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Purification and Characterization of
Soluble Acid Invertase from the Hypocotyls of
Mung Bean (Phaseolus radiatus L.)

Lee, Dong-Hee and Young-Sang Kim®
Department of Biology, Pusan National University, Pusan 609-735, Korea

The soluble acid invertase (B-D-fructofuranoside fructohydrolase, EC 3.2.1.26) was isolated
and characterized from the hypocotyls of mung bean (Phaseolus radiatus L.). The enzyme was
purified to apparent homogeneity by consecutive step using diethylaminoethyl (DEAE)-cellulose
anion exchange, Concanavalin (Con) A affinity and Sephacryl S-300 chromatography. The ove-
rall purification was about 148-fold with a yield of about 15%. The finally purified enzyme
exhibited a specific activity of about 139 pmol of glucose produced mg ' protein min~' at
pH 5.0 and appeared to be a single protein by sodium dodecyl sulfate-polyacrylamide gel elect-
rophoresis (SDS-PAGE) and nondenaturing PAGE. The enzyme had the native molecular weight
of 70 kD and subunit molecnlar weight of 70 kD as estimated by Sephadex G-200 chromatogra-
phy and SDS-PAGE, respectively, suggesting that the enzyme was composed of a monomeric
protein, On the other hand, the enzyme appeared to be a glycoprotein containing N-linked
high mannose oligosaccharide chain on the basis of its ability to bind to the immobilized Con
A. The enzyme had a Km for sucrose of 1.8 mM at pH 5.0 and maximum activity around
pH 5.0. The enzyme showed highest enzyme activity with sucrose as substrate, but the activity
was slightly measured with raffinose and cellobiose. No activity was measured with maltose
and lactose. These results indicate the soluble acid invertase is a B-fructofuranosidase.
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Invertases (B-D-fructofuranoside fructohydrolase,
EC 3.2.1.26) hydrolyze sucrose, one of the predomi-
nant form of carbohydrate translocation, into its co-
nstituent monosaccharides, glucose and fructose in
higher plants (ap-Rees, 1984; Sturm and Chrispeels,
1990). It has been suggested that the transportation
of invertase synthesized on the rough endoplasmic
reticulum are regulated by golgi complex (Lauriere
et al., 1988). Invertases are present in multiple form
in a given tissues. Invertases are divided into two
groups on the basis ol the pH required for maxi-
mum activity, nomenclaturing acid (pH 4.0-5.0) and
alkaline (pH 7.0-80) invertase (Chin and Weston,
1973; Matsushita and Uritani, 1974).

Acid invertase participates in enhancing sink stre-
ngth of developing plant organs (Ho, 1984), The en-
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zyme can be subdivided into 2 groups according
to its different subcellular location, defined as extra-
(insoluble) and intracellular (soluble) invertase
(Leigh er al, 1979; Giaquinta e al., 1983). Extracellu-
lar acid invertase bound ionically to cell wall gives
rise to maintain a steep sucrose concentration gra-
dient between source and sink organs in phloem
unloading (Fahrendorf and Beck, 1990; Sturm and
Chrispeels, 1990). Soluble acid invertase is thought
to be predominantly found in rapidly growing tis-
sues, at sites of emerging secondary roots and in
developing tap roots and leaves (Eshrich, 1980).
When plant cell ceases growth, the cell exhibits the
decrease in the enzyme activity, thus finally results
in the disappearance of the activity. Intracellular
acid invertase is known to be vacuolar (Leigh et al,
1979; Giaquinta er al., 1983), but it is proposed that
the enzyme is sometimes present in the cytosol (Fa-
hrendort” and Beck, 1990; Karuppiah er al. 1990).
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High intracellular invertase activity 1s usually present
in young scedlings and mature fruits (Ricardo and
ap-Recs, 1970; Krishnan and Pueppke. 1990).

