B-amylase (200 kD), alcohol dehydrogenase (150
kD), BSA (66 kD), carbonic anhydrase (29 kD), and Cyt c
(12.4 kD). The estimation of pl was carried out using IEF
(PhastGel and the PhastSystem, Pharmacia), pH 4.0 to 6.5.
We loaded the proteins to duplicate gels and focused them
according to the manufacturer’s instructions (Pharmacia).
One of the gels was stained for protein using Coomassie
blue. The duplicate gel was sliced into a 1-mm segment and
assayed for enzyme activity using pNPG at pH 7.5. We
used standards with pls of 4.55, 5.2, and 5.85 (Sigma) for
comparison, and estimated the pls of the enzymes from the
calibration curve and the distance of the active band from
the anode.

Enzyme Properties

We determined the optimum pH for each partially puri-
fied enzyme using 5 mm pNPG, 10 mMm stachyose, or 10 mm
raffinose as a substrate in 100 mM Mcllvaine buffer over a
pH range of 4.0 to 7.0, 100 mm Hepes buffer at a pH range
of 7.0 to 8.0, or 50 mm Tris buffer at a pH range of 8.0 to 8.7,
all at 35°C. The substrate specificity of the a-galactosidases
was tested with pNPG, stachyose, raffinose, and melibiose.
K., and V. values for pNPG, stachyose, raffinose, and
melibiose were determined by Lineweaver-Burk plots, as
were K; (inhibition) values for p-Gal inhibition.

Activities of a-Galactosidases in Developing Fruits

We estimated the activities of a-galactosidases in the
developing fruits in crude extracts with either raffinose or
stachyose as the substrate at both pH 5.5 or 7.5. Ovaries
and inner mesocarps of 10- and 45-DAA fruits were ho-
mogenized in a chilled mortar with 4 volumes of chilled
extraction buffer containing 50 mm Hepes-NaOH, pH 7.5, 2
mM MgCl,, 2 mm EDTA, and 5 mMm DTT. After centrifuga-
tion at 18,000¢ for 30 min, the supernatant was desalted
with a 5-mL Sephadex G-25 column and used as the crude
enzyme extract.

Enzyme extracts from 10 g of 0- and 10-DAA fruits were
also characterized after separation on a Mono-Q column.
The 3% to 50% PEG-6000 (w/v) fraction from the above
supernatant was separated on a Mono-Q HR 5/5 column
previously equilibrated with buffer A with a linear gradi-
ent of 0 to 0.45 M NaCl, as described above. Active fractions
were detected with the assays using pNPG, stachyose, and
raffinose as substrates at pH 5.5 and 7.5.

a-Galactosidases from Tissues of Other Species

We carried out a survey of a-galactosidase activity from
the tissues of other galactosyl-Suc-translocating species us-
ing raffinose or stachyose as the substrate at acid (pH 5.5)
and alkaline (pH 7.5) conditions. Young leaves of the cu-
curbits C. melo, Cucurbita maxima, Lagenaria ciceravia, and
Coleus blumei (Madore, 1990) of the Lamiaceae, roots of C.
melo, and pre-anthesis ovaries of C. maxima were homoge-
nized as described above. We also sampled young leaves of
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Suc-translocating pepper (Capsicum annuum) plants for
comparison. We used crude enzyme extracts without
(NH,),SO, precipitation for the enzyme assays, as de-
scribed above.

Protein Estimation

We used the Bio-Rad protein assay and BSA as a stan-
dard to estimate the protein according to the method of
Bradford (1976).

RESULTS
Purification of a-Galactosidases

Three forms of a-galactosidase were resolved from
young (10 DAA) C. melo fruit mesocarp by DEAE-
Sepharose ion-exchange chromatography, in conjunction
with Mono-Q chromatography, using pNPG as a substrate
(Figs. 1 and 2). The first peak (Fig. 1) showed higher
activity at pH 5.5 than at pH 7.5, whereas the latter two
peaks showed activity at pH 7.5 and little activity at pH 5.5.
Accordingly, we refer to the first peak as the acid form of
a-galactosidase and the other two peaks as alkaline
a-galactosidases I and II, respectively. The three enzyme
forms were partially purified for the purposes of charac-
terization (Table I).

