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ABSTRACT

A fouth mlcular form of a-galactosldase, designted Liv, an alkaine
a-galactoshldm, was isolated from leaves of Cwwbita pepo and purIed
165-fohld It was active over a narrow pH range with optimal hydrosi of
p-nitrophenyl-a-D-galactoslde ad stachyose at pH 7.5. The rate of stacb-
yose hydrolysis was 10 thnes that of rafflnose. Km determinations In
McIlvaine buffer (200m mlar Narphosphate, 100 m_1iolar citric acid,
pH 7.5) for p-nitroplenyl-a-D-gilactoside, stachyose, and raffi_ose were
1.40, 4.5, and 36.4 mililar, respectvely. Liv was partialy Inhbited by
Ca' , Mge, and Mn"+, more so by Nij2, Zn2+, and Co2+, and highy so by
Cu2+, Ag+, Hg+ and byp-chloromercuribenzoate. It was not Inhibited by
high concentrations of the substrate p-nitrophenyl-a-D-galactoside or by
myo-inositol, but a-D-galactose was a strong inhibitor. As observed for
most other forms of a-galactosdase, Lwv only catalyzed the hydrolysis of
glycosides possessing the a-D-galactose configuration at C1, C2, and C4,
and did not hydrolyze p-nitrophenyl-a-D-fucoside (a-D-galactose substi-
tuted at C,). The enzyme was hbgly sensitve to buffers and chelating
agents.M umhyd activity forp-nitroplenyl-a-D-galactoside was
obtained In Mclvaine buffer (pH 7.5). In 10 mlHlmolar trietha m
hydrochlorlde-NaOH (pH 7.5) or 10 mmlar Hepes-NaOH (pH 7.5),
hydrolytic activity was virtually eUminated, but the addition of low concen-
trations of either ethylenedlaminetetraacetate or citrate to these buffers
restored actvity almost completely. Partial restoration of acti was also
observed, but at higher concentrations, with pyruvate and malate. Similar
effects were found for stachyose hydrolysis, but In addition some Inhibition
of L1v In Mcdlvaine buffer, possibly due to the high phosphate concentra-
tion, was observed with this substrate. It Is questionable whether the
organic acid anio possess any regulatory control of Liv in vivo. It was
possible that the results reflected the ability of these anions, and ethylene-
diaminetetrascetate, to restore Liv activity through coordination with some
toxic cation Introduced as a buffer contaminant.

The raffmose family of D-galactose-containing oligosaccharides
(5) constitute a major portion of the soluble sugar translocated in
a number of plant families (24) and they occur even more widely
distributed in storage organs such as seeds, roots, and tubers (8).
It is generally acknowledged that a-galactosidases (EC 3.2.1.22),
function as hydrolytic agents in the metabolic utilization of these
compounds. The a-galactosidases occur in multimolecular forms
in many plant tissues (3). Three typical forms, which we have
designated LI, LII, and LiII, have been isolated from leaves and
other tissues of Cucurbita pepo (16), possessing properties coffe-
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sponding closely with the many other forms reported. They are
active over a broad acid range (17), rapidly hydrolyze the synthetic
substrate p-nitrophenyl-a-D-galactoside, but hydrolyze melibiose
and members of the raffmose family comparatively slowly, the
rate decreasing with increasing mol wt of the substrate. Recently,
we discovered another molecular variant (Liv) of a-galactosidase
in leaves of C. pepo (6). It was unique in so far as its activity was
restricted to a relatively narrow pH range with optimal activity at
pH 7.5 and it hydrolyzed the tetrasaccharide stachyose more
rapidly than either of the two lower mol wt substrates raffmose or
melibiose. We have termed this variant an alkaline a-galactosidase
to distinguish it from other forms of the enzyme which operate
optimally in an acid medium. In this report, we describe an
improved purification of Liv and some additional properties which
further distinguish it from all other forms of a-galactosidase
reported to date.

MATERIALS AND METHODS

Plant Material. Seeds of Cucurbita pepo L. var melopepo F.
torticolis Bailey (Early Prolific Straight-Neck squash from W.A.
Burpee Co., Warminster, PA) were germinated in perlite and
grown in a controlled environment cabinet as previously described
(19). Sugars and all other fine chemicals were purchased from
Sigma Chemical Co. Galactinol was extracted from C. pepo tissue
and isolated chromatographically pure in our laboratory (20). All
other chemicals used were of the highest analytical grade com-
mercially available.
Enzyme Extracdon and Puriicadon. Mature leaf blades from

plants 3 to 5 weeks old were used as source material. The extraction
and all purification steps were carried out at 4°C. Approximately
100 g fresh weight of whole leaf tissue were homogenized in a
Waring Blendor for 2 min in 250 ml 100 mm Na-phosphate (pH
7.0) containing 20 mm BME3. The homogenate was filtered
through four layers of cheesecloth and centrifuged at 40,000g for
30 min. The pellet was discarded. The supernatant (crude fraction)
was brought to 30To (NH4)2S04 saturation by addition ofsaturated
(NH4)2S04 (pH 7.0). The resulting precipitate was removed by
centrifugation at l0,OOOg for 10 min and the supernatant brought
to 60%o (NH4)2SO4 saturation by additional saturated (NH4)2SO4
(pH 7.0). The precipitate was collected by centrifugation at l0,OOOg
for 10 min and resuspended in 100 mm Na-phosphate (pH 7.0)
containing 20 mM BME. The solution was desalted by passage
through a 2.2- x 30-cm column containing Sephadex G-25 which
had been previously equilibrated with 100 mm Na-phosphate (pH
7.0) containing 20 mm BME. The desalted fraction was applied to
a 2.2- x 15-cm DEAE column (Sephadex A-50) which had been
previously equilibrated with 100 mm Na-phosphate (pH 7.0) con-

