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Abstract A putative α-amylase gene of Thermotoga petrophila was cloned and expressed in
Escherichia coli BL21 (DE3) using pET-21a (+), as an expression vector. The growth
conditions were optimized for maximal expression of the α-amylase using various parameters,
such as pH, temperature, time of induction and addition of an inducer. The optimum temper-
ature and pH for the maximum expression of α-amylase were 22 °C and 7.0 pH units,
respectively. Purification of the recombinant enzyme was carried out by heat treatment
method, followed by ion exchange chromatography with 34.6-fold purification having specific
activity of 126.31 U mg−1 and a recovery of 56.25 %. Molecular weight of the purified α-
amylase, 70 kDa, was determined by sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE). The enzyme was stable at 100 °C temperature and at pH of 7.0. The
enzyme activity was increased in the presence of metal ions especially Ca+2 and decreased in
the presence of EDTA indicating that the α-amylase was a metalloenzyme. However, addition
of 1 % Tween 20, Tween 80 and β-mercaptoethanol constrained the enzyme activity to 87, 96
and 89 %, respectively. No considerable effect of organic solvents (ethanol, methanol,
isopropanol, acetone and n-butanol) was observed on enzyme activity. With soluble starch
as a substrate, the enzyme activity under optimized conditions was 73.8 U mg−1. The α-
amylase enzyme was active to hydrolyse starch forming maltose.
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Introduction

The major carbohydrate storage product of terrestrial plants is starch which comprises an
important part of the food consumed worldwide. In addition to its direct use as food,
starch is also used in many industrial applications, such as manufacturing of high-
fructose corn syrups, glues, sizing agent for the paper industry, ethanol production, etc.
[1]. A very few of the numerous families of glycosidases and transglycosidases contain
starch degrading enzymes which are termed as GH families. The α-amylase family
(GH13) had been recognized very early [2–4] and includes enzymes that sometimes
share only very limited sequential similarity.

Due to more predictable, controllable and reliable properties of the microbial en-
zymes, they are favoured than other sources including animals and plants [5]. Amylases
are extensively dispersed in various sources including plants, animals, fungi and bacteria
due to their role in the breakdown of polysaccharides [6–13]. In most industrial appli-
cations, amylases are used at high temperatures, such as 110 °C because starch becomes
soluble only at 100 °C and higher temperatures [14]. Due to this reason in applied
research, hyperthermophilic archaea are appealing attention because their enzymes show
stability at very high temperatures [15]. To accomplish the demand of industries, the
expedition for thermostable amylases with novel properties is being explored continu-
ously [16, 17].

A variety of industrially important amylolytic enzymes have been produced by
many hyperthermophiles [15]. From various hot environments, a large number of
hyperthermophiles with more than 80 °C growth temperature have been isolated
[18]. To study adaptation to higher temperatures, cellulosic metabolic pathways and
microbial evolution, species of Thermotoga are considered as a model system [19].
Although there are many examples of amylase genes cloned and characterized from
other Thermotoga sp. into Escherichia coli [20, 21], very little information is avail-
able regarding cloning of α-amylase genes from Thermotoga petrophila into
mesophilic host. T. petrophila is a novel hyperthermophilic strain isolated from Kubiki
oil reservoir [22]. The genome of this organism bears seven genes that code for α-
amylases.

In the present study, cloning of one of the putative α-amylase gene from T. petrophila is
reported. Expression of the cloned gene was studied in the mesophilic E. coli strain BL21
(DE3). Further, the recombinant α-amylase was purified and characterized. To the knowledge
of the authors, this putative α-amylase gene from T. petrophila has been cloned, purified and
characterized for the first time.

Methodology

Selection of Bacterial Strains and Plasmids

From German collection of microorganisms and cell cultures, DSMZ, the genomic DNA of
T. petrophila was acquired. BL21 (+) of E. coli was used as host organism for expression of
pET 21a (+) vector which was maintained in Lysogeny Broth (tryptone 1 %, yeast extract
0.5 %, NaCl 1 %).
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Quantification of Genomic DNA and PCR Amplification

DNA quantification was carried out by spectrophotometric analysis using the spectro-
photometer (Cecil-CE7200, Aquarius, UK). α-Amylase gene of T. petrophila was
amplified by using the genomic DNA as template. By using the software DNASTAR,
a pair of forward and reverse primers was designed on the basis of available DNA
sequence information at NCBI database (Gene Bank accession no. KJ572116.1). The
sequences of the forward and reverse primers are as follows. NdeI and HindIII
restriction sites (shown in bold) were introduced at 5′ end of forward and reverse
primers, respectively.

