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a b s t r a c t
The cold-adapted alpha-amylase (PHA) from Pseudoalteromonas haloplanktis is a psychrophilic enzyme
which demonstrates high activity at low temperatures, but poor thermostability. Most of the method
only employed the crystal structure to design the target protein. However, the trajectory of protein
molecular dynamics (MD) simulation contained clues about the protein stability. In this study, we combined MD simulation and energy optimization methods to design mutations located at non-conserved
residues. Two single point mutants (S255K, S340P) and one integrated mutant (S255K/S340P) enhanced
thermostability without affecting the optimal catalytic activity. After incubation at 40 °C for 80 min, the
residual activities of mutants S255K, S340P and S255K/S340P were 1.6-, 2.4-, and 2.6-fold greater than
that of the wild type (WT). Additionally, the catalytic efficiency values (kcat/Km) of S255K, S340P, and
S255K/S340P also increased 1.9-, 2.0-, and 2.7-fold when compared to WT.
Ó 2019 Elsevier B.V. All rights reserved.

1. Introduction
The alpha-amylase (EC 3.2.1.1) is one class of industrial
enzymes that constitute approximately 30% of the world’s enzyme
market and are used in the industrial production of starches, detergents, textiles, and pharmaceuticals [1–3]. The cold-adapted alphaamylase has emerged as a useful biocatalyst which has broad
applications at low temperatures [4–6]. However, the enzyme is
denatured after small temperature changes, which strongly limits
its application in the biotechnology industry [7–9]. It is crucial to
improve the thermostability of this biocatalyst without impacting
its optimal temperature.
Various strategies have been suggested to enhance the enzyme
thermostability, including: (a) a homologous alignment; (b) the
optimization of protein surface charge; (c) a strategy based on
disulfide bonds; (d) the strategy of proline effect; (e) a strategy
based on temperature factor; and (f) the strategy of free energy
based on protein folding [10–14]. The majority of these methods
have attempted to increase the protein structure’s rigidity by modifying the interaction of the residue with the covalent or non⇑ Corresponding authors.
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covalent bond that simulated with the crystal structure of proteins.
However, the protein crystal structure provided by the Protein
Data Bank (PDB) only represents a special conformation of the protein which is different from its natural structure at high temperatures. Therefore, mutations which are designed to enhance the
thermostability in silico must consider various protein conformations, especially the conformation at high temperatures.
MD simulations have evolved as a well-developed technique to
understand macromolecular conformations [15]. Protein can be
simulated in the solution at different temperatures in silico. It
was simple for us to generate many protein conformations, which
are helpful further infer protein dynamic properties through structural analyses [16–20]. In this study, a strategy that combined MD
simulation and energy optimization was used to find protein
mutants with enhanced thermostability. MD simulation generated
enough protein conformations. Position scanning was used to
screen positive mutations with enhanced thermostability. Mutations that were positive on the majority of the protein simulated
conformations were designed for our experimental evaluation.
Experimental results showed that two single-point mutants
(S255K and S340P) yielded improved thermal thermostability.
One double-point mutant (S255K/S340P) was constructed based
on those two single point mutations. It was found that the Tm value
of mutant (S255K/S340P) was 4.77 °C higher than that of the wild
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type (WT) enzyme. Since all designed mutations were located at
non-conservative positions, the optimal temperature for each of
the three mutants was also similar to that of the WT. The success
of this rational design strategy for PHA indicates that it is an efficient method to design the protein, and that it can also be used
for other proteins.
2. Materials and methods
2.1. Data set
Thermodynamic Database for Proteins and Mutants (Protherm)
is a database that contains numerical thermodynamic parameters
for proteins and their mutants [21]. From the Protherm dataset,
we gathered 42 wild type proteins and these positive and negative
mutants, for which DTm has been measured experimentally. The
3D structures of those proteins were downloaded from the Protein
Data bank, http://www.rcsb.org [22]. Among them, the DTm values
of positive mutants are greater 1 °C than that of the WT protein,
and DTm values of negative mutants are less 1 °C than that of
the WT protein.
2.2. MD simulation
The three-dimensional structures of four alpha-amylases and
the 42 wild type proteins were downloaded from the PDB database. All non-protein and hydrogen atoms were removed and the
protein structure was prepared using Discovery studio 2.5. Protein
molecules were placed in cubic boxes at a minimum of 12 Å distance from the edge and were solvated using TIP3P [23] explicit
water. The system was neutralized with 0.15 mol per liter of
sodium chloride using VMD 1.9.2 [24], where approximate density
was determined by the density of water at the corresponding
temperatures.
The MD simulation was performed using NAMD 2.12 [25] with
the CHARMM22 [26] force field. Simulations were carried out using
periodic boundary conditions and a 12 Å cut-off for non-bonded
