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The a-amylases from Anoxybacillus species (ASKA and ADTA), Bacillus aquimaris (BaqA) and Geobacillus
thermoleovorans (GTA, Pizzo and GtamyII) were proposed as a novel group of the a-amylase family GH13.
An ASKA yielding a high percentage of maltose upon its reaction on starch was chosen as a model to study
the residues responsible for the biochemical properties. Four residues from conserved sequence regions
(CSRs) were thus selected, and the mutants F113V (CSR-I), Y187F and L189I (CSR-II) and A161D (CSR-V)
were characterised. Few changes in the optimum reaction temperature and pH were observed for all
mutants. Whereas the Y187F (t1/2 43 h) and L189I (t1/2 36 h) mutants had a lower thermostability at 656C
than the native ASKA (t1/2 48 h), the mutants F113V and A161D exhibited an improved t1/2 of 51 h and
53 h, respectively. Among the mutants, only the A161D had a specific activity, kcat and kcat/Km higher (1.23-,
1.17- and 2.88-times, respectively) than the values determined for the ASKA. The replacement of the
Ala-161 in the CSR-V with an aspartic acid also caused a significant reduction in the ratio of maltose formed.
This finding suggests the Ala-161 may contribute to the high maltose production of the ASKA.

M
ost a-amylases (EC 3.2.1.1) belong to family 13 of glycoside hydrolases (GH13)1,2. The polyspecific family
GH13 covering more than 30 different amylolytic and related enzyme specificities with nearly 16,000
sequences ranks among the largest of the GH families2. It is also the main a-amylase family of the a-amylase

CAZy clan GH-H that is formed by the families GH13, GH70 and GH773–7. The family GH13 has been divided into
curator-based subfamilies (currently 40)8, although some of them were previously established9,10, and others have not
yet been established11. a-Amylase is a very common enzyme produced by most living organisms3. Because it is
necessary for the digestion of complex starchy substrates in living systems12, it is also important in various branches
of industrial production13,14. In addition to other bacterial producers, several Anoxybacillus species have been shown to
produce a-amylases with potentially industry-desired properties including the ability to digest raw starch15–19.

Recently, we described the biochemical properties of two Anoxybacillus a-amylases produced by the closely
related Anoxybacillus sp. SK3-4 (ASKA) and Anoxybacillus sp. DT3-1 (ADTA)18. Interestingly, although both
these a-amylases belong to the maina-amylase family GH13, the phylogenetic tree clearly demonstrates that their
cluster is independent of all existing GH13 subfamilies18. A few other a-amylases exhibiting close relatedness to
ASKA and ADTA were reported, i.e., those from B. aquimaris11 and G. thermoleovorans20–22. This novel, currently
undefined GH13 subfamily of a-amylases may be most closely related to subfamily GH13_1 of extracellular
fungal a-amylases2. It, however, can be distinguished from other GH13 subfamilies with the a-amylase specificity
by the exclusive presence of two consecutive tryptophan residues (Trp-201 and Trp-202; B. aquimaris a-amylase
numbering) positioned at helix a3 of the catalytic TIM-barrel domain11. Of the three a-amylases from G.
thermoleovorans, two of them are identical (amyA from the strain PizzoT and GTA from the strain CCB US3
UF5)21,22 and share 94% sequence identity with the third one (Gt-amyII from the strain MTCC 4220)20.

A preliminary inspection of the CSRs revealed that several positions are not conserved in ASKA when
compared with a-amylase counterparts from other GH13 subfamilies. The main goal of the present study was
to determine the function of some distinct amino acid residues in the ASKA CSRs using site-directed mutagen-
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esis. These residues including Phe-113 in CSR-I, Tyr-187 and Leu-
189 in CSR-II, and Ala-161 in CSR-V (ASKA numbering) were
substituted with valine, phenylalanine, isoleucine, and aspartic acid,
respectively, which are more conserved in other GH13 subfamilies
containing the a-amylase specificity.

Results
Analysis of the conserved sequence regions of a-amylases. ASKA,
ADTA, Pizzo, GtamyII, GTA and BaqA a-amylases phylogenetically

cluster together, creating a new GH13 subfamily. Other homologs of
this subfamily are summarised in Table 1, based on the BLAST
results (see the Methods section). Most of these a-amylases are not
well characterised. Using the thirty-six a-amylases shown in Table 1,
seven conserved sequence regions (CSRs) typical for the members of
this new a-amylase family GH1323 were identified in these sequences
and the weblogo covering the CSRs was created (Figure 1).
Compared with the representatives of this new GH13 subfamily,
ASKA and all its closely homologous subfamily counterparts have

Table 1 | Sequences of the GH13 a-amylase subfamily represented in this study by ASKA. The length shown is the total number of amino
acids

