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Abstract The purified α-amylase of Geobacillus thermoleovorans had a molecular mass
of 26 kDa with a pI of 5.4, and it was optimally active at 100 °C and pH 8.0. The T1/2 of α-
amylase at 100 °C increased from 3.6 to 5.6 h in the presence of cholic acid. The activation
energy and temperature quotient (Q10) of the enzyme were 84.10 kJ/mol and 1.31,
respectively. The activity of the enzyme was enhanced strongly by Co2+ and Fe2+;
enhanced slightly by Ba2+, Mn2+, Ni2+, and Mg2+; inhibited strongly by Sn2+, Hg2+, and
Pb2+, and inhibited slightly by EDTA, phenyl methyl sulfonyl fluoride, N-ethylmaleimide,
and dithiothreitol. The enzyme activity was not affected by Ca2+ and ethylene glycol-bis
(β-amino ethyl ether)-N,N,N,N-tetra acetic acid. Among different additives and detergents,
polyethylene glycol 8000 and Tween 20, 40, and 80 stabilized the enzyme activity, whereas
Triton X-100, glycerol, glycine, dextrin, and sodium dodecyl sulfate inhibited to a varied
extent. α-Amylase exhibited activity on several starch substrates and their derivatives. The
Km and Kcat values (soluble starch) were 1.10 mg/ml and 5.9×103 /min, respectively. The
enzyme hydrolyzed raw starch of pearl millet (Pennisetum typhoides) efficiently.
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Starch saccharification

Introduction

α-Amylase (E.C. 3.2.1.1) hydrolyses starch, glycogen, and related polysaccharides by
randomly cleaving internal α-1,4-glucosidic linkages and liberates different types of
oligosaccharides [1]. They are produced commercially in bulk from microorganisms, such
as Bacillus and Aspergillus, and represent about 25–33% of the world enzyme market that
occupies second place after proteases. Their main applications are in the production of high
fructose corn syrup, detergents, and baking and ethanol industries [1–3]. Among all industrial
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enzymes, hydrolytic enzymes account for 85% of the total. The market size was
approximately US$1.6 billions in 2002 and has witnessed ∼12% annual growth over the
last decade. It is expected that the market will continue to grow fast and reach US$3 billions
by 2008 [4]. The global market for starch-processing enzymes is around US$156 million and
the cost of the enzymes used in the liquefaction process represented 24% of the total process
cost [5]. Therefore, any improvement either in the enzyme purification/thermostability/
activity will have a direct impact in the process performance, economics, and feasibility [6].

The species of Bacillus have been widely used for the commercial production of
thermostable α-amylases. The most important characteristic of thermophilic organisms is
their ability to produce thermostable enzymes with a higher operational stability and a
longer shelf life [7]. The α-amylases presently used in starch saccharification require Ca2+

for activity and/or stability and the added Ca2+ must be removed from the product stream
by using ion exchangers. The compelling need for a novel α-amylase that does not require
Ca2+ has been emphasized [1]. Although the pure enzyme is not needed for industrial
applications, it is indispensable for studying structure–function relationships and
biochemical and kinetic properties [8].

We have recently shown an extremely thermophilic bacterium Geobacillus thermoleo-
vorans to secrete hyperthermostable, Ca2+-independent, and maltogenic α-amylase [9–12].
In this investigation, α-amylase of G. thermoleovorans was purified to homogeneity and
characterized. The concentrated enzyme was tested for its applicability in saccharification
of raw pearl millet starch.

Materials and Methods

Microorganism and α-Amylase Production

Geobacillus thermoleovorans NP54 was isolated from a water sample of a hot water spring
of the Waimangu Volcanic Valley (New Zealand). The culture is deposited at the Microbial
Type Culture Collection, Institute of Microbial Technology, Chandigarh (India) [MTCC
4220]. The partial 16S rRNA gene (500 nucleotides) of the strain showed 99% sequence
similarity with G. thermoleovorans (based on BLAST from GenBank). The partial 16 S
rRNA gene sequence of strain is deposited at the GenBank (AY 330699) and the culture has
been maintained as described earlier [11, 13].

