
Computational and Structural Biotechnology Journal 23 (2024) 982–989

Available online 13 February 2024
2001-0370/© 2024 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Biotechnology. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Research Article 

Computational design of α-amylase from Bacillus licheniformis to increase its 
activity and stability at high temperatures 

Shuai Fan a,1, Xudong Lü a,1, Xiyu Wei a, Ruijie Lü b, Cuiyue Feng b, Yuanyuan Jin a, 
Maocai Yan c,*, Zhaoyong Yang a,* 

a Institute of Medicinal Biotechnology, Chinese Academy of Medical Sciences & Peking Union Medical College, Beijing 100050, China 
b School of Pharmacy, North China University of Science and Technology, Tangshan 063210, Hebei, China 
c School of Pharmacy, Jining Medical University, Rizhao 276800, Shandong, China   

A R T I C L E  I N F O   

Keywords: 
Protein engineering 
Molecular dynamics 
α-amylase 
Thermostability 

A B S T R A C T   

The thermostable α-amylase derived from Bacillus licheniformis (BLA) has multiple advantages, including 
enhancing the mass transfer rate and by reducing microbial contamination in starch hydrolysis. Nonetheless, the 
application of BLA is constrained by the accessibility and stability of enzymes capable of achieving high con-
version rates at elevated temperatures. Moreover, the thermotolerance of BLA requires further enhancement. 
Here, we developed a computational strategy for constructing small and smart mutant libraries to identify 
variants with enhanced thermostability. Initially, molecular dynamics (MD) simulations were employed to 
identify the regions with high flexibility. Subsequently, FoldX, a computational design predictor, was used to 
design mutants by rigidifying highly flexible residues, whereas the simultaneous decrease in folding free energy 
assisted in improving thermostability. Through the utilization of MD and FoldX, residues K251, T277, N278, 
K319, and E336, situated at a distance of 5 Å from the catalytic triad, were chosen for mutation. Seventeen 
mutants were identified and characterized by evaluating enzymatic characteristics and kinetic parameters. The 
catalytic efficiency of the E271L/N278K mutant reached 184.1 g L− 1 s− 1, which is 1.88-fold larger than the 
corresponding value determined for the WT. Furthermore, the most thermostable mutant, E336S, exhibited a 
1.43-fold improvement in half-life at 95 ℃, compared with that of the WT. This study, by combining compu-
tational simulation with experimental verification, establishes that potential sites can be computationally pre-
dicted to increase the activity and stability of BLA and thus provide a possible strategy by which to guide protein 
design.   

1. Introduction 

As natural biocatalysts, enzymes have been extensively utilized in 
different industries [1], especially in the paper, food, textile, detergent 
and pharmaceutical industries. There are many applications in indus-
trial and biotechnological fields that benefit from the use of thermo-
stable enzymes since they have innate advantages over mesophilic 
enzymes, including the enhancement in mass transfer rate, the reduction 
in contamination risks and substrate viscosity [2]. However, not all 
enzymes can tolerate high temperature. To enhance the thermostability 
of enzymes for widespread industrial applications, directed evolution 
emerges as a formidable strategy [3,4]. However, this approach is a 
time-consuming and labor-intensive process. Fortunately, with the 

evolution of computer technology and deepening of studies on the 
structure and function of enzymes over the last decade, computer-aided 
enzyme design holds great promise for generating functional changes in 
numerous enzymes [5]. Meanwhile, more efficient, smaller and smarter 
libraries can be created by sequence-based, structure-based or MD-based 
computational tools, which will facilitate the detection of beneficial 
mutations and accelerate protein engineering [6–8]. 

Bacillus licheniformis α-amylase (EC 3.2.1.1, BLA) is one of the most 
widely used enzymes in high-temperature industrial enzymatic pro-
cesses, such as starch processing, and paper sectors [9]. Specifically, in 
the process of starch liquefaction, BLA is able to withstand exposure to 
steam heating at 105 ◦C, and then continue to effectively hydrolyze 
starch at 90 ◦C for 60–90 min. Due to its industrial and academic 

* Corresponding authors. 
E-mail addresses: maocaiyan@mail.jnmc.edu.cn (M. Yan), zhaoyongy@imb.pumc.edu.cn (Z. Yang).   