No. Organism GenBank UniProt Length CAZy

1 Anoxybacillus sp. SK3-418 AFI49455.1 I1VWH9 505 Yes
2 Anoxybacillus sp. DT3-118 AFI49456.1 I1VWI0 505 Yes
3 Anoxybacillus sp. GXS-BL AEQ38578.1 G4Y5W9 505 Yes
4 A. flavithermus AK1 EMT46721.1 M8D7E8 505 No
5 A. kamchatkensis WP_019417912.1 UPI0002F2C1C0 504 No
6 A. flavithermus TNO-09.006 ELK21122.1 M5JAR3 504 No
7 A. flavithermus NBRC 109594 GAC90171.1 R4F9M5 505 No
8 A. flavithermus DSM 21510/WK1 ACJ34547.1 B7GLU6 505 Yes
9 Bacillus sp. m3-13 WP_010192073.1 UPI0001E8973B 517 No
10 Paenisporosarcina sp. TG-14 WP_017381610.1 UPI0003096FF2 514 No
11 Geobacillus sp. GHH01 AGE21200.1 L7ZU32 511 Yes
12 G. caldoxylosilyticus WP_017436518.1 UPI0002F1817B 510 No
13 Geobacillus sp. WCH70 ACS23590.1 C5D6S3 510 Yes
14 Geobacillus sp. POT5 ABL77406.1 A8QL62 514 Yes
15 Ornithinibacillus scapharcae WP_010094264.1 UPI000225AA66 506 No
16 B. oceanisediminis WP_019381460.1 UPI0002D7E70C 512 No
17 B. infantis NRRL B-14911 AGX03407.1 U5L9V5 513 Yes
18 Bacillus sp. 2_A_57_CT2 EFV78894.1 E5WEA3 512 No
19 G. kaustophilus GBlys GAD14452.1 U2X6P3 513 No
20 Geobacillus sp. G11MC16 EDY07654.1 B4BIQ2 511 No
21 Geobacillus sp. GXS1 ACK58047.1 B7UDC2 513 Yes
22 Geobacillus sp. Y412MC61 ACX78152.1 C9RXK9 511 Yes
23 B. firmus DS1 EWG12544.1 UPI0003EB955E 512 No
24 Geobacillus sp. MAS1 ESU72338.1 V6VD05 513 No
25 G. thermoleovorans CCB_US3_UF521 AEV18110.1 G8N704 511 Yes
26 Clostridiaceae bacterium L21-TH-D2 EOD00789.1 R1CVX1 496 No
27 Geobacillus sp. C56-T3 ADI27796.1 D7D2F9 511 Yes
28 Geobacillus sp. JF8 AGT31044.1 S5YWG2 511 Yes
29 G. thermoleovorans NP5420 AFK08971.1 I3QII4 513 Yes
30 Geobacillus sp. WSUCF1 EPR28542.1 S7SUP4 513 No
31 G. kaustophilus HTA426 BAD74992.1 Q5L238 513 Yes
32 Bacillus coahuilensis WP_010171518.1 UPI0001850CB5 445 No
33 G. thermodenitrificans NG80-2 ABO65996.1 A4IKZ2 511 Yes
34 B. boroniphilus JCM 21738 GAE45850.1 W4RN42 510 No
35 B. aquimaris MKSC 6.211 AER68125.1 G8IJA7 512 Yes
36 Spirochaeta sp. L21-RPul-D2 AHC13589.1 V5WDG2 490 Yes

Figure 1 | Sequence logo for the seven CSRs of the GH13 subfamily represented by ASKA. CSR-I, residues 10–15; CSR-II, residues 23–31; CSR-III,

residues 32–39; CSR-IV, residues 40–45; CSR-V, residues 16–20; CSR-VI, residues 1–9; and CSR-VII, residues 46–54. The two characteristic, consecutive

tryptophans are also shown. The catalytic triad of the GH13 family, i.e., the catalytic nucleophile (No. 27, aspartic acid), the proton donor (No. 36,

glutamic acid) and the transition-state stabiliser (No. 45, aspartic acid) are indicated with asterisks. The logo is based on the sequences of 36 proteins

including both the characterised a-amylases and very similar hypothetical proteins (Table 1). The corresponding ASKA CSR sequences are stated above

the logo and the mutated residues described in this study are shown in red.
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similar CSRs (Figure 1). A separate weblogo with a-amylase
sequences from earlier known GH13 subfamilies was built and
compare with ASKA’s CSRs (Figure 2). ASKA clearly contains
different residues in several positions of the CSRs (Figure 2). To
investigate their functional role, Phe-113, Ala-161, Tyr-187, and
Leu-189 of ASKA were thus selected and replaced with valine,
aspartic acid, phenylalanine, and isoleucine, respectively. A total of
four single-point mutant a-amylases were designed and denoted as
F113V, A161D, Y187F, and L189I (Table 2).