The α-amylase was produced by cultivating the bacterial strain in 1,000-ml Erlenmeyer
flasks containing 200 ml of glucose-yeast extract-tryptone broth (in grams per liter: glucose
20.0, yeast extract 3.0, tryptone 3.0, MgSO4·7·H2O 1.0, K2HPO4 1.0, and NaCl 1.0 at
pH 7) and incubated for 12 h in an incubator shaker at 70 °C and 200 rpm. The culture
broth was harvested by centrifuging at 8,000×g for 15 min at 4 °C, and the cell-free
supernatant was used as the source of crude extracellular α-amylase.

α-Amylase Assay and Protein Estimation

The saccharogenic α-amylase activity was assayed by determining the reducing sugars
liberated from soluble starch according to the modified method of Bernfeld [14], by
incubating the reaction mixture containing 0.5 ml of 0.5% of soluble starch prepared in
phosphate buffer (pH 8.0) with 0.5 ml of appropriately diluted α-amylase for 10 min at
100 °C, and quantitating the liberated reducing sugars using dinitrosalicylic acid reagent.
One saccharogenic α-amylase unit is defined as the amount of enzyme required for the
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liberation of 1 μmol of reducing sugars as maltose per milliliter per minute under the assay
conditions. The specific enzyme activity (U/mg protein) of the enzyme samples was
calculated by determining the protein according to Lowry et al. [15] using bovine serum
albumin as the standard.

α-Amylase Purification

The crude enzyme filtrate was concentrated by lyophilization, reconstituted in phosphate
buffer (pH 8.0), followed by thermal precipitation at 100 °C and pH 8 for 2 h and storage
overnight at 4 °C. After centrifugation at 10,000×g for 20 min, the denatured protein
precipitate was decanted, and the supernatant was used for further enzyme purification by
ion exchange chromatography. The concentrated enzyme sample was loaded on to
preequilibrated swollen Q Sepharose (bead size 45–165 μm) (Sigma Chemicals Co., St.
Louis, MO, USA) column in 50 mM of Tris–glycine buffer (pH 8.0), and the protein
molecules were eluted with a discontinuous gradient of the buffer containing 0.1–0.5 M of
NaCl. The eluted protein was collected in 1.0-l fractions, and the protein content of the
fractions was determined by measuring absorbance at 280 nm and assayed for α-amylase.
The fractions showing enzyme activity were pooled and concentrated by vacuum
evaporation. The concentrated and dialyzed enzyme sample was applied on Sephadex G-
50 (Pharmacia) column (1.5×50 cm, void volume 20 ml) and the eluted protein was
collected at 1.0 ml at a flow rate of 1.0 ml/min.

SDS-PAGE and Molecular Mass Determination

The homogeneity of the α-amylase preparation was checked by silver staining on 10% (w/v)
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) [16]. Molecular
weight of the purified enzyme was determined using a SDS-PAGE and native
polyacrylamide gel electrophoresis (PAGE) (10% polyacrylamide gel). The purified protein
(10 μg/ ml) was run along with medium molecular weight protein markers: phosphorylase
(97), albumin (66), ovalbumin (45), carbonic anhydrase (30), trypsin inhibitor (20.1), and
α-lactalbumin (14.4) (obtained from Pharmacia Biotech). The activity was demonstrated by
native PAGE containing 1.0% soluble starch in 10% gel.

Isoelectric Focusing

Isoelectric focusing was carried out on 7.5% PAGE in LKB 2117 multiphor II, using
ampholines of 3010 (LKB Sweden). Electrofocusing was done on a prefocused pH 3–10
gradient native 7.5% PAGE (0.35 mm thick) containing 2.4% (w/v) ampholytes by
conducting at 2 mA per tube. The gel was stained by Coomassie brilliant blue R-250 and
the pI value was determined using Gel Works 1 D Intermediate Software (ampholytes and
pI markers were procured from Pharmacia Biotech).