interactions as well as a Particle Mesh Ewald for long-range electrostatics. A time step of 2 fs was used, and snapshots were saved
every 1 ps. The protein was fully constrained, and the solvent minimized for 2000 steps using a conjugate gradient algorithm. The
solvent was equilibrated for 100 ps under constant-temperature,
constant-pressure NPT conditions. The solvent was then fully constrained and the protein minimized for 2000 steps. The entire system was then minimized for another 2000 steps and equilibrated
for 100 ps under the same NPT conditions. Finally, a 20-ns MD simulation was performed at 300 K, 350 K, 400 K or 500 K in constantenergy, constant-volume ensemble NVE conditions.
2.3. Feature selection and Support Vector Machine (SVM) machine
learning model
The structural conformations of simulated protein were
extracted every 0.2 ns from the total 20 ns MD trajectory. Therefore, the 100 frames’ structures were collected from each molecular simulation trajectory. As shown in Table S1, the wild type
structure in each frame was mutated to the corresponding positive
and negative mutants. Then the unfolding free energy change of
each mutant was calculated with software FoldX 4.0 [27] and
selected as the training features.
To build a suitable SVM machine learning model, the calculated
DDGu was selected as feature for SVM machine learning. The R
package e1071 was used as the SVM machine learning package.
The gaussian kernel was selected. The grid search was used for
the parameter optimization of SVM machine learning, and the opti-
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mal cost parameter and gamma parameter were used for the SVM
machine learning model. On consideration of the small sample
size, the 42-fold cross validation was conducted to evaluate the
performance of the models.
2.4. Rational design of alpha-amylase mutations
In order to search for positive mutations, a position scanning
protocol was carried out on protein structures that were extracted
from the trajectory of the MD simulation. To this end, the unfolding
free energy of each mutant was calculated as a criterion of thermostability. The scanning of mutations and the energy calculations
were carried out using FoldX 4.0 [27].
K-Means clustering was applied to determine which clusters
with lower interaction energy amino acid sites and two-clusters
would be chosen for further sites selection (Fig. 1). In order to
avoid mutations that had occurred in the conservative, binding
and active sites, the NCBI analysis tool cd-search [28,29] was used
to determine the location of those sites (Fig. S1). Finally, the locus
of conservative residues (His7, Cys20, Gln33, Ser35, Asn38, His40,
Gln51, Cys74, Asn88, Asp144, Asp174, Ala175, His178, Ala181, Gln199,
Thr221, His263, Ala287, Ser304 and Gln368) as well as the sites within
five Å of active sites (Thr85, Asn88, Ala175, Ser176, Gln199, Thr221,
His263) were avoided.
2.5. MD analysis methods
Analysis of the trajectory was performed with VMD 1.9.2. The
protein’s structural thermostability was further examined using
the time evolution of the number of backbone H-bonds as well
as the energy between one amino acid and the others. A hydrogen
bond was considered to be formed if the distance between N and O
was 3.2 Å and the angle of NAH  O was 120°. The energy
between one amino acid and the others contains the energy of
hydrogen bonds, ionic bonds and van der Waals forces. Images of
hydrogen bond and energy analysis were generated by gnuplot
5.2, while the protein 3D structure diagram was generated using
discovery studio 2.5.
2.6. Bacterial strains, plasmids, culture conditions and chemicals
Purchased from Kangweishiji (Beijing, China), E. coli TOP10 and
E. coli BL21 (DE3) were utilized as the hosts for cloning and gene
expression, respectively. The plasmid pET-22b(+)-PHA harboring
the gene PHA was synthesized by the GenScript Corporation (Nanjing, China), and the gene was optimized using Presyncodon [30].
The GenBank accession number of PHA gene and protein were
MK627521 and CAA41481, respectively. All of the bacteria were
cultivated at 37 °C or 16 °C in Luriae Bertani (LB) medium. Both
ampicillin
(50 lg/mL)
and
IPTG
(isopropyl
b-D-1thiogalactopyranoside) (1 mM/mL) were added to the growth
medium when necessary. All chemicals used were analytical grade.
2.7. Site-directed mutagenesis
Mutations causing amino acid exchanges were performed using
a two-step PCR method. Primers containing mutation sites are
listed in Table S2. During the first phase, a DNA fragment which
contained the mutation site was amplified using a typical PCR reaction: 1.5 lL Taqplus DNA polymerase (Tiangen, Cor. Beijing, China),
5 lL buffer, 200 mM dNTPs, 50 ng of pET22b(+)-PHA plasmid,
1 mM of each primer, followed by addition of ddH2O to 50 lL.
Thermal cycling was performed as follows: 95 °C for five minutes, followed by 30 cycles at 95 °C for 30 s, 55 °C for 30 s, 72 °C
for one minute, and an elongation step at 72 °C for 10 min. DNA
fragments were gel-purified using an AxyPrep DNA Gel Extraction
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Fig. 1. The K-Means clustering of the unfolding free energy of mutants following MD simulation sampling. The x-coordinate is the time axis from 0 ns to 20 ns. The vertical
axis represents different amino acid sites. Each square represents a mutant (saturation mutations were performed at each amino acid site, leaving the mutants with the
lowest energy values): blue indicates that the energy of the mutant has been reduced relative to that of the wild type, while red indicates that the energy of the mutant has
been increased relative to that of the wild type. The darker the color, the greater the variation.