Figure 3a illustrates the position of CSR-I to CSR-VII in silico. Phe-
113 is the second residue of CSR-I (Figure 1; position 11 in the logo),
which is located on strand b3 of the catalytic (b/a)8-barrel domain
A23. This position was chosen for the mutagenesis study because a
valine or other aliphatic hydrophobic residue has frequently been
observed at the corresponding position, e.g., in the a-amylases from
subfamilies GH13_1 (fungi), GH13_5 (liquefying enzymes from bac-
teria), GH13_6 (plants) and GH13_7 (archaeons)23,24. The next two
mutant positions, Tyr-187 and Leu-189 (logo positions 24 and 26,
respectively; Figure 1), are residues from CSR-II, which covers strand
b4 of the catalytic barrel23. While the former position is well-
conserved as an aromatic one throughout the entire a-amylase family
GH13, it is mostly occupied by phenylalanine or tryptophan23,24 and
the presence of the tyrosine (Figure 2) here in ASKA seems to be
unique for the GH13 subfamily11. Because tryptophan is highly char-
acteristic of the GH13 subfamilies 6 and 7, which include plants,
archaeons and flavobacteria23–25, phenylalanine, which is found in
the GH13 subfamilies 15 and 24 (animals) as well as 27, 28, 32 and
36 (various groups of bacteria), was chosen as the substitute for Tyr-
187 in the mutant. The latter mutant position in CSR-II, Leu-189, is a
conserved position, but if it is replaced then isoleucine (Figure 2) is

often found23,24. The fourth residue selected for mutation, Ala-161, is
positioned in CSR-V near the C terminal of domain B, i.e., in the loop
connecting stand b3 to helix a3 of catalytic (b/a)8-barrel domain A23.
Although various residues can be seen at that position, aspartic acid
or asparagine may represent a consensus23,24. It should therefore be of
interest to investigate the role the alanine may play in ASKA
(Figure 1; position 20 in the logo) because an alanine is typically
present in the corresponding position only in the animal a-amylases
(from vertebrates) from the subfamily GH13_2423.

Characterisation of the mutant a-amylases. The purified enzymes
were subjected to sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) to determine the purity of the
proteins (Figure 4). The mutant enzymes were pure with single
bands at the molecular mass of 50 kDa in agreement with that of
native a-amylase18. The zymogram analysis was performed using
native PAGE, and the gel was stained with iodine solution. For all
the enzymes, a single, clear band was observed upon staining. The
zymogram of the purified proteins shows that the mutant enzymes
retained amylolytic activity (Figure 4a). After the purification
procedures, the enzyme activity and the protein concentration for
all a-amylase variants were determined, and the specific activity of
each a-amylase variant was calculated (Table 2).

The effect of temperature on the activity of the ASKA and mutant
variants was tested at temperatures ranging from 30 to 90uC at pH 8.0
(Supplemental file). The optimum reaction temperature for all the a-
amylase variants was 60uC. None of the amino acid substitutions
affected the optimum temperature activity. At 70uC, the enzymes
maintained 54–87% of the initial activity. As the incubation temper-
ature rises, the activity of the enzymes drops to 13–24% at 80uC and
10–18% at 90uC. Compared to ASKA, mutants Y187F and L189I had
a slight decline in activity of approximately 32% and 23%, respect-
ively at a temperature of 70uC. The thermostability of the enzymes
was studied at the temperatures of 60uC and 65uC for 72 h. The
activity half-life of all mutants at their optimum temperature of
60uC is unaffected by the mutation (Supplemental file). The mutant
A161D retained 94.6% of its total activity after 72 h of incubation at
60uC, and this value is slightly higher compared to ASKA, which
retained 91% of its activity. The activity half-life at 65uC is displayed
in Table 2, the ASKA had a half-life of 48 h, while Y187F and L189I
had a slight reduction in thermostability with half-lives of 43 and
36 h, respectively. The activity half-lives at 65uC for the mutants
F113V and A161D were 51 and 53 h, respectively.

The effect of pH on a-amylase activity and stability were tested at a
pH range of 4.0 to 11.0 using sodium acetate buffer (pH 4–5), sodium
phosphate buffer (pH 6–7), Tris-HCl buffer (pH 8–9) and glycine-
NaOH buffer (pH 10–11) at a temperature of 60uC. ASKA and all
mutant a-amylases exhibited maximum activity at pH 8.0. The
optimum pH is thus unaffected by the amino acid substitutions.
This result is expected because very frequently the optimum pH of
an enzyme is not easily affected by a single residue replacement. The
ASKA and mutant a-amylases were stable within a wide pH range of
7.0 to 10.0 for 30 min, and the enzyme activities were at least 90% of
the initial enzyme activity at these pH values. The pH stability of the
mutants was similar to the ASKA. The pH stability of ASKA was
unaffected by the mutations.