1 These authors equally contributed to this work. 

Contents lists available at ScienceDirect 

Computational and Structural Biotechnology Journal 

journal homepage: www.elsevier.com/locate/csbj 

https://doi.org/10.1016/j.csbj.2024.02.005 
Received 12 September 2023; Received in revised form 7 February 2024; Accepted 7 February 2024   

mailto:maocaiyan@mail.jnmc.edu.cn
mailto:zhaoyongy@imb.pumc.edu.cn
www.sciencedirect.com/science/journal/20010370
https://www.elsevier.com/locate/csbj
https://doi.org/10.1016/j.csbj.2024.02.005
https://doi.org/10.1016/j.csbj.2024.02.005
https://doi.org/10.1016/j.csbj.2024.02.005
http://crossmark.crossref.org/dialog/?doi=10.1016/j.csbj.2024.02.005&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Computational and Structural Biotechnology Journal 23 (2024) 982–989

983

importance, the BLA has been extensively engineered for improved 
thermostability and activity. To date, rational design, directed evolu-
tion, and semirational design have been applied to improve BLA activity 
[10–12], thermal stability [13], acid stability [14–16], and product 
specificity [10,17]. Since BLA needs to be utilized in gelatinization and 
liquefaction at the temperature of 90–110 ◦C to efficiently hydrolyze the 
starch molecule, it has drawn the greatest interest to identify thermo-
stable BLA variants. The routine methods to enhance enzyme thermo-
stability involve the introduction of additional disulfide bonds [18], salt 
bridges [19], or mutations targeting amino acid residues with high 
B-factors [20]. Previous studies have demonstrated that modifying a 
long loop of BLA and Ca2+-binding sites can enhance the thermostability 
and activity of BLA. Li et al. [13] reported that the triple mutant 
(A269K/S187D/N188T) obtained by modifying the long loop region in 
BLA through sequence alignment and computational analysis using the 
PoPMuSiC algorithm showed an 84 % increase in activity at pH 5.5 and 
70 ◦C. Another important consideration when designing thermostable 
BLA variants is their structure containing flexible regions [8]. The highly 
flexible regions of enzymes, under high temperatures, can lead to 
enzyme unfolding and denaturation, resulting in enzyme inactivation. 
Consequently, targeting these highly flexible regions for design can 
enhance the thermostability of enzymes, a fact that has been confirmed 
in multiple enzymes such as pullulanase [21], nitrile hydratase [22], and 
levansucrase [23,24]. 

Highly flexible regions can be predicted by flexibility analysis (B- 
factor [8] or root-mean-square fluctuation per residue, RMSF) using MD 
simulation, which can be performed at high temperatures to accelerate 
protein unfolding without significantly changing the unfolding pathway 
[24]. Here, we combined MD simulation and FoldX to obtain and 
redesign highly flexible regions of BLA, which in turn increase BLA 
thermostability and catalytic efficiency, enabling more effective enzy-
matic hydrolysis of starch at high temperature. Therefore, seventeen 
mutants carrying the mutations K251E, E271L, E271R, E271M, E271Q, 
E271T, E271V, E271I, E277C, E277I, T277V, N278K, K319W, E336S, 
E271L/K319W, E271L/N278K and E271L/K251E were generated and 
characterized. We show results of thermostability and additional char-
acterizations of the mutant of BLA designed, and then the influence of all 
mutations is explained. 

2. Materials and methods 

2.1. Molecular dynamics simulations 

2.1.1. Structure preparation 
The X-ray crystal structure of BLA was obtained from the PDB library 

under PDB entry code: 1BLI [25]. Water molecules and heteroatoms 
were removed, and the protonation state of the amino acid residues was 
assigned using the H+ + server [26] at a pH value of 6.5, which is the 
optimum pH value for BLA catalysis [13]. 