The purification of acid invertase has been studied
to elucidate the biochemical characterizations of the
cnizyme from several plants of potato and banana
(Anderson and Ewing, 1978: Sum er al.. 1980; Iwat-
subo er al., 1992; Obenland er al. 1993; Walker and
Pollock, 1993). The purification of invertases, howe-
ver, is difficult because of high lability of their bio-
chemical characteristics. Thus, few soluble acid inve-
rtase has been successfully purified. Thereflore, we
periormed the isolation and extensive purification
of soluble acid invertase from mung bean (Phaseoclus
radiarus) 1o understand the biochemical and molecu-
lar regulation of sucrose metabolism. In this report
we describe the purification and biochemical c¢hara-
cterization of soluble acid invertase {rom the hypo-
cotyls of mung becan.

MATERIALS AND METHODS
Plant materials and reagents

The seeds of mung bean (Phaseolus radiatus L.)
were soaked in running tap water for 2 h and plan-
ted on the pot, and grown in growth chamber at
28+ 1T with 70% humidity under dark condition for
10 days. The clongating hypocotyls of 10 day-old
seedlings were used for experimental materials.

Chemicals and assay enzymes were obtained from
Sigma and Boehrnger Chemical Co. Reagents for
electrophoresis and chromatography such as DEAE-
cellulose, Con A-Sepharose 4B, Sephacryl $-300 and
Sephadex G-200 chromatography were purchased
from Sigma.

The buffer solutions used were as follows: A, 50
mM HEPES, pH 7.0, 1 mM Mg-acetate, ] mM Na-
EDTA, 1 mM DTT and 1 mM PMSF; B, 50 mM
HEPES, pH 70, 1 mM Na-EDTA and 1 mM
PMSF; C, 50 mM HEPES, pH 70, and 1 mM
PMSF.

Assays for invertase activities and protein
Invertase activity was determined by measuring

glucose content formed [rom sucrolysis. For the as-
say ol acid invertase, 1.6 mL aliquot of reaction mix-

J. Plant Biol., Vol. 38, No. 3

tures containing 50 mM phosphate-citrate buffer,
pH 50, 1 mM Mg-acetate, 100 mM sucrose and
a suitable amount of enzyme solutions was incuba-
ted at 25C for 10 min, and then boiled for 3-5 min
to cease reaction. The amount of glucose formed
was measured by the modified glucose oxidase-pe-
roxidase method (Bergmeyer and Bemt, 1974). A 0.8
mL of the glucose oxidase-peroxidase mixture (pH
7.0. 0.8 unit of each enzymc) contained 800 ug o-dia-
nisidine dihydrochloride was added to reaction mix-
ture, and then incubated at room temperature for
at least 30 min until color development. After a 0.8
mL of 3 M HCl was added to reaction mixture, the
amount of glucose was measured at 540 nm with
spectrophotometer. The unit is defined as the forma-
tion of 1 pmol glucose [rom sucrose per min per
1 mL of enzyme solution at 25C at pH 5.0 for acid
invertase.

The amount of protein was determined according
to the modified Bradford (1976) method using BSA
(bovine serum albumin) as the standard protein.

Crude invertase extraction

Crude invertase extraction was performed by the
modified Chen and Black (1992) mcthod. Approxi-
mately 500 g of elongating hypocotyls rinsed three
times with distilled water was homogenized with
Waring blender in buffer A with ratio of 1 g of elo-
ngating hypocotyls: 1 mL of buffer A. The homoge-
nate was [iltered through four layers of cheesecloth,
then centrifuged at 12,000 g lor 15 min. The super-
natant was designated as the crude extract. All sepa-
rations for enzyme purification were performed at
4T.

