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Abstract
Higher activity and alkaline α-amylases are desired for textile desizing and detergent additive. Here, rational design was used 
to improve the specific activity and thermostability of the α-amylase BLA from Bacillus licheniformis. Seventeen mutants 
of BLA were designed based on sequence consensus analysis and folding free energy calculation, and characterized by 
measuring their respective activity and thermostability at pH 8.5. Among them, mutant Q360C exhibited nearly threefold 
improved activity than that of wild-type and retained a higher residual activity (75% vs 59% for wild-type) after preincubation 
at 70 ℃ for 30 min. The modeled structures and molecular dynamics simulations analysis demonstrated that the enhanced 
hydrophobic interaction near residue 360 and reduced disturbance to the conformation of catalytic residues are the possible 
reasons for the improved thermostability and activity of Q360C. The results suggest that 360th of BLA may act as a hotspot 
for engineering other enzymes in the GH13 superfamily.
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Abbreviations
PCR	� Polymerase chain reaction
IPTG	� Isopropyl-β-d-thiogalactopyranoside
OD	� Optical density
SDS-PAGE	� Sodium dodecyl sulfate polyacrylamide gel 

electrophoresis

Background

Amylases are one of the most important enzymes and are 
used broadly in biotechnology, such as textile, paper, food 
production, pharmaceutical industry, detergent industries, 
and so on. α-Amylases BLA from Bacillus licheniformis 
are widely used in various procedures of starch degradation 
in the food industry due to their ability to catalyze starch 

hydrolysis at high temperatures [1]. Over the past decades, 
there have been many researches aimed at improving the 
enzymatic activity and thermostability of α-amylase BLA, 
such as the mutants H133V [2], A209V [3], Q264S/N265Y 
[4], and N190F [5], which presented better thermostabil-
ity. In 2003, a hyperthermostable variant that combined 
these five mutation sites was obtained and its half-life was 
improved 32 times [6]. By modifying residue near the active 
site, the specific activity of a mutant V286Y was fivefold 
than that of the wild-type [7]. In 2007, the calcium-bind-
ing site was mutated and the specific activity of the mutant 
N104D was improved 30% [8]. In addition to BLA, there are 
other α-amylases that have been modified in various ways 
to obtain better catalytic activity or thermal stability, which 
can be used as a reference program for retrofitting BLA. 
Multiple favorable mutations of ROAmy based on site-sat-
uration mutagenesis on H286 were improved in the enzy-
matic properties and even changed the catalytic mechanism 
[9]. The thermal stability or activity under acid condition 
of ROAmy was significantly improvement by direct evolu-
tion [10]. Using computer-aided direct evolution of enzyme 
(CADEE), α-amylase from B. cereus GL96 was redesigned 
and had 20% improvement in thermal stability [11].

For industrial enzymes, thermostability and catalytic 
activity are the crucial factors. Therefore, enhancing the 
activity or thermostability of enzymes (such as α-amylases) 
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is highly desirable to achieve better catalytic performance in 
the industrial processes [12]. Protein engineering strategies 
include rational design and random directed evolution [13]. 
Undoubtedly, rational design is more efficient and less labor-
cost and has been successfully used to improve the stability 
and/or catalytic efficiency of enzymes such as α-amylase 
[14] and pullulanase [15]. For instance, three different algo-
rithm predictors (FoldX, I-Mutant 3.0, and dDFIRE) were 
combined to improve the thermostability of pullulanase 
BtPul, resulting in a mutant with 2.1-fold longer half-life at 
70 ℃ [15]. The thermostability of Rhizopus chinensis lipase 
r27RCL was improved using rational design and generated a 
quadruple variant, which exhibited enhanced thermostability 
with a 41.7-fold longer half-life at 60 ℃ compared to that 
of wild-type [16].