2.1.2. Molecular dynamics simulation 
MD Simulations were performed using the Gromacs 2019.6 package 

[27]. The CHARMM36 force field was applied to the BLA [28]. The 
system was solvated with TIP3P water [29] molecules in a dodecahe-
dron box with a 10 Å buffer distance in each direction. Three chloride 
anions were added to neutralize the system to yield a final system with 
31081 atoms. During the simulations, the lengths of all bonds involving 
hydrogen atoms were restricted using the SHAKE algorithm. The time 
step for the simulations was set to 2 fs. The particle mesh Ewald (PME) 
method with a cutoff distance of 10 Å was used to calculate the Coulomb 
interactions. After energy minimization, the system was heated to 358 K 
(the optimum temperature for BLA) [13] using the v-rescale tempera-
ture coupling scheme in a 1000-ps NVT simulation, followed by 1000-ps 
NPT simulation using the Parrinello Rahman pressure coupling scheme. 
After equilibration, three 100 ns MD simulations were performed at 358 
K and 500 K(NPT ensemble), respectively. To analyze the stability of the 

system, RMSD values of the simulated structures were calculated against 
the minimized structure. Three-dimensional models of BLA mutants 
were constructed by AlphaFold2 [30], and subsequently, 100 ns MD 
simulations of K251E, E271L, T277I, N278K, K319W and E336S were 
carried out using the aforementioned method to optimize the structure 
for analysis. The computation of entropy in BLA and its mutants was 
carried out by PACKMAN [31]. The electrostatic surface potential was 
analyzed using the structure of BLA and its mutants by PyMOL. 

2.1.3. Identification of highly flexible residues 
Cluster analysis was used to generate a stable and representative 

structure of BLA at 358 K and 500 K, respectively. Then, these structures 
were subjected to RMSF analysis. This study characterizes its flexibility 
by calculating the RMSF value of each residue during the simulation. 
Highly flexible residues exhibit RMSF values markedly exceeding the 
average. A cluster of these flexible residues, in close spatial arrange-
ment, constitutes a region of significant flexibility. The highly flexible 
surface region of BLA, located at least 5 Å away from the catalytic res-
idues, was chosen for rational design of BLA residues. 

2.2. Rational design of BLA 

The stable and representative structure of BLA from the 40 − 100 ns 
trajectory at 358 K was used as the design template for FoldX 4.0 al-
gorithm calculations of the change in free energy of unfolding. Residues 
with high RMSF were selected for further investigation. The ΔΔG values, 
which were computed from the difference between the free energy of the 
designed mutant (ΔGmutant) and that of WT (ΔGWT) (ΔΔG = ΔGmutant −

ΔGWT), were applied to evaluate the thermal stability of the BLA mu-
tants. The ΔG represents the free energy difference between the folded 
and unfolded structures. The mutations were generated and analyzed 
using FoldX 4.0. The Repair PDB command was used to optimize the 
total energy of the protein based on FoldX’s force field before the mu-
tations were introduced. The PositionScan command of FoldX [32] was 
used to calculate the ΔΔG value between WT and mutant residues in 
flexible regions due to single site saturation mutagenesis. Other options 
were set to default. The experiment was conducted three times, and the 
average value was computed. 

2.3. Cloning and site-directed mutagenesis of BLA 

The reconstructed sequence of BLA (NCBI: WP_061576039.1) was 
codon-optimized and synthesized for expression in E. coli by Beijing 
Genomics Institute (Beijing, China). The plasmid pET-21a (+) (Novagen, 
USA) and strain E. coli BL21 (DE3) (Novagen, USA) were used for 
plasmid construction and protein expression, respectively. Mutations in 
BLA were introduced using a ClonExpress Ultra One Step Cloning Kit. 
Each point mutation was checked and confirmed by sequencing; thus, 
these recombinant plasmids containing point mutations in the BLA gene 
were transformed into BL21 (DE3) for expression. All the nucleic acid 
sequences of the primers are listed in Supplementary Table S1. 

2.4. Enzyme production and purification 

The E. coli BL21(DE3) strains harboring recombinant expression 
plasmids were incubated at 37 ◦C for 2–3 h at 200 rpm. Following this, 
isopropyl-β-D-thiogalactopyranoside (IPTG, 0.15 mM) was added to 
induce protein expression at 18 ◦C for 20 h. The cell pellet was harvested 
by centrifugation at 6000g for 15 min at 4 ◦C and resuspended in 20 mM 
phosphate buffer (pH 7.5) with 10 mM imidazole and 300 mM NaCl 
(lysis buffer), with 1 mM phenylmethylsulfonyl fluoride (PMSF), to a 
total volume of 50 mL. Cells were disrupted by a high-pressure ho-
mogenizer. The supernatant was isolated by centrifugation (60000 g at 
4 ◦C for 40 min) and then loaded onto nickel-affinity chromatography in 
AKTA Purifier 10 (GE Healthcare, USA) with buffer A (20 mM phosphate 
buffer, 300 mM NaCl, pH 7.4) and buffer B (20 mM phosphate buffer, 50 
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mM NaCl, 500 mM imidazole, pH 7.4). The purified protein was ob-
tained by linear gradient elution and confirmed by SDS–PAGE. The 
product has a molecular mass of approximately 55 kDa, in agreement 
with the expected BLA size. 

