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Abstract

b-Amylase (EC 3.2.1.2) was isolated from germinating millet (Panicum miliaceum L.) seeds by a procedure that included ammo-
nium sulfate fractionation, chromatography on DEAE-cellulofine and CM-cellulofine, and preparative isoelectric focusing. The
enzyme was homogeneous by SDS–PAGE. The Mr of the enzyme was estimated to be 58,000 based on its mobility on SDS–PAGE

and gel filtration with TSKgel G4000SWXL, which showed that it is composed of a single unit. The isoelectric point of the enzyme
was 4.62. The enzyme hydrolyzed malto-oligosaccharides more readily as their degree of polymerization increased, this being
strongest for malto-oligosaccharides larger than 13 glucose residues and very weakly for maltotriose. Amylose, amylopectin and

soluble starch were the most suitable substrates for the enzyme. While the enzyme showed some activity against native starch by
itself, starch digestion was accelerated 2.5-fold using a-amylase, pullulanase and a-glucosidase. This enzyme appears to be very
important for the germination of millet seeds.

# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

b-Amylases (EC 3.2.1.2) are exo-hydrolases that
release b-maltose from the non-reducing end of a-1,4-
linked poly- and oligoglucans until the first a-1,6-
branching point along the substrate molecule is
encountered. The enzyme is distributed in many higher
plants and some bacteria. In cereal seeds, the enzyme is
present in free and bound forms (Ziegler, 1999; Shinke
et al., 1988). During germination, however, a bound
form is activated either by a disulfide reductase or by a
proteolytic enzyme, and the enzyme activity increases
markedly (Shinke et al., 1988; Sopanen and Lauriere,
1989). It has also been reported that b-amylase is syn-
thesized de novo during the early germination of rice
(Okamoto and Akazawa, 1980).

On the other hand, starch is the major component of
most of the world’s crop yield, and the degradation of
starch is essential in the germination of these plants.
This degradation is thought to occur only hydro-
lytically. In germinating pea seeds, starch degradation is
initiated by a-amylase (Juliano and Varner, 1969). a-
Amylase produces soluble oligosaccharides from starch,
and these are then hydrolyzed by b-amylase to liberate
maltose. Finally, a-glucosidase breaks down maltose
into glucose (Swain and Dekker, 1966; Nomura et al.,
1969). Therefore, b-amylase is an essential enzyme for
germination. Moreover, Nandi et al. (1995) suggested
that b-amylase activity is a reliable indicator of the ger-
mination ability of rice seed stocks and of their vigor
during germination. Das and Sen-Mandi (1992) have
also demonstrated that b-amylase is more important
than a-amylase during the early hours of germination in
wheat scutella. However, it has also been shown that the
seeds of some mutants of rye and barley that germinate
well exhibit only very low levels of b-amylase (Daussant
et al., 1981; Kreis et al., 1987). Gibson and co-workers
(2001) suggested that little or no b-amylase activity is
required to maintain normal starch levels, rates of phloem
exudation and overall plant growth . Moreover, it has
also been reported that b-amylase may merely be a storage
protein (Giese and Hejgaard, 1984). If so, b-amylase
may be considered to be insignificant for germination.

Considering these previous findings, it is important to
clarify the physiological role of b-amylase in starch
degradation.

In millet seeds, b-amylase activity significantly
increases during days 1–4 of germination. In accordance
0031-9422/$ - see front matter # 2003 Elsevier Ltd. All rights reserved.

doi:10.1016/S0031-9422(03)00430-8
Phytochemistry 64 (2003) 935–939

www.elsevier.com/locate/phytochem
E-mail address: yosikiy@rib.okayama-u.ac.jp (Y. Yamasaki).

http://www.sciencedirect.com
http://www.sciencedirect.com
http://www.sciencedirect.com
http://www.elsevier.com/locate/phytochem/a4.3d
mailto:yosikiy@rib.okayama-u.ac.jp


with this increase in enzyme activity, germination of the
seeds is markedly enhanced. This shows that b-amylase
in millet seeds should play an important role in germi-
nation. The purpose of this study was to elucidate the
function of b-amylase in starch digestion to clarify the
role of this enzyme in germination.
2. Results and discussion