In our preliminary studies we observed that the ability of
the enzyme extract to hydrolyze raffinose at alkaline pH
was lost after precipitation with (NH,),SO,, even after its
removal through a Sephadex G-50 column, whereas the
ability to hydrolyze stachyose was maintained. The alka-
line form I was especially sensitive to (NH,),SO,, and 65%
of the activity of the partially purified enzyme was lost
upon the addition of a 10% (w/v) concentration. The par-
tially purified form II was relatively insensitive, losing 25%
of its activity in 10% (w/v) (NH,),SO, (data not shown).
Therefore, we used PEG 6000 for the step of protein pre-
cipitation. Hydrophobic-interaction chromatography was
useful in the purification of alkaline form II, and hydroxy-
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Figure 1. Separation of acid and alkaline a-galactosidases from C.
melo fruit (10 DAA) on ion-exchange chromatography. The protein
fraction of 5% to 50% (w/v) PEG-6000 was applied to a column of
DEAE-Sepharose 4B and eluted with the indicated linear gradient of
0 to 0.45 M NaCl. Activity of each fraction was assayed with pNPG
at pH 5.0 and pH 7.5. Zero activity points are not shown.
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Figure 2. Separation of alkaline a-galactosidase forms | and Il on
Mono-Q chromatography. The fractions active at pH 7.5, repre-
sented in Figure 1, were pooled, desalted, applied to the column, and
eluted with the indicated linear gradient of 0.1 to 0.4 m NaCl.
Activity of each fraction was assayed with pNPG at pH 5.0 and
pH 7.5.

apatite chromatography was a helpful step in the purifica-
tion of alkaline form I.

The acid a-galactosidase bound to Con A-Sepharose,
indicating that it was a glycoprotein, and this was a use-
ful step in its purification (Table I). The alkaline
a-galactosidase forms I and II did not bind to Con A,
suggesting that neither was a glycoprotein. The partially
purified enzymes were stable for at least 2 months when
stored at —80°C.

Properties of a-Galactosidases

The calculated K,, and V., values of the three a-
galactosidases are summarized in Table II. The three en-
zymes are distinct with respect to their substrate specific-
ity. The hydrolysis of the natural substrates raffinose,
stachyose, and melibiose were of particular interest to us.
Because the three enzymes were purified to different pu-
rities, the calculated V., values are meant for comparison
of the activity toward each substrate for each particular
enzyme. All three enzymes showed Michaelis-Menten ki-
netics at concentrations up to 40 mmM melibiose, raffinose,
or stachyose. Alkaline form I exhibited a nearly 2-fold
higher activity, as well as higher affinity for raffinose com-
pared with stachyose. This enzyme also showed substantial
activity to hydrolyze melibiose, although with a high K,
(Table II).

The acid a-galactosidase also exhibited a higher activity
with raffinose compared with stachyose or melibiose. The
affinity of the acid enzyme toward the three substrates
decreased with increasing substrate size, being highest
(low K,,) for the disaccharide melibiose and lowest for the
tetrasaccharide stachyose. In contrast, alkaline form II was
relatively specific to stachyose, with little activity toward
raffinose and melibiose (Table II). Hydrolysis of the syn-
thetic substrate pNPG did not give any indication of nat-
ural substrate specificity. When we used pNPG as a sub-
strate, the acid a-galactosidase showed slight inhibition
above 5 mM pNPG, whereas the two alkaline forms fol-
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Table 1. Purification scheme for the acidic form and alkaline forms | and Il a-galactosidases from

C. melo fruit

All specific activities were assayed using raffinose (for acid and alkaline form 1) or stachyose (for

alkaline form II) as the substrate.

Purification Step EAZK/T:;? Protein Specific Activity Recovery Purification
units mg units X % -fold
10 mg™" protein
Acid form
Crude extract 13.0 1152 0.11 100 -
5% to 50% PEG fraction 11.4 481 0.24 88 2
DEAE-Sepharose 4.6 45 1.02 35 9
Sephadex-200 3.0 13 2.32 23 21
ConA 1.7 2.6 6.27 13 55
Alkaline form |
Crude extract 27.7 1152 0.24 100 -
5% to 50% PEG fraction 20.7 481 0.43 75 2
DEAE-Sepharose 9.5 35 2.73 34 11
Mono-Q 8.0 15 5.37 29 22
Bio-gel HTP 5.1 3.7 13.82 19 57
Alkaline form 1l
Crude extract 18.4 1152 0.16 100 -
5% to 50% PEG fraction 16.4 481 0.34 89 2
DEAE-Sepharose 10.9 58 1.89 59 12
Mono-Q 8.8 17 5.21 48 33
Phenyl Sepharose 6 fast flow 5.8 2.9 19.73 31 123
lowed Michaelis-Menten kinetics up to substrate concen- 1000 3 I : ' >

trations of 20 mm pNPG.