2.5. Characterization and kinetic properties of WT and mutant BLAs 

The activity of WT and mutant BLAs was measured by the dini-
trosalicylic acid (DNS) method [14]. The optimum temperature of WT 
and mutant BLAs for activity was determined by measuring enzyme 
activity at optimum pH (50 mM citrate-phosphate buffer, pH 6.5) over 
various temperatures ranging from 80 ◦C to 100 ◦C at intervals of 5 
degrees. The kinetic parameters (KM and kcat) of WT and mutant BLAs 
were determined by adding soluble starch at different concentrations (1, 
2, 4, 6, 8,10, 15, and 20 g⋅L− 1) in 50 mM citrate buffer (pH 6.5) at 70 ◦C 
for 5 min. Kinetic data were fitted to the Michaelis–Menten equation by 
using GraphPad Prism software (GraphPad Software Inc., USA). The WT 
and mutant BLAs were incubated at 90 ◦C, and aliquots of enzyme so-
lution were sampled at intervals and immediately cooled on ice for 10 

min. The residual activities were then measured under standard condi-
tions. Subsequently, the half-life (t1/2) of the WT and mutant BLAs was 
calculated from the slope of ln (residual activities) versus time plots. 

2.6. Differential scanning calorimetry measurements 

The melting temperature (Tm) of the WT and mutant BLAs was 
evaluated by differential scanning calorimetry (DSC, Microcal PEAQ- 
DSC, Malvern). The melting curve analyses were performed by 
increasing the temperature from 45 ◦C to 110 ◦C at a scan rate of 200 ◦C/ 
h. The experiment was repeated three times, with background corrected 
by the subtraction of the respective buffer blanks. The data were fitted 
using Microcal PEAQ-DSC software with a nontwo state model. 

3. Results and discussion 

3.1. Identification of highly flexible regions 

The redesign of highly flexible regions of BLA is imperative for 

Fig. 1. Computational protein design of the highly flexible region in BLA. The three separate RMSF plots of BLA at 358 K (A) and 500 K (B). The black, red, and blue 
lines represent the outcomes of three distinct molecular dynamic simulation datasets at 358 K and 500 K. The areas of three highly flexible regions are marked by 
dotted boxes. The cutoff value for the identification of highly flexible regions is shown by a green dotted line. The B-factor putty visualization of BLA structures, 
conducted at 358 K (C) and 500 K (D), is depicted using PyMOL (http://www.pymol.org/). The areas with the highest B-factor are highlighted in red, while those 
with the lowest B-factor are in dark blue, as denoted by the B-factor scale bar. The thickness of the protein backbone correlates with the B factors of Cα atoms. (E) The 
selected 21 mutants (in yellow) are all situated more than 5 Å away from the catalytic residues (in blue). 
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enhancing its thermostability and enzymatic activity. To precisely 
pinpoint these regions, MD simulations were conducted at 358 K and 
500 K to calculate RMSD values of BLA’s backbone, along with RMSF 
values for each amino acid residue. The results showed that the RMSD 
values initially increased and stabilized at both 358 K and 500 K. Spe-
cifically, Supplementary Fig. S1 illustrates that the system achieves 
equilibrium at around 4 ns at 358 K, whereas at 500 K, it takes 
approximately 40 ns for the system to reach equilibrium. Therefore, the 
40 − 100 ns trajectory was selected for subsequent analysis. The average 
RMSD for BLA at 500 K was observed to be higher than at 358 K, and 
structurally flexible regions displayed elevated RMSF values compared 
to more stable areas. Consequently, detailed analysis of the RMSF was 
also applied to determine the residue flexibility through the simulation 
period. The RMSF values for BLA at both temperatures exhibit different 
trends, as illustrated in Fig. 1. Specifically, regions a, b and c, encom-
passing a total of 21 amino acids, exhibited the highest RMSF values at 
500 K, indicating increased disorder compared to their state at 358 K 
(Figs. 1B and 1C). This suggests that residues within these flexible re-
gions at 500 K undergo more significant structural movements and had 
higher flexibilities than those at 358 K during simulations. Remarkably, 
in region b, while remaining stable at 358 K, it heightened flexibility at 
500 K. Most amino acids in region b are located in the α-helix, while the 
amino acids in regions a and c are located in random coils. Notably, none 
of the 21 sites were located within 5 Å of the catalytic triad (Asp231, 