3Abbreviations: BME, 2-mercaptoethanol; PNPG, p-nitrophenyl-a-D-
galactopyranoside; TEA, triethanolamine-HCI-NaOH buffer, PAGE,
polyacrylamide gel electrophoresis; PCMB, p-chloromercuribenzoate.
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ALKALINE a-GALACTOSIDASE

taining 20 mm BME. The enzyme was eluted with a 200-mi linear
salt gradient from 0 to 0.5 M NaCl at a flow rate of 0.25 ml min-'.
Fractions of 4.5 ml were collected and assayed for alkaline a-
galactosidase activity. The active fractions were pooled and con-
centrated by ultrafiltration under N2 using an Amicon PM 10
membrane in 50 mm Na-phosphate (pH 7.0) containing 20 mm
BME. The concentrated fraction was run onto a 2.2- x 85-cm
column containing Sephadex G-100 previously equilibrated with
50 mm Na-phosphate (pH 7.0) containing 20 mm BME and passed
through at a flow rate of 0.24 ml min-'. Fractions of 5.0 ml were
collected and assayed for alkaline a-galactosidase activity. The
active fractions were pooled and applied to a 2.2- x 15-cm
hydroxyapatite column (type 1, Sigma Chemical Co.) previously
equilibrated with 50 mm Na-phosphate (pH 7.0) containing 5 mm
BME. The enzyme was eluted with a 300-ml linear 50 to 250 mm
Na-phosphate gradient at a flow rate of 0.24 ml min-'. Fractions
of 5 ml were collected and assayed for alkaline a-galactosidase
activity. The active fractions were pooled and concentrated by
ultrafiltration, as above, into McIlvaine buffer (pH 7.5). The
Mcllvaine buffer used at this stage, and in other procedures
described in this report, was prepared by mixing appropriate
volumes of 100 mm citric acid and 200 mm Na2-phosphate to
obtain the required pH (10). The concentrated enzyme fraction
was either used directly as the enzyme source and is referred to as
the purified enzyme, or it was appropriately diluted with Mc-
Ilvaine buffer (pH 7.5) before use.
Enzyme Assays. Alkaline a-galactosidase activity was assayed

during the purification steps by preincubating 100,tl ofthe enzyme
source in 400 ,ul of Mcllvaine buffer (pH 7.5) at 30°C for 10 mi.
The reaction was started by adding 100 pl 30 mm PNPG in
aqueous solution and was terminated after 15 min by adding 2.4
ml 5% (w/v) Na2CO3. The A was read at 400 nm and, for
quantifying enzyme activity, the amount ofp-nitrophenol released
was calculated using a molar extinction coefficient, determined
under these assay conditions, of 1.83 x 104 M-1 cm-'. One unit of
enzyme activity (U) was defined as one ,umol ofPNPG hydrolyzed
min-'. Total protein was estimated by the method of Bradford (1)
using BSA (Cohn, fraction V) as the standard. For determination
of enzyme properties, some minor changes were made in the assay
procedures and these are indicated in the results section.

Rates of raffinose and stachyose hydrolysis were calculated by
enzymically determining the amounts of galactose released using
an aliquot of a suspension of f-galactose dehydrogenase in 3.2 M
(NH4)2SO4 containing 1 mm EDTA at approximately 25 units
ml-' (Sigma Chemical Co.). The hydrolysis reaction was termi-
nated by adding 3.0 ml freshly prepared 100 mm Tris-HCl (pH
8.7) containing 4 mm GSH and 0.5 mm NAD+. The A at 340 nm
was recorded and was followed by the addition of 3 pl containing
approximately 0.075 units of,-galactose dehydrogenase. After I
h of incubation at 30°C, the A at 340 nm was again recorded and
the amount of free galactose calculated from the difference in
optical density. Appropriate controls were run containing no
galactosides.

