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Reactions of alpha amylases with starch granules in aqueous
suspension giving products in solution and in a minimum amount

of water giving products inside the granule
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Abstract

Porcine pancreatic alpha amylase (PPA) and Bacillus amyloliquefaciens alpha amylase (BAA) were allowed to react with starch
granules from maize, waxy maize, amylomaize-7, and potato in an aqueous suspension with a starch to water ratio of 1:10 and
in a minimum of water with a starch to water ratio of 1:1. Quantitative amounts of the maltodextrin products were determined
by TLC and scanning densitometry. The two alpha amylases gave different products that were characteristic of their unique action
patterns. The percent conversion differed for the different kinds of starches and for the two kinds of reaction conditions. Maize
and waxy maize starches were converted into about twice as much maltodextrins than were amylomaize-7 and potato starches by
both enzymes and under both reaction conditions. The aqueous suspension gave much greater conversion into maltodextrins than
did the minimum water condition. BAA gave 3–14% greater conversion of the granules into maltodextrins than did PPA, with
the exception of potato starch. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Starch granules from different botanical sources have
different sizes, shapes, and physical properties.1 In gen-
eral, starch granules are less susceptible to amylase
hydrolysis than gelatinized starch,2 and at one time it
was believed that whole starch granules were resistant
to hydrolysis by amylase. There have been reports that
have shown alpha amylases digest whole starch gran-
ules with differences in the kinds of starch granules3

and differences in the source of alpha amylase.4

Kimura and Robyt2 have shown that Rhizopus ni�eus
glucoamylase (EC 3.2.1.3) degraded a wide variety of
starch granules, although to a varying degree that was
dependent on the botanical source of the starch. The
starches divided into three groups: waxy maize starch
granules were the most susceptible (98% converted to

D-glucose); barley, maize, and tapioca starches were
susceptible to an intermediate degree (having 82, 79,
and 75% conversion, respectively); and amylomaize-7,
shoti, and potato starches were the least susceptible
(having 21, 15, and 13% conversion, respectively). The
starches in the first two groups could be converted into
50% D-glucose, giving a classical, resistant, ‘Swiss
cheese’ shell structures to the granules.

Glucoamylase is potentially capable of catalyzing the
hydrolysis of both �-(1�4) and �-(1�6) glycosidic
linkages of gelatinized starch, thereby giving 100% con-
version of starch into D-glucose.5 The hydrolysis of
starch granules by glucoamylase is known to require a
starch-binding domain that is distinct from the active
site (the starch-hydrolyzing domain).6–9 If the starch-
binding domain is removed, glucoamylase ceases to be
able to hydrolyze whole starch granules, but will still
hydrolyze solubilized starch.8,9 Starch granules will ad-
sorb glucoamylase, which has the starch-binding do-
main, from solution in different proportions (33–62%),
depending on the particular kind of starch but will not
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adsorb glucoamylase that is devoid of the starch-bind-
ing domain.2

Kim and Robyt10 devised a method in which glu-
coamylase reacted with the starch granules to give
100% retention of the D-glucose product inside the
granules. Waxy maize starch granules gave a maximum
of 54% conversion into D-glucose; maize starch gran-
ules gave a maximum of 35% conversion; and amylo-
maize-7 starch granules gave a maximum of 24%
conversion.

The action patterns of porcine pancreatic alpha amy-
lase (PPA) and Bacillus amyloliquefaciens alpha amy-
lase (BAA) have been shown to give distinct products
from amylose, amylopectin, and maltodextrins.11,12

PPA produced primarily maltose (G2), maltotriose
(G3), and maltotetraose (G4);11 and BAA produced
primarily maltotriose (G3), maltohexaose (G6), and
maltoheptaose (G7).12 The formation of D-glucose was
exclusively due to a secondary breakdown of the pri-
mary products and these alpha amylases produced only
a very small amount of D-glucose.

In the present study, a comparison has been made of
the action of the two diverse alpha amylases (EC
3.2.1.1) from porcine pancreas and from B. amylolique-
faciens, reacting with four kinds of starch granules from
potato, waxy maize, maize, and amylomaize-7. Two
types of reaction conditions of granules in aqueous
suspension of 1:10 ratio of starch to water and a
minimum of water of 1:1 ratio of starch to water.

2. Experimental

Materials.—Waxy maize, maize, and amylomaize-7
starches were obtained from Cerestar USA (Hammond,
IN). Potato starch was obtained from National Starch
and Chemical Co. (Bridgewater, NJ). Porcine pancre-
atic and B. amyloliquefaciens alpha amylases were ob-
tained in crystalline form from Boehringer–Mannheim
Corp. (Indianapolis, IN, USA). Whatman K5 silica gel
TLC plates were obtained from Fisher Scientific
(Chicago, IL).