Kit (Corning, Hangzhou, China). 500 ng of the fragments which
were produced in the first PCR reaction were then used as megaprimers: 50 ng of pET22b(+)-PHA plasmid as template, 1.5 lL FastPfu
DNA polymerase (TransGen, Beijing, China), 10 lL buffer, 200 mM
dNTPs, followed by the addition of ddH2O to 50 lL.

The following amplification program used was: 95 °C for five
minutes, then 30 cycles at 95 °C for 30 s and 68 °C for five minutes,
followed by an elongation step at 72 °C for 16 min. The original
template was then digested using DpnI (NEB.USA) at 37 °C for three
hours. Recycling purification of digestion products was undertaken

Q. Li et al. / International Journal of Biological Macromolecules 142 (2020) 624–633

using a Universal DNA Purification Kit (Tiangen Cor. Beijing, China).
To verify incorporation of the mutant genes, DNA sequencing was
performed.
2.8. Protein expression, purification and analysis
Recombinant strains were grown overnight at 37 °C in LuriaBertani (LB) medium supplemented with 50 lg/mL ampicillin. Following this, cultures were inoculated into 100 mL of LB medium
containing 50 lg/mL ampicillin by 1% dilution and then grown at
37 °C with shaking at 200 rpm. When OD600 levels reached 0.6–
0.8, IPTG was added to a final concentration of 1.0 mM and then
grown at 16 °C with shaking at 200 rpm for 16 h. Cells were harvested by centrifugation at 8000 rpm for five minutes, and then
resuspended in 20 mM Tris-HCl buffer (pH 7.4) to be broken by
an ultrasonicator. Supernatant was then collected from the cells
which had been disrupted by being centrifuged at 12,000 rpm at
4 °C for 30 min. All the C-terminal His-tagged proteins were purified using an Ni–NTA agarose (Qiagen, USA) column. Purified proteins were stored in 20 mM Tris-HCl buffer (pH 7.4) at 20 °C.
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE) analysis was undertaken using a 12% running gel. Protein
concentration was measured with a BCA Protein Assay kit (CWBIO,
Beijing, China).
2.9. Measurement of enzymatic activity
The alpha-amylase enzyme activity was determined according
to the modified method described previously [31]. One unit of
enzyme was deemed to be the amount of amylase needed to
release 1 mmol of reducing sugar per minute at 30 °C, pH 7.0,
and 5 mM Ca2+. Reactions for both the WT and mutant enzymes
were conducted using 450 lL 1% soluble starch (Sigma, USA) as a
substrate and 50 lL enzyme for 10 min at 30 °C, pH 7.0, and
5 mM Ca2+. After color development, the reaction mixture was
monitored at 550 nm using a SpectraMax M2 (Molecular Devices,
USA) microplate reader.
2.10. Analysis of enzyme thermostability
In order to determine the thermostability of enzymes, they
were diluted to the same concentration, and then incubated at
40 °C for 0, 20, 30, 40, 50, 60, 70 and 80 min respectively, and were
then rapidly cooled. Finally, the residual activity was measured in
the manner stated above. The activity of the enzyme without incubation was defined as 100%. Melting temperature (Tm) was
detected using a differential scanning calorimeter (DSC) (GE
Healthcare, USA). Signal baseline drift was eliminated by allowing
the DSC equipment to warm up for 10 min prior to use, with the
temperature then increased from 10 °C to 70 °C at a rate of 10 °C/h.
2.11. Effect of temperature and pH on enzyme activity
The optimum temperatures of both the WT and mutants alphaamylases were determined at temperatures ranging from 0 °C to
50 °C in sodium phosphate buffer (pH 7.0) and 5 mM Ca2+. The
activity at optimum temperature was defined as 100%. The optimum pH of both the WT and the mutants were determined at
pH values ranging from four to nine at 30 °C and 5 mM Ca2+. Activity of optimum pH was defined as 100%.
2.12. Analysis of kinetic parameters for WT and mutants
The kinetic parameters of the WT and the mutant enzymes
were measured at the optimal temperature of 30 °C and pH 7.0,
using 0, 1, 2, 3, 4, 5, 6, 8, 10, 12 and 14 mg/mL soluble starch as
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a substrate. Each enzyme activity assay was undertaken with three
replicates. The steady-state kinetic parameters Km and kcat of the
WT and the mutants were determined through fitting the Michaelis–Menten equation to the initial velocity data using the GraphPad
Prism (GraphPad Software Inc; La Jolla, CA, USA).