Glu261, Asp328). Therefore, we used the RMSF value to identify highly 
flexible regions of BLA and used this information to design mutants in 
which these regions may be useful to stabilize protein structure under 
high temperatures. Finally, twenty-one relatively flexible sites were 
identified (Fig. 1D). 

3.2. Computational protein design 

The protein folding free energy (ΔG) is an important characteristic 
directly related to protein stability. The relative values ΔΔG calculated 
by FoldX represent the difference in free energy between WT and BLA 
mutants, which provides a quick way to evaluate the mutational effect 
on protein stability. The ΔΔG value is universally recognized as a reli-
able indicator of thermostability, where a negative ΔΔG indicates 
enhanced stability [33–35]. Subsequently, 399 potential mutants were 
generated and computed by FoldX through site saturation mutagenesis 
of the above-described twenty-one relatively flexible sites. Finally, 
FoldX identified 14 unique mutations across six sites with ΔΔG 
< − 0.85 kJ⋅mol− 1 (Fig. 2A, Supplementary Table S2), indicating that 
these mutations could potentially augment the thermostability of BLA. 
Interestingly, most studies show that optimizing the loop element could 
improve the thermotolerance of the enzyme [36–39]. In contrast, in this 
study, five mutational sites (K251, E271, T277, N278 and K319) show 
the ability to increase the heat tolerance of BLA, which are located in 

Fig. 2. Computer-aided prediction of mutations and their activity. (A) Heatmap of ΔΔG-value changes in 20 canonical amino acid residues in BLA, (B) The positions 
of beneficial mutation sites, catalytic residues and mutant residues are marked with blue and yellow, respectively. Relative activity (C) and optimum temperatures 
(D) of BLA and its mutants. 
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region b, whose amino acid is located in the α-helix (Fig. 2B). 

3.3. Enzymatic assay of single-site mutation 

It is widely acknowledged that mutations leading to the rigidification 
of specific residues, thereby substantially reducing their fluctuations, 
can increase the thermal stability of the target protein [40,41]. How-
ever, proper flexible conformations are beneficial for the occurrence of 
the catalytic reaction. Hence, improved enzyme thermostability may 
reduce the activity of the enzyme. Therefore, we first determined the 
specific activity at elevated temperature and optimum reaction tem-
perature of the WT and BLA mutants. The changes in activity of WT and 
variants are shown in Fig. 2C. Notably, all variants, with the exception of 
the E271I and E336S mutants, showed higher residual activity at 95 ◦C 
than the WT. For some mutants, the activity was increased by more than 
40%. In particular, E271L, T277V, E271T and K251E, increased activity 
by approximately 76%, 90%, 79% and 70% compared with that of the 
WT, respectively. In addition, the optimum temperature for catalytic 
activity was determined the WT and BLA mutants. As shown in Fig. 2D, 
the optimum temperature for the WT was 90 ◦C. It was encouraging to 
note that the optimum temperatures of E271L, K251F, E271I, K319W, 
T277V, E271M, E271T, E271V and K251E were all higher than that of 
the WT, reaching 100 ◦C. E271Q and E336S had no effect on the opti-
mum temperature (90 ◦C) compared with that of WT, though the rela-
tive activity of E271Q increased at 90 ◦C. However, the optimum 
temperature for T277I and N278K was reduced by 5 ◦C and 10 ◦C, 
respectively. In comparison to the WT, most of the mutants showed 
improved activity at 95 ◦C. 