In our previous work, an α-amylase (BLA) from Bacil-
lus licheniformis WX-02 which presented 99.6% sequence 
identity with widely used BLA-1BLI was over-expressed in 
Escherichia coli and Pichia pastoris. The recombinant BLA 
showed high activity and stability at 70 ℃ and pH 8.5 [17]. 
The optimal pH of BLA is 6.0–7.5, it retains more than 80% 
relative activity at pH 8–9, which presents broad pH adap-
tion and permitted it to be used in textile industry. Alkaline 
amylase can be used for textile desizing, detergent additive 
and paper industry to reduce pulp viscosity. Together with 
alkaline cellulase, alkaline amylase can be used for envi-
ronmental treatment. To further improve the activity and 
thermostability of BLA at pH 8.5, a strategy combining 
sequence consensus analysis and folding free energy cal-
culation was used to design BLA mutants in this study. The 
17 single BLA mutants were designed and experimentally 
characterized. The molecular basis of the improved activ-
ity and thermostability of the best mutant Q360C was ana-
lyzed by molecular dynamics (MD) simulations. The protein 
engineering strategies used in this study may be useful for 
engineering other microbial enzymes that have industrial 
applications.

Materials and methods

Primers and reagents

Primers were purchased from Sangon Biotech (Shanghai, 
China) in PAGE-purified grade. Soluble starch was pur-
chased from Sigma-Aldrich (St. Louis, USA). Restriction 
enzymes and PrimeSTAR Max DNA polymerase were pur-
chased from TakaRa (Dalian, China). All chemicals were of 
analytical grade and obtained from commercial suppliers.

Rational design of BLA variants

The BLA single variants were designed based on the 
sequence consensus analysis, folding free energy calcula-
tions, and some structural considerations according to the 
method in Liu et al. with minor modifications [18]. First, the 
amino acid sequence of BLA was used to identify the homol-
ogous sequences from non-redundant protein sequences 
(nr) database (https://​blast.​ncbi.​nlm.​nih.​gov/​Blast.​cgi). 
As a result, 5000 protein sequences sharing a minimum of 
46% sequence identity were retrieved, and the redundant 
sequences were removed using CD-HIT server [19]. Sub-
sequently, the 1164 resulting sequences were aligned using 
MAFFT software [20], and three most frequently occur-
ring amino acids at each position of BLA were analyzed 
by WebLogo 3.0 (http://​weblo​go.​three​pluso​ne.​com/​create.​
cgi). Secondly, the homology model of BLA (Fig. 1) was 
constructed based on the crystal structure of α-amylase from 
Bacillus licheniformis (PDB: 1BLI [21], identity 99%) using 
YASARA Structure v20.10.4 [22], and subjected to FoldX 
website (http://​foldx​suite.​crg.​eu/) for in silico site-saturation 
mutagenesis of BLA. Subsequently, the stabilizing substi-
tutions (folding free energy change ΔΔG < − 1.0 kcal/mol) 
were predicted.

Site‑directed mutagenesis of BLA

The expression plasmid with wild-type BLA gene pET-
28a-bla was constructed in previous work [17], which was 
used as the template for site-directed mutagenesis. The 
PCR was performed under the followed conditions: initial 

Fig. 1   Overall structure of wild-type BLA. The model structure of 
BLA was constructed through the homology modeling of YASARA. 
The catalytic residues D231, E261, and D328 are shown as sphere in 
yellow. Ca2+ are indicated as green ball, and Na+ are indicated as pur-
ple ball (colour figure online)

https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://weblogo.threeplusone.com/create.cgi
http://weblogo.threeplusone.com/create.cgi
http://foldxsuite.crg.eu/
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denaturation at 98 ℃ for 5 min, followed by 20 consecutive 
cycles of denaturation at 98 ℃ for 10 s, anneal at 54 ℃ for 
5 s, extension at 72 ℃ for 45 s, and a final extension at 72 ℃ 
for 10 min. The PCR products were treated by DpnI at 37 ℃ 
for 1 h to digest the parental methylated template DNA, then 
were transferred to 80 ℃ for 10 min to inactivate the DpnI. 
The DpnI-digested DNA was then transformed into E. coli 
BL21 (DE3) cells, and transformants were obtained on LB 
agar plate supplemented with 50 μg/mL kanamycin. Muta-
tion was verified by sequencing (Sangon, Shanghai, China). 
The primers used for gene cloning and mutagenesis were 
listed in Table 1.