Figure 2 | Sequence logos of the seven CSRs based on the mixture of
various GH13 subfamily a-amylases (Table S1). The size of the single

letter amino acid code in each sequence logo represents the occurrence of a

particular amino acid at a particular position. The corresponding amino

acid sequences of ASKA were stated above each sequence logo and the

mutated residues performed in this study were shown in red.

Table 2 | Specific activities and kinetic parameters of ASKA and mutant a-amylases

Protein CSR Domain, secondary structure Half-life, t1/2 at 65uC (h) Specific activity (U/mg) kcat (s21) kcat/Km (ml mg21 s21)

ASKA 48 34 17,984 14,790
F113V I A, b strand 3 51 33 24,211 7,271
A161D V B, loop connecting b stand 3 to a

helix 3
53 76 39,108 57,463

Y187F II A, b strand 4 43 30 5,258 4,093
L189I II A, b strand 4 36 27 3,429 3,717

www.nature.com/scientificreports
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The specific activities, turnover rate (kcat) and catalytic efficiency
(kcat/Km) of ASKA were compared to its mutant variants (Table 2).
ASKA had a specific activity of 34 U/mg-protein. Of the mutant a-
amylases, the mutant A161D had the highest specific activity at
76 U/mg with an increase of approximately 1.23 times. The Vmax

as well as the kcat/Km were drastically changed by the A161 mutation.
The mutant A161D exhibited the highest kcat of 39,108 s21, which is
1.17-times higher than the kcat value of ASKA. Moreover, the kcat/Km

of A161D was also higher than that of ASKA by 2.88-times, at
57,463 ml mg21 s21. Of the four mutants constructed using site-
directed mutagenesis, only mutant A161D exhibited enhanced kcat

and kcat/Km values (Table 2). The L189I substitution had an undesir-
able effect as the kcat and kcat/Km values were reduced by 81% and
74%, respectively. Such deterioration was the worst observed of the
mutants. The adjacent mutant Y187F also exhibited a reduced effi-
ciency in the catalytic reaction. Both of these residues were located
near the catalytic Asp-190 (Figure 3b), and their mutations have
caused a detrimental effect to the catalytic property of the enzyme.
These results are in agreement with the findings of earlier reports26,27,
which stated that any mutations near the catalytic residue will most
likely influence the catalytic property of enzyme and likely cause an
overall negative effect on enzyme catalysis.

All mutant enzymes were subjected to an enzymatic reaction to
study the effect of the mutation on product specificity. Hydrolysis of
1% (w/v) and 4% (w/v) gelatinised soluble-, tapioca-, potato-, corn-,
and sago-starch was carried out at 60uC for 24 h. The total sugar
production (mg/ml) is shown in Table 3. At the lower starch con-
centration of 1%, the yield of total sugars generated by mutants
Y187F and L189I was significantly lower than that of the ASKA;
however, this effect was less significant at the higher concentration
of starch (4%). With the 1% starch solution, the total sugars yielded
by mutant A161D were quite similar to the ASKA most likely because
the amount of substrate was not in excess. Interestingly, at a higher
substrate concentration, for instance 4% corn-starch, the total sugar
formed by mutant A161D was 27.8 mg/ml, which is higher than that
of the ASKA (16.3 mg/ml) (Table 3). The kcat and kcat/Km values for
mutant A161D are better than for ASKA, and the HPLC analysis
confirms the outperformance of A161D.

The percentages of individual sugars that were formed after 24-h
reactions in 1% (Figure 5a) and 4% corn-starch (Figure 5b) were
studied. Previously, we reported that ASKA is a maltose-forming
a-amylase18, and a negligible percentage of glucose (G1), maltohex-

Figure 3 | (a). Structural prediction of native ASKA. Green sphere,

Calcium; grey ligand, substrate; yellow, three catalytic residues D190, E219

and D287; blue violet, CSR-1; violet, CSR-II; apple green, CSR-III;

maroon, CSR-IV; red, CSR-V; forest green, CSR-VII; blue, CSR-VII.

(b). The mutation sites F113, Y187 and L189 are located adjacent to the

catalytic residues. (c). Structure prediction for mutant A161D. The

putative residues for subsites 21 and 11 are shown in yellow, and the side

chain of mutant A161D is shown in red. The average distance from the

A161D side chain to catalytic residue D190 is 18 Å.