3.4. Thermostabilities and kinetic parameters of the designed mutants 

To assess the stability of BLA and its mutants, the Tm and half-life (t1/ 

2) were evaluated to characterize enzyme kinetic stability (Table 1). As 
shown in Table 1, the E271T, E271M and E271L/N278K mutants 
exhibited Tm values similar to that of the WT. However, the Tm values of 
E271L, E271R, E271Q, E271V, E271I, T277I, N278K, K319W and E336S 
increased by 4.79 ◦C, 3.75 ◦C, 4.45 ◦C, 3.16 ◦C, 2.20 ◦C, 4.53 ◦C, 
3.09 ◦C, 5.31 ◦C and 3.98 ◦C, respectively, and those of K251E and 
T277C decreased by 3.67 ◦C and 17.01 ◦C, respectively. This result 
suggests that it is possible to decrease the ΔΔG, which demonstrated the 
higher Tm of the mutant over the WT. The t1/2 of the WT was 285 s, but it 
was prolonged in some mutants. The t1/2 values of the mutants were 
315 s for E271L, 330 s for E271R, 315 s for E271L, 301 s for N278K, 
313 s for K319W and 407 s for E336S at 95 ◦C, which were 1.11-, 1.16-, 
1.11-, 1.06-, 1.10-, 2.07-, and 1.43-fold higher than that of WT, 
respectively. Furthermore, our findings indicate that T277C signifi-
cantly reduced enzymatic stability, resulting in a reduced t1/2. In 
contrast, mutants E271L, E271R, N278K and E336S with a high Tm 
value, exhibit t1/2 that surpass that of the WT. However, despite main-
taining high Tm values, the t1/2 of the three double mutants were 
significantly decreases. 

Kinetic parameters of WT and 14 mutants were determined using 
soluble starch as the substrate at pH 6.5 and 95 ◦C, which showed a 
discrepancy in kcat and KM for various mutants (Table 1). Specifically, 
the KM values of K251E, E271L, E271M, E271Q, E271I and N278K 
mutants were similar to WT. Excitingly, the E271R and E336S mutants 
had KM values approximately 32% and 42% less than that of the WT, 
respectively. Therefore, the E271R and E336S mutants have more af-
finity for the substrate soluble starch than the WT. However, the KM 
values of K251E, E271M, E271T, E271V, T277I and T277V were 
increased to varying degrees, which means that these mutants have less 
affinity for the substrate than WT. Compared with WT, K251E, E271L, 
E271T, T277C and K319W showed a higher kcat and therefore exhibited 
an increased kcat/KM (catalytic efficiency) of 1.72/1.72/1.63/1.72/1.76 
times that of WT, respectively. The combined results of t1/2 and kcat/KM 
showed that theE271L and K319W mutants exhibited higher stability 

(1.11- and 2.07-fold, respectively) and catalytic efficiency (1.72- and 
1.76-fold, respectively) at elevated temperatures than other beneficial 
mutations. Furthermore, we combined the E271L, K319W, N278K, and 
K251E mutations into double mutations to enhance activity and ther-
motolerance. Unfortunately, the t1/2 of those double mutations was 
markedly decreased (Table 1). Thus, the E271L, K319W, N278K, and 
K251E mutations have an additive effect on catalytic turnover; on the 
other hand, the combination of these mutants shows negative feedback 
on heat tolerance. 

3.5. Molecular interaction analysis for improved thermostability 

Through MD simulations at various temperatures and calculations of 
folding free energy, we successfully identified 17 mutations across 6 
positions that can enhance either the activity or stability of the enzyme. 
To probe the molecular basis for increased thermostability, three- 
dimensional models of BLA mutants were constructed by AlphaFold2 
[30]. Subsequently, 100 ns MD simulations for the mutants (K251E, 
E271L, T277I, N278K, K319W and E336S) were carried out to optimize 
the structure for further evaluation (Supplemental Fig. S2). Curiously, 
the RMSF values of the four mutant variants K251E, E271L, T277I and 
K319W exhibited varying degrees of reduction, aligning with the 
anticipated outcomes of the designed mutations. However, it is note-
worthy that the RMSF values for N278K and E336S showed unexpected 
increases (Supplemental Table S3). An increase in independence for 
thermal activity was observed when E271 was mutated to leucine 
(E271L), arginine (E271R), methionine (E271M), glutamine (E271Q), 
threonine (E271T), valine (E271V) and isoleucine (E271I). However, 
not all mutants at the 271th position resulted in improved thermal sta-
bility. Only the E271L, E271R and E271I mutants significantly enhanced 

Table 1 
Enzymatic properties of WT and its mutants at pH 6.0 and 95 ◦C.   