Forward: 5′ GCCATATGCTTTTGAGAGAGATAAACCGATACTGC 3′
Reverse: 5′ GCTCACTCCTGTACAACAAGAACAAAATCAAGGGGT 3′
The 50 μl master mixture for PCR reaction contained 5 μl 10× Taq polymerase

buffer, 5 μl 200 μM dNTPs mixture, 5 μl 25 mM MgCl2, l μl 10 μM of each primer,
l μl Taq DNA polymerase (10 units), template DNA 1 μl and 31 μl deionized water.
Initial denaturation reaction was carried out for 5 min at 95 °C and then undergone
30 amplification rounds of 60, 90 and 60 s at 95, 54 and 72 °C, respectively. For
final extension, this was followed by an incubation of 20 min at 72 °C. The amplified
product was purified by using Thermo Scientific, GeneJET Gel Extraction Kit after
running on agarose gel.

Cloning of α-Amylase Gene in pET-21a (+)

Amplified product of α-amylase gene from T. petrophila was purified by using
Thermo Scientific GeneJET DNA purification kit. The purified PCR product was
double restricted with Thermo Scientific HindIII and NdeI by using 10× Tango buffer.
The double restricted amplified product of α-amylase gene was purified again by
using Thermo Scientific GeneJET DNA purification kit after running the agarose gel
electrophoresis.

The purified double restricted PCR product of T. petrophila α-amylase gene was
ligated into the NdeI and HindIII sites of pET-21a(+) by using Thermo Scientific T4
DNA ligase in its specific buffer (T4 DNA ligase buffer). The reaction mixture for
ligation contained the following: 1 μl 10× ligase buffer, 2 μl double restricted pET-
21a(+), 4 μl double restricted α-amylase gene and 0.5 μl T4 ligase. Further, this was
incubated at 22 °C overnight. The ligated product was then introduced into competent
cells of E. coli BL21 (DE3) which were prepared according to the method of Cohen
et al. [23]. According to this method, 1 % diluted culture of E. coli BL21 (DE3) was
centrifuged at 4 °C and treated with ice cold 50 mM calcium chloride when its
optical density reached at 0.6 at 600 nm, to make these cell permeable to external
DNA. Validation of positive clones was carried out by colony PCR as well as by
analysis of single restricted recombinant plasmid. The isolation of plasmid was carried
out by following the method of Birnboim and Doly [24] in which overnight grown
culture cells were harvested by centrifugation and treated with solution I (resuspension
buffer), solution II (lysis buffer) and solution III (neutralization buffer). Plasmid DNA
was precipitated by absolute ethanol and after washing with 70 % ethanol stored in
TE buffer.
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Expression of Recombinant α-Amylase Gene

For expression of the recombinant α-amylase enzyme, transformed E. coli BL21 cells
were cultured in LB broth (100 ml) containing 100 μg/ml of ampicillin to an optical
density of 0.5–0.7 at 37 °C. The cells were induced with 0.5 mM isopropyl-D-
thiogalactopyranoside (IPTG) and were grown for an additional 4 h at 37 °C. After
4 h, these cells were pelleted down by centrifugation for 10 min at 4 °C. Supernatant was
discarded and pellet was resuspended in Tris-HCl buffer (50 mM, pH 7.5 to 8). The cells
were lysed by using sonication heat system for 10 min and centrifuged for 10 min at
4 °C. The pellet was again resuspended in Tris-HCl buffer (50 mM, pH 7.5). Expression
of α-amylase enzyme was determined in both intracellular and extracellular fractions by
using 12 % sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
visualized after staining with Coomassie brilliant blue [25].

Quantification Assay

Enzyme quantification assay was performed by following dinitrosalicylic acid (DNS)
method [26] for determination of reducing sugars. The liberated reducing sugars were
measured by spectrophotometer (Cecil-CE7200, Aquarius, UK) at 550 nm. Maltose was
used as a standard. Unit of enzyme activity was defined as Bthe amount of enzyme that
liberates one μmole of reducing sugar per ml/min from substrate under assay
conditions^.