Gel Electrophoresis. PAGE was performed in duplicate at
between 2 and 4°C using 7.5% (w/v) medium pore gels (pH 8.9)
at 4 mamp/gel as described by Maurer (9). One of the gels was
stained for protein using Coomassie Blue R (9). The other was
assayed for enzyme activity. It was frozen on dry ice immediately
after electrophoresis, and 1-mm serial slices of the entire gel were
cut with a mechanical gel slicer. Each slice was incubated with
400 pl of McIlvaine buffer (pH 7.5) containing 5 mm PNPG for 1
h at 30°C. The reaction was terminated by adding 2.6 ml of 5%
(w/v) Na2CO3 and the A read at 400 am to determine the p-
nitrophenol released.
Thin-Layer Chromatography. For a visual assessment of the

hydrolysis of a number of sugars, 10-,l aliquots of the assay
volume were spotted onto TLC plates (20 x 20 cm) precoated

with 250-,um Silica Gel-60 F (Baker TLC plates). The plates were
developed for 10 cm twice in the same direction in ethyl
acetate:glacial acetic acid:methanol:water (13:3:5:2, v/v). There
was a 5-min drying time between the two developments. The
developed plates were sprayed with a solution containing 3 g
phenol and 5 ml concentrated H2SO4/100 ml anhydrous ethanol
and heated at 110°C for 10 to 15 min.

RESULTS

Purification of LIv. A typical purification sequence for Liv is
shown in Table I. Less than 5% of the total activity of the crude
fraction was found in the pellet obtained after centrifugation of
the tissue homogenate. Activity in the crude fraction precipitated
at 30%o (NH4)2SO4 saturation and that remaining in the superna-
tant after precipitation at 60%1o (NH4)2SO4 saturation amounted in
total to less than 10%1o of the activity precipitated at 60%Yo saturation.
The overall recovery however was low and, as previously noted
(6), a large and irreversible loss of activity occurred in the presence
of high (NH4)2S04 concentrations. Desalting the 30 to 60%o
(NH4)2SO4 fraction with Sephadex-G-25 produced no further
change in activity. Liv activity emerged between fractions 36 to 44
from the DEAE column at approximately 0.4 to 0.45 M NaCl;
between fractions 28 to 34 from the Sephadex G-100 column and
at an elution concentration beginning at approximately 190 mM
phosphate from the hydroxyapatite column. A PAGE comparison
of the active fractions collected from the G-100 and hydroxyapa-
tite columns revealed that the latter step had removed most of the
contaminating protein (Fig. 1). The stained gel of the purified
enzyme fraction showed one sharp protein band accompanied by
two other diffuse bands. When the gel slices were incubated with
PNPG the sharp band seen in both the G-100 and hydroxyapatite
gels was the only region possessing LIV activity. Activity of the
concentrated enzyme fraction from the hydroxyapatite column
was stable for at least 1 week in Mcllvaine buffer (pH 7.5) when
stored at 2°C.

Effect of pH. PNPG hydrolysis was determined by incubating
100 Al of the purified enzyme in the assay medium containing 400
,ul of either a range of Mcllvaine buffers from pH 3.0 to 8.0 or
with 100 mm TEA from pH 7.5 to 8.5. The reaction was started by
adding 100 1id of 30 mm PNPG in aqueous solution and terminated
after 20 min by adding 2.4 ml of 5% (w/v) Na2CO3. The A at 400
nm were used directly for a relative comparison of hydrolysis rates
(Fig. 2). pH optima for raffmose and stachyose hydrolysis were
found by preincubating 50 i1 of the purified enzyme at 30°C with
400 p1 ofone ofthe above buffer solutions for 10 min. The reaction
was started by adding 50 p1 of 100 mm raffinose or stachyose in
aqueous solution. The reaction was termi4ated after I h, and the
galactose released was determined with ,B-galactose dehydroge-
nase. Stachyose and PNPG hydrolysis were optimal at pH 7.5
(Fig. 2). Raffinose hydrolysis (not shown in Fig. 2) was extremely
slow by comparison and under these conditions appeared optimal
between pH 6.5 and 7.0. None of the above three substrates were
detectably hydrolyzed below pH 6.0 and neither stachyose nor
raffinose were hydrolyzed by the purified enzyme in 100 mm Tris-
HCI (pH 8.7), which were the conditions under which the galactose
dehydrogenase assays were performed. There was a significant
decrease in stachyose hydrolytic activity in TEA compared with
Mcllvaine buffer at a similar pH but this did not occur for PNPG
hydrolysis.

Substrate Specificity and Kinetic Properties. The hydrolysis of
melibiose, raffinose, stachyose, and galactinol at pH 7.5 was
visually assessed by TLC. Twenty-five p1 of the purified enzyme
was incubated with 25 i1 of 10 mm aqueous solutions of each of
the sugars at 30°C. Aliquots of 10 Al were taken at 15, 30, 45, and
60 min and spotted onto the thin-layer plates. After spraying the
developed plates with the phenol reagent, the results clearly
showed a rapid hydrolysis of stachyose but a much slower rate for
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Table I. Typical Purification Sequencefor Alkalne a-Galactosidase (Liv) Isolatedfrom I(N Grams Fresh Weight
ofMature Leaves

Procedure Volume Total Activity Total Protein Specific Activity Yield Purification

ml muits mg munits/mg % -fold

Crude extract 450 29,508 1,575 18.7 100 1.0
A.S. (30-6 ) desalted 30 11,431 1,257 9.1 38.7 0.5
DEAE-Sephadex A-50 35 4,705 133 35.4 15.9 1.9
Sephadex G-100 14.5 3,974 8 497.0 13.4 26.6
Hydroxyapatite 9.4 1,452 0.47 3,089.0 4.9 165
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FIG. 1. Polyacrylamide gels stained with Coomassie Blue R of fractions
containing alkaline a-galactwidase (Liv) activity. A, Sample of pooled
fraction from Sephadex G-100 column; B, sample of pooled fraction from
the hydroxyapatite column. Arrows indicate the band corresponding to
Liv activity as determined in unstained duplicate gels.