Gal was a strong competitive inhibitor of the acid and
alkaline form II enzymes when assayed with pNPG (Fig. 3).
The alkaline form I, however, was relatively insensitive to
inhibition by Gal, with a K; value of 13 mm Gal, compared
with 1.3 mm for form II and 0.06 mwM for the acid form.

There was an inhibitory interaction between the sub-
strates raffinose and stachyose when either the acid or the
alkaline form II were assayed (Fig. 4). Raffinose inhibited
the stachyose-specific alkaline form II, and the addition of
80 mm raffinose to the assay medium containing 10 mm
stachyose caused 35% inhibition of the activity, as mea-
sured by the release of Gal. For the acid form, 80 mm
stachyose added to the assay medium of the acid

Table Il. Characterization of partially purified acidic and alkaline
forms I and Il a-galactosidases from C. melo fruit

a-Galactosidase Substrate Ko Vihax Vinax/ K
mm pmol mg~'
protein min~"
Acid form Stachyose  10.5 0.23 0.02
Raffinose 4.2 0.71 0.17
Melibiose 0.7 0.19 0.27
pNPG 0.3 1.5 5.00
Alkaline form | Stachyose 4.0 0.24 0.06
Raffinose 1.5 0.56 0.37
Melibiose 20 0.3 0.02
pNPG 1.2 1.4 1.17
Alkaline form Il Stachyose 3.6 2.2 0.61
Raffinose  26.3 0.26 0.01
Melibiose  18.7 0.21 0.01
pNPG 3.0 7.9 2.63
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Figure 3. Kinetics of the acid form (A), alkaline form I (B), and
alkaline form Il (C) of a-galactosidase with pNPG as the substrate in
the presence of varying concentrations of the inhibitor Gal.
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Figure 4. The inhibition of the a-galactosidases by either raffinose or
stachyose. For the assay of inhibition of the acid form and alkaline
form |, the assay medium contained 10 mm raffinose and increasing
amounts of stachyose were added. For alkaline form II, the assay
medium contained 10 mm stachyose and increasing amounts of
raffinose were added. The activity was measured by the production
of free Gal.

a-galactosidase containing 10 mm raffinose caused a 45%
inhibition in the free Gal release. However, this inhibitory
interaction was negligible for alkaline form I, and the ad-
dition of excess amount of stachyose did not lead to a
decrease in released Gal (Fig. 4).

The acid form exhibited a narrow pH range of maximal
activity, between 5 and 5.5, with only approximately 5% of
maximal activity at pH 7.0, when measured with its pre-
ferred substrate, raffinose (Fig. 5A). When we used pNPG
as a substrate, the acid form exhibited activity over a

100 |-

Relative activity (%)

60 -

40 | —e— Alkaline [
—8— Alkaline IT

20t —e— Acid form

pH of the assay medium

Figure 5. Effect of pH on activity of acid and alkaline forms | and Il
a-galactosidase with pNPG, raffinose, or stachyose as the substrate.
The buffers used were citrate-phosphate (pH 4.0-pH 7.0), Hepes-
KOH (pH 7.0-pH 8.0), and Tris (pH 8.0-pH 8.5). All data were
adjusted relative to maximum activity for each enzyme. A, Raffinose
was used as substrate for the acid form and alkaline form I, and
stachyose was used for alkaline form Il. B, pNPG as the substrate.
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Figure 6. Effect of reaction temperature on the activity of the acid
form and alkaline forms | and Il a-galactosidases with pNPG as the
substrate. All data were adjusted relative to maximum activity for
each enzyme.

broader pH range, from 4.0 to 8.0, with maximal activity at
pH 5.8 and approximately 35% maximal activity remaining
at pH 7.0 (Fig. 5B). Both alkaline forms had maximal activ-
ity at pH 7.5 with raffinose and stachyose, which was
similar to that when pNPG was the substrate. Little activity
was measured at pH 5.0 with the two alkaline forms.

Both alkaline forms I and II exhibited the highest activity
in the temperature range of 35°C to 40°C and activity was
significantly decreased above 40°C (Fig. 6). The acid
a-galactosidase was relatively thermophilic, with maximal
activity at 50°C, and retained 40% of its activity at 70°C
(Fig. 6).