Total Protein Determination

Total protein estimation was performed by following the method of Bradford [27]. In 100 μl
enzyme sample, 5 ml of Bradford reagent and 900 μl phosphate buffer (0.05 M) were added. A
control was run simultaneously which contained 5 ml Bradford reagent and 1 ml phosphate
buffer (0.05 M). Absorbance was measured at 595 nm by using spectrophotometer (Cecil-
CE7200, Aquarius, UK). Bovine serum albumin was used as a standard for the estimation of
protein.

Optimization of Enzyme Expression

For maximum enzyme expression, different variables, such as temperature, pH, time of
induction and different IPTG concentrations were optimized. Several pH values (4.0–9.0) of
medium and different temperatures ranging from 16 to 42 °C were used and enzyme activity
was evaluated. Enzyme activity was also calculated after incubation of recombinant E. coli
BL21 (DE3) for different time periods between 1 and 7 h after induction with IPTG.
Concentration of IPTG was also optimized ranging from 0.1 to 0.6 mM. Standard deviation
values obtained by above-mentioned parameters were also calculated.

Effect of Time of Incubation on Enzyme Activity

To optimize the activity of recombinant enzyme, effect of time of incubation on enzyme activity
was studied. Enzyme alongwith substrate was incubated for different time periods ranging from
5 to 30 min.
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Enzyme Purification

Partial Purification by Heat Treatment

For partial purification of recombinant α-amylase, incubation was carried out at 70 °C for 1 h
with 50 mM Tris buffer pH 8. After 1 h, sample was transferred on ice for 15 min to obtain
maximum precipitation of host proteins which were later separated by centrifugation. The
partially purified protein was analysed by running SDS-PAGE.

Ion Exchange Chromatography

The partially purified enzyme was filtered through 0.4 μm pore size filter and applied to anion
exchange column (Bio-scale Mini Unosphere) which was equilibrated with 50 mM sodium
phosphate buffer (pH 7.5). The flow rate was upheld at 1.5 ml min−1. The protein elution was
carried out in 50 mM sodium phosphate buffer (pH 7.5) containing linear gradient of NaCl (0–
1 M). Elution fractions were analysed by SDS-PAGE analysis.

Determination of Molecular Mass

The molecular mass determination of purified α-amylase was performed by SDS-PAGE
analysis. SDS-PAGE electrophoresis (12 %) was accomplished by following Laemmli [25]
using ColorPlus pre-stained protein ladder, broad range (10–230 kDa). Coomassie brilliant
blue was used as staining dye for proteins visualization.

Characterization

Thermostability

Purified enzyme was characterized for its thermostability. The purified α-amylase was
analysed for its activity at wide range of temperatures (60 to 100 °C). To determine the
thermostability, the purified enzyme sample was incubated at 60, 70, 80, 90 and 100 °C
for 1–4 h without substrate, and the relative activity was measured under standard
conditions.

Effect of pH

The effect of pH on enzyme activity was determined by estimating α-amylase activity
at various pH values ranging from 4 to 9 pH units. Three different buffers—citrate
(0.05 M), phosphate (0.05 M) and glycine-NaOH (0.05 M)—were used. The stability of
enzyme for pH was estimated by placing the purified enzyme in respective buffer for 1
to 4 h at room temperature. The remaining enzyme activity was calculated at standard
enzyme assay conditions.

Metal Ions and EDTA Effect

The effect of EDTA and metal ions on activity of enzyme was measured by incubating the
purified enzyme with 1 mM solution of EDTA and chloride salts of different metal ions (Mg+2,
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Cu+2, Ca+2, Co+2, Ni+2, Na+1, K+1 and NH4
+1) at room temperature for 1 h. The relative

enzyme activity was determined using standard enzyme assay conditions.

Effect of Denaturing Agents

The influence of various inhibitors on activity of purified α-amylase was determined by
incubating the enzyme with various concentrations (1–4 %) of different inhibitors, i.e. SDS,
Tween 20, Triton X-100, β-mercaptoethanol, Tween 80 and urea, at standard assay conditions.
The relative activity of enzyme was measured in comparison to the control, enzyme activity
without inhibitor treatment.

Substrate Specificity

Substrate specificity of the α-amylase was measured by using 1.2 % (w/v) glycogen, soluble
starch, amylopectin, starch and dextrin from corn and starch from rice as substrates.