Figure 4 | (a). Zymogram analysis of the purified native and mutant a-

amylases. (b). SDS-PAGE. Lane M: PromegaTM Broad Range protein

marker, Lane 1: Native ASKA, Lane 2: Mutant F113V, Lane 3: Mutant

A161D, Lane 4: Mutant Y187F, Lane 5: Mutant L189I.
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aose (G6) and maltoheptaose (G7) were usually detected in 1% gela-
tinised corn-starch (Figure 5a). However, when the ASKA was
reacted with 4% corn-starch for 24 h, a small percentage of G6 and
G7 were detected. The product specificity spectrum for mutant
A161D changed significantly for the reaction that was carried out
in 4% starch. The percentage of maltose forming dropped, while a
substantial increase in the percentage of glucose was observed
(Figure 5b).

Discussion
a-Amylases, in addition to all members of the a-amylase GH13
family, contain four to seven conserved sequence regions (CSRs),
roughly covering strands b2, b3, b4, b5, b7 and b8 of the catalytic
TIM-barrel and a short stretch near the C-terminus of domain B
protruding out of the barrel in the b3-a3 loop. The individual a-
amylases often possess unique sequence features in their respective
CSRs that distinguish them from each other, and thus these regions
may be connected to the specific biochemical properties of each
protein, such as substrate preferences, product specificities, and
thermostability9–11.

Anoxybacillus sp. SK3-4 was isolated from a Malaysian hotspring28

and its genome was sequenced using Illumina MiSeq29. Most of the
glycoside hydrolases of the cell are expressed intracellularly; how-
ever, ASKA was described as an extracellular hydrolase18. Compared
with well-recognised a-amylases, the ASKA protein sequence has a
low similarity of 49% to the G. stearothermophilus30 (BSTA, subfam-
ily GH13_5, UniProt Accession number P06279), 47% to the
Aspergillus oryzae31 (TAKA, GH13_1, P0C1B3) and 37% similarity
to the B. licheniformis32 (BLA, GH13_5, P06278) a-amylases. Despite
the fact that ASKA is a high maltose producing a-amylase, it is a
genuine a-amylase. In fact, the two types of family GH13 amylases
forming mainly maltose (EC 3.2.1.133) should be distinguished from
each other, i.e., maltogenic amylases and maltogenic a-amylases23.
Whereas the former enzymes are members of the so-called neopul-
lulanase subfamily (subfamily GH13_20), the latter ones are closely
related to cyclodextrin glucanotransferases (CGTase) (GH13_2). A
typical GH13_20 maltogenic amylase possesses in its CSR-V the
signature MPKLN9, contains at its N-terminus a carbohydrate-
binding module from the family CBM3433 and is able to hydrolyse
cyclodextrins34. Because the ASKA has a different CSR-V (157_
LPDLA; Figure 1), lacks the CBM34 N-terminal domain and is not
active on cyclodextrins18, it is likely not related to this type of mal-
togenic amylase. For the maltogenic a-amylases from the subfamily
GH13_2, the CSR-V signature (LADLS) from B. stearothermophi-
lus23 is more similar to that seen in ASKA, but it typically shares its
five-domain organisation with CGTase35; i.e., it has two C-terminal
domains in addition to domains A, B and C that are present in the
ASKA. Thus, ASKA and most likely the entire newly established a-
amylase family GH13 group11 (i.e., ADTA, BaqA and homologues
from G. thermoleovorans) may represent a novel type of high maltose
producing amylase.

ASKA shares 69% similarity with the a-amylase from G. thermo-
leovorans subsp. stromboliensis Pizzo22, 69% to G. thermoleovorans
GtamyII20 and 60% to a marine B. aquimaris MKSC 6.2 a-amylase
(BaqA)11,36. Recently, the crystal structure of the a-amylase G. ther-
moleovarans (GTA) was reported21. The sequence similarity between
ASKA and GTA is as high as 69%. ASKA, Pizzo, GtamyII, GTA, and
BaqA as well as another Anoxybacillus a-amylase ADTA from our
laboratory18 can be classified as a new sub-group of the a-amylase
family GH13. Taken together, the reported experimental data of
these a-amylases, this new subgroup has at least three unique char-
acteristics. Firstly, they are high maltose producing enzymes as seen
in ASKA, ADTA and Pizzo and potential in GTA since Pizzo shares
an identical protein sequence with GTA21. Secondly, these enzymes
are able to degrade raw starches as reported for the Pizzo, GtamyII,
and BaqA amylases11,20,22. Although the two consecutive tryptophans
were proposed to be the putative raw starch binding residues11, the
binding action has yet to be experimentally proven. Thirdly, the C-
terminal of the ASKA protein sequence was predicted to be a putative
transmembrane region that could possibly anchor to the wild type
Anoxybacillus sp. SK3-419. Recent work on the deletion of this trans-
membrane region of GtamyII elucidated its role in raw starch
adsorption20.