raffinose, while hydrolysis of melibiose and galactinol were barely
detectable.
To determine whether a number of other glycoside derivatives

of p-nitrophenol could be hydrolyzed, 100 p1 of 0.9% (w/v)
aqueous solutions of the derivatives were added to 100 Al of
purified enzyme and 100 p1 of McIlvaine buffer (pH 7.5) at 30'C.
The reactions were terminated after 30 min by adding 2.5 ml of
5% (w/v) Na2CO3, and thep-nitrophenol released was determined
at 400 nm. No hydrolysis of any of these glycoside derivatives
were detected (Table II).
Km and V,. values were determined by standard Lineweaver-

Burk plots for o-, m-, andp-nitrophenyl-a-D-galactoside, raffinose,
and stachyose (Table II). For the aryl galactosides, 50 of 0.5 to
20 mm substrate in aqueous solution were incubated at 30'C with
200 #1 of appropriately diluted enzyme in McIlvaine buffer (pH
7.5). The reaction was terminated after 20 min by adding 2.5 ml
5% (w/v) Na2CO3, and the amount of nitrophenol released was

measured at 400 nm. Molar extinction coefficients, determined
under these assay conditions, used to quantify the results were
4.74 x 103 M-1 cm-' for the ortho derivative, and 1.83 x 104 M-1
cm-' for both the meta and Para derivatives. Km and Vmax values
for raffinose and stachyose were determined by incubating 100
id of appropriately diluted enzyme in McIlvaine buffer (pH 7.5)
with 100 p1 of the same buffer containing from 10 to 50 mm
raffinose or 5 to 40 mm stachyose at 30'C. After I h, the reaction
was terminated, and the galactose released was determined with
fl-galactose dehydrogenase. Melibiose and galactinol were hydro-
lyzed extremely slowly under these conditions, and Km and Vma
values for these two substrates were not determined.

Effect of Other Sugars and Cyclitols. The effect of a number of
naturally occurring sugars on the hydrolysis of PNPG was deter-
mined by incubating 100 pI of appropriately diluted enzyme with
400 I1 of McIlvaine buffer (pH 7.5) containing 7.5 mm PNPG and
a range of concentrations (0-25 mM) ofthe compound under study
at 30'C. The reaction was terminated after 20 min by adding 2.5
ml 5% (w/v) Na2CO3, and the p-nitrophenol released was deter-
mined at 400 nm. Galactose, stachyose, raffinose, melibiose, and
galactinol all showed inhibitory activity, and standard Dixon plots
of inhibitor concentration against reciprocal of reaction velocity
were made for these sugars. From the graphs, it was calculated
that in the above assay system 6.4 mm galactose, 15.6 mM stach-
yose, 70 mM melibiose, 70 mM galactinol, and 244 mM raffinose
reduced the reaction velocity by 50%. The following sugars and
derivatives did not show significant inhibition at the 0.5 level of
confidence in the above assays: D-xylose, L-arabinose, L-fucose,
D-glucose, D-mannose, sucrose, myo-inositol, I-O-methyl-a-D-ga-
lactopyranoside or the corresponding ,8-form, and N-acetyl-D-
galactosamine.
To observe the effects of metal ions on LIv, the purified enzyme

was initially transferred from McIlvaine buffer into either 10 mM
TEA (pH 7.5) or 10 mm Hepes-NaOH (pH 7.5) by ultrafiltration
under N2 using an Amicon PM 10 membrane. For each study,
100 id of enzyme in the appropriate buffer was added to 200 p1 of
the same buffer (10 mm, pH 7.5) containing 15 mM PNPG and 4.5
mm of the metal ion under study. The reaction was incubated at
30'C and terminated after 20 min by adding 2.4 ml 5% (w/v)
Na2CO3, and the p-nitrophenol released was determined at 400
nm. A similar assay was used to study the effect of 100 mM PCMB
in place of the metal ion. The results are shown in Table III where
activities are expressed relative to controls in the respective buffers.
No metal ion promotion was observed, but a range of inhibitions
was found for a number of divalent ions. Liv was completely
inhibited in both buffers by small concentrations of PCMB. In
other assays, the inhibitory effect of Mg2e and Ca2" ions was
found to increase gradually as the concentrations of these ions
were raised from 0.1 to 3.0 mm final concentration.

Transfer of L1v from McIlvaine buffer (pH 7.5) to TEA (pH
7.5) or Hepes-NaOH (pH 7.5) consistently caused a 30 to 40% loss
of PNPG hydrolysis activity. It was subsequently discovered that
this loss could be almost completely restored by adding 2 mm
EDTA to the assays and that significant restoration could also be
obtained by adding a similar concentration of citrate. Additions
ofsimilar concentrations ofeither pyruvate or malate also partially

Plant Physiol. Vol. 71, 1983664
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FIG. 2. pH activity curve for the hydrolysis of PNPG (0, 0) and stachyose (A, A) by alkaline a-galactosidase (Liv). (0, A), Determinations in
triethanolanine hydrochloride-NaOH containing diluted McIlvaine buffer, (0, A), determination in Mcllvaine buffer.