We estimated the plI values of the two alkaline forms at
5.0 and 4.7 for forms I and II, respectively, by activity
staining of IEF gels (data not shown). The molecular
masses of the native proteins were 27, 84, and 102 kD
for the acid form and alkaline forms I and II, respectively
(Fig. 7).

The proteins were further purified using native electro-
phoresis, as described in “Materials and Methods.” Follow-
ing the respective native electrophoresis, the two alkaline
a-galactosidase forms appeared to be nearly homogeneous,
as shown in the SDS-PAGE gel (Fig. 8). The denatured

1000 F T T T T T T T

MW x 1000

Te/To

Figure 7. The calibration curve of Superdex 200H 10/30 from which
the native molecular mass of the acid form and alkaline forms | and
Il a-galactosidases were determined. The molecular markers were: 1,
B-amylase (200 kD); 2, alcohol dehydrogenase (150 kD); 3, BSA (66
kD); 4, carbonic anhydrase (29 kD); and 5, Cyt ¢ (12.4 kD).
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Figure 8. The purified alkaline a-galactosidase form I (lane A) and 1
(lane B) in SDS-PAGE gel showing the denatured molecular masses of
79 kD and 92 kD, respectively. The partially purified proteins, de-
scribed in Table Il, were further purified with steps of native electro-
phoresis, as described in “Materials and Methods.” Next to each of
the purified proteins is a lane showing the separation of markers of
known molecular mass.

molecular masses were calculated at 79 and 92 kD for
forms I and II, respectively, and comparison with the na-
tive molecular masses implied that the alkaline forms ex-
isted in the native state as monomers.

Changes of Acid and Alkaline a-Galactosidases in
Developing C. melo Fruits

The substrate preference (Table II) and pH profile
(Fig. 5) from the partially purified acid and alkaline
a-galactosidases I and II allowed us to measure and esti-
mate their activities even in crude extracts of C. melo fruit
by using their natural substrates. Very little overlap in
activity occurred between pH 5.5 and 7.5 (Fig. 5A), and at
pH 7.5 the activities of alkaline a-galactosidase I and II in
the crude extracts could be distinguished by the activity
with raffinose or stachyose as the substrate. The activity
with raffinose at pH 7.5 was a good indicator of form I
activity, because form II is relatively specific for stachyose.
Although there should be an overestimation of form II
activity when using stachyose, due to the hydrolysis of this
substrate by form I, distinct patterns of a-galactosidase
activities were apparent when using these two substrates.

Stachyose hydrolysis at alkaline pH was highest in the
pre-anthesis fruit ovary and progressively declined
throughout development (Table III). In contrast, raffinose
hydrolysis at alkaline pH (form I) increased from pre-
anthesis to anthesis. In the mature fruit mesocarp tissue the
major a-galactosidase activity was toward raffinose at an

alkaline pH (Table III), and the activity of this enzyme also
increased during the Suc-accumulating stage (data not
shown). Raffinose and stachyose hydrolysis at acid pH
declined during fruit development, but the relative hydro-
lysis of the two substrates remained the same at each stage
measured (Table III), as would be expected from a single
enzyme. These changes in activities were observed also
after Mono-Q separation (data not shown). From anthesis
to 10 DAA the activity of alkaline form I increased from
approximately 300 to 400 nmol g~ ' fresh weight min™',
whereas that of form II sharply decreased from approxi-
mately 550 to 200 nmol g~ ' fresh weight min~", in corre-
lation with the results from the differential assay of the
crude extract with raffinose or stachyose.

a-Galactosidase Activity in Other Species

We compared the hydrolytic activity toward raffinose
and stachyose in a number of galactosyl-Suc-translocating
species, including additional cucurbits and C. blumei (Table
IV). We assayed the crude extract without the step of
(NH,),SO, precipitation, and measured the free Gal re-
leased. In contrast to C. annuum leaves, which showed no
hydrolytic activity at alkaline conditions, all the other tis-
sues assayed showed significant raffinose hydrolysis. In
young leaves of C. melo cv C-8 and of C. blumei, alkaline
hydrolysis was higher with raffinose as substrate than with
stachyose.