Effect of Organic Solvents

The effect of organic solvents (ethanol, methanol, isopropanol, acetone and n-butanol) on the
activity of purified α-amylase was calculated by incubating the purified enzyme with 10–40 %
(v/v) of these solvents at room temperature for 1 h. The relative enzyme activity was calculated
using standard enzyme assay conditions.

Analysis of Hydrolysed Product

Product hydrolysis was analysed by performing thin layer chromatography (TLC).
Solvent mixture was prepared by dissolving ethyl acetate/water/methanol in ratio of
40:15:20. Maltose and starch standards (10 mg/ml) were utilized and 50 μl enzyme
was prepared in solvent mixture and incubated with 1.2 % substrate at temperature with
maximum enzyme activity: i.e. 90 °C for 10 min. Reaction was stopped by placing
reaction mixture on ice after incubation. Standards (maltose and glucose) along with
reaction mixtures were spotted on TLC plates (Kiesel gel 60 F254; Merck) using micro
pipette at room temperature and were allowed to dry. It was then placed in solvent
mixture to travel upward through capillary action. When the solvent reached near top of
the plate, it was removed and silica plate was dried in oven for 15 min at 95 °C. Reduced
sugars were estimated by staining with potassium permanganate stain.

Statistical Analysis

Protected least significant difference method was used for the determination of treatment
effects [28]. Analysis of variance (ANOVA) was applied using software Costat.

Bioinformatics Studies

By using molecular evolutionary genetics analysis software (MEGA 5 Beta), phylogenetic
analysis was performed. To infer evolutionary relationship among sequences, neighbor-joining
method was used. Homology modelling for construction of tertiary structures of α-amylase

836 Appl Biochem Biotechnol (2016) 178:831–848



was carried out by Swiss Model server version 8.05 [29]. Promod-II was used for model
building which was based on the target template alignment.

Results

Cloning and Expression of α-Amylase Gene in pET-21a(+)

The concentration of genomic DNA acquired from DSMZ was estimated to be 90 ng/
μl. Amplification of α-amylase gene was performed by polymerase chain reaction
using specific primers. A 1914-bp band of α-amylase gene obtained after PCR
(Fig. 1) was removed from the gel and purified by using Thermo Scientific, GeneJET
Gel Extraction Kit. Purified PCR product obtained was double restricted with NdeI
and HindIII and, after purification, was ligated into the respective sites of pET-21a(+)
by using T4 DNA ligase. It was then transformed into the host bacterial cells of
E. coli BL21 (DE3). Single restriction of recombinant plasmid with HindIII produced
the single band of 7357 bp on agarose gel which confirmed the successful ligation of
α-amylase gene with pET 21a (+) vector that was transformed into the E. coli BL21
(DE3) (Fig. 1). Ligation was also confirmed through colony PCR. The accession no.
KT378295 for cloned α-amylase gene of T. petrophila was obtained from NCBI. α-
Amylase activity was investigated in both intracellular and extracellular samples. For
determination of α-amylase enzyme in intracellular samples, the bacterial cells were

Fig. 1 The agarose gel
electrophoresis of amplified
product of α-amylase and single
restriction of recombinant pET-21a
(+). Lanes 1 and 2 show the
GeneRulerTM DNA ladder mix
and amplified α-amylase gene
(1914 bp), respectively, while
lanes 6 and 7 show single restric-
tion of recombinant expression
vector (7357 bp), confirming the
successful ligation of α-amylase
gene in the expression vector

Table 1 Purification steps of recombinant α-amylase enzyme from T. petrophila

Purification steps Amylase
activity (U)

Total protein
contents (mg)

Specific activity
(U mg−1)

Purification fold Recovery %

Crude filtrate 1280 350 3.65 1.0 100

Heat treatment 1250 70 17.85 4.89 97.65

Anion exchange
chromatography

720 5.7 126.31 34.60 56.25
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lysed by using the sonicator. Quantitative analysis was performed by using DNS
method [26]. α-Amylase enzyme activity in intracellular samples was calculated to
be 2.5 U/ml/min.