Separation of acid invertase by ammonium sul-
fate precipitation

Crude extract, which was prepared from about 500
g of mung bean hypocotyls, was precipitated from
50 to 70% saturation with enzyme grade (NH,),50,
powder. The precipitates were collected after centri-
fugation, and dissolved in buffer B, then dialyzed
overnight against the same buffer. At each purifica-
tion step, protein purity was examined by SDS-
PAGE.
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DEAE-cellulose chromatography

The dialyzed enzyme solutions were applied to
DEAE-cellulose column (3X15 cm) preequilibrated
with buffer B. The column was washed with the
same buffer to remove unaimed proteins, then eluted
to a 1 L linear gradient, 0 to 0.3 M NaCl in buffer
B at a flow rate of 0.8 mL/min. 8 mL [ractions,
which occurred activity peak at pH 5.0, were precipi-
tated to 70% saturation with ammonium sulfate, and
then dissolved in buffer B. The precipitates were dia-
lyzed against the same buffer or desalted with a Se-
phadex G-25 column.

Con A-Sepharose 4B chromatography

About 10 mL of concentrated enzyme solutions
obtained from DEAE-cellulose chromatography
were applied to the Con A-Sepharose 4B column
(1.5X10 cm) previously equilibrated with buffer B.
The column was washed with the same buffer until
the A,y was decreased to minimum level, and then
cluted with 02 M methyl-a-D-mannopyranoside in
buffer B at a flow rate of 0.5 mL/min. 5 mL fractions
containing enzyme activity peak were pooled and
concentrated by ammonivm sulfate precipitation as
above. The precipitates dissolved in buffer C were
dialyzed against the same buffer.

Sephacryl $-300 chromatography

About 5 mL of the enzyme solutions obtained
from Con A step were carefully loaded to the top
of the Sephacryl $-300 column (1.5X60 cm) pree-
quilibrated with buffer C. The column was mn at
a flow rate of 025 mL/min. 1 mL fractions, which
showed activity peak at pH 50. were pooled and
concentrated by Amicon ultracentrilugation (Amicon
Diaflo ultrafiltration membranes. 10 XM50, 43 mm).

Native molecular weight estimation

The native molecular weight of the enzyme was
determined by using Sephadex G-200 chromatogra-
phy. Purified enzyme solution, together with mole-
cular standard markers were subjected. After collec-
tion at a flow rate of (0.1 mL/min, 1 mL fractions
measured the Ay and acid invertase activity. The
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void volume of the column was measured by using
blue dextran. The standard markers used were as
follows: ferritin, 450 kD); catalase, 240 kD; aldolase,
158 kD; BSA, 68 kD; albumin from hen egg 45
kD; chymotrypsinogen A, 25 kD; cytochrome C, 12.5
kD.

Electrophoresis

SDS-PAGE was performed by the modificd me-
thod of Ausubel er al. (1987). Proteins were separated
on a 10% resolving gel at 200 V. After electrophore-
sis, the gels were stained with silver or Coomassie
brilliant blue. The standard proteins used for SDS-
PAGE were myosin (200 kD), galactosidasc (116.3
kD), phosphorylase (97.4 kD), BSA (66.3 kD), gluta-
mic dehydrogenase (554 kD), lactate dehydrogenase
(36.5 kD), carbonic anhydrase (31 kD), trypsin inhi-
bitor (21.5 kD), lysozyme (14.4 kD), apotinin (6 kD),
and insulin B chain (3.5 kD).

Nondenaturing PAGE were performed in a simi-
lar way to SDS-PAGE except that SDS and p-mer-
captoethanol were not added to the gels.

RESULTS
Purification of soluble acid invertase

Purification of soluble acid invertase from the hy-
pocotyls of mung bean is summarized in Table I.
Attempts to fractionate the crude extract with am-
monium sulfate were successful. as the activity mea-
sured at pH 5.0 mainly exhibited from 50 to 70%
ammonium sulfalc saturation. The similar separa-
tions have been achieved in the case of soybean
(Chen and Black. 1992). The apparent clectrophore-
tic homogeneity of consecutive punfication step
using DEAE-cellulose anion exchange. Con A affi-
nity and Sephacryl 5-300 chromatography for solu-
ble acid invertase from mung bean is shown in Fig.
1. The overall purification of soluble acid invertase
was about 148-fold with a yicld of about 15% [rom
the starting material (Table 1). The finally purified
enzyme had a specific activity of approximately 139
umol of glucose produced mg™' protein min~' at
pH 50 (Table 1), and showed a single protein in
SDS-PAGE (Fig. 1).