2.1. Isolation of �-amylase

b-Amylase activity is significantly increased during
days 1–4 of germination and shows the greatest increase
after 4 days of germination (Fig. 1). Therefore, a crude
enzyme solution was prepared from seeds that had ger-
minated for 4 days, as described in the Experimental
section. The enzyme solution was dialyzed overnight
against 20 mM Tris–HCl buffer, pH 8.0, and then
applied to a DEAE-cellulofine column (3.4�15 cm)
equilibrated with 20 mM Tris–HCl buffer, pH 8.0. After
the column was washed with the same buffer, a linear
gradient of NaCl (0–1 M) in the same buffer was
applied. The peak that exhibited b-amylase activity was
collected, and (NH4)2SO4 was added to give 0.9 satn.
The precipitate was collected by centrifugation and dis-
solved in 20 mM NaOAc buffer, pH 4.5. After dialysis
with 20 mM NaOAc buffer, pH 4.5, the dialysate was
applied to a CM-cellulofine column (3.4�15 cm) equili-
brated with the same buffer. After the column was
washed with the same buffer, a linear gradient of NaCl
(0–0.6 M) in the same buffer was applied (Fig. 2). The
peak that exhibited b-amylase activity was concentrated
using an Amicon ultrafiltration device (PM-10 mem-
brane) and dialyzed overnight against 20 mM NaOAc
buffer, pH 4.5. The dialyzate was subjected to pre-
parative isoelectric focusing (pH, 3.5–5.0), using an HSI
GT Tube Gel Electrophoresis Unit (Hoefer Scientific
Instruments, CA, USA). The active fractions were
pooled. After insoluble materials were removed by fil-
tration, the enzyme solution was concentrated using an
Amicon ultrafiltration device and dialyzed overnight
against 20 mM NaOAc buffer, pH 4.5. The purification
procedure is summarized in Table 1. The purified
enzyme was homogeneous by SDS–PAGE. The Mr of
the enzyme was estimated to be 58,000 based on its
mobility on SDS–PAGE and from gel filtration with
TSKgel G4000SWXL, which showed that it was com-
posed of a single unit. Most of the b-amylases in plants
are composed of a single protein, although those from
sweet potato and the hedge bindweed are homo-
tetramers (Shinke et al., 1988; Van Damme et al., 2001).
The isoelectric point of the purified enzyme was deter-
mined by analytical gel electrofocusing to be 4.62, which
is the most acidic of the b-amylases reported thus far
(Shinke et al. 1988).

2.2. General properties

The optimum pH of the enzyme was found to be 5.5–
6.0. After 15 h of pre-incubation at 20� with 50 mM
McIlvaine’s buffer and sodium carbonate–boric acid
Fig. 1. Changes in some enzyme activities and the starch content in

millet seeds. (*), a-amylase; (*), b-amylase; (&), pullulanase; (~),

a-glucosidase; (�), starch content.
Table 1

Summary of purification of b-amylase from germinating millet seeds
Step
 Total protein (mg)
 Total activity (units)
 Specific activity (U/mg prot.)
 Yield (%)
1. Ammonium-sulfate fractionation
 19,200
 23,410
 1.22
 100
2. DEAE-cellulofine column chromatography
 2400
 17,860
 7.44
 76.3
3. CM-cellulofine column chromatography
 164
 10,440
 63.66
 44.6
4. Preparative isoelectric focusing
 28
 2910
 103.93
 12.4
Fig. 2. Chromatography of b-amylase on CM-cellulofine. The experi-

mental conditions are described in the text. Flow rate, 40 ml h�1;

fraction volume, 8.5 ml; (*), A280; (*), b-amylase activity.
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buffer, the enzyme was stable in a pH range of 3.5–9.0.
The optimum temperature of the enzyme was found to
be 55o after 30 min of incubation. After 15 min of pre-
incubation with 50 mM NaOAc buffer, pH 6.0, at various
temperatures, the enzyme was stable at temperatures up
to 55�.

2.3. Inhibition with metal ions and PCMB

When the enzyme was preincubated with 5 mM of
metal ions at 37� for 30 min, Hg2+, Mn2+ and Cu2+

reduced its activity by 80% or more. PCMB completely
inhibited the enzyme activity even at a low concen-
tration of 10 mM. This result indicates that the enzyme
contains sulphydryl groups, like other b-amylases.

2.4. Substrate specificity

Various substrates (180 nmol) were incubated with
the enzyme under standard conditions, and the relative
rates of hydrolysis are shown in Table 2. As the degree
of substrate polymerization increased, it was more
readily hydrolyzed by the enzyme. The enzyme hydro-
lyzed amylopectin and soluble starch three times faster
than maltoheptaose, while it hydrolyzed maltotriose
only very weakly. The enzyme hydrolyzed soluble starch
and liberated only maltose.