Table II. Kinetics and Spec!ricity ofAlkaline a-Galactosidase (Liv)
Substrate Km Vt=

mmM ,mol galactosel
min mg protein

p-Nitrophenyl-a-D-galactoside 1.40 3.5
o-Nitrophenyl-a-D-galactoside 1.00 5.25
m-Nitrophenyl-a-D-galactoside 2.00 0.33

Raffmose 36.40 0.14
Stachyose 4.50 1.58
Melibiose +
Galactinol +b

p-Nitrophenyl-a-D-mannoside No hydrolysis
p-Nitrophenyl-a-D-fucoside No hydrolysis
p-Nitrophenyl-a-D-glucoside No hydrolysis
p-Nitrophenyl-fi-D-gakactoside No hydrolysis
p-Nitrophenyl-B-D-glucoside No hydrolysis
o-Nitrophenyl-p-D-gaIactoside No hydrolysis
a V,,, values were determined in Mcllvaine buffer (pH 7.5), 30°C.
b Very slow hydrolysis; K. and V,, not determined.

restored activity (Table IV, for TEA). The addition of succinate
at 2 mm had no effect. Stachyose hydrolysis showed an even more
phenomenal change in the presence of these compounds (Table
IV). The McIlvaine buffer used for the control for comparing
activities in either TEA or Hepes-NaOH may have reflected a loss

Table III. Effect ofMetal Ions and PCMB on the Hydrolysis ofPNPG
by Alkaline a-Galactosidase (Liv) after Transfer by Ultrafiltration into

TEA and Hepes-NaOH Buffers (pH 7.5)

Activity
Metal Ions

TEA Hepes

% of control
Na+, K+ 100 100
Mn2+ 62 77
Ca2+ 58 35
Mg2+ 43 72
MoO42 NDb 42
Co2+, Fe3` 9 0
Ni2+, Zn2+ 6 0
Hg2, Cu2+, Ag2+ 0 0

100 pmPCMB 0 0
a All metal ions at 3 mm final assay concentration.
b Not determined.

of citrate rather than a direct inhibition by the buffer reagents.
This possibility was investigated by pooling fractions containing
Liv obtained directly from the hydroxyapatite column. The pooled
fractions were assayed for PNPG hydrolysis by preincubating 25
/1 of the pooled enzyme fraction with 200 pl Mcllvaine buffer (pH
7.5) for 10 min at 300C. The reaction was started by adding 75
i1 of 30 mm PNPG in aqueous solution and terminated after 20
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Table IV. Effect ofAdding Organic Acids on the Hydrolysis ofPNPG
and Stachyose by Alkaline a-Galactosidase (Liv) after Transfer to TEA by

Ultrafiltration
Relative Enzyme Activity

Addition
PNPG hydrolysisa Stachyose hydrolysisb

Control, Mclvainec 100 NDf
Control, TEAd 68.1 100
+ 3 mm Citrate' 85.1 460
+ 3 mm Pyruvate' 79.7 260
+ 3 mm Malate 79.7 260
+ 3 mM Succinate 68.1 100
± 3 mM EDTA' 96.0 460
a Enzyme activity expressed as a percentage relative to activity in

McIlvaine buffer (pH 7.5). Assay system composed of 100 t4 enzyme in
appropriate buffer added to 200 tsl of the same buffer containing 15 mM
PNPG with or without 3 mm acid anion or EDTA.

b Enzyme activity expressed as a percentage relative to activity in control
TEA (pH 7.5).

c Control, activity in McIlvaine buffer pH 7.5, no additions.
d Control, activity of Liv after transfer from Mcllvaine buffer to TEA

(pH 7.5) by ultrafiltration, no additions.
'Additions to Liv in TEA (pH 7.5).
f Not determined.

Table V. Effect ofAdding EDTA and Organic Acids on Alkaline a-
Galactosidase (Liv) Activity as Determined with PNPG or Stachyose as
Substrates after Liv Had Been Dialyzedfor 72 Hours against Various

Buffers atpH 7.5

Recovery of Enzyme Activitt

Activator Activator PNPG StachyoseConcn.