Optimization of α-Amylase Expression

To increase the yield of α-amylase, the following parameters were studied:

Effect of Incubation Temperatures and pH Values

Effect of incubation temperature on the expression of α-amylase was determined by
incubating E. coli at different temperature ranging from 16 to 42 °C. Alpha amylase
activity was maximum (2.2 U/ml/min) at 22 °C. Increase or decrease of temperature
resulted in decrease of activity (Supplementary Fig. 1A). Similarly, effect of initial pH
on the enzyme expression was determined by changing the pH values from 4 to 9 of
culture medium for E. coli. Maximum α-amylase activity (2.23 U/ml/min) was
exhibited at pH 7.0. Decline in enzyme activity was observed with further increase
or decrease in pH value and enzyme activity was reduced to 0.521 U/ml/min at pH 9
(Supplementary Fig. 1B).

Effect of IPTG Concentrations and Induction Time

To improve the expression yield of α-amylase gene in E. coli, the effect of the concentration of
the inducer (IPTG) was also studied. Following a 4-h induction period with 0.2–0.7 mM IPTG,
the maximum enzyme activity (2.24 U/ml/min) was observed with 0.5 mM IPTG (Supple-
mentary Fig. 1C). Similarly, the effect of IPTG induction (1 to 7 h, 37 °C) on expression of α-
amylase was observed to be maximum (2.36 U/ml/min) after 4 h of incubation (Supplementary
Fig. 1D).

Fig. 2 SDS-PAGE analysis of the expression of cloned α-amylase gene. Lanes 1 to 8 represent
ColorPlus prestained protein ladder, broad range (10–230 kDa), extract of wild E. coli, non-induced
vector only, induced vector only, non-induced vector plus α-amylase gene, induced vector plus α-
amylase gene, partially purified cloned α-amylase in E. coli and purified cloned α-amylase in E. coli.
A distinct 70-kDa band present in lane 8 represents the purified recombinant α-amylase from
T. petrophila
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Time of Incubation

The effect of time of incubation at 85 °C (5–30 min) was studied; maximum enzyme
activity (3.562 U/ml/min) was achieved after 10 min of incubation (Supplementary
Fig. 4).

Purification of Recombinant Enzyme

The crude α-amylase enzyme was partially purified by heat treatment. Enzyme was
incubated at 70 °C for 1 h. All proteins of host cells (E. coli), denatured and
precipitated at high temperature, were separated by centrifugation at 10,000×g for

Fig. 3 Determination of α-amylase stability and substrate specificity. Effect of a temperatures (60–
100 °C); b pH; c metal ions; d inhibitors; e organic solvents; f substrate specificity. Standard errors of
the mean among three replicates are represented by error bars. The probability level of ≤0.05 is
statistically significant
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10 min. α-Amylase was further purified by anion exchange chromatography by using
Bioscale Mini Unospheres pre-packed column. The eluted fractions of α-amylase with
maximum specific activity were pooled together and were purified to 34.60-fold with a
specific activity of 126.31 U mg−1 (Table 1).

Molecular Mass Determination

The purified fraction of α-amylase enzyme was determined by SDS-PAGE analysis. The
apparent single band at 70 kDa was observed in purified fractions but no band at this position
was observed in the controls: non-induced vector only, vector induced with IPTG, cell lysate
of wild E. coli BL21 (DE3) and vector containing α-amylase gene which was not induced with
IPTG (Fig. 2).

Characterization

Temperature and pH Stability

The optimum temperature for α-amylase activity was found to be 85 °C (3.20 U/ml/
min). After pre-incubation (50–100 °C), relative activity of α-amylase enzyme was
calculated [30]. The result showed that purified enzyme retained 100 % relative activity
at 50, 60, 70 and 80 °C after 2 h of incubation (Fig. 3a, Table 2). The enzyme also
showed reasonable stability at 90 °C (85 %) and at 100 °C (78 %). After 4 h of
incubation, the relative activity of the enzyme was 80 % at 50 °C and 60 °C, 72 % at

Table 2 Salient features of purified recombinant α-amylase from T. petrophila in comparison with α-amylases
from other thermophiles