Effect of pH and Temperature on α-Amylase Activity

The starch solution and enzyme dilutions prepared in different buffers of pH ranging
between 4 and 10 were used in the reaction mixtures and incubated at 100 °C. For assessing
the effect of temperature on enzyme activity, the reaction mixtures were incubated at different
temperatures [40–110 °C (oil bath was used for maintaining a temperature of 110 °C)]. The
effect of temperature on the rate of reaction was expressed as temperature quotient (Q10),
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which is the factor by which the reaction rate increases with rise in the temperature by 10 °C
(enzyme activity at 100 °C/enzyme activity at 90 °C).

Effect of Cations, Additives, and Inhibitors on Enzyme Activity

Cations (Ca2+, Co2+, Mn2+, Mg2+, Fe2+, Cu2+, Ba2+, Zn2+, Cd2+, Pb2+, and Hg2+ either as
sulfate/chloride salts) were incorporated into the reaction mixtures (1.0 and 5.0 mM) for
evaluating their effect on α-amylase activity.

The effect of Fe2+ on enzyme activity was studied by introducing 10 mM of Fe2+ into
enzyme sample and its subsequent removal by dialysis against EDTA (10 mM) in 0.1 M

Table 1 Stepwise purification details of α-amylase of G. thermoleovorans.

Steps Volume
(ml)

Total
activity

Total protein
(mg)

Sp. activity
(U/mg)

Yield
(%)

Fold
purification

Culture filtrate 500 11,500 1,400 8.21 100 1.0
Lyophilization 50 11,500 1,400 8.21 100 1.0
Thermal precipitation 50 11,500 110 104.5 100 12.7
Q Sepharose 5.0 850 2.5 340.0 7.3 41.4
Sephadex G-50 2.0 450 1.00 450.0 3.9 54.8
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Fig. 1 Elution profile of
α-amylase in a Q Sepharose ®
column and b Sephadex G-50
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phosphate buffer (pH 8.0). Similarly the effect of EDTA on enzyme activity was also
studied by introducing 10 mM of EDTA into enzyme sample and its subsequent removal by
dialysis against 0.1 M of phosphate buffer (pH 8.0).

The effects of additives [polyethylene glycol (PEG) 8000, dextran, glycine, propylene
glycol, and glycerol] were assessed by incorporating these (1 and 2%) into the reaction
mixtures. Ionic [sodium dodecyl sulfate (SDS)], nonionic detergents (Tween 20, Tween 80,
and Triton X-100), metal chelators (EDTA) (0.1 and 0.5%), ethylene glycol-bis (β-amino
ethyl ether)-N,N,N,N-tetra acetic acid (EGTA) (1.0 and 5.0 mM), and inhibitors [β-
mercaptoethanol, dithiothreitol, N-ethylmaleimide, and phenyl methyl sulfonyl fluoride
(PMSF)] were included in the reaction mixtures.

Action of α-Amylase on Different Substrates

Soluble starch was purchased from Merck India Pvt. Ltd. potato soluble starch, corn starch,
α-cyclodextrin, β-cyclodextrin, and amylopectin were procured from Sigma/Sigma-
Aldrich, USA, and the flours of wheat starch, rice starch, water chestnut (Trapa bispinosa),
and Pennisetum typhoides were from a local market. The efficiency of starch hydrolysis
was determined as Vmax/Km ratio. For determining the catalytic turnover number (Kcat) of
purified α-amylase, the assays were carried out at various concentrations of enzyme (0.5–
1.5 mg/ml) while keeping the substrate concentration (soluble starch) constant.