Methods.—Amylase assay. Amylase (100 �L) was
added to 1.9 mL of waxy maize starch solution (10.5
mg/mL) buffered with 50 mM imidazole–HCl (pH 6.5),
containing 2 mM CaCl2. Samples (100 �L) were taken
5, 10, 15, 20, and 30 min and added to X �L of 0.01 M
NaOH [X can be from 100 to 900 �L, depending on the
amount of dilution required]. After all of the samples
are taken, 100 �L are added to 100 �L of the working
reagent of copper bicinchoninate13 in a microplate. A
maltose standard curve is prepared by the addition of
100 �L of standard to 100 �L of copper bicinchoninate
and the reducing value is measured by the copper
bicinchoninate micro method.13 The unit of activity

(International Unit, IU) is defined as the number of
�moles of glycosidic bonds cleaved per min.

Amylase reaction in aqueous suspension. Each of the
starches (100 mg) was suspended in 970 �L of 50 mM
imidazole–HCl buffer (pH 6.5), containing 2 mM
CaCl2 and 0.02% w/v NaN3. The ratio of starch to
water was 1:10. Amylases (30 �L, 0.5–50 IU) were
added to the starch slurry and mixed. The reaction was
conducted at 37 °C, with occasional mixing. Samples
(20 �L) were taken at various times, centrifuged, and
the supernatants heated in a boiling water bath for 5
min to stop the reaction. The samples were then ana-
lyzed by quantitative TLC.

Amylase reaction in a low amount of water. Amylases
(30 L, containing 50 IU) were added with mixing to 100
mg of potato, maize, waxy maize, and amylomaize-7
starches in 65, 70, 80, and 95 �L, respectively, of 50
mM imidazole–HCl buffer (pH 6.5), containing 2 mM
CaCl2, and 0.02% (w/v) NaN3. The ratio of starch to
water was 1:1. The starch–enzyme mixture was incu-
bated at 37 °C in a closed vessel. The reaction was
stopped at various times by the addition of 10 �L of 1
M HCl. The starches were dried in a stream of air
(20 °C) for �15 h. The reaction mixtures were ana-
lyzed by the addition of 905, 900, 890, and 875 �L of
water to potato, maize, waxy maize, and amylomaize-7
starches, respectively, and allowed to stand 30 min at
20 °C and then centrifuged. The supernatants were
analyzed by quantitative TLC.

Quantitati�e thin-layer chromatography. Samples (1–
5 �L) were added to Whatman K5 silica gel (20×20
cm) plates. The plates were irrigated, using two ascents
(18.5 cm path length each) of 85:20:50:50 MeCN–
EtOAc–1-propanol–water.14 The carbohydrates on the
plates were visualized by dipping the plate into a
methanolic solution containing 0.3% (w/v) N-(1-naph-
thyl)-ethylenediamine and 5% (v/v) H2SO4, followed by
heating at 120 °C for 10 min.15 The D-glucose and
maltodextrins on the plate were quantitated, using an
imaging densitometer (BioRad, model GS-670) with
maltose standards (50–2000 ng).14

3. Results and discussion

The action patterns of PPA and BAA on amylose,
amylopectin, and maltodextrins have previously been
reported.11,12 Maltose (G2), maltotriose (G3), and
maltotetraose (G4) are known to be the primary prod-
ucts of the action of PPA.11 The primary products of
BAA are known to be G3, G6, and G7.12 The present
study shows that similar kinds of action patterns occur
for the action of PPA and BAA with starch granules in
aqueous suspension and in a minimum amount of
water (Tables 1–3). Starch granules from four sources,
maize, waxy maize, amylomaize-7, and potato were
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studied. These starches were selected for their represen-
tative characteristics and properties: maize starch is a
cereal grain starch that has 25% amylose and 75%
amylopectin; waxy maize starch or high amylopectin
starch has 100% amylopectin; amylomaize-7 starch or
high amylose starch has 70% amylose and 30% amy-
lopectin; and potato starch is a tuber starch with a large
granule and 20% amylose and 80% amylopectin.

As the amount of PPA was increased in the aqueous
suspension reaction (Table 1), D-glucose (G1) was
formed and G2 was increased; G3 was slightly de-
creased and G4 was significantly decreased. Similarly,
as the amount of BAA was increased, there was a
decrease in the amounts of G6, and G7, with an
increase in the amounts of G1, G2, G3, G5, and G8
(Table 1). These changes that occurred as the amount
of enzyme was increased are due to the secondary

hydrolysis of the primary products, G3 and G4 for the
PPA reactions and G6, G7, and G8 for the BAA
reactions.