3. Results
3.1. MD simulations
In order to evaluate the performance of MD simulation on the
alpha-amylase, four alpha-amylases were chosen and simulated
with the MD tool NAMD at four temperatures (300 K, 350 K,
400 K and 500 K) and three replications, respectively. The four
alpha-amylases were the psychrophilic alpha-amylase from Pseudoalteromonas haloplanktis (PDB id: 1AQH [32], PHA), for which
the optimal temperature ranges from 15 to 20 °C, the mesophilic
alpha-amylase from Bacillus amyloliquefaciens (PDB id: 3BH4 [33],
BAA) for which the optimal temperature is approximately 65 °C,
the thermophilic alpha-amylase from Bacillus licheniformis (PDB
id: 1BLI [34], BLA) for which the optimal temperature is approximately 90 °C, and the hyper-thermophilic alpha-amylase from
Pyrococcus woesei (PDB id: 1MWO [35], PWA), for which the optimal temperature is approximately 98 °C.
The average RMSDs for all of the atoms for the three replicated
MD simulations’ trajectories at the four temperatures were calculated. As can be seen in Fig. S2, the simulated average RMSD at a
high temperature was greater than that of a low temperature, suggesting that the average RMSD of the four alpha-amylases is sensitive to simulated temperature. In addition, the RMSDs of the PHA
at all four temperatures were greater than that of the other three
alpha-amylases (BAA, BLA and PWA). This result suggests that
the thermostability of the PHA was lower than that of other
enzymes. At each of the four simulated temperatures, the Pearson’s
correlation coefficient between simulated RMSD at 400 K and optimal temperature was 0.987, which was higher than the other
three temperatures (Fig. S2). Additionally, the simulated temperatures were extracted from the simulation system in the NVE condition, which tended to be stable and only fluctuated between 398 K
and 408 K (Fig. S3). Therefore, the simulated trajectories at 400 K
reflected an appropriate conformation change and accordingly
400 K was set as the simulated temperature for the following
simulations.