TEA Hepes Na-Phosphate Na-Phosphate

mM %

None 9 0 41 52
EDTA 0.25 86 86 96 223

10 86 86 111 270
Citrate 0.25 59 52 88 209

10 67 81 111 234
Pyruvate 1.5 29 24 47

10 57 63 72 223
Malate 1.5 14 5 41 61

10 23 40 51 94
Succinate 10 14 24 41 52
a Recovery values are expressed as a percentage of the activity present

before dialysis which was !determined with PNPG or stachyose as sub-
strates in Mcdlvaine buffer (pH 7.5).

min by adding 2.4 ml of 5% (w/v) Na2CO3, and thep-nitrophenol
released was determined at 400 nm. The pooled fractions were
then divided into four equal aliquots (of about 4 ml), each of
which were dialyzed for 72 h at 4°C against 2 L ofeither McIlvaine
buffer (pH 7.5), 10 mm Na-phosphate (pH 7.5), 10 mm TEA (pH
7.5), or 10 mm Hepes-NaOH (pH 7.5). After dialysis, Liv activity
in each buffer was determined by preincubating a 25-,ul aliquot of
each buffer with 200 ,ul of the same buffer for 10 min at 30°C.
The reaction was started and terminated as in the immediately
preceding assay. The effects ofEDTA and the organic acid anions
were determined by adding them to the buffer solution used in
the preincubation step giving fmal assay concentrations of from
0.25 to 10.0 mm. The results are shown in Table V where for
brevity only the most significant data are tabulated. The 72-h
dialysis of Liv against Mcllvaine buffer caused an approximately
8% loss of PNPG hydrolytic activity (this is not shown in Table

V). The results confirmed the considerable loss in activity follow-
ing dialysis against either Na-phosphate or TEA while dialysis
against Hepes-NaOH completely eliminated Liv activity. EDTA
and citrate were by far the most efficient reagents to restore
activity, while pyruvate and malate were relatively poor promoters
and succinate extremely marginal.
The effect of prolonged dialysis of LIv on stachyose hydrolysis

was investigated using the enzyme fraction dialyzed against 10
mm Na-phosphate (pH 7.5). In these experiments, the assay pro-
tocol, including the addition of restoring agents, remained the
same as in the preceding assays with the exceptions that the
reaction was started by substituting 75 Id of 33.3 mm stachyose in
10 mm Na-phosphate (pH 7.5) for PNPG, and it was allowed to
run at 30°C for 1 h. The galactose released was determined with
/-galactose dehydrogenase (Table V). Again, the effects of pro-
longed dialysis and the addition of activators on Liv hydrolysis of
stachyose resembled the results from the PNPG experiments.
However, there was one very significant difference. The increase
in activity of Liv in the presence of either EDTA, citrate, or
pyruvate greatly exceeded the activity of Liv in Mcllvaine buffer
(pH 7.5) before dialysis.

DISCUSSION

A fourth molecular form of a-galactosidase, designated Liv,
from mature leaves of C pepo has been purified 165-fold. PAGE
analysis of the purified form indicated some minimal protein
contamination, but the nature of the contaminants and whether
they contained any other glycosidase activity was not determined.
LIv has the unusual feature ofpossessing an alkaline pH optimum,
hence our introduction of the term alkaline a-galactosidase. All
a-galactosidases previously isolated from higher plants have dis-
played acidic pH optima (3). It was also distinguished by having
a high specificity for stachyose, which significantly is a major
sugar translocated in C. pepo. The ability of Liv to hydrolyze
stachyose 10 times faster than raffmose is also unusual since the
rate of hydrolysis of an homologous series of a-D-galactosides by
a-galactosidases from higher plants usually diminishes with in-
creasing chain length (3, 11, 14, 21, 22). Furthermore, high PNPG
concentrations caused no inhibition, contrasting with the other
forms of a-galactosidase isolated from C. pepo tissues (16) and
with most other forms of a-galactosidase reported (3).
There was an appreciable and irreversible loss of Liv activity

during the (NH4)2SO4 fractionation. Nevertheless, we continued
to include this step during our study as the procedure enabled us
to reduce the volume of the extract quickly, and a sufficient
amount of LIv activity was still retained for subsequent purifica-
tion. We have not explored an alternative fractionation step, but
in future work designed to optimize yield this will clearly be
necessary. Recently, an a-galactosidase was purified from the
golden-brown alga Poterioochromonas malhamensis (2) which pos-
sessed several similar properties to Liv. It was optimally active at
pH 7.0 and was also strongly denatured during fractionation with
ammonium sulfate. It was also very unstable in an acidic medium
and was inhibited by galactose, PCMB, and HgCI2 but not by high
concentrations of the substrate PNPG. EDTA, on the other hand,
was inhibitory. This a-galactosidase, while capable of rapidly
hydrolyzing the synthetic PNPG, was highly specific for its phys-
iological substrate isofloridoside (O-a-D-galactopyranosyl(l--* 1)-
glycerol), and failed to hydrolyze galactinol, melibiose, raffinose,
or stachyose.

Both Km and V. values for LIv were affected when the position
of the nitro substituent in phenyl-a-D-galactoside was changed.
Similar results have been obtained with a-galactosidases from
several sources (3, 4, 15, 21, 22). Liv activity was shown to depend
upon a specific configuration of the hydroxyl groups at least at
carbon atoms 1, 2, and 4 of the glycosyl moiety of the aryl
derivatives which has been commonly observed for a-galactosid-
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ases (3). The absence of any inhibitory effect of N-acetyl-D-
galactosamine on Liv activity resembles that reported for a-galac-
tosidase obtained from M. vinacea (15) and reaffirms other results
(12) that show a very strict requirement for a hydroxyl group at
C-2 of the glycosyl moiety. Unlike a-galactosidase from V. faba
(3), however, substitution at C-6 (e.g. D-fucose) prevented Liv
activity. The inhibition of Liv by galactose is a typical property of
a-galactosidases (3). myo-Inositol has been reported to be a specific
inhibitor of a-galactosidases (13), but this is not invariable since
it has no effect either on LIv as reported here or Lm from C. pepo,
(unpublished result) or a-galactosidase I from T. repens (21). No
inhibition of Liv activity was observed in the presence of 1-0-
methyl-a-D-galactoside (3, 15).