Sr. no. Organism’s name Features

Thermostability pH stability Metal ion
stability

Inhibitors
effect

Organic
solvent effect

1 Thermotoga maritima Up to 90 °C 6.5–8.5 Stimulated Stimulated Stable

2 Thermotoga
neapolitana

Up to 85 °C 5.0–8.5 Inhibited Stable –

3 Geobacillus
stereothermophilus

Up to 70 °C 6.0–8.0 – – –

4 Thermophilic
Micrococcus sp.

Up to 85 °C 1.0–8.0 Stable Stable –

5 Thermococcus
profundus

Up to 70 °C 5.9–9.8 Inhibited Slightly
inhibited

–

6 Thermobifida fusca Up to 70 °C – – – –

7 Thermus sp. Up to 60 °C 5.0–8.0 Inhibited except
Ca+2 and Na+2

Inhibited –

8 Rhodothermus marinus Up to 85 °C – – – –

9 Thermus filiformis
Ork A2

Up to 95 °C 4.0–8.0 Inhibited Stable –

10 Thermotoga petrophila
(present study)

Up to 100 °C 4.0–9.0 Stable Slightly
inhibited

Stable
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70 °C, 63 % at 80 °C, 54 % at 90 °C and 45 % at 100 °C. Measurement of the pH
stability (pH 4–9, 1–4 h) of purified α-amylase [31] indicated that the enzyme showed
a good stability at a wide pH range (Table 2). Maximum relative activity (100 %) was
obtained after 4 h at pH 7.0 (Fig. 3b). The enzyme exhibited 80 % relative activity at
pH 6.0 after 4 h and 70 % after 3 h at pH 8.0. The enzyme activity was drastically
decreased to 30 % at pH 9.0 after 1 h of incubation. At pH 4.0 and 5.0, the enzyme
activity was 20 and 30 %, respectively, after 1 h of incubation.

Effects of Different Metal Ions and EDTA

The effects of metal ions and EDTA were measured by incubating the purified enzyme
with 1–10 mM solution of EDTA and various metal ions (Mg+2, Ca+2, Co+2, Cu+2,
Na+1, K+1, NH4

+1, Hg+2 and Ni+2) at room temperature for 1 h [32]. α-Amylase
activity was increased to 150 % in the presence of calcium chloride (Fig. 3c,
Table 2). Other metal ions did not considerably affect the activity of purified recom-
binant α-amylase. However, the α-amylase activity was reduced to 86.33, 71.66, 62.66
and 98.8 % when incubated with 1 mM Mg+2, Ni+2, Co+2 and K+1 salts, respectively.
The incubation of enzyme with 1 mM EDTA resulted in the decreased relative activity
(58 %) and increased concentration (5–10 mM) of EDTA completely inhibited the
enzyme activity.

Fig. 4 The hydrolysed product of
α-amylase on TLC plate. Glucose
as standard in lane 1, maltose as
standard in lane 2, hydrolysed
product of α-amylase in lane 3 and
unhydrolysed substrate (starch) in
lane 4
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Effect of Inhibitors and Organic Solvents

After incubating with various inhibitors [33], the results showed that relative activity
was decreased to 53, 61 and 71 % when incubated with β-mercaptoethanol, Tween 80
and Tween 20, respectively, after 1 h incubation at the final concentration of 4 %
(Fig. 3d). A complete retardation of the activity of enzyme was examined with 4 %
SDS after 1 h incubation. Relative activity decreased up to 65 % in the presence of
2 % urea and 60 % in the presence of 2 % Triton X-100 after 1 h incubation.
Similarly, results showed that the enzyme was highly stable in the presence of
different organic solvents with concentration of 20 %, while higher concentrations
slightly inhibited the enzyme activity [34] (Fig. 3e, Table 2). The relative activity was
decreased to 87 % with acetone (40 %), 85 % with n-butanol (40 %) and 80 % with
isopropanol (40 %).

Substrate Specificity

The purified enzyme showed maximum activity (3.25 U/ml/min) with 1.2 % soluble starch.
However, less activity, such as 1.02, 1.021, 0.521, 0.5412 and 0.2145 U/ml/min was observed
with starch from corn, rice, glycogen, amylopectin and dextrin from corn, respectively, as
shown in Fig. 3f.

Analysis of Hydrolytic Product of α-Amylase

Thin layer chromatography technique was utilized for end product analysis of purified
enzyme. Standards for glucose, maltose and starch prepared in at a concentration of
10 mg/ml were run against purified enzyme sample on silica gel plates. By analysis of
TLC plates, it was observed that the end product of the purified recombinant α-amylase
was maltose (Fig. 4).