Expression and purification of wild‑type and mutant 
enzymes

The single colonies were grown in LB medium containing 
50 μg/mL kanamycin at 37 ℃ and induced by the addition 
of 0.1 mM IPTG when the OD600 reached 0.6–0.8, and the 
culture was incubated at 18 ℃ for 16–18 h. Cells were har-
vested by centrifugation (4000 rpm for 10 min). The cell 
pellet was suspended in buffer I (50 mM Tris–HCl, pH 8.5), 
and disrupted by sonication in an ice-water bath, and then 
centrifuged at 12,000 rpm for 10 min. The supernatant was 
applied on a Ni-Sepharose column (His60 Ni Superflow 
resin from Takara Biomedical Technology Co. Ltd. Dalian, 
China). Then the column was washed with buffer II (50 mM 
Tris–HCl, pH 8.5, 30 mM imidazole) and buffer III (50 mM 
Tris–HCl, pH 8.5, 60 mM imidazole) sequentially. At last, 
target protein was obtained with elution buffer (50 mM 
Tris–HCl, pH 8.5, 300 mM imidazole) and desalted using 
the buffer 50 mM Tris–HCl, pH 8.5. All the above purifica-
tion steps were operated on the ice. Purified BLA and vari-
ants were analyzed on SDS-PAGE and used for enzymatic 
assay. The concentration of protein was determined with the 
Bradford Protein Assay Kit (Beyotime, China).

Amylase’s activity assays

Amylase activity was determined by a modified DNS 
(3,5-dinitrosalicylic acid) method [23]. The mixture includ-
ing 50 μL enzyme with appropriate dilution and 500 μL 
1% starch solution was incubated at 70 ℃ for 10 min, fol-
lowed by adding 700 μL DNS at 100 ℃ for 10 min imme-
diately. One unit (U) of amylase was defined as the amount 
of enzyme required for catalyzing starch to release 1 μmol 
reducing sugar (glucose) per minute under the assay condi-
tions. The thermostability was assessed by preincubation 
of the enzyme at 70 ℃ for 30 min. Residual amylase activ-
ity was determined at regular time intervals of 10 min as 
described above.

The optimal temperatures were determined in 50 mM 
Tris–HCl, pH 8.5, over the temperature range from 50 

to 90 ℃. The optimal pH of enzymes was determined 
by assays in a wide pH range at 70 ℃, using 50 mM of 
four different buffers (citrate buffer pH 4.0–6.0, Na2PO4 
KH2PO4 buffer pH 6.0–7.0, Tris–HCl 7.0–9.0 and Gly-
NaOH pH 9.0–9.5). The pH stability was tested by dilut-
ing the purified enzyme with the different pH and incu-
bating at 4 ℃ for 12 h. The residual activity was measured 
as described above. The amylase activity under optimal 
conditions was taken as 100% in pH stability assays. All 
measurements were performed in triplicate.

Table 1   Primers used for site-directed mutagenesis of BLA

a Substitution base is underlined and in italics

Name Primer (5′-3′)a

H68D-F aggggagtttGAT​caaaaagggacggttcgga
H68D-R tccctttttgATC​aaactcccctaaatcataaaggtcg
G81E-F cggcacaaaaGAA​gagctgcaatctgcgatc
G81E-R attgcagctcTTC​ttttgtgccgtactttgtccg
T139V-F taaagcctggGTA​cattttcattttccggggcg
T139V-R aatgaaaatgTAC​ccaggctttaattcggtgttctc
H140R-F agcctggacaCGT​tttcattttccggggcgc
H140R-R gaaaatgaaaACG​tgtccaggctttaattcggtgt
D161S-F gtaccattttTCC​ggaaccgattgggacgag
D161S-R aatcggttccGGAaaaatggtaccaatgccatttaaaatc
W184E-F ggcttgggatGAG​gaagtttccaatgaaaacggcaac
W184E-R tggaaacttcCTC​atcccaagcctttccttgaaac
T258V-F ggaaatgtttGTG​gtagctgaatattggcagaatgactt
T258V-R attcagctacCAC​aaacatttccttccccgtttt
V312L-F gaacggtacgCTC​gtttccaagcatccgttgaaag
V312L-R gcttggaaacGAG​cgtaccgttcagcaatttcc
T341P-F gactgtccaaCCA​tggtttaagccgcttgct
T341P-R gcttaaaccaTGG​ttggacagtcgactcaagcg
T353L-F ttttattctcCTA​agggaatctggataccctca
T353L-R cagattccctTAG​gagaataaaagcgtaagcaagcg
Q360C-F tggataccctTGC​gttttctacggggatatgtacgg
Q360C-R cgtagaaaacGCA​agggtatccagattcccttgt
A398P-F tgcgtacggaCCA​cagcatgattatttcgaccacc
A398P-R aatcatgctgTGG​tccgtacgcatactgttttctc
A420P-F acagctcggttCCA​aattcaggtttggcggc
A420P-R aacctgaattTGG​aaccgagctgtcgcctt
A426V-F aggtttggcgGTA​ttaataacagacggacccggt
A426V-R ctgttattaaTAC​cgccaaacctgaatttgcaac
D430N-F attaataacaAAC​ggacccggtggggcaa
D430N-R caccgggtccGTT​tgttattaatgccgccaaacc
T453L-F ggcatgacattCTC​ggaaaccgttcggagcc
T453L-R aacggtttccGAG​aatgtcatgccatgtctcacc
N473P-F gtttcacgtaCCC​ggcgggtcggtttcaat
N473P-R ccgacccgccGGG​tacgtgaaactctccccagc
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Homology modeling and molecular dynamics 
simulations