DISCUSSION

Although acid a-galactosidase often exists in multiple
forms in leaves and seeds (Thomas and Webb, 1978;
Smart and Pharr, 1980; Dey et al., 1983; Gaudreault
and Webb, 1983), to our knowledge, only one form of
alkaline «-galactosidase has been reported in plants
(Gaudreault and Webb, 1983, 1986). Results from the
present study clearly demonstrated that there were three
a-galactosidases in the fruit tissue of C. melo as resolved by
ion-exchange chromatography (Figs. 1 and 2). Two of the
partially purified a-galactosidases exhibited maximum ac-
tivity at neutral-alkaline conditions (Fig. 5). In addition to
the pH optima, the two alkaline a-galactosidases showed
similar temperature sensitivity (Fig. 6) and were nonglyco-
sylated, in contrast to the acid a-galactosidase in C. melo
fruit. The glycoprotein nature of the C. melo fruit acid

Table Ill. Activities of a-galactosidases in developing C. melo ovaries and fruits

Citrate-phosphate buffer, pH 5.5, and Hepes buffer, pH 7.5, were used for the assays with stachyose
or raffinose as the substrate. Data are means = St (n = 4).

Fruit Stage Stachyose Raffinose Stachyose Raffinose
pH 7.5 pH 7.5 pH 5.5 pH 5.5
nmol Gal g~ fresh wt min~'
DAA
-3 490.3 = 29.8 314.7 £ 40.0 184.2 = 20.0 239.7 = 36.1
2 363.9 £41.9 399.6 £ 57.8 118.4 = 8.7 167.6 = 14.7
10 175.5 = 12.7 379.9 £ 61.1 63.6 = 2.4 109.4 = 8.9
45 39.5*+4.38 146.6 = 17.1 33.5*=3.0 65.4 = 5.1
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Table IV. Raffinose and stachyose hydrolysis of crude extracts of various plant tissues

Raffinose hydrolysis was assayed at both pH 5.5 and 7.5; stachyose hydrolysis was assayed only at
pH 7.5. Data are the means of assays from two to four extractions.

Plant Source Raffinose Raffinose Stachyose
pH 5 pH 7.5 pH 7.5
nmol Gal mg~" protein min™'

C. melo cv C-8 Young leaves 10.7 27.8 23.5
Mature leaves 8.6 11.6 8.2
Roots 1.3 10.8 34.5
C. melo cv ESH Mature leaves 12.6 6.2 7.2
C. maxima cv Big max Young leaves 25.0 17.9 63.7
Ovary, preanthesis 16.1 47.6 126.6
L. ciceravia Young leaves 28.7 17.4 441
C. blumei Young leaves 7.8 12.4 8.6

C. annum Young leaves 4.2 0 0

a-galactosidase was common to the enzyme from a number
of legume seeds (Dey et al., 1983; Porter et al., 1990).

The two alkaline a-galactosidases are distinct from each
other with respect to a number of characteristics, including
pl (Table II), molecular mass (Fig. 8), and inhibition by
p-Gal (Fig. 3, B and C). The most significant difference
between the two alkaline isoforms was in their distinct
preferences to hydrolyze the natural substrates raffinose
and stachyose, although both forms hydrolyzed the syn-
thetic substrate pNPG (Table II). Form II was relatively
specific for stachyose, whereas form I showed preferred
activity to raffinose. By comparison, the partially purified
alkaline a-galactosidase from leaves of C. pepo showed
substrate preference for stachyose (Gaudreault and Webb,
1983), similar to alkaline a-galactosidase II. The partially
purified acid form was similar to the smaller-molecular
form of acid a-galactosidase isolated from C. sativus leaves
with respect to pH optima and the K, for raffinose and
stachyose (Smart and Pharr, 1980). To the best of our
knowledge, this is the first report of an alkaline
a-galactosidase with higher affinity and activity toward
raffinose than to stachyose, yet with a broad spectrum of
substrates, allowing it to hydrolyze stachyose as well. The
alkaline form I may have escaped detection in previous
studies of alkaline a-galactosidase (Gaudreault and Webb,
1983) in plant tissues due to its sensitivity to (NH,),SO,,
which had been used in the purification scheme of the
enzyme.

Our survey of alkaline hydrolytic activity of raffinose
and stachyose in other species (Table IV) indicated that in
the absence of (NH,),S0O,, significant activity of raffinose
hydrolysis can be observed. The only tissue that showed no
hydrolysis of either raffinose or stachyose was from leaves
of the Suc-translocating C. annuum. Because form I can
hydrolyze stachyose as well as raffinose, the higher
amount of Gal released with stachyose as a substrate could
be at least partially due to double hydrolysis by form I.