Phylogenetic Analysis

The phylogenetic tree was constructed by using neighbor-joining method from recom-
binant α-amylase protein sequence from T. petrophila and reference strains (Fig. 5). On
the basis of α-amylase protein sequence, it showed 97 % similarity with T. maritima
and 99 % similarity Thermotoga sp.

Fig. 5 Phylogenetic tree constructed by using neighbor-joining method from recombinant α-amylase gene
sequence of T. petrophila and reference strains (accession numbers are indicated). Nucleotide substitution rate per
site is indicated by scale bar
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Homology Modelling and Structural Analysis

Homology modelling was carried out using SWISS Model version 8.05. Template was
searched with Blast and HHBlits. The model was based on template 1gjuA (2.40 Å). The
sequence identity with template was 96.38 % and E-value was 0.00e−1. The catalytic domain
of the enzyme comprised of amino acids from 124 to 244. The sequence identity with template
was 96.38 % and E-value was 0.00e−1 (Fig. 6a, b).

Discussion

More than 25 % of the industrially important enzymes belong to the class amylases [35].
The importance of amylases is due to their potential application in a number of industrial
processes, such as paper, food, textiles industries [36], bread making [37], detergent,
ethanol, fructose syrups production [38], fruit juices [39], alcoholic beverages [40],
sweeteners [41], digestive aid and spot remover in dry cleaning [42]. The objective of
the present research work was cloning, expression, purification as well as characteriza-
tion of α-amylase gene obtained from strain of T. petrophila. An intracellular α-amylase
gene, AmyB from T. maritima MSB8 [21], and an extracellular α-amylase gene, AmyE
from Thermotoga neapolitana [43], were previously cloned and expressed into E. coli
followed by characterization of the enzyme. After cloning and purification, the molecular
weight of recombinant α-amylase was 70 kDa as determined by SDS-PAGE analysis.
Galdino et al. [44] cloned and expressed amylase gene from Cryptococcus flavus and
found the homogeneity on SDS-PAGE analysis with molecular mass 67 kDa. Purification
of cloned α-amylase was carried out by heat treatment and anion exchange chromatog-
raphy by using Bioscale Mini Unospheres pre-packed column which resulted in purifi-
cation fold up to 159.41 and 78.57 % yield (Table 1). Various studies showed
purification of amylases from different thermophiles such as Thermus filiformis,
Geobacillus sp. and Pyrococcus sp. by using anion exchange chromatography [45–47].

Fig. 6 a Predicted three-dimensional structure of cloned α-amylase of T. petrophila after homology modelling
using SWISS MODEL. b Amino acid residues of active site as well as Ca+2 binding site
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Purification fold (34.6) and percentage yield (56.25 %) obtained in this study were much
better than the previous reports. Chandra et al. [48] purified a thermostable α-amylase
from Alicyclobacillus acidocaldarius with purification fold of 8.138, and Yang and Liu
[34] reported α-amylase from Thermobifida fusca with percentage yield of 22 %.

A significant feature of this study was stability of purified α-amylase at a broad range of
temperature (50 to 100 °C) and pH range (Table 2). These are the two important external
physical factors which influence the enzyme activity. The temperature stability of α-amylase
observed in this work was rationally higher than other reported thermostable α-amylases from
T. maritima and Thermococcus profundus [30, 49].

Inflexible structures of temperature-tolerant enzymes are observed which are converted into
flexible form by high temperatures [32]. This feature of the amylases makes them attractive for
industrial applications. Enzymatic reaction of amylase is momentously dependent on pH value.
Also, the pH tolerance of purified amylase was studied widely for its use in many industries. The
purified α-amylase was moderately stable in acidic conditions (at pH 5 and 6) (Fig. 3b, Table 2).
Gandhi et al. [50] cloned and expressed an α-amylase from Geobacillus stearothermophilus
which retained its maximal activity at pH range of 6.0–8.0. However, Shaw et al. [6] reported pH
stability ofα-amylase from a Thermus sp. in a range of 5.0–8.0 while Gomes et al. [51] observed
optimum pH 6.5–7.0 for α-amylase activity in Rhodothermus marinus.