Thermostability, pH Stability, and Half Life of α-Amylase

Thermostability and half life of α-amylase were determined by incubating 50 ml of the
suitably diluted (dilutions were prepared in phosphate buffer at pH 8.0 and at concentration
of 10 U/ml) enzyme sample at 100 (with/without cholic acid, 0.03%), at 90 and 80 °C over
a period of 12 h, and subsequently assayed at 100 °C at the desired intervals. The pH

Fig. 2 Electrophoretic fraction-
ation of purified protein with
markers: a SDS-PAGE of marker
lane, b purified protein, and
c Zymogram showing zone of
hydrolysis on native PAGE
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stability of α-amylase (10 U/ml) was determined by subjecting it to different pH values
(0.1 M of acetate buffer for pH 4.0 and 5.0, 0.1 M of phosphate buffer for pH 6.0–8.0, and
0.1 M of Tris–glycine buffer for pH 9.0) over a period of 7 h, and subsequently assayed at
100 °C at the desired intervals.

Effect of Organic Solvents on Enzyme Activity

Different organic solvents were prepared in distilled water and added to the reaction
mixture at 10 and 20% concentration to study their effect on enzyme activity (enzyme
concentration 10 U/ml at pH 8.0).

α-Amylase Adsorption to Soluble Starch

One milliliter of enzyme sample containing 29 U/ml of pure α-amylase was incubated with
the buffer containing soluble starch (100–500 mg/ml) at 80 °C for 20 min. After
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centrifugation, the residual α-amylase activity of the supernatant was measured and
compared with the initial enzyme concentration. Adsorption rate was calculated according
to Kumar and Satyanarayana [8].

Activation Energy and Temperature Quotient

Thermal activation plots were then plotted from the regression of log K vs 1/T, and the
activation energy (Ea) of the purified enzyme was calculated.

Shelf Life of Enzyme

The shelf life of the α-amylase was determined by storing it at room temperature and 4 °C
and checking its residual activity at desired time intervals. Thermal activation was
performed by incubating the enzyme at 100 °C for 2 h, followed by centrifugation and
assay for α-amylase. The enzyme was also lyophilized and its activity was checked.
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Starch Saccharification

The slurry of 20 and 30% (w/v) raw starch of pearl millet (P. typhoides) was prepared in
phosphate buffer (0.1 M, pH 8.0), gelatinized at 105 °C for 5 min, followed by treatment
with α-amylase (5 U/g) for 6 h at 100 °C. The sugars liberated were determined using
anthrone reagent [17]. The hydrolysis of raw starch granules was followed under scanning
electron microscopy (SEM). The percent starch saccharification was calculated according to
Mishra and Maheshwari [18].

All the experiments were carried out in triplicate and their average values are presented.

Results and Discussion

Information on the kinetics, stability, and shelf life of an enzyme is mandatory in determining
its applicability in biotechnological industries [8]. Traditionally, α-amylases from various
bacterial species have been purified by conventional methods employing ammonium
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Table 2 Effect of additives, detergents, cations, and inhibitors on α-amylase activity.

Effect Relative enzyme activity (%)

Control 100
Additives
Dextran
1% 80.0±1.2
2% 76.0±1.4

Glycerol
1% 74.0±3.1
2% 73.3±3.1

Glycine
1% 87.0±1.9
2% 80.0±1.6

PEG 8000
1% 106.4±1.8
2% 93.5±1.4

Detergents
Cholic acid
0.1% 120.0±1.0
0.2% 110.0±1.7

SDS
0.1% 70.0±0.7
0.2% 42.0±2.1

Tween 20
0.1% 126.6±1.0
0.2% 131.8±1.6

Tween 40
0.1% 120.0±0.6
0.2% 125.0±2.1

Tween 60
0.1% 120.0±0.87
0.2% 124.0±2.0

Tween 80
0.1% 117.4±1.1
0.2% 120.1±1.6

Triton X-100
0.1% 80.0±1.7
0.2% 60.0±0.87

Divalent cations
Mg2+

1 mM 172.7±1.3
5 mM 100±1.0

Hg2+

1 mM 0
5 mM 0

Mn2+

1 mM 134.8±1.7
5 mM 100±0.61

Ba2+

1 mM 224.0±2.1
5 mM 100±0.9

Sn2+

Appl Biochem Biotechnol (2007) 142:179–193 187



sulfate, ethanol, and acetone precipitation [19, 20]. These methods not only require a
prolonged purification but also give a lower enzyme yield. In contrast, thermal precipitation
is a rapid procedure that when applied for purification of α-amylase of an extreme
thermophile G. thermoleovorans, yielded 12-fold purification in a single step. The α-
amylase was purified 54.8-fold from the culture filtrate (Table 1). The purified enzyme
appeared homogenous on the basis of the identical protein and activity profiles after the
final anionic (Fig. 1a) and gel filtration chromatography (Fig. 1b). The monomeric α-