Fig 2 shows the elution profile of soluble acid
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Table 1. Purification protocol of acid invertase in the hypocotyls of Phaseolus radiatus’

Steps Total protein Total activity Specific activity Purification  Yield

(mg) )} (U mg~' protein) (fold) (%)

Crude extract 64746 605.69 094 1 100
50-70% ammonium sulfate precipitate 118.27 172.83 146 1.55 28.5
DEAE-cellulose chromatography 17.84 12176 6.83 127 20.1
Con A chromatography 1.07 104.02 97.21 10341 172
Sephacryl 8-300 chromatography 0.63 81.55 138,97 147.84 14.5

a Unit (U) is defined as thc formation of umol of glucose from sucrose per min per mL of enzyme solution at 25¢C

at pH 5.0.

“From about 500 g of elongating hypocotyls.
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Fig. 1. SDS-PAGE of purification of soluble acid invertase
(indicated by the arrow) in the hypocotyls of Phaseolus
radiatus. The gel was stained by silver. Lanc A, DEAE-cel-
lulose chromatography step: Lanc B, Con A affinity chro-
matography siep; Lane C, Sephacryl §-300 chromatogra-
phy step. The standard proteins uscd for SDS-PAGE were
myosin (200 kD). galactosidase (116.3 kD), phosphorylase
(974 kD), BSA (663 kD), glutamic dehydrogenase (554
kD). lactate dehydrogenase (36.5 kD). carbonic anhydrase
(31 kD). trypsin inhibitor (21.5 kD), lysozyme (144 kD),
apotinin (6 kD). and insulin B chain (3.5 kD).

invertase after chromatography on DEAE-cellulose
column. The soluble acid invertase was eluted with
NaCl gradient ranging from 0.05 to 0.1 M because
the enzyme was weakly bound to DEAE-matrix.
The chromatography was an effective step for remo-
ving impurities, since the most impurities were not
bound and washed through the column with the
buffer.
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Fig. 2. DEAE-cellulose anion exchange chromatography
of acid invertase in the hypocotyls of Phaseolus radiatus,
with elution with a linear gradient from 0 to 0.3 M NaCl,
Fractions (8 mL) were assayed for acid invertase activity
(@) and protein content {O) by Ay,

The pooled fractions containing soluble acid inve-
rtase activity were subjected to Con A aftinity chro-
matography (Fig. 3). Soluble acid invertase retained
to Con A-Sepharose 4B was eluted as a single acti-
vity peak with 0.2 M methyl-a-D-mannopyranoside.
Con A affinity chromatography, which alone indu-
ced about 103-fold purification, was a major step
in the purification of the enzyme. Unbound proteins
were reloaded onto Con A-Sepharose 4B column
to ascertain column overloading, no further retaining
occurred. Also, the mobility of the purified enzyme
digested with endoglycosidase H was faster than that
of the intact enzyme during SDS-PAGE (data not
shown). From these result it is suggested that the
soluble acid invertase is probably a glycoprotein and
characteristically has N-linked high mannose oligo-
saccharide chains.