The MD simulations of BLA and its variant Q360C in 
explicit water were performed using YASARA Struc-
ture v20.10.4. The protein residues were treated using 
AMBER14 force field. The cutoff was 8 Å for Van der Waals 
forces, and long-range electrostatic contacts were measured 
by Particle-Mesh-Ewald (PME) method [24]. A cubic shape 
was selected for the simulation cell extending 8 Å around all 
atoms of the solute. Then, the enzyme was neutralized and 
solvated in the cell containing TIP3P water and 0.29% mass 
fraction of NaCl (50 mM) at pH 8.5. A two-stage geometry 
optimization was performed first for the water and ions, 
then the entire system. In each stage, the system was mini-
mized first with steepest descent and then simulated anneal-
ing (time step of 2 fs, atom velocities scaled down by 0.9 
every 10th step) starting from 98, 198, 298 and 343 K with 
a time averaged Berendsen thermostat until convergence was 
reached. The systems were heated from 0 to 343 K under 
NPT conditions for 10 ps. Afterwards, all MD simulations 
were performed using a preinstalled macro file (md_runfast.
mcr). Each system was equilibrated for 10 ns, and then two 
independent 200 ns MD simulations (i.e., 400 ns accumu-
lated) were performed under the NVT ensemble and 343 K.

Results and discussion

Rational design of BLA variants

In our previous work [17], the α-amylase gene bla was 
cloned from B. licheniformis WX-02 and expressed het-
erologously. The purified BLA exhibited a specific activ-
ity of 767 U/mg at pH 8.5 and 70 ℃ but lost most activity 
after incubation at 70 ℃ for 50 min at pH 8.5, suggesting its 
unsatisfied thermostability and room for activity enhance-
ment. To enhance the activity and thermostability of BLA, 
the sequence consensus analysis (Fig. S1 in the supple-
mental material) and folding free energy calculations have 
been performed to design the mutation sites rationally. The 
sequence consensus analysis is a well-established strategy 
to improve the enzymatic properties using the evolutionary 
information encapsulated in homologous protein sequences 
[25, 26]. In addition, for a protein whose three-dimensional 
structure is available, the stabilizing mutations can be pre-
dicted through folding free energy calculations [27]. Finally, 
in total 17 single BLA variants were designed by taking 
sequence consensus, FoldX results and some structural 
aspects into consideration (Table 2). The mutated positions 
and amino acid substitutions were selected based on the fol-
lowing criteria: (a) the positions containing more than three 
stabilizing substitutions (ΔΔG < − 1 kcal/mol) predicted by 

FoldX were preferred; (b) the positions where there are other 
amino acids appearing more frequently than wild-type by 
consensus analysis were preferred; (c) amino acid secondary 
structure was considered (e.g., residues located in loops or 
closest to the ends of secondary structures were preferred); 
(d) the substitutions had to be within three most prevalent 
amino acids at the specific position and predicted to be sta-
bilizing; (e) proline substitutions were preferred particularly 
when the mutated positions located in loop regions.