3.2. Correlation analysis between DDGu and DTm
The 42 proteins with positive and negative mutants were collected from the ProTherm database (Table S1). These 42 proteins
were simulated with the software NAMD and the 100 frames’ wild
type structures were extracted from each molecular simulation
trajectory. As shown in Table S1, each frame structure was mutated
into the corresponding positive and negative mutants. Then the
unfolding free energy change (DDGu) of each mutant was calculated with software FoldX. Finally, the Pearson correlation coefficient between the DTm values of the mutant and the calculated
DDGu values of the mutants were analyzed. As shown in Fig. 2,
the red dot represents the Pearson correlation coefficient of the
crystal structure and the other dots represent the Pearson correlation coefficients of the mutant structure obtained at different simulation time in the trajectory of the molecular simulation. As
shown in Fig. 2, the Pearson correlation coefficients between the
DTm values and calculated DDGu values tend to be strengthened.
This indicates that the structure simulated by molecular dynamics
can provide more information about the protein stability.
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3.3. Screening of stabilizing mutants in silico
To search for stabilizing (positive) mutations of PHA, 100 conformation structures of PHA were extracted in each trajectory of
the MD simulation, which were then used to scan the free energy
change of all possible single-point mutations. All free energy
changes of the mutation were calculated in seven replications
and clustered using the K-mean method. As shown in Fig. 1, different conformation structures obtained different screening results of
the positive mutation, suggesting that the input structure was a
key parameter for impacting the screen result. However, two
regions (Fig. 1) showed consistently low values for the folding free
energy changes (DDGFold) [36]. Therefore, mutations in these two
regions were selected as being potentially positive. Having eliminated positions located near the active and conservative sites, 10
mutants were selected to evaluate their effect on protein thermostability, measured by the following experiment.
3.4. Preliminary screening of mutants with normal activity
The genes of 10 mutants and WT were constructed in the
expression plasmid pET-22b(+). The protein expression was
induced overnight at 16 °C in E. coli strain BL21(DE3). The activities
of the expressed WT and mutant proteins were measured in order
to evaluate the effect of the mutations on protein function. As
listed in Table 1, the enzyme activities of the five mutants (T4I,
T147R, S226P, N288F and K383L) were lower than that of the
WT. Considering that their potential industry applications were
limited, they were not included in the following study. Thus, only
five mutants (N63D, T217L, H378F, S255K and S340P) were
retained for further evaluation.
3.5. Thermostability assays of WT and mutants
In order to determine the thermostability of the five mutants,
we purified the proteins of the five mutants and WT with a Ni2+chelating affinity column (Fig. S4) and measured the Tm values of
those proteins with DSC. Tm values of N63D, T217L and H378F
reduced by 0.77 °C, 0.50 °C and 3.70 °C, while Tm values of S255K
and S340P increased by 1.52 °C and 3.38 °C respectively (Table 2)
when compared to the WT protein. This indicates that two stabilizing mutations (S255K and S340P) were identified.
A mutant with double mutations (S255K and S340P) was constructed. The protein of this double-point mutant was then purified to evaluate the cumulative effect of the two mutations. The
Tm value of double-point mutant (S255K/S340P) was 43.47 °C,
which was 4.77 °C higher (Table 2) than that of the WT. Following
the incubation at 40 °C for 80 min, the residual activities of S255K,
S340P and S255K/S340P retained 46%, 69% and 76% of the maximal
activity and were found to be 1.6-, 2.4-, and 2.6-fold higher than
that of the WT (Fig. 3). These results suggest that the two substitutions (S255K and S340P) improved the thermostability of WT, and
the cumulative effect of S255K and S340P existed.
3.6. Temperature and pH dependency of WT and mutants
The pH dependence of WT and mutant activities was investigated in various buffers at pH values ranging from four to nine,
under standard assay conditions. Results show that the optimal
pH of all variants was 7.0, similar to that of the WT (Fig. 4A). The
effect of temperature on WT and mutant activities was measured
at various temperatures ranging from 0 to 50 °C, under standard
assay conditions. Results show that the optimal temperature of
variants was 30 °C, again similar to that of the WT (Fig. 4B). Therefore, the substitution of amino acid at 255 and 340 had no effect on
either optimal pH or temperature. Additionally, proteins WT,

Fig. 2. The correlation coefficient between DTm and DDGu varies with simulation
time. The red dot represents the Pearson correlation coefficient corresponding to
the mutant structure without molecular simulation and the other dots represent
the Pearson correlation coefficients of the mutant structure obtained at different
moments of molecular simulation.