KM 

(g⋅L− 1) 
kcat (s− 1) kcat/KM 

(g⋅L− 1⋅s− 1) 
t1/2 (s) Tm (◦C) 

WT 3.88 
± 0.15 

380 
± 10.95  

97.9 285 
± 8.26 

91.40 
± 0.59 

K251E 4.35 
± 0.13 

734 
± 15.67  

168.7 182 
± 5.79 

87.73 
± 0.76 

E271L 4.13 
± 0.09 

696 
± 12.39  

168.5 315 
± 10.36 

96.19 
± 0.74 

E271R 2.62 
± 0.05 

317 
± 9.91  

121.0 330 
± 12.45 

95.15 
± 0.36 

E271M 4.32 
± 0.31 

539 
± 11.67  

124.8 289 
± 14.32 

92.68 
± 0.83 

E271Q 3.36 
± 0.28 

430 
± 13.27  

128.0 257 
± 12.89 

95.85 
± 1.24 

E271T 5.04 
± 0.19 

803 
± 15.86  

159.3 231 
± 9.66 

90.32 
± 1.28 

E271V 4.55 
± 0.20 

598 
± 12.56  

131.4 228 
± 10.13 

94.56 
± 0.57 

E271I 3.40 
± 0.17 

318 
± 8.72  

93.5 315 
± 9.89 

93.60 
± 0.94 

T277C 2.88 
± 0.08 

484 
± 9.26  

168.1 92 ± 6.53 74.39 
± 1.04 

T277I 4.88 
± 0.11 

507 
± 14.16  

103.9 267 
± 12.61 

95.93 
± 0.85 

T277V 5.81 
± 0.26 

858 
± 15.50  

147.7 161 
± 7.59 

90.10 
± 0.69 

N278K 3.75 
± 0.11 

518 
± 10.29  

138.1 301 
± 13.62 

94.49 
± 0.91 

K319W 2.93 
± 0.09 

505 
± 10.09  

172.4 323 
± 13.25 

96.71 
± 1.18 

E336S 2.25 
± 0.08 

269 
± 7.23  

119.6 407 
± 14.38 

95.38 
± 1.37 

E271L/ 
K319W 

7.88 
± 0.29 

1441 
± 32.67  

182.9 193 
± 9.37 

95.43 
± 1.25 

E271L/ 
N278K 

8.61 
± 0.32 

1585 
± 39.15  

184.1 139 
± 7.81 

92.86 
± 0.91 

E271L/ 
K251E 

6.84 
± 0.17 

1254 
± 28.94  

183.3 210 
± 13.68 

95.66 
± 1.04  
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heat resistance. E271 lies in a hidden cove on the surface of BLA and 
forms three H-bonds with K315 and H316, which are localized in a loop 
motif (Fig. 3C). The E271L mutation disrupts hydrogen bonds, a change 
typically detrimental to thermal stability. However, the increase in 
flexibility enhances the entropy change of E271L (Supplemental 
Table S4), ultimately leading to an improvement in its heat resistance 
(Table 1). We surmise that similar circumstances may have occurred in 
other mutant variants (E271I), employing an increase in entropy to 
counteract the unfavorable enthalpic changes compromising thermal 
resilience. Therefore, the increased thermotolerance of E271L, E271R 
and E271I occurs when a favorable folding free energy overcomes an 
unfavorable breaking intermolecular hydrogen bond. Interestingly, 
Declerck et al. [42] investigated over 175 mutants and identified key 
residues for maintaining activity and stability in BLA. Interestingly, 
some surface residues showed improved stability when mutated to hy-
drophobic residues [43,44], which is similar to some of the mutations in 
our study. As lysine is mutated into glutamate (K251E), the charge of 
this site changes from positive to negative while reducing the size of the 
amino acid side chain (Fig. 3A). The mutation of N278 to lysine results in 
these regions being rich in positively charged amino acids (Fig. 3B). In 
the case of K251E, the mutation led to an increase in entropy (Supple-
mental Table S4). Furthermore, the results obtained from FoldX calcu-
lations also indicate a decrease in folding energy for K251E. Hence, the 
thermal stability of K251E is indeed improved. Compared to the cationic 
sidechains of lysine, the K319W mutation not only sustained hydrogen 
bond formation by the indole NH but also formed new π-π stacking in-
teractions with F279 (Fig. 3D). In general, mutating charged amino acids 
on the protein surface to hydrophobic amino acids tends to decrease 
protein stability. However, in studies of BLA [42,43], it has been re-
ported that mutating five surface positions to hydrophobic amino acids 