Site‑directed mutagenesis of BLA

All of the mutants were constructed by site-directed 
mutagenesis and expressed in E. coli BL21 (DE3) as soluble 
protein. The enzyme activities of mutants were determined 
at 70 ℃ and pH 8.5 using the DNS method [23]. As shown 
in Fig. 2a, the catalytic activity was significantly improved 
for Q360C, which was 2288 U/mg against starch and about 
threefold higher than of the wild-type. Moreover, slightly 
higher catalytic activities (1–1.5-fold) were observed for 
other 10 single variants (H68D, G81E, D161S, W184E, 
T258V, V312L, T341P, T353L, A398P and A420P). How-
ever, the remaining six mutants (T139V, H140R, A426V, 

Table 2   The beneficial amino acids predicted by consensus analysis 
and folding free energy calculations

a Frequently occurring residues at given positions of α-amylase BLA, 
which was calculated through WebLogo 3.0 (http://​weblo​go.​three​
pluso​ne.​com/​create.​cgi)
b Mutations with ΔΔG < − 1  kcal/mol at given positions, which was 
predicted by FoldX software
c The common residues were shared by consensus analysis and folding 
free energy calculations

Residues Three preva-
lent residuesa

Stabilizing mutationsb Common 
residuesc

H68 D, N, E P, M, R, W, K, L, I, Q, D, A D
G81 E, D, Q E, L, P, W, Q E, Q
T139 T, V, L I, V, L V, L
H140 K, G, R R R
D161 S, D, T V, T, S, L, G, C, N, A S, T
W184 E, D, Q P, E E
T258 A, V, F L, V V
V312 L, V, I M, L, F L
T341 D, P, S M, I, P, L P
T353 L, T, F L L
Q360 C, V, S M, L, V, C C, V
A398 E, D, P P P
A420 P, E, K P P
A426 V, C, T V, I, L, C V, C
D430 N, D, T V, L, A, I, C, N, G, S N
T453 L, T, M L, M, I, W L, M
N473 N, P, G P P

http://weblogo.threeplusone.com/create.cgi
http://weblogo.threeplusone.com/create.cgi


1843Bioprocess and Biosystems Engineering (2022) 45:1839–1848	

1 3

D430N, T453L and N473P) showed slightly decrease in 
catalytic activity (71, 82, 63, 96, 66, and 82%) compared 
with that of wild-type.

The thermostability of BLA and variants were determined 
after preincubated at 70 ℃ for 30 min. As shown in Fig. 2b, 
in contrast to only 59% of residual activity of wild-type, two 
of 17 mutants (T139V and T258V) exhibited significantly 
higher residual activities (95% and 96%), and six mutants 
(H68D, G81E, H140R, Q360C, D430N and T453L) showed 
slight to moderate increase in residual activity (71, 64, 68, 
78, 65 and 63%). Nevertheless, the remaining nine mutants 
showed varying degrees of decrease in residual activity, 
with seven mutants (V312L, T341P, T353L, A398P, A420P, 
A426V and N473P) showing minor decrease (55, 44, 47, 
35, 48, 50 and 46%) and two mutants (D161S and W184E) 
showing drastically decrease (1.4% and 12%).

In the previous studies [3–5], α-amylase BLA was usu-
ally engineered using the strategy of random mutations, 
which were time consuming and costly, and often only a 
few favorable mutations were obtained out of thousands of 
mutants, with a low success rate. Besides, the mutants with 
improved thermal-stability often had no change in hydrolytic 
activity, and some of them even decreased. Recently, using 
multiple sequence alignment and PoPMuSiC algorithm had 
obtained a mutant which had improvement in half-life and 
catalytic efficiency under acidic conditions [11]. Therefore, 
the rational design was used in this study, resulting in 11 

mutants with improved catalytic activity and eight mutants 
with improved thermal stability among all 17 mutants. 
Importantly, four mutants with both improved stability and 
activity were obtained, which demonstrated the feasibility 
and efficiency of rational design and could provide reference 
for other enzymes of GH13 family engineering to simulta-
neously improve the specific activity and thermostability.