At 50 IU PPA/g of starch granules, the reactions in
the aqueous suspension and the reactions in a minimum
amount of water gave primarily G1, G2, and G3 from
all four types of starch granules at 12 and 120 h of
reaction (Table 2). At 50 IU BAA/g of starch granules,
the reactions in the aqueous suspension and the reac-
tions in a minimum amount of water gave primarily
G1–G8 from all four types of starch granules, with a
predominance of G1–G5 from maize and waxy maize
starch granules at 12 and 120 h of reaction (Table 3).

In the aqueous suspension reaction at 50 IU PPA/g
of starch granules, maize and waxy maize starches were
converted into 71.4 and 73.6%, respectively, G1–G4
after 120 h of reaction, and in the minimum amount of

Table 1
Relative percent composition of maltodextrin products from maize starch hydrolyzed by different enzyme units of porcine
pancreatic alpha amylase (PPA) and B. amyloliquefaciens alpha amylase (BAA) after 24 h of reaction at 37 °C in an aqueous
suspension of 1:10 ratio of starch to water

G4G3G2 Total (%)G1 aU/g starchEnzyme G8G7G6G5

5.7 30.3 43.3 20.8 – – – –PPA 1000.5
10.2 41.8 42.15.0 5.9 – – – – 100

50 14.2 42.6 38.8 4.4 – – – – 100

BAA 1004.211.022.114.811.317.614.64.30.5
5.217.820.610.117.3 3.815.99.45.0 100

13.950 20.8 20.3 10.4 16.7 7.7 4.8 5.4 100

a G1, G2, G3, and so forth represent D-glucose, maltose, maltotriose.

Table 2
Weight percent of maltodextrin products from starch granules hydrolyzed by porcine pancreatic alpha amylase (50 IU/g of starch)
at 37 °C for 12 and 120 h in an aqueous suspension and in a minimum amount of water

Reaction type Starch Time (h) G1 a G2 G3 G4 Total (%)

32.00.5413.60Maize 14.20Aqueous suspension 3.7012
120 11.93Starch:water 1:10 34.03 23.53 1.91 71.4

Waxy maize 33.30.8914.4413.844.1612
120 12.10 33.39 25.70 2.43 73.6

18.80.177.159.162.3612Amylomaize-7
9.42 19.51 8.50 1.02120 38.4

0.12 12.54.545.981.83Potato 12
6.44 0.51 32.4120 8.66 16.75

10.40.27Maize 3.92Minimum water 4.501.7612
Starch:water 1:1 16.60.484.088.253.78120

0.214.004.38 10.01.4212Waxy maize
120 3.43 8.86 4.24 0.31 16.8

Amylomaize-7 12 1.30 3.98 2.55 0.13 8.0
14.80.032.288.673.80120

12Potato 0.93 3.25 2.22 0.05 6.4
120 9.90.001.775.902.20

a G1, G2, G3, and so forth represent D-glucose, maltose, maltotriose.
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Table 3
Weight percent of maltodextrin products from starch granules hydrolyzed by B. amyloliquefaciens alpha amylase (50 U/g of
starch) at 37 °C for 12 and 120 h in an aqueous suspension and in a minimum amount of water

StarchReaction type Time (h) G1 a G2 G3 G4 G5 G6 G7 G8 Total (%)

12 3.33 4.61 4.90 2.59Aqueous suspension 5.17Maize 2.49 1.13 1.27 25.5
120 13.86 23.23 22.07 7.70 6.33Starch:water 1:10 2.74 3.96 4.20 84.1

Waxy maize 12 2.98 4.18 4.35 2.50 5.41 2.55 1.45 1.76 25.2
120 13.39 21.38 19.69 6.76 6.57 2.28 4.65 5.20 79.9
12 2.05 3.21 3.60 1.85Amylomaize-7 3.26 1.11 0.50 0.52 16.1

120 7.91 12.38 11.21 4.16 3.03 1.05 1.28 1.45 42.5
12 1.40 2.06 2.12 1.18 2.09 0.66Potato 0.41 0.40 10.3

120 4.78 7.32 6.50 1.79 1.20 0.42 0.88 1.34 24.2

Minimum water Maize 12 2.00 3.43 3.06 1.25 1.49 0.77 0.55 0.51 13.0
120 4.63 7.95 5.90 1.61 0.80 1.04Starch: water 1:1 0.98 0.58 23.5
12 1.89 3.22 2.95 1.24Waxy maize 1.35 0.84 0.84 1.15 13.5

120 4.19 7.13 5.26 1.76 0.95 1.71 1.54 0.95 23.5
12 2.17 3.40 3.21 1.45 1.23Amylomaize-7 0.44 0.37 0.55 12.8