There were some contaminating proteins in the
pooled Con A-Sepharose 4B fractions (Fig. 1). To
remove the impurities the fractions were subjected
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Fig. 3. Con A Sepharose affinity chromatography of acid
invertase in the hypocotyls of Phaseolus radiatus, with elu-
tion with 0.2 M methyl-a-D-mannopyranoside. Fractions
(5 mL) were assayed for acid invertase activity (@) and
protein content (O) by Ay
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Fig. 4. Sephacryl 3-300 chromatography of acid invertase
in the hypocotyls of Phaseolus radiatus. Fractions (1 mL)
were assayed for acid invertase activity (@) and protein
content (O) by Agg,.

to gel filtration on Sephacryl S-300 column (Fig.
4). The soluble acid invertase, which was finally se-
parated from other proteins. represented a single
protein as shown by SDS-PAGE (Fig. 1) and non-
denaturing PAGE (data not shown).

Molecular weight determination

The native molecular weight determination by gel
filtration on a Sephadex G-200 column with protein
standards showed that purified soluble acid invertase
had a molecular weight of about 70 kD (Fig. 5).
SDS-PAGE of purified invertase gave a single band
which estimated molecular weight of about 70 kD
on the basis of their mobility relative to those of
standard proteins (Fig. 1). These results indicate that
the soluble acid invertase is composed of a single
polypeptide chains, thus seems to be a monomer
of 70 kD polypeptides.

Ve / Vo

Fig. 5. Determination of molecular weight of native acid
invertase by gel filtration in the hypocotyls of Phaseolus
radiarus. Standard proteins (O) and acid invertase (@) elu-
ted [rom Sephadex G-200 column. Fractions (1 mL) were
assayed for acid invertase. A, ferritin (450 kD); B, catalase
(240 kD); C, aldolase (158 kD); D, albumin from bovinc
serum (68 kD); E, albumin from hen egg (45 kD): F. chy-
motrypsinogen A (25 kD); G, cytochrome C (12.5 kD).
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Fig. 6. The pH profilc of acid invertase activitics of Pha-
seolus radiarus. The buffers used included acetate (pH 3.0-
5.0), sodium citrate (pH 5.5-6.5). and HEPES (pH 7.0-80).
The reactions were carried out at 25C for 10 min.

pH and substrate specificity

The soluble acid invertase exhibited a pH opti-
mum of about 5.0, as shown in some reports using
soybean (Fig. 6). The purified enzyme activity versus
sucrose concentration fit Michaelis-Menten kinetics
and the Km values for sucrose obtained from Line-
weaver-Burk double reciprocal plots was about 1.8
mM (Fig. 7). The enzyme was most active with suc-
rose whereas 40 mM raffinose and cellobiose as sub-
strates caused the hexose release of 14 and 7%. res-
pectively, compared to sucrose. No hydrolytic activity
was detected with maltose and lactose (Table 2). Co-
nsequently, the soluble acid invertase seems to be
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Fig. 7. Kinetics of partial purified acid invertase activities
of Phaseolus radiarus versus sucrose concentration (3 to 30
mM).

Table 2. Substrate specificity of the purified soluble acid
invertase from the hypocotyls of Phaseolus radiatus

Substrate Invertase activity (% with sucrose)
Sucrosc 100
Raffinose 14
Cellobiose 7
Maltose 0
Lactose 0

a P-fruciofuranosidase on the basis of substrate spe-
cificity.

DISCUSSION

For the soluble acid invertase from mung bean
hypocotyls consecutive purification protocol using
DEAE-cellulose anion exchange, Con A allinity and
Sephacryl $-300 chromatography were found to be
effective, produccd a homogeneous protein that was
about 148-fold purified with 15% yield of the activity
from crude extract (Table 1). In the purification step,
Con A affinity chromatography showed a good inc-
rease in the specific activity (Table 1). Thus it is
suggested that endogenous acid invertase inhibitor
may be mainly dissociated with Con A affinity chro-
matography. as shown in some report on the potato
invertase (Bracho and Whitaker, 1990). The finally
purified soluble acid invertase exhibited a specific
activity of about 139 umol of glucose produced mg™'
protein min~' at pH 5.0, which was higher than that
of the coleoptiles of wheat (Krishnan er al., 1985).
the elongating stem of barley (Karuppiah er al., 1989).
and the hypocotyls of soybean (Chen and Black,
1992). Bracho and Whitaker (1990) suggested that
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the enzyme could represent the different value of
specific activity from dilferent sources, as well as
even the same plants. After Sephacryl S-300 chro-
matography, the invertase showed a single band in
SDS-PAGE (Fig. 1).