Combinational mutation for further improvement

The beneficial amino acid mutations may have an addi-
tive effect on the thermostability and activity of an enzyme 
[28]. Meanwhile, it has also been reported that combing 
two mutations of structurally distant residues may result in 
superposition effect [29]. By analyzing the location of ben-
eficial mutations on the BLA structure, two double mutants 
H68D/G81E and T258V/Q360C were designed and con-
structed. As shown in Fig. 3, the relative activity of H68D/
G81E was 1.2-fold higher than that of wild-type, which was 
higher than G81E but lower than H68D. And the residual 
activity of H68D/G81E increased to 66%, which was only 
7% improvement over the wild-type. For the double mutant 
T258V/Q360C, its residual activity was 67% and the activity 
was 1.8-fold higher than wild-type, which was significantly 
lower than the threefold of single mutant Q360C. In short, 
the mutants H68D/G81E and T258V/Q360C didn’t have 
an overwhelming advantage compared to the single mutant 

Fig. 2   Relative activity (a) 
and thermostability (b) of 
17 mutants and wild-type. 
Soluble starch (1%) was used as 
substrate for amylases activity 
assay. The wild-type activity 
under 70 ℃ and pH 8.5 was 
taken as 100%. The thermo-
stability was determined by 
preincubation enzyme at 70 ℃ 
for 30 min and residual activity 
were tested at pH 8.5 and 70 ℃
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Q360C in terms of activity and thermostability. The results 
in our work are not uncommon. Several previous studies 
have shown that beneficial mutations would be antagonistic 
for some proteins [30].

Temperature and pH dependency of the mutant 
Q360C

The effect of temperature on Q360C activity was measured 
at various temperatures ranging from 40 to 90 ℃, under 

standard assay conditions. Results showed that the opti-
mal temperature of Q360C was 80 ℃, same to that of the 
wild-type (Fig. 4a) [17]. The pH dependence of the mutant 
Q360C activity was investigated in various buffers at pH val-
ues ranging from 4 to 9.5, under standard assay conditions. 
Results showed that the optimal pH of Q360C was 6.5, and 
kept nearly 80% activity at pH 8.5, similar to that of the BLA 
[17] (Fig. 4b). Therefore, the substitution of the 360th resi-
due had no effect on either optimal pH or temperature. Addi-
tionally, when Q360C was incubated in 70 ℃ for 30 min, the 

Fig. 3   Relative activity (a) and 
thermostability (b) of combina-
tion mutants and wild-type. 
Soluble starch (1%) was used as 
substrate for amylases activity 
assay. The wild-type activity 
under 70 ℃ and pH 8.5 was 
taken as 100%. The thermo-
stability was determined by 
preincubation enzyme at 70 ℃ 
for 30 min and residual activity 
were tested at pH 8.5 and 70 ℃

Fig. 4   Effects of temperature 
and pH on activity (a, b) and 
stability (c, d) of Q360C. 
Soluble starch (1%) was used 
as substrate for activity assay. 
The highest activity was taken 
as 100%. The thermostability 
was tested by preincubation the 
enzyme at 70 ℃ for 60 min. The 
pH stability was tested by dilut-
ing the purified enzyme with the 
different pH buffer and incubat-
ing at 4 ℃ for 12 h. Then the 
residual activity was measured 
at pH 8.5 and 70 ℃
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residual activity of Q360C dropped to 75% (Fig. 4c), which 
indicated that the Q360C has stronger thermostability. And, 
when pH is over 9, the relative activity of Q360C was still 
retain above 50%, showing the Q360C has good resistance 
to strong alkali conditions (Fig. 4d).

The enzyme activity of the purified Q360C was 2288 U/
mg against starch, whereas that of BLA was 767 U/mg 
at 70 ℃, pH 8.5 against starch. The specific activity of 
Q360C was about threefold higher than that of the wide 
type, which indicated that the specific activity of Q360C 
had been improved significantly. Also, its residual activity 
reduced to 75% after preincubation at 70 ℃ for 30 min when 
the BLA reduced to 59%, which indicated the higher ther-
mostability of Q360C at pH 8.5. Some BLA mutants with 
high heat resistance were reported while their optimal pH 
were weakly acidic [6], which is not suitable for the textile 
industry, where the amylase needs to be highly active at pH 
values above 8.0. Many amylases can function in alkaline 
conditions, but the activity is poor. For instance, the specific 
activity of α-amylase (N-Amy) was only 170 U/mg at pH 
8.5 [31], and the specific activity of α-amylase (TfAmy48) 
was 1500 U/mg using soluble starch as substrate at 80 ℃, 
pH 8 [32]. Therefore, the higher specific activity and ther-
mostability of Q360C in alkaline conditions make it more 
advantage to be used in the textile industry.