(H133V, N190F, A209V, N264S, and Q265Y) can actually enhance 
protein stability. In this study, despite disrupting the original hydrogen 
bond and mutating the charged surface residue to a hydrophobic res-
idue, such as E271L and K319W, increased SASA was observed to 
varying degrees. We speculate that these mutations primarily improve 
BLA thermostability by increasing local entropy and reducing ΔΔG. 
However, the accumulation of entropy increase could actually lead to 
decreased protein stability, as supported by experimental data on a 
double mutant (E271L/K319W). Further scrutiny was given to the 
mutant E336S, which disrupts a hydrogen bond with G332 and two salt 
bridges with R375. The severance of this hydrogen bond is expected to 
enhance swing movement of the loop region, accompanied a positional 
conformational shift in the catalytic residue D328, potentially opti-
mizing it for starch hydrolysis. Moreover, E336S reveals significantly 
improved thermal tolerance compared to WT. Despite the conventional 
understanding that hydrogen bonds play a pivotal role in enzyme heat 
resistance, not all hydrogen bonds are crucial for protein stability. Mu-
tants like E271L and E336S disrupt hydrogen bonds or salt bridges, 
ostensibly reducing protein thermal stability. Unexpectedly, these mu-
tants increase the thermal stability of the protein by reducing the overall 
free energy of folding. It was also surprising that combinations of these 
mutations did not appear to have an additive effect as we would expect. 
Unfortunately, the t1/2 of E271L/K319W, E271L/N278K and 
E271L/K251E were reduced up to 32%, 51% and 26% compared to the 
WT, respectively. A possible explanation is that individual hydrogen 
bonds or salt bridges do not substantially contribute to BLA’s thermo-
tolerance on their own, but their collective absence leads to decreased 
stability at elevated temperatures. Notably, E271, K251, and T277 are 
located on α-helices, which is distinct from previous studies that focused 
on loop structure or Ca2+-binding sites. By utilizing MD, the number of 

Fig. 3. The interresidue interactions between WT and mutants. Analysis of surface electrostatic interactions in K251E (A) and N278K (B); hydrogen bonds between 
E271 (C), K319 (D), E336 (E) and their neighboring residues. The WT and mutants are shown as cartoon views in green and pink, respectively. The electrostatic 
potential was calculated using PyMOL. 
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candidate mutation sites can be effectively reduced by focusing solely on 
highly flexible regions. This method not only minimizes the workload 
needed for experimental validation but also enhances the efficiency of 
designing proteins in a rational manner. Moreover, in this study, region 
b demonstrated a relatively low RMSF at 358 K. However, at 500 K, the 
RMSF increased dramatically. It is worth noting that the final active and 
thermally stable sites were located in this region. As such, in future 
studies, we should pay closer attention to regions where the RMSF in-
creases significantly under high-temperature simulations. Rational 
design in this area may universally enhance the thermal stability and 
activity of proteins. 

4. Conclusions 

Overall, computation-guided protein engineering can greatly 
enhance the productivity of positive mutations. In this study, we com-
bined MD and FoldX to improve thermostability of enzymes by reducing 
the overall free energy of folding of highly flexible residues using site- 
directed mutagenesis. Seventeen positive mutants were obtained from 
402 potential mutants constructed with computational results by FoldX 
predictions. Experimentally validated, nine of those seventeen mutants 
improved thermostability and enzymatic activity at 95 ◦C compared 
with that of WT, indicating that these mutations achieved both ther-
motolerance improvement and activity enhancement. The E271L and 
K319W are the most effective mutants, showing a 72% and 76% increase 
in kcat/KM compared to the WT, respectively. Additionally, their t1/2 also 
improved, with increases to 1.11 and 1.13 times, respectively. This work 
provides a practical strategy for protein engineering that could be useful 
for improving the thermostability of other enzymes. 
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