120 4.38 7.33 4.59 1.24 0.69 0.29 0.26 0.04 18.8
Potato 12 1.49 2.23 2.14 0.34 0.65 0.25 0.26 0.28 7.6

120 2.60 4.54 3.10 0.42 0.39 0.36 0.35 0.07 11.8

a G1, G2, G3, and so forth represent D-glucose, maltose, maltotriose.

water reaction, maize and waxy maize were converted
into 16.6 and 16.8%, respectively, G1–G4 after 120 h of
reaction (Table 2); in the aqueous suspension reaction,
50 IU PPA/g of starch granules, amylomaize-7 and
potato starches were converted into 38.4 and 32.4%,
respectively, G1–G4 after 120 h of reaction, and in the
minimum amount of water reaction, amylomaize-7 and
potato starches were converted into 14.8 and 9.9%,
respectively, G1–G4 after 120 h of reaction (Table 2).

In the aqueous suspension reaction at 50 IU BAA/g
of starch granules, maize, and waxy maize starches
were converted into 84.1 and 79.9%, respectively, G1–
G8 after 120 h of reaction, and in the minimum amount
of water reaction, maize and waxy maize were both
converted to 23.5%, G1–G8, after 120 h of reaction
(Table 3); in the aqueous suspension reaction, 50 IU
BAA/g of starch granules, amylomaize-7 and potato
starches were converted into 42.5 and 24.2%, respec-
tively, G1–G8 after 120 h of reaction, and in the
minimum amount of water reaction, amylomaize-7 and
potato starches were converted into 18.8 and 11.8%,
respectively, G1–G8 after 120 h of reaction (Table 3).

For both alpha amylases and both types of reaction
conditions, aqueous suspension and minimum amount
of water, the percent conversion to D-glucose and
maltodextrins was higher for maize and waxy maize
starch granules and significantly lower for amylomaize-
7 and potato starch granules. BAA gave higher percent
conversions in both types of reactions for three of the
starches (maize, waxy maize, and amylomaize-7) than
did PPA, with the exception of potato starch in which
PPA gave a slightly higher conversion than did BAA

(Tables 2 and 3). Both alpha amylases gave the reten-
tion of the shape and morphology of the granules for
all four types of starches, indicating that the reaction
was taking place inside the granule. In the reaction in
the aqueous suspension, the products diffused into the
aqueous supernatant, but in the reaction in the mini-
mum amount of water, a ratio of 1:1 of starch and
water, the products were retained inside the granule.
These products readily diffused when the granules con-
taining the products were suspended in an aqueous
solution.

The differences in the action patterns of PPA and
BAA are due to differences in the number of glucose-
binding subsites at the active site of the two enzymes.
PPA was shown to have a relatively small binding site
of five glucose subsites11 and BAA was shown to have
a binding site of nine glucose subsites, nearly twice that
of PPA.12 BAA has the catalytic site located between
subsites 3 and 4, giving three subsites to the right and
six subsites to the left of the catalytic site. PPA has the
catalytic site located between subsites 2 and 3, giving
two subsites to the right and three subsites to the left.
In addition, BAA was proposed to have a dual product
specificity in which after the initial cleavage of the
�-(1�4) linkage, either the chain to the right of the
catalytic site diffuses away and the remaining chain
bound to the enzyme diffuses into the three open
binding sites to give G3 as a product, or the chain to
the left of the catalytic site diffuses away and the
remaining chain bound to the enzyme diffuses into the
six open binding sites to give G6, G7, or G8 as prod-
ucts.12 PPA, on the other hand, has five binding sites
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with the catalytic site located between subsites 2 and 3,
with two subsites to the right and three subsites to the
left of the catalytic site.11 It has been shown that only
the chain to the right diffuses away after the initial
cleavage and the remaining chain to the left diffuses to
fill the two open binding subsites to give G2, G3, and
G4 as products in a multiple attack pattern.16

In conclusion, both PPA and BAA will catalyzed the
hydrolysis of starch granules to maltodextrins that were
characteristic of their unique action patterns. Two reac-
tion conditions were used, granules in an aqueous
suspension with a starch to water ratio of 1:10 and in a
minimum amount of water with a starch to water ratio
of 1:1. Reactions in the aqueous suspension gave a
much higher degree of conversion to 71–84%
maltodextrins than reactions in the minimum amount
of water that gave a relatively low degree of conversion
to 10–24% conversion of the granules to maltodextrins.
BAA gave 3–14% greater conversion of the granules
into maltodextrins than did PPA, with the exception of
potato starch. The four types of starches differed in the
degrees to which they were converted into maltodex-
trins in the two reaction conditions. Maize and waxy
maize starches were consistently converted into about
twice as much maltodextrins than were amylomaize-7
and potato starches.
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