On the other hand, the enzyme preferably hydrolyzed
malto-oligosaccharides larger than 13 glucose residues,
when it was incubated with amylose EX-I (Hayashibara
Co., Ltd., Okayama), which consists of many malto-
oligosaccharides (Fig. 3). These results show that an a-
1,4-glucan larger than 13 glucose residues is the best
substrate for b-amylase.

2.5. Changes in the activity of �-amylase during germi-
nation of millet seeds

Fig. 1 shows the activity of b-amylase from millet
seeds on different days of germination. The activity of
b-amylase increased markedly from days 1–4 of germi-
nation, and the highest activity was seen after 4 days of
germination. A similar trend was seen for a-amylase
activity. However, the starch content of millet seeds
markedly decreased during this period. Therefore,
starch digestion was carried out using the same volume
of a, b-amylases, pullulanase (Seikagaku Corporation)
and purified a-glucosidase from millet seeds (Yamasaki
et al., 1996) as contained in millet seeds after day 4 of
germination (Table 3). Starch digestion was accelerated
2.5-fold when b-amylase was added to a reaction mix-
ture using a-amylase, pullulanase and a-glucosidase.
Thus, b-amylase should be a key enzyme in starch
degradation during the germination of millet seeds.

On the other hand, Volenec and co-workers showed
that alfalfa taproots contained high starch concentrations
and high b-amylase activities, but defoliation reduced
starch levels and b-amylase activities (Gana et al.,
1998). They suggested that b-amylase was used as
nitrogen source for the shoot regrowth and was not a
key enzyme in starch degradation in the roots. There-
fore, b-amylase will play a different role at each tissue
Fig. 3. HPLC of products of Amylose EX-I digestion by b-amylase. A

reaction mixture (1 ml) containing amylose EX-I (20 mg) and b-amy-

lase was incubated at 37 �C. After 30 and 60 min, the reaction was

stopped by boiling for 5 min. The content of each malto-oligo-

saccharide in amylose EX-I was determined by HPLC as described in

the Experimental section. (A) Amylose EX-I; 6-20, number of glucose

residues in malto-oligosaccharides (for example, 6 means malto-hex-

aose); (B) degree of hydrolysis of malto-oligosaccharides in amylose

EX-I by b-amylase; (*), 30 min incubation; (*), 60 min inciubation.
Table 2

Substrate specificity of the purified b-amylase Solubilized substrates

(180 nmol) in 0.5 ml of 50 mM NaOAc buffer, pH 4.5, were incubated

with the purified enzymes at 37 �C for 30 min. Maltose liberated was

determined by the method of Kreis et al. (1987) as described in

Experimental
Relative rate of hydrolysis (%)
Maltotriose
 Trace
Maltotetraose
 7.6
Maltopentaose
 13.8
Maltohexaose
 23.3
Maltoheptaose
 34.6
Amylose EX-I
 100
Amylopectina
 114.6
Soluble starcha
 106.9
Glycogena
 49.4
a Concentration=3 mg (below 180 nmol) in 0.5 ml of reaction

mixture.
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located in plants. b-Amylase also showed some activity
against native starch by itself.
3. Experimental

3.1. Preparation of crude �-amylase

Millet (Panicum miliaceum L.) seeds (4 kg) were
soaked in distilled water and grown on moist absorbent
cotton at 28o for 4 days. The seeds were homogenized in
a homogenizer (Nissei Excel Auto- Homogenizer;
Nihonseiki Co., Tokyo) with 25 mM NaOAc buffer, pH
5.3, containing 0.5 M NaCl and 5 mM mercaptoetha-
nol. The homogenate was left overnight at 4 �C and the
debris was removed by filtration. The supernatant was
brought to 0.9 satn with (NH4)2SO4. The precipitate
was collected by centrifugation and dissolved in 25 mM
NaOAc buffer, pH 5.3.