Structural interpretation of the improved 
thermostability

In recent years, homology modeling has become an impor-
tant auxiliary tool in structural biology, which is signifi-
cantly beneficial to narrowing the distance between known 
protein sequences and experimentally determined struc-
tures. In our work, to reveal the possible molecular basis 
behind the enhanced activity and thermostability of Q360C, 
the structure of Q360C and wild-type were modeled and 
analyzed. The overall structures of BLA and Q360C were 
almost identical, and they had a typical TIM barrel consist-
ing of eight α-helices and eight parallel β strands (Fig. 1).

As shown in Fig. 5a, the Q360 was located in the middle 
of the TIM barrel, which was distant from the active sites 
(> 5.5 Å). Since the majority residues near Q360 (within 
4 Å) were hydrophobic (e.g., L7, F284, V321, F323, I351, 
V361, and F362), the highly polar residue Q360 was unfa-
vorable for the structural stability of BLA. Thus, when 
Q360 was mutated to Cys, the hydrophobic interaction 
near position 360 was significantly enhanced, which may 
explain for the increased thermostability of Q360C. The 
enhanced hydrophobic interaction that may contribute to 
the enzymatic thermostability has been widely reported. 
For instance, Dessy et  al. reported that enhancing the 
hydrophobic interaction between two domains could sig-
nificantly improve the residual activity of Sfamy01, which 

made it suitable for raw-starch degradation in the rice and 
cassava fermentation [33]. Silverman et al. suggested that 
the buried polar residues may have a crucial role in deter-
mining (α/β)8 barrel structures [34]. The thermostability 
and hydrolytic pattern of α-amylase Amy7C were simul-
taneously improved by rational engineering of the mostly 
conserved central beta strands in TIM barrel fold [35]. 
Therefore, engineering the central eight beta sheets of 
TIM barrel may provide a valuable strategy for improving 
stability and activity of GH13 family. Apart from Q360C, 
the mutant T139V and T258V also exhibited improved 
thermostability even better than Q360C. We assumed that 
an interior polar residue replaced by a more hydropho-
bic residue contributed to increase the stability. T139 was 
surrounded by many hydrophobic amino acids, includ-
ing half of aromatic amino acids, such as A109, A111, 

Fig. 5   Structural interpretation of the improved thermostability of 
Q360C. a Residues around position 360 in BLA. The green stick is 
Q360, light-blue sticks are residues around Q360, and the yellow 
sticks represented the active sites. b The sequence consensus analysis 
of α‐amylases. The amino acid sequence of BLA and 1163 homolo-
gous sequences sharing a minimum of 46% sequence identity were 
aligned using MAFFT software, and the occurring residues at each 
position were analyzed by WebLogo 3.0. The occurring probability of 
several key residues are given in main text (colour figure online)
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V115, A137, F141, W155, W157, F160, F177 and A199 
(Fig. S2a). Interestingly, the sequence consensus analysis 
showed 86% occurrence for T and only 8% for V at the 
residue 139th, which perhaps explained the improved ther-
mostability but the decreased catalytic activity of T139V. 
Similarly, T258 located at the interior of the TIM barrel 
was also surrounded by hydrophobic amino acids, includ-
ing F228, L230, W244, V245, M256, and A260 (Fig. S2b). 
The sequence consensus analysis indicated the 258th resi-
due always be hydrophobic.

Interestingly, our sequence consensus analysis showed 
that a high percentage of Cys (82%) appeared at position 
360, whereas < 1% of Gln was occurred, suggesting the 
importance and benefit of Cys at the position 360 for the 
structure and function of α‐amylases (Fig. 5b). Additionally, 
three catalytic residues (D231, E261 and D328), as well as 
some key amino acids (Q9, R229, N326 and H327) near the 
360th residue were highly conserved and occurred more than 
99% in the consensus analysis result (Fig. 5b). Noteworthy, 
since BLA wild-type contains no Cys residues, it is unable to 
form a disulfide bond for variant Q360C. From an evolution-
ary perspective, the probability of Cys occurring at position 
360 in homologous sequences with BLA is much higher than 

that of Gln, suggesting that Cys may let enzyme easier adapt 
to the complex and various external environment.