The native molecular weight of the purified solu-
ble acid invertase was estimated to be about 70 kDD
by gel filtration using Sephadex G-200 column (Fig.
5). SDS-PAGE of the purified enzyme gave a single
band with an estimated molecular weight of about
70 kD, indicating that the native enzyme was com-
posed of a single polypeptide chain. Therefore, the
soluble acid invertase from mung bean hypocotyls
seems to be a monomer. The enzyme showed the
diverse configuration of dimer in potato and soy-
bean (Bracho and Whitaker, 1990; Chen and Black,
1992), tetramer in wheat (Krishnan er al., 1985), and
heptamer in Ricinus communis (Prado er al, 1985).
This fact agrees with previous reports for the purified
acid invertase from washed discs of storage roots
of red beet being a monomeric protein with the mo-
lecular weight of 65 kD (Milling er al, 1993). The
molecular weight of native soluble acid invertase
from the hypocotyls of mung bean is similar to that
from the leaves of Ricinus communis, 77.9 kD (Prado
et al., 1985) and the leaves of barley seedlings, 63
kD (Lee er al., 1992). On the other hand, the subunit
molecular weight of the enzyme obtained by SDS-
PAGE is consistent with that from date palms, 70
kD (Al-Bakir and Whitaker, 1978) and bamboos,
70 kD (Cheng et al., 1990). However, plant invertase
exhibits surprising variability in their native molecu-
lar weight ranging from 48.5 kD for radish seedlings
(Faye er al., 1981) to 450 kD for Lilium pollens (Singh
and Knox, 1984). The varability may be attributed
to glycosylated nature of the enzyme or different de-
grees of polymerization of the enzyme subunits, al-
though accurate reasons for the variability of the
molecular weight are not clear yet.

The soluble acid invertase from the hypocotyls
of mung bean may be a glycoprotein on the basis
of its ability to bind to the immobilized Con A, as
shown in several plants (Anderson and Ewing, 1978;
Fahrendorf and Beck, 1990). Also this enzyme may
contain N-linked high mannose oligosaccharide
chains according to SDS-PAGE using the purified
enzyme digested with endoglycosidase H. These re-
sults are in agreement with those from Ricinus com-



September 1995

munis (Laudere et al., 1988). However, we could not
describe whether the enzyme contained O-linked
carbohydrate chaing or not. Avigad (1982) proposed
that the glycosylation of the enzyme would be nece-
ssary for its transportation.

The soluble acid invertase from mung bean had
maximum activity around pH 5.0 (Fig. 6), as shown
in the other group known as acid invertase. whose
activity are maximum around this pH (Chen and
Black, 1992). The response versus sucrose concentra-
tion of the enzyme fit Michaelis-Menten kinetics
and the Km value for sucrose obtained from Line-
weaver-Burk double reciprocal plots was about 1.8
mM (Fig. 7). This Km value was similarly low with
that of acid invertase from Lilium pollens, 0.65 mM
(Singh and Knox, 1984), and barley leaves, 1.0 and
0.7 mM (Obenland et al., 1993). The enzyme was
most active with sucrose as substrate, but the activity
was slightly measured with raffinose and cellobiose.
On the other hand, no activity was measured with
maltose and lactose (Table 2). These results indicate
that the enzyme is a B-fructofuranosidase. Because
the physiological importance of these enzymes to
metabolite the storage sucrose, further studies are
needed on the purification of cell wall-bound and
alkaline forms in the same tissues as well as their
gene structure and their regulation mechanisms by
environmental stimuli using antibody obtained from
the purified soluble acid invertase.
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