The addition of metal ions at the concentration of 1, 5 and 10 mM, except for Hg+2 and Cu+2

did not inhibit the enzyme activity at the lower concentrations. α-Amylase activity was increased
by 50 % with Ca+2 (Fig. 3c, Table 2). However, the addition of 1 mM metal chelating agent
EDTA decreased the enzyme activity up to 50 % and the enzyme activity was totally inhibited
addition with 10 mM EDTA. Addition of Hg+2 decreased α-amylase activity suggesting the thiol
group existence at the active site of enzymes. Hg+2 react with protein sulfhydryl groups and
residues of tryptophan and histidine as well as presence of cysteine residue at the active site of the
enzyme [52]. These properties indicate the metaloenzyme nature of the enzyme which is later
confirmed by the action of EDTA. Schumann et al. [53] reported a Ca+2-dependent amylase from
T. maritima. However, Park et al. [54] cloned an amylase from Thermotoga neopolitana which
was neither Ca+2-dependent nor showed any effect on addition of EDTA. Samie et al. [55]
reported an enhancement in the amylase activity from Micrococcus sp. in the presence of metal
ions while inhibition of the enzyme activity in the presence of EDTA.

The addition of 1 % (w/v) Tween 80, Tween 20 and β-mercaptoethanol did not consider-
ably affect the enzyme activity while higher concentrations showed the inhibition of enzyme
activity up to 60 % (Fig. 3d, Table 2). Increased concentration of β-mercaptoethanol caused
changes in the conformation of the enzyme in the active site by breaking disulfide bonds that
resulting in the loss of enzyme activity [56]. The addition of 1 % (w/v) SDS resulted in
decrease of the enzyme activity by 65 % and higher concentrations of SDS completely
inhibited the α-amylase. Total loss of enzyme activity with treatment of SDS indicates that
hydrophobic interactions must be important in maintaining enzyme structure [57]. Samie et al.
[55] reported that amylase from Micrococcus sp. was inhibited in the presence of various
surfactants, such as SDS, urea and PMSF.

In all enzymatic reactions, organic solvents are being used for solubilizing of hydrophobic
substrates [58]. The addition of the organic solvents at final concentration of 10 % showed a
great stability for α-amylases. With higher concentrations, slight inhibition of the activity of the
α-amylase was observed with relative activity of 90 %. The organic solvent-tolerant properties
demonstrate potential ability of the recombinant α-amylase of T. petrophila for use in starch
hydrolysing industries that produce ethanol, fructose, maltose and glucose syrups [59]. The
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recombinant α-amylase enzyme in this study showed enormous stability against the organic
solvents even at high concentrations (40 %) (Fig. 3e, Table 2). Almazo et al. [60] reported that
amylase activity from T. maritima was enhanced in the presence of methanol and butanol.

Among the tested substrates, α-amylase displayed highest activity with soluble starch, and
moderate activity for starch from rice and corn. Very little enzymatic activity was observed
with other substrates. Almost similar results for substrate specificity for α-amylase from
T. maritima were obtained [61].

Hydrolysis of soluble starch by α-amylase activity was demonstrated by thin layer chroma-
tography which resulted in the production of maltose as end product (Fig. 4). Classification of
amylases is also based on the starch hydrolysis products [31]. As maltose is the major end
product of the substrate catalysed by the recombinant α-amylase enzyme, it is therefore
classified as saccharifying maltogenic type. Similarly, identification of the α-amylase enzyme
was reported for Bacillus subtilis [33] and Clostridium acetobutylicum [62].

The catalytic site of α-amylase of T. petrophila contains two conserved amino acids,
Asp468 and Glu414, that are involved in the enzyme catalytic activity (Fig. 6a, b). These
conserved amino acids also play an important role in α-amylase catalytic function in
T. maritima, Bacillus licheniformis, Bacillus amyloliquefaciens and Alteromonas haloplanctis
[63–65]. In close vicinity to the catalytic site are present two conserved amino acids, Arg383
and Asn512, that perform a vital role in binding of Ca+2 that enhance the catalytic role of α-
amylase (Fig. 6b) [66]. We have demonstrated that in the presence of Ca+2 ions, the activity of
the α-amylase was increased by 50 % (Fig. 3c).

On the basis of all this study, it is suggested that the recombinant purified α-amylase
enzyme from T. petrophila could be a potential candidate for use in many industrial processes;
particularly, it could be helpful in starch saccharification due to the adaptive capability of the
α-amylase to withstand unreceptive conditions used in industrial processes.
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