3.2. Preparation of �-amylase

Barley malt a-amylase VIII-A (Sigma) was dissolved
in 20 mM Tris–HCl buffer, pH 8.0. After dialysis with
the same buffer, the dialysate was applied to a DEAE-
cellulofine column (3.4�15 cm) equilibrated with the
same buffer. After the column was washed with the
same buffer, a linear gradient of NaCl (0–0.25 M) in the
same buffer was applied. The peak that exhibited a-
amylase activity was concentrated using an Amicon
ultrafiltration device (PM-10 membrane) and dialyzed
overnight against 20 mM NaOAc buffer, pH 4.5. The
dialyzate was subjected to preparative isoelectric focus-
ing (pH 3.5–10.0), using an HSI GT Tube Gel Electro-
phoresis Unit (Hoefer Scientific Instruments, CA,
USA). The active fractions were pooled. After insoluble
materials were removed by filtration, the enzyme solu-
tion was concentrated using an Amicon ultrafiltration
device and dialyzed overnight against 20 mM NaOAc
buffer, pH 4.5. The purified enzyme was homogeneous
by PAGE.

3.3. Preparation of native starch

Millet seeds were soaked in distilled water and
homogenized in a homogenizer. After the debris was
removed by filtration, precipitate was collected from the
filtrate by centrifugation. The precipitate was suspended
in isoamylalcohol–H2O (1:5) to wash off proteins, and
centrifuged at ca. 1940 g for 10 min. The precipitate was
washed four times and lyophilized.

3.4. Assay of enzyme activities

Soluble starch (1 mg) was used, together with 50 mM
NaOAc buffer, pH 4.5, and suitably diluted enzyme
preparations in a total volume of 0.5 ml. After 30 min at
37 �C, the reaction was stopped by boiling for 5 min.
With b-amylase, the amount of maltose formed was
measured according to the method of Somogyi (1952).
One unit of b-amylase activity was defined as the
amount of enzyme that liberated 1 m mol min�1 of mal-
tose from soluble starch under the conditions described
above.

With a-amylase, the iodine color of the reaction mix-
ture was measured. The data were converted into units
of b-amylase activity using values (change in iodine
color (%)/b-amylase activity (unit)=260/1) obtained
with purified a-amylase.

With pullulanase, maltotriose from pullulan was
measured.

3.5. Determination of protein

Protein was determined by the method of Warburg
and Christian (1942). The protein profiles in column
chromatography were followed by measuring the
absorbance of the eluates at 280 nm.

3.6. Assay of starch

Debris removed from homogenized seeds was treated
with a-amylase (Sigma Chemical Co., pancreas type I-
A). The supernatant was collected by centrifugation and
hydrolyzed at 100 �C for 1 h with 2 N HCl. Liberated
glucose was measured as described in the literature
(Papadopoulos and Hess, 1960; Dahlqvist, 1961).

3.7. Electrophoresis

SDS–PAGE was performed on 7.5% gels according
to the method of Laemmli (Laemmli, 1970). After the
run, the gels were stained for proteins with Coomassie
Brilliant Blue.
Table 3

Hydrolysis of starch by a-amylase and b-amylase in millet seeds

germinated for 4 days
Relative rate of hydrolysis (%)
I+II+III+IV
 100
I+III+IV
 39.9
I+II+IV
 62.2
I+II+III
 89.5
I
 29.7
II
 12.9
Reaction mixture containing 25 mg of starch of millet seeds, enzyme

solution (b-amylase, 6.5 units; a-amylase, 1.9 units; pullulanase, 0.27

units; a-glucosidase, 0.17 units) and 50 mM NaOAc buffer, pH 5.3, in

a final volume of 1.0 ml was incubated at 35 �C for 48 h. Carbohy-

drates were determined by the PhOH–H2SO4 method. I, a-amylase; II,

b-amylase; III, pullulanase; IV, a-glucosidase.
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3.8. Estimation of Mr

The Mr of the purified enzyme was estimated by SDS–
PAGE (Laemmli, 1970) and gel filtration with TSKgel
G4000SWXL.

3.9. Estimation of the isoelectric point

The isoelectric point of the purified enzyme was esti-
mated as described in the literature (Awdeh et al., 1968;
Fawcett, 1968).

3.10. High-performance liquid chromatography

The products formed from starch with a, b-amylases
were determined by HPLC. Chromatography was per-
formed on a column (0.46�15 cm) of COSMOSIL
5NH2-MS, using an HPLC System (Tosoh Co.,
Tokyo). The column was eluted with 60% acetonitrile.
References

Awdeh, Z.L., Williamson, A.R., Askonas, B.A., 1968. Isoelectric

focusing in polyacrylamide gel and its application to immunoglo-

bulines. Nature (London) 219, 66–67.

Dahlqvist, A., 1961. Determination of maltase and isomaltase activ-

ities with a glucose-oxidase reagent. Biochem. J. 80, 547–551.