Table 3 | Total sugar production (mg/ml) from the hydrolysis of different starches by ASKA and mutant a-amylases using 1% (w/v) and 4%
(w/v) of starches

Type of starches

1% (w/v) of starches 4% (w/v) of starches

ASKA F113V A161D Y187F L189I ASKA F113V A161D Y187F L189I

Corn 12.5 12.3 13.3 10.9 11.1 16.3 17.0 27.8 15.0 15.7
Soluble 12.1 10.4 12.1 9.5 10.5 16.3 15.8 24.9 14.9 15.1
Tapioca 11.0 11.4 12.8 9.5 10.5 16.2 16.9 25.8 14.2 14.7
Potato 11.2 11.7 12.0 10.0 10.4 16.1 16.7 24.5 14.2 14.9
Sago 11.8 12.0 12.9 11.4 10.7 16.1 16.4 27.4 15.5 15.5

Figure 5 | End product distribution of ASKA and mutant a-amylases
from the hydrolysis of a) 1% (w/v) and b) 4% (w/v) corn-starch. The data

are shown as the percentage (%) hydrolysed. Black: glucose (G1), grey:

maltose (G2), blue: maltotriose (G3), green: maltotetraose, (G4), purple:

maltopentaose (G5), yellow: maltohexaose (G6) and red: maltoheptaose

(G7).
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The main goal of this current work is to address the reason that the
enzymes from this new GH13 subgroup, for instance ASKA, are a
high maltose forming. The CSRs of ASKA were compared to other
reported a-amylases, and four single point mutations were carried
out. Interestingly, the product specificity of mutant A161D was
altered causing the overall ratio of maltose to drop, while the per-
centage of glucose increased 28-times in 4% corn-starch. Based on
these findings, Ala-161 is proposed to be responsible for the high
maltose-producing characteristic of ASKA. In the maltose producing
ADTA, Pizzo and GTA a-amylases, Ala is well conserved at an
identical position. The other homologs, i.e., GtamyII and BaqA also
contained Ala, but their product specificity has yet to be determined.

Such drastic change was unexpected because the location of 161D
in the predicted 3D structure is 18 Å from the nearest catalytic
residue, Asp-190 (Figure 3c). Moreover, the superimposition of the
mutant A161D model with the G. thermoleovorans a-amylase
(4E2O) elucidated that 161D has no direct interaction with the
pseudo substrate acarbose. At this stage, it is not clear the true reason
why product specificity is associated with Ala-161. In CGTase, the
product specificity is often related to the type of amino acids at the
subsite interacting residues37–39, yet A161 is not likely to be a part of
any subsites. The in silico position of residue 161D is located close to
the putative calcium (Ca21)-binding site (Figure 3c). A161D may
stabilise the secondary structure or the folding of this Ca21-binding
pocket, therefore the half-life of this mutant was higher than that of
ASKA (Table 2). Nevertheless, at this point, we are unable to deter-
mine why A161D can alter the product specificity in a drastic man-
ner. We are now conducting further examination of this site by
creating other mutations to examine the effects of various amino acid
side chains on product specificity. Besides X-ray crystallisation will be
performed in the near future. We hope that these experiments will
lead to more insight to the importance of A161 in product specificity.

Several mutations have previously been made to the CSRs of other
a-amylases. For instance, Chen et al. (2010) mutated Asp-236 of the
Bacillus sp. strain TS-23 a-amylase40. This mutated residue corre-
sponds to Ala-161 in ASKA numbering, in CSR-V. The replacement
of Asp-236 with asparagine resulted in a 33% reduction in the specific
activity of the enzyme. Interestingly, this finding contradicts the
A161D mutation results obtained in this study. In addition, Chen
et al. (2010) mutated Asp-234, which is also located in CSR-V. This
substitution resulted in an 86% reduction in the specific activity of
the enzyme. It seemed from that study that two residues in CSR-V
(Asp-234 and Asp-236) played a significant role in the catalytic
properties of the enzyme40. Unfortunately, both trials disrupted the
specific activity, and the authors suggested that Asp-234 and Asp-
236 were involved in Ca21-binding, and any changes to these Ca21-
binding residues will affect the enzyme’s structural integrity, and
stability as well as its a-amylase activity. In another study, the sub-
stitution of Asp-233 of the B. amyloliquefaciens a-amylase (corre-
sponds to ASKA’s Ala-161) significantly affected the specific activity
and thermostability of the enzyme. There was an 84.4% reduction in
specific activity compared to the ASKA. From this result, the authors
deduced that Asp-233 is important for the catalytic activity of the
enzyme41.