Structural interpretation of the improved enzymatic 
activity

In an attempt to reveal how the 360th residue affect the activ-
ity of BLA at the molecular level, we next performed MD 
simulation of BLA wild-type or variant Q360C in explicit 
water. The interactions (e.g., hydrogen bonds, salt-bridge, 
hydrophobic interaction) near the 360th residue were ana-
lyzed, and the results showed that Q360 may interact with 
catalytic residues (D231, E261 and D328) by the hydrogen 
bond network. As shown in Fig. 6a, for BLA wild-type, the 
side-chain carbonyl group of Q360 was highly polar and 
participated in several hydrogen bond interactions, such as 
with Q9, which in turn interacted with one of the active sites, 
E261. In another representative structure (Fig. 6b), Q360 
interacted with Q9 via a water-mediated hydrogen bond 
network, and then affected the conformations of N326 and 
active site D328. Besides, it was also observed that Q360 
could form additional hydrogen bonds with surrounding 
water or protein residues (Fig. 6a, b). Thus, we speculated 

Fig. 6   Hydrogen bond networks surrounding the 360th residue in representative structures of BLA wild-type (a, b) and variant Q360C (c, d). 
W1, W2 and W3 are water molecules. The black dashed lines indicate hydrogen bonds (colour figure online)
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that the polar Q360 may affect the conformation of the cata-
lytic residues and restrict their flexibility via hydrogen bond 
network, and then alter the enzyme activity.

In contrast to BLA wild-type, the side-chain of C360 for 
variant Q360C often had no polar contacts with surrounding 
residues (Fig. 6c), or only formed a weak hydrogen bond 
with water molecule (Fig. 6d). Thus, the hydrogen bond net-
work involving the side-chain of Q360 in wild-type disap-
peared, resulting in no interference for the conformation of 
catalytic residues. On the other hand, in the resolved crystal 
structure of the α-amylase (PDB ID: 1BLI) [21], no interac-
tions were formed between the side-chain of Q9 and other 
residues, suggesting the reduced contacts of Q9 with the 
catalytic residues may make the conformation of active sites 
more flexible to act with the large substrate, thus improv-
ing the enzymatic activity. A number of studies had dem-
onstrated that eliminating or weakening the hydrogen bond 
network near the active sites could improve the catalytic 
efficiency. For example, the loss of a hydrogen bond between 
D285 near the proton donor (E261) with S320 led to the 
improved catalytic activity of mutant S320A of BLA [36]. 
The catalytic activity of the isoamylase had been improved 
significantly when G608 near the catalytic residue E609 was 
replaced by a more hydrophobic residue V, which eliminated 
the hydrogen bonds network with G608 [37]. The protein 
engineering of pullulanase showed that decreased catalytic 
activity of mutant S622R was owing to R622 forming two 
new hydrogen bonds with Q664 and T667, leading to weak 
interaction between catalytic loop 5 with substrate [38].

Conclusions

In this study, the activity and thermostability of α‐amylase 
BLA in alkaline conditions were simultaneously enhanced 
through a sequence and structure-guided rational design 
approach. By combining sequence consensus analysis and 
free energy calculations, 17 single BLA mutations were 
designed. Subsequently, their relative activities and resid-
ual activities after incubation at 70 ℃ were measured, and 
a mutant Q360C improved nearly threefold in the specific 
activity at pH 8.5 than wild-type and retained 75% residual 
activity after preincubation at 70 ℃ for 30 min. MD simu-
lations showed that when polar Q360 was mutated to the 
highly conserved Cys, the hydrophobic interaction near 
position 360 was significantly enhanced, contributing to the 
enzyme stability. Additionally, the polar Q360 can affect the 
conformation of the catalytic residues and restrict their flex-
ibility via hydrogen bond network, and may be non-favorable 
for the enzyme activity. In conclusion, the present study pro-
vides a deeper understanding of TIM barrel on the function 
and stability of BLA and could help design other enzymes 
particularly with the similar structure.
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