Das, G., Sen-Mandi, S., 1992. Scutellar amylase activity in naturally

aged and accelerated aged wheat seeds. Ann. Bot. 69, 497–501.

Daussant, J., Zbaszyniak, B., Sadowski, J., Wiatroszak, I., 1981. Cer-

eal b-amylase: immunochemical study on two enzyme-deficient

inbred lines of rye. Planta 151, 176–179.

Fawcett, J.S., 1968. Isoelectric fractionation of proteins on poly-

acrylamide gels. FEBS Lett. 1, 81–82.

Gana, J.A., Kalengamaliro, N.E., Cunningham, S.M., Volenec, J.J.,

1998. Expression of b-amylase from alfalfa taproots. Plant Physiol.

118, 1495–1505.
Giese, H., Hejgaard, J., 1984. Synthesis of salt-soluble proteins in

barley. Pulse-labeling study of grain filling in liquid-cultured

detached spikes. Planta 161, 172–177.

Juliano, B.O., Varner, J.E., 1969. Enzymic degradation of starch

granules in the cotyledons of germinating peas. Plant Physiol. 44,

886–892.

Kreis, M., Williamson, M., Buxton, B., Pywell, J., Hejgaard, J.,

Svendsen, I., 1987. Primary structure and differential expression of

b-amylase in normal and mutant barleys. Eur. J. Biochem. 169, 517–

525.

Laemmli, U.K., 1970. Cleavage of structural proteins during the

assembly of the head of bacterio phage. Nature 227, 680–685.

Nandi, S., Das, G., Sen-Mandi, S., 1995. b-Amylase activity as an

index for germination potential in rice. Ann. Bot. 75, 463–467.

Nomura, T., Kono, Y., Akazawa, T., 1969. Enzyme mechanism of

starch breakdown in germinating rice seeds. II. Scuttellum as the

site of sucrose synthesis. Plant Physiol. 44, 765–769.

Okamoto, K., Akazawa, T., 1980. Enzymic mechanism of starch

breakdown in germinating rice seeds. Plant Physiol. 65, 81–84.

Papadopoulos, N.M., Hess, W.C., 1960. Determination of neuraminic

(sialic) acid, glucose, and fructose in spinal fluid. Arch. Biochem.

Biophys. 88, 167–171.

Shinke, R., Mikami, B., Morita, Y., Takeda, Y., 1988. Plant b-amy-

lases. In: The Amylase Research Society of Japan (Ed.), Handbook

of Amylases and Related Enzymes. Pergamon, Oxford.

Somogyi, M., 1952. Notes on sugar determination. J. Biol. Chem. 195,

19–23.

Sopanen, T., Lauriere, C., 1989. Release and activity of bound b-

amylase in a germinating barley grain. Plant Physiol. 89, 244–249.

Swain, R.R., Dekker, E.E., 1966. Seed germination studies. II. Path-

ways for starch degradation in germinating pea seedlings. Biochim.

Biophys. Acta 122, 87–100.

Van Damme, E.J.M., Hu, J., Barre, A., Hause, B., Baggerman, G.,

Rouge, P., Peumans, W.J., 2001. Purification, characterization,

immunolocalization and structural analysis of the abundant cyto-

plasmic b-amylase from Calystegia sepium (hedge bindweed) rhi-

zomes. Eur. J. Biochem. 268, 6263–6273.

Warburg, O., Christian, W., 1942. Isolation and crystallization of

enolase. Biochem. Z. 310, 384–421.

Yamasaki, Y., Konno, H., Masima, H., 1996. Purification and properties

of a-glucosidase from millet seeds. Phytochemistry 41, 703–705.

Ziegler, P., 1999. Cereal beta-amylases. J. Cereal Sci. 29, 195–204.
Y. Yamasaki / Phytochemistry 64 (2003) 935–939 939


	beta-Amylase in germinating millet seeds
	Introduction
	Results and discussion
	Isolation of beta-amylase
	General properties
	Inhibition with metal ions and PCMB
	Substrate specificity
	Changes in the activity of beta-amylase during germination of millet seeds

	Experimental
	Preparation of crude beta-amylase
	Preparation of alpha-amylase
	Preparation of native starch
	Assay of enzyme activities
	Determination of protein
	Assay of starch
	Electrophoresis
	Estimation of Mr
	Estimation of the isoelectric point
	High-performance liquid chromatography

	References