Table 2 (continued)

Effect Relative enzyme activity (%)

1 mM 0
5 mM 0

Fe2+

1 mM 272.0±1.8
5 mM 171.0±1.3

Fe3+

1 mM 270.0±1.4
5 mM 165.0±1.2

Co2+

1 mM 306±1.28
5 mM 150±1.43

Pb2+

1 mM 80.0±0.24
5 mM 20.0±0.45

Ca2+

1 mM 100±0.86
5 mM 100±0.37

Ag+

1 mM 140±0.36
5 mM 145±0.25

Al3+

1 mM 49.0±0.37
5 mM 20.0±0.62

Cu2+

1 mM 80.0±0.45
5 mM 20.0±0.56

Ni2+

1 mM 122.7±1.7
5 mM 100±0.67

Zn2+

1 mM 95.0±0.96
5 mM 80.0±1.3

Inhibitors 1mM 5mM
Dithiothreitol 50.0±1.0 30.0±0.32
N-Ethylmaleimide 0 0
β-Mercaptoethanol 100.0±0.54 100.0±0.65
Iodoacetate 40.0±0.36 22.0±0.32
Phenylmethanesulfonyl fluoride 30.0±0.43 24.0±0.44
EGTA 100.0±0.43 100.0±0.67
EDTA 64.0±0.38 40.0±0.24
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amylase had a molecular mass of 26 kDa (Fig. 2) with a pI of 5.4. The molecular mass of α-
amylase of G. thermoleovorans is very close to that of Bacillus licheniformis (28 kDa) [20].

Although enzyme thermostability is an intrinsic property dictated by its primary
structure, many external factors, including ions, influence the thermostability and activity.
Majority of α-amylases are active and stable at slightly acidic or neutral pH. However, a
few alkalophilic α-amylase-producing strains have also been reported [21, 22]. The
amylase of Bacillus sp. TS-23 was optimally active at pH 9.0 [23]. The Ca2+-independent
α-amylase of G. thermoleovorans was active in a broad pH range with an optimum at 8.0
(Fig. 3a), which is similar to those from Pseudomonas stutzeri and Pseudomonas
saccharophilia [24]. α-Amylase of G. thermoleovorans was stable at pH 8.0 for 10 h at
100 °C as reported for that of Bacillus circulans G-6 [25]. Approximately 50% of the
residual activity was recorded when the enzyme was exposed to pH 6.0 and 7.0 for 4.5 and
7.5 h, respectively (Fig. 3b).

The enzyme activity enhanced consistently with increase in temperature from 40 to
100 °C, and thereafter it declined (Fig. 4a). Arrhenius plot suggested that beyond transition
point (100 °C), Vmax declined, indicating its inactivation beyond 100 °C (Fig. 4b). The
enzyme also exhibited high thermostability. Half life of the enzyme increased from 3.6 to
5.6 h with cholic acid at 100 °C (Fig. 4c). T1/2 values of the enzyme at 80 and 90 °C were
26.5 and 8.0 h (Fig. 4d). For α-amylase of B. circulans GRS 313, the T1/2 values at 60 and
70 °C were 80 and 30 min, respectively [26]. An amylase from Bacillus sp. MD 124 was
stable only for 60 min at 65 °C [27].