LIv activity was highly inhibited by Hg2+, Cu2+, and Ag2+ and
PCMB, as are several other a-galactosidases (3, 4, 7, 11, 16) and
suggests the involvement of sulfhydryl groups within the active
site region. The divalent cations Mg2+, Ca2+, and Mn2+ were also
significantly inhibitory, a feature that has not been previously
encountered for a-galactosidases. No metal ion activation was
observed. Some of the metals investigated here have been reported
to activate weakly a-galactosidases from plant tissues (7, 11), but
most forms of the enzyme have been reported to be indifferent to
metal ion activation.
There was strong stimulation of LIv by the chelating agent

EDTA and the organic anions citrate, pyruvate, and malate, and
the presence or absence of these compounds in various buffers
appeared to be responsible to a large extent for the apparent
buffer effects on Liv catalysis. The enzyme appeared most sensitive
to EDTA and citrate. For example, after the prolonged dialysis of
LIv against Na-phosphate buffer (pH 7.5), the recovery of Liv
hydrolysis of PNPG in Na-phosphate buffer containing 10 mm
citrate (a citrate concentration which approximated that in the
initial Mcllvaine buffer [pH 7.5]) exceeded the control in Mc-
Ilvaine buffer (pH 7.5) by more than 10%1o, while the recovery of
Liv activity in TEA and Hepes-NaOH containing 10 mm citrate
was only 67 and 81%, respectively. These results were remarkable
when one considers that Liv activity after prolonged dialysis
against these last two buffers was barely detectable in the absence
of citrate. On the other hand, the failure of citrate to completely
restore Liv activity in either TEA or Hepes-NaOH suggested that
these buffer reagents might also be slightly inhibitory.
The extent of loss of Liv activity in TEA and Hepes-NaOH

after prolonged dialysis was initially surprising since LIV had
retained 60 to 70%o of its residual activity after transfer by ultrafil-
tration into these buffers. However, LIv transferred into TEA or
Hepes-NaOH by ultrafiltration had previously been in McIlvaine
buffer and therefore in contact with citrate, whereas Liv dialyzed
against TEA or Hepes-NaOH had been taken directly from the
hydroxyapatite column, thus avoiding all prior contact with cit-
rate. It was therefore possible that traces of citrate from the
Mcllvaine buffer remained associated with the enzyme after the
relatively rapid process of ultrafiltration. Experiments recently
completed with citrate revealed that concentrations as low as 16
um citrate were sufficient to cause 40 and 48% recovery of activity
of LIv which had previously been dialyzed for 72 h against Hepes-
NaOH and TEA, respectively. These results indicate a very high
affinity of the enzyme for citrate which may not be readily
removed from the enzyme during short periods of ultrafiltration
or dialysis. Some recent exploratory experiments in which Liv
obtained directly from the hydroxyapatite column, had been
dialyzed for 72 h against either TEA (pH 7.5) or Na-phosphate
(pH 7.5), then incubated for 30 min at 4°C in the presence of 15
mm citrate, then redialyzed against 2 L of the same buffer for a
further 24 h, showed that the stimulation of enzyme activity
caused by citrate was not completely eliminated by the second
dialysis. These preliminary results indicated that Liv activity pres-
ent after the incubation in citrate and second dialysis were about

1.4 and 3 times higher than controls in Na-phosphate and TEA
buffers, respectively. Liv therefore appears to be highly sensitive
to citrate.
The greatly increased stachyose hydrolysis activity of 10 mM

Na-phosphate-dialyzed-Liv in the presence of EDTA, citrate, or
pyruvate, compared to controls in Mcllvaine buffer (pH 7.5),
suggested that the relatively high phosphate concentration (200
mM) present in the Mcllvaine buffer may have inhibited LIv
hydrolysis of stachyose. But this was not the case for PNPG. The
inhibition would have been much reduced following dialysis of
the enzyme for a prolonged time against 10mmphosphate, thereby
permitting an enhancement of the stimulatory effects of EDTA
and citrate. This observation cautions against generalizing about
the optimal conditions for LIv catalysis. The optimal conditions
for one substrate may not necessarily apply to all other utilizable
substrates.