Table 1
The difference in enzyme activity and thermostability between selected mutants and
wild type.
Selected sites

Wild

Mutation

Result

4
63
147
217
226
255
288
340
378
383

THR
ASN
THR
THR
SER
SER
ASN
SER
HIS
LYS

ILE
ASP
ARG
LEU
PRO
LYS
PHE
PRO
PHE
LEU

Enzyme activity;;;
Thermostability;
Enzyme activity;;;
Thermostability;
Enzyme activity;;;
Thermostability"
Enzyme activity;;;
Thermostability""
Thermostability;
Enzyme activity;;;

‘‘;”: Decreased activity or decreased thermostability.
‘‘"”: Increased activity or increased thermostability.

S255K, S340P and S255K/S340P had approximately 15, 18, 20
and 24% activity relative to the corresponding maximal value at
0 °C and less than 10% residual activity at 50 °C, suggesting that
both the WT and variants had the typical traits of cold-adapted
enzymes.
3.7. Kinetic parameters of WT and mutants
The kinetic parameters (Km and kcat) of both the WT and
mutants were measured at pH 7.0 and 30 °C with 11 different substrate concentrations of soluble starch, from zero to 14 mg/mL.
Compared with the WT, the catalytic efficiency (kcat/Km) of
S255K, S340P and S255K/S340P increased by 88%, 105% and 173%
(Table 3) respectively, suggesting that the three mutants not only
enhanced their thermostability, but also improved catalytic efficiency. Further, the cumulative effect of S255K and S340P
improved the catalytic efficiency of the S255K/S340P mutant.
3.8. Mutations on residues S255 and S340
In order test whether or not the mutation S255K and S340P was
best suited to be in those positions, five typical amino acids (Alanine, Glutamine acid, Leucine, Arginine and Tyrosine) were
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Table 2
The Tm values of the WT and mutants.

Tm (°C)

WT

S255K

S340P

S255K/S340P

N63D

T217L

H378F

38.7 ± 0.3

40.22 ± 0.1

42.08 ± 0.4

43.47 ± 0.3

37.93 ± 0.5

38.23 ± 0.3

35 ± 0.5

Fig. 3. The thermostability assays of the WT and mutants. Enzymes were incubated
at 40 °C and pH 7.0 for different periods, and the residual activity of WT and
mutants was measured. Activity of the enzyme without incubation was defined as
100%. Data points correspond to mean values of three independent experiments.

mutated in the residues S255 and S340 respectively. All 10 mutations were constructed, and the corresponding proteins were
expressed and purified. As shown in Table S3, the Tm values of all
10 mutants were lower than that of the WT, indicating that Lysine
and Proline were probably the most suitable options of residues
S255 and S340, and that our rational design method is a powerful
method for selecting the best suited mutations for improving
thermostability.
3.9. Interaction energy analysis
In order to investigate what structural factors of S255K and
S340P contributed to the protein thermostability, we analyzed
interaction energy between amino acids and other residues of
the simulated conformations from MD. As shown in Fig. S5, the
amino acid interaction energy map of the WT protein revealed a
high interaction energy area (Glu118, Glu138, Asp144 and Asp146),
suggesting that these residues were negative on protein
thermostability.
Structure analysis of PHA indicated that the four amino acids
(Glu118, Glu138, Asp144 and Asp146) were located at Domain B,
which is one of the three structural domains of alpha amylase
(Fig. 5A) and is responsible for maintaining protein thermostability
[37,38]. Moreover, this region is located on the surface of the protein and close to three functionally important areas. These three
areas contain two substrate binding areas (Trp48 to Gln51 and
Lys177 to His178) and one catalytic activity area (Asp174, Glu200,
Asp264) (Fig. 5B). The cumulative energy among the different simulated conformations reflected the protein interaction energy map
and found which residues related to the protein thermostability. As
shown in Fig. 6, the mutations S255K and S340P optimized the
amino acid interaction energies, and found that the amino acid
interaction energies in residues Glu118, Glu138, Asp144 and Asp146
were lower than that of the WT protein. Additionally, mutation

Fig. 4. The effect of temperature and pH on the activity of the WT and mutants. For
each enzyme, total activity at the optimal temperature and pH were set at 100%.
A = optimal pH, while B = optimal temperature. Data points correspond to the mean
values of all three independent experiments.

Table 3
The kinetic parameters of the WT and mutants.