Among the cations tested, α-amylase activity was stimulated strongly by Co2+ and Fe2+,
and slightly by Mn2+, Ni2+, Ba2+, and Mg2+. The enzyme activity was inhibited strongly by
Sn2+, Pb2+, and Hg2+, and slightly by Zn2+ and Cu2+. Although α-amylase was stimulated

Relative enzyme activity (%)

10% Solvent 20% Solvent

Control 100.0±0.65 100.0±0.45
Acetone 100.0±0.26 100.0±0.55

Methanol 74.0±0.78 55.0±0.75
Ethanol 64.4±0.26 60.0±0.38

Propanol 25.0±0.54 14.0±0.21
Butanol 20.0±0.77 –
Benzene 60.0±0.39 –
Chloroform – –

Table 3 Effect of organic
solvents on α-amylase activity.

Table 4 Effect of Fe2+ and EDTA on α-amylase from G. thermoleovorans.

Sample Relative enzyme activity (%)

5mM 10mM

Enzyme (undialyzed) 100
Enzyme +EDTA 60.0±0.65 40.0±0.75
Enzyme +EDTA (dialyzed against 0.1 M phosphate buffer) 100.0±0.32 100.0±0.34
Enzyme + EDTA + Fe2+ 90.0±0.77 100.0±0.43
Enzyme + Fe2+(dialyzed against EDTA) 100.0±0.98 100.0±0.93
Enzyme + Fe2+ 272.0±0.76 171.0±0.65
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by several metal ions, none of them were absolutely required for its activity and stability.
Sn2+, Pb2+, and Hg2+ completely inhibited α-amylase of B. circulans GRS 313 [26, 28].
There was 100% inhibition of enzyme activity in the presence of Hg2+, indicating the
presence of thiol or carboxyl groups in the enzyme molecule. α-Amylase activity was
stimulated by Co2+ and Mg2+ as in B. circulans GRS 313 [26]. Cu2+ has been reported to
inhibit the amylase activity of B. circulans [25], Bacillus coagulans [29] and B.
licheniformis [26]. The occurrence of Ca2+-independent amylase has been reported in B.
circulans [31], Bacillus acidocaldarius [30] and Bacillus brevis [31]. Ba2+ exhibited a
positive effect on the enzyme activity as reported in the thermophilic fungus Thermomyces
lanuginosus strain ATCC 34626 [32].

All the tested additives except PEG 8000 inhibited α-amylase activity. Among
detergents, Tween 20, 40, and 80 stabilized enzyme activity (Table 2). Sodium dodecyl
sulfate inhibited α-amylase activity even at lower concentration (0.1%) as observed in
amylopullulanase of G. thermoleovorans NP33 [33]. The α-amylase of G. thermoleovorans
was sensitive to Triton X-100. The surface active agents might have increased the turnover
number of α-amylase by increasing the contact frequency between the active site of the
enzyme and substrate by lowering the surface tension of reaction mixture [34]. The enzyme
exhibited high tolerance to acetone compared to other organic solvents (Table 3).
Thermostable enzymes are known to be resistant to organic solvents and detergents [35].
Nearly 40% inhibition of α-amylase activity of G. thermoleovorans by EDTA was
recorded. In Thermus sp., EDTA inhibited α-amylase activity completely [36]. The α-
amylase of G. thermoleovorans was inhibited when α-amylase was preincubated with
EDTA, but the subsequent removal of EDTA by dialysis restored its activity. The enzyme
activity was stimulated by Fe2+ (Table 4). When EDTA and Fe2+ were used together in the
reaction mixture, there was no observable effect on the enzyme activity. These observations
suggested that EDTA does not appear to act as a chelating agent but it might change
conformational structure of α-amylase that led to lowering of the enzyme activity as

Substrate Relative enzyme activity (%)

Soluble starch 100.0±1.1
Rice starch 98.0±0.9
Starch of pearl millet 83.0±1.4
Corn starch 80.8±1.0
Potato starch 79.6±0.45
Wheat starch 76.9±0.76
Water chestnut 75.7±0.77
Amylopectin 66.1±0.9
Pullulan 41.1±1.1
α-Cyclodextrin 9.2±0.28
β-Cyclodextrin 0

Table 5 α-Amylase action of on
different substrates.