Presumably, the stimulatory effects of EDTA and citrate are
due to chelation, a possibility that may be extended to the other
stimulatory organic acid anions. The question arises as to whether
we have exposed a true regulatory control of Liv that exists in vivo
or whether it is an artifact arising from the experimental condi-
tions. The results resemble the recent findings concerning hexo-
kinase assays (18, 23). It had been generally accepted that EDTA,
citrate, malate, and several other compounds were effective acti-
vators of hexokinases, but it has now been shown that these
compounds are doing no more than chelating Al" ions, which
are inhibitory to the enzyme, and which had been artificially
introduced into the assay systems as contaminants in commercial
sources of the substrate ATP (18, 23). The source and purity of
commercially supplied chemicals clearly require very careful
screening, particularly when used with metal ion-sensitive en-
zymes. We have demonstrated the sensitivity of Liv to several
metals, and it is therefore very tempting to draw a parallel here
with the problems inherent in the hexokinase assay systems.
Further work is in progress to clarify this problem.
The discovery of an alkaline a-galactosidase, LIv, raises the

possibility that the distribution of this enzyme might be responsi-
ble for the different patterns ofutilization ofthe galactosyl-sucrose
oligosaccharides by mature and immature leaves. The high spec-
ificity of LIv for stachyose, the major sugar translocated in C.
pepo, and the fact that LIv was found to undergo a 6-fold decrease
in specific activity over the developmental period during which
immature, importing leaves become net exporting organs (6)
support this hypothesis.

LITERATURE CITED

1. BRADFORD MM 1976 A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye binding.
Anal Biochem 72: 248-254

2. DEY PM, H KAuss 1981 a-Galactosidase of Poterioochromonas malhamensis.
Phytochemistry 20: 45-48

3. DEY PM, JB PRIDHAM 1972 Biochemistry of a-D-galactosidases. Adv Enzymol
36: 91-130

4. GATT S, EA BAKER 1969 Purification and separation of a- and B-galactosidases
from spinch leaves. Biochim Biophys Acta 206: 125-135

5. FRENCH D 1954 The raffinose family of oligosaccharides. Adv Carbohydr Chem
9:149-184

6. GAUDREAULT PR, JA WEBB 1982 Alkaline a-galactosidase in leaves of Cucurbita
pepo. Plant Sci Lett 24: 281-288

7. ITOH T, S SHIMURA, S ADICHI 1979 a-Galactosidase from alfalfa seeds (Medicago
sativa L.). Agric Biol Chem 43: 1499-1504

8. KANDLER 0, H HOPF 1980 Occurrence, metabolism and function of oligosaccha-
rides. In Stumpf PK, EE Conn, eds, The Biochemistry of Plants, A Compre-
hensive Treatise, Vol 3. Academic Press, New York, pp 221-270

9. MAURER HR 1971 Disc electrophoresis and related techniques of polyacrylamide
gel electrophoresis. Walter de Gruyter, Berlin, pp 32-110

10. MCILVAINE TC 1921 A buffer solution for colorimetric comparison. J Biol Chem
49: 183-186

11. PETFx F, E VILLAROYA, JE CouRToIs 1969 Purification et proprietes de l'a-
galactosidase des graines germees de Vicia sativa. Eur J Biochem 8: 395-402

12. ROESEN KR, G LEGLER 1981 Role of sugar hydroxyl groups in glycoside
hydrolysis. Cleavage mechanism of deoxyglucosides and related substrates by

667



668 GAUDREAULT AND WEBB Plant Physiol. Vol. 71, 1983

48-glucosadse A from Awergilhs wentu. Biochim Biophys Acta 657: 321-323 19. TURGEON R, JA WEBB 1973 Leafdevelopment and phloem transport in Cucurbita
13. SHARmA CB 1971 Selective inhibition ofa-SsdSes by myo-inositol. Bio- pepo: transition from import to export. Planta 113: 179-191

chem Biophys Res Commun 43: 572-579 20. Wins JA 1982 Partial purification and properties of galactinol synthase. Can J
14. SMART EL, DM PHAR 1980 Characterization of a-galactosidase from cucumber Bot 60:1054-1059

leaves. Plant Physiol 66: 731-734 21. Wu.L s J, H VILAROYA, F PErEK 1977 Purification and properties of an a-D-
15. SuzuKi H, SC Li, YT LI 1970 a-Gtosidase from Morterella vinacea. J Biol aIde galactohydrolase from the seeds of Trifolinum repens (White clover).

Chem 245: 781-786 Biochem J 161: 509-51516*THomAsBJAEBB 197 Multple foms ofa-galwsidasein matreleaesof 22. Wn.LLs J, H VILLAROYA, F PEEK 1978 a-Galactosidases II, III and IV from16. THObasB, JA Wis 1977 Multiple fors of a-gaactosidase in mature leaves of sods of Trfoliun repens. Biochem J 175: 1069-1077

Cuc1rbitasepo.PhytoJe it 16: 203
o

23. WOMACK FC, SP COLOWICK 1979 Proton-dapendent inhibition of yeast and
17. THOMAs B, IA Wins 1979 Intracellulardistribution of -galactosidase in leaves brain hexokinases by aluminum in ATP preparations. Proc Natl Acad Sci

of Cucurbitapepo. Can I Bot 57: 1904-191 1 USA 76: 5080-5084
18. TOIRNEMm K, TR GILnBRT, JM LOWENSTEIN 1980 Metal contaminants in 24. ZIEGLER H 1974 Biochemical aspects of phloem transport. Sym Soc Exp Biol 28:

commercial preparations of nucleotides. Anal Biochem 103: 87-93 43-62