Despite mutant F113V exhibiting a similar specific activity to
ASKA, the kcat value for the mutant was 35% higher. ASKA and its
homologues ADTA, Pizzo, GtamyII, BaqA, and GTA have a Phe at
this particular position of CSR-I, while most other a-amylases have
another type of amino acid (Figure 2). Several mutations of CSR-I
residues were performed previously, for instance, H137L (His-117 in
ASKA) of the Bacillus sp. TS-23 a-amylase resulted in a complete loss
of amylolytic activity42. Chang et al. (2003) explained that His-137
could be the essential catalytic residue in the amylolytic reaction. The
site directed mutagenesis of another CSR-I residue, Asn-104 of BLA
(corresponds to ASKA’s Asn-116) was replaced with Asp. This
mutant had an 11% decrease in specific activity at 30uC. But, inter-

estingly, the mutant had a 30% higher specific activity than the ASKA
at the higher temperature of 70uC43.

This study found that the mutation of CSR-II, i.e., mutant Y187F
and L189I caused a more than 70% reduction in the kcat and kcat/Km

(Table 2). For mutant Y187F, the chemical structures of tyrosine and
phenylalanine are structurally close except that phenylalanine lacks a
hydroxyl -OH group at end of the aromatic side chain. The removal
of the hydroxyl group caused a severe disturbance during the starch
hydrolysis process. The hydroxyl group is likely involved in stabilis-
ing of the intermediate state during the catalytic mechanism. These
results elucidate that the amino acid residues Tyr-187 and Leu-189
are associated with ASKA activity, most likely because they are
located adjacent to catalytic residue 190 (Figure 3b). Similarly, the
mutation of the Bacillus sp. TS-23 a-amylase, in CSR-II at His-269
(TS-23 numbering), which is adjacent to catalytic Asp-265, led to the
complete loss of amylolytic activity. The report proposed that this
conserved histidine may play a substrate binding role37, or possibly,
this stretch of CSR-II is sensitive to alteration.

Methods
Bioinformatics analysis. The 36 amino acid sequences (Table 1) that are currently
thought to form the GH13 subfamily represented by ASKA were retrieved from
GenBank database44. The sequences were collected from a BLAST search45 using as
the query the stretch of 89 residues from the ASKA sequence18 spanning the
polypeptide chain covering CSR-I (strand b3) and CSR-II (strand b4), including the
entire domain B (GenBank Acc. No.: AFI49455.1: Asp-129-His-217). A sequence was
considered to belong to this GH13 subfamily if it contains the features ascribed to the
closely related a-amylase from B. aquimaris11, especially the two consecutive
tryptophan residues in helix a3 of the catalytic TIM-barrel and the specific sequence
in CSR-V positioned in domain B.

The sequences were aligned using the program Clustal-Omega46 available on the
European Bioinformatics Institute’s server (http://www.ebi.ac.uk/). For the whole set
of 36 sequences, a sequence logo for their seven CSRs typical of the members of the a-
amylase family GH1323 was created using the WebLogo 3.0 server47 (http://weblogo.
berkeley.edu/).

Preparation of starting structure and molecular dynamics simulation. The protein
structure of ASKA was constructed using the SWISS-MODEL48 program (http://
swissmodel.expasy.org/), and the X-ray crystal structure of G. thermoleovorans a-
amylase (PDB code: 4E2O)21 was selected as the template. Refinements of the model
were performed using energy minimisation and dynamic simulation (MD). Prior to
the MD simulation using the GROMACS software package49, calcium and glucose
were removed from the structure. The system was solvated with SPC/E water in a
dodecahedral box with 10 Å between the protein structure and the box. The system
was subsequently neutralised by the addition of sodium ions. The MD simulation was
performed using an OPLS-AA force field. The system was energy minimised and
subsequently simulated in NVT and NPT ensembles. The temperature was
maintained at 333 K. Upon completing the system equilibration, a production run of
10 ns was performed.

Mutagenesis. The a-amylase mutant gene was generated using the Overlap
Extension PCR (OE-PCR) method. The external forward primer contained an EcoRI
restriction site, and the external reverse primer contained an XhoI restriction site. The
change in nucleotide sequence was introduced by incorporating nucleotide changes
into the overlapping oligo primers, as shown in Supplemental file. During the cloning
process, the native signal peptide DNA sequence was excluded, as the pET-22b(1)
contains a pelB leading sequence. PhusionH PCR Master Mix (NEB, Ipswich,
Massachusetts, USA) was used to perform the PCR. PCR reaction mixtures
containing 25 ng ASKA DNA template, 25 ml 23 PhusionTM Flash PCR Master Mix,
and 0.5 mM each primer were added to a final volume of 50 ml. A SpinPrepTM PCR
Clean-Up kit (Novagen, Darmstadt, Germany) was used to purify the PCR products.
Purified PCR products and pET-22b (1) (Novagen, Darmstadt, Germany) were
digested with EcoRI and XhoI (NEB, Ipswich, Massachusetts, USA) and subsequently
purified. The ligation was performed using T4 DNA ligase (NEB, Ipswich,
Massachusetts, USA) and then transformed into E. coli DH5a. The recombinant
plasmid was confirmed by sequencing. The recombinant plasmid was then
transformed into the expression host E. coli BL21 (DE3) for later analysis.