Table 6 Apparent kinetic constants and efficiency of starch hydrolysis of α-amylase.

Substrate Km (mg/ml) Vmax (μmol mg1 min1) Starch hydrolysis efficiency

Potato starch 0.90 410 455.5±1.21
Soluble starch 1.11 500 454.5±1.24
Rice raw starch 0.90 416 462.0±1.22
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Fig. 5 Scanning electron micro-
graph showing the hydrolysis of
raw starch granules by the α-
amylase of G. thermoleovorans.
a untreated starch granules,
b a hydrolyzed portion of the
granule in 2 h, and c almost 72%
hydrolyzed starch granule
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reported in Haloferax mediterranei [37]. There was no loss in enzyme activity by EGTA,
suggesting that Ca2+ is not required for α-amylase activity of G. thermoleovorans. The
inhibition of α-amylase of G. thermoleovorans by PMSF suggested the importance of the
seryl hydroxyl group in enzyme catalysis. Dithiothreitol inhibited the α-amylase activity,
suggesting a possible role of disulfide linkages in maintaining the conformation of G.
thermoleovorans α-amylase. The strong inhibition of α-amylase by N-ethylmaleimide
revealed the importance of cysteine residues either for activity/binding/retaining the
conformation of amylase of G. thermoleovorans. The pI value (5.4) of the α-amylase of G.
thermoleovorans was close to that of Streptomyces megasporus strain SD12 [38], and
almost double to that of alkaliphilic Bacillus KSM-1378 (9.0) [39]. The activation energy
of the purified α-amylase of G. thermoleovorans (84.10 kJ/mol) is higher than that of B.
circulans GRS 313 (7.52 kcal/mol) [26] and Mucor sp. (11.13 and 37.5 kcal/mol) [40].

The enzyme exhibited a broad substrate specificity because it acted on all the substrates
tested, except the β-cyclodextrin (Table 5). The Km of α-amylase of G. thermoleovorans
was lower (Table 6) than those of Aspergillus oryzae EI 212 (3.86 mg/ml) [41], Lipomyces
kononenkoae (2.7 mg/ml) [42], Bacillus flavothermus (2.2 mg/ml) [43], and Bacillus
thuringiensis (0.37, 14, and 4.3 mM) [44]. The low Km value of α-amylase of G.
thermoleovorans is similar to that of B. coagulans [29]. Kinetic linearity was determined by
plotting liberation of reducing sugars vs time (results are not shown). A linear response over
time was observed for the first 10 min, after which it leveled off as observed in B.
coagulans [29]. The α-amylase activity of G. thermoleovorans was observed to be linear in
the range between 0.1 and 1.5 mg/ml protein. The Kcat of the enzyme, as computed from
the kinetic linearity experiment, was 5.9×103/min.

When 20 and 30% raw pearl millet starch were treated with α-amylase for 3 h; the sugar
yields were 68 and 55.8%, respectively. On extending treatment with α-amylase for 6 h, the
sugar yields were 72 and 63%, respectively. These values are higher than those reported by
other workers [18]. Scanning electron micrographs of raw pearl millet starch incubated with
the enzyme revealed hydrolysis of starch grains (Fig. 5).

The enzyme (75.8%) was adsorbed to soluble-starch. Kanlayakrit et al. [16] and Kumar
and Satyanarayana [8] have also reported similar observations for glucoamylases of
Rhizomucor pusillus and Thermomucor indicae-seudaticae, respectively. The enzyme
retained 100% activity for 6 months at 4 °C and at room temperature. There was no loss of
activity when the enzyme was lyophilized as reported for pancreatic α-amylase [45]. The
raw starch hydrolyzing ability, its activity on several starch substrates, high thermostability,
independent of Ca2+ for its activity/stability, and broader pH range make the α-amylase of
G. thermoleovorans a good candidate for industrial application in starch saccharification.
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