The importance of alkaline a-galactosidase form I in
cucurbit carbohydrate metabolism may be significant. Ma-
dore (1995) has pointed out the dilemma of stachyose and
raffinose catabolism in cucurbits. Previous studies showed
that the alkaline activity assayed with pNPG had physio-
logically significant differences in activity during, for ex-

ample, the leaf sink-to-source transition (Thomas and
Webb, 1978; Pharr and Sox, 1984) and along the C. sativus
pedicel (Pharr and Hubbard, 1994), whereas changes in the
acid activity did not indicate similar involvement in sink
function. This suggested that alkaline hydrolysis of im-
ported photoassimilate, rather than hydrolysis at acid pH,
was the metabolic pathway controlling photoassimilate
partitioning. However, the presence of an alkaline
a-galactosidase specific toward stachyose presented a di-
lemma, because the complete hydrolysis of stachyose
would indicate the unlikely situation of the hydrolysis of
stachyose in an alkaline compartment, followed by the
continued hydrolysis of raffinose in an acid compartment.
Based on a study of stachyose metabolism in Peperomia
camptotricha leaves, Madore (1995) hypothesized a “raffin-
ose hydrolase” that could continue the metabolism of raf-
finose to Suc and galactinol. However, the form I, raffinose-
preferring, broad-spectrum alkaline a-galactosidase that
we report here could account either for stachyose and
raffinose metabolism in cucurbits alone or in concert with
the stachyose-specific form II enzyme.

The different levels of inhibition by Gal may also have
physiological significance. The strong inhibition of the acid
a-galactosidase with low K; of 0.064 mm™ (Fig. 3A) suggests
that the activity of acid a-galactosidase in vivo may be
regulated by the level of Gal concentration, as proposed in
Stachys sieboldii tubers (Keller and Matile, 1985). On the
other hand, the alkaline form I enzyme is unlikely to be
regulated by Gal levels, due to a weak inhibition and high
K; for the inhibitor. Similarly, the inhibition by raffinose
of stachyose hydrolysis by alkaline form II and the inhibi-
tion of raffinose hydrolysis by stachyose of the acid
a-galactosidase (Fig. 5) may be physiologically significant.
Mitchell et al. (1992) reported concentrations of approxi-
mately 50 mM stachyose and 10 mm raffinose in the phloem
exudate of C. melo. Depending on the compartmentation of
these sugars with respect to the a-galactosidase enzymes,
inhibition by these substrates may play a regulatory role in
photoassimilate partitioning. Further study of the localiza-
tion of these enzymes should shed light on this question.

With respect to developmental patterns of enzyme activ-
ity, the initial high activity of alkaline a-galactosidase,
together with the decline in activity during development
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(Table II), is typical of that found in other species of
cucurbits (Chrost and Schmitz, 1997; Irving et al., 1997).
However, we resolved the general alkaline a-galactosidase
activity into its component parts. The decline in activity
toward stachyose and the parallel increase in activity with
raffinose during the early period of ovary development
and fruit set (Table IIT) might suggest a specific role for
alkaline form I in this critical stage of fruit development.
Similarly, the observation that form I activity is the major
a-galactosidase activity during the latter stage of fruit de-
velopment may suggest a role for this enzyme in the ma-
ture, Suc-accumulating mesocarp.

In conclusion, the discovery of the novel alkaline
a-galactosidase form I can contribute to our understanding
of galactosyl-Suc metabolism in cucurbits and perhaps in
other galactosyl-Suc-metabolizing plant tissues as well.
Furthermore, the unique characteristics of the enzyme, par-
ticularly its activity at alkaline conditions, its relatively
broad spectrum of substrates, and its insensitivity to inhi-
bition by its product and substrates, may make it useful in
enzymatic processes in the food and pharmaceutical indus-
tries, in which maintaining alkaline conditions can be crit-
ical. a-Galactosidases can also contribute to the hydrolysis
of raffinose contamination in beet sugar crystallization (Su-
zuki et al.,, 1969), the removal of flatulence-associated
stachyose and raffinose from soybean milk (Thananunkul
et al.,, 1976), the modification of Gal-containing plant gums
(Bulpin et al., 1990), and the seroconversion of type-B blood
to type-O blood (Zhu et al., 1996).
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