Protein expression and purification. The recombinant E. coli BL21 (DE3) was
cultured overnight in LB medium supplemented with 100 mg/ml ampicillin at 37uC
with agitation at 200 rpm. Induction was performed by adding 0.01 mM IPTG, and
the cultivation was continued at 25uC with agitation at 200 rpm for 48 h50. The cell
free enzyme was harvested after centrifugation (10000 3 g, 20 min, and 4uC). The
crude enzyme solution was concentrated using the Vivaflow 50 crossflow system
from Sartorius Stedim Biotech (Göttingen, Germany) using the polyethersulfone
(PES) membrane with a 10 kDa molecular weight cut-off (MWCO). The retentate
was loaded onto affinity columns, and chromatography was conducted using the
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ÄKTAprime plus system (GE Healthcare, Uppsala, Sweden) according to the method
reported previously18.

Characterisation of ASKA and mutant enzymes. The protocols used to characterise
the mutant a-amylases were also performed using ASKA unless otherwise stated18.
One unit of a-amylase was defined as the amount of enzyme that releases 1 mmol
maltose per min per ml under the assay conditions specified. The kinetic parameters
of the ASKA and mutant a-amylases were determined by measuring the amount of
maltose production using the standard assay conditions. The samples were reacted
with soluble starch (Kanto Chemical, Tokyo, Japan) at concentrations from 0.1 to
2.0 mg/ml in 0.1 M Tris-HCl buffer (pH 8.0). SigmaPlot v11.0 was used to build the
Hanes plot.

The products of starch hydrolysis by a-amylase were analysed using High-
performance liquid chromatography (HPLC). First, 0.1 ml purified enzyme was
incubated with 1.0 ml 1% gelatinised starch in 0.1 M Tris-HCl buffer (pH 8.0) at
60uC for 24 h. The efficiency of degradation on various starches (soluble-, tapioca-,
potato-, sago- and corn-starch) was compared. After 24 h of incubation, the reaction
mixture was boiled for 15 min to stop the reaction and cooled to room temperature.
The mixture was filtered through a 0.45 mm nylon syringe filter (Whatman, Little
Chalfront, United Kingdom) to remove insoluble particles. The hydrolysis products
were analysed using a Waters HPLC system with a Zorbax Carbohydrate analysis
column, 4.6 3 250 mm (Agilent, Santa Clara, California, USA). An acetonitrile
(HPLC grade, Merck, White House Station, New Jersey, USA) to water mixture
(70530, v/v) was used as the mobile phase, and the flow rate was maintained at 1.0 ml/
min. The column was kept at 30uC, and a Waters 2414 refractive index detector was
used to detect the reaction products. The data were recorded by the integrated
computer system attached to the HPLC. Glucose, maltose, maltotriose, maltotetraose,
maltopentaose, maltohexaose and maltoheptaose (Sigma-Aldrich. St Louis, Missouri,
USA) were used as standards. Additionally, the efficiency of starch concentration on
the hydrolysis products was investigated by incubating the ASKA and mutant
enzymes in a 4% gelatinised starch in 0.1 M Tris-HCl buffer (pH 8.0) at 60uC for 24 h.
The end products were analysed using HPLC. The assays and data collection were
performed at least in triplicate, unless otherwise specified.
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7. MacGregor, E. A., Janeček, Š. & Svensson, B. Relationship of sequence and
structure to specificity in the a-amylase family of enzymes. Biochim. Biophys.
Acta, Protein Struct. Mol. Enzymol. 1546, 1–20, doi:10.1016/S0167-
4838(00)00302-2 (2001).

8. Stam, M. R., Danchin, E. G. J., Rancurel, C., Coutinho, P. M. & Henrissat, B.
Dividing the large glycoside hydrolase family 13 into subfamilies: towards
improved functional annotations of a-amylase-related proteins. Protein Eng. Des.
Sel. 19, 555–562, doi:10.1093/protein/gzl044 (2006).
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16. Matpan Bekler, F. & Güven, K. Isolation and production of thermostable a-
amylase from thermophilic Anoxybacillus sp. KP1 from Diyadin hot spring in
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23. Janeček, Š. How many conserved sequence regions are there in the a-amylase
family? Biologia - Section Cellular and Molecular Biology 57 (Suppl. 11, ), 29–41
(2002).
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