WT
S255K
S340P
S255K/S340P

Km (mg/mL)

kcat (min1)

kcat/Km (mL/mgmin)

10.4 ± 0.10
26.84 ± 0.84
14.73 ± 0.55
14.24 ± 0.85

7.67 ± 0.05
37.26 ± 0.92
22.35 ± 0.75
28.72 ± 1.01

0.74 ± 0.01
1.39 ± 0.05
1.52 ± 0.03
2.02 ± 0.07

S255K optimized the interaction energy between the residues
Ser255 and the other residues (Fig. 6). Analysis of interaction energy
showed that the double mutation (S255K/S340P) combined the
energy contribution of S255K and S340P, which in turn optimized
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interaction energies in the residues (Glu118, Glu138, Asp144, Asp146
and Ser255). Therefore, the mutations S255K and S340P give a positive effect on protein thermostability by optimizing the structural
energy.
4. Discussion

Fig. 5. (A) Distribution of three domains of alpha-amylase. (B) Location of the lower
energy region and its neighboring functionally important sites.

Protein engineering strategies have been frequently used to
optimize enzyme traits. Both rational design and directed evolution have also been used to tailor enzyme properties [39,40].
Rational design has often increased protein stabilities through
the rigidification of flexible sites, improving the hydrophobic packing of the protein core [41], creating a favorable network of both
positive and negative charges at the protein surface [42] and engineering stabilizing disulfide bridges into proteins [43].
In the process of our previous method exploration, the classification and regression results of SVM were used as a support for our
method and also provided us with a new direction for engineering
enzyme stability. As shown in Fig. 7, the AUC value of the ROC
curve and predicted accuracy of the SVM model reached 0.73,
and 0.70, respectively. The regression prediction presented that
the correlation coefficient between DTm measured in the experiment and DTm predicted by SVM was 0.42 (Fig. 8). Considering that
our sample size is relatively small, with only 42 pairs of positive
and negative mutants, the result of SVM machine learning is pretty
good. If we increase the number of samples and try more machine
learning methods, we may get a more ideal result. Therefore, the
method of combining MD with machine learning can also be
regarded as an engineering method to enhanced thermostability
and these contents and results will be reflected in our next work.
And in the current study, we proposed a rational design method
which combined MD simulations and structural energy optimization to design site-directed mutations of PHA with improved ther-

Fig. 6. The cumulative change of energy at the amino acid sites in molecular simulation. The x-coordinate is the amino acid site. The ordinate is the energy accumulation,
which represents a cumulative change of energy at each amino acid site in the molecular simulation process, relative to the previous time. The amino acid sites which have
accumulative energy values greater than 10,000 kcal/mol or less than 10,000 kcal/mol are marked with green arrows to indicate that they are sites with significant changes.
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Fig. 7. The ROC curve for SVM classification with 42 proteins with positive and negative mutants and the AUC value is 0.73.

Fig. 8. Linear fitting between DTm predicted by SVM and DTm measured by
experiment. The correlation coefficient between DTm predicted by SVM and DTm
measured by experiment reached 0.42.

mostability. This design strategy was based on energy calculations
and identified 10 single-point mutations showing predicted stabilizing effects. When compared to directed evolution, in which >104
variants were needed to be screened, our strategy greatly reduced
the amount of experimental screening. When compared with other

rational design methods, our strategy demonstrated an obvious
improvement. The majority of existing methods have attempted
to increase the protein structure’s thermostability through crystal
structure of proteins [12–14]. The protein crystal structure deposited in the PDB database is simply a special conformation of the
protein, which is different to the real structure at high temperatures. Therefore, the design of mutations which enhances the thermostability in silico must consider various protein conformations,
especially the conformation at high temperatures.
Following in silico design and evaluation, two useful mutations
(S255K and S340P) and a double mutation (S255K/S340P) were
identified. All three of these mutations were located in the nonconservative region, far away the active center, and enhanced thermostability without affecting its activity and optimal catalyzing
condition. High levels of hydrolytic activity at low temperatures
are a characteristic of this enzyme. However, the increase of thermostability caused by mutations is often accompanied by a change
of optimal temperature [5,43], which will in turn lead to energy
consumption in industrial applications. Mutations may also lead
to changes in optimal pH values [43]. However, the optimal pH
value of our mutants is consistent with that of the WT protein,
and to some extent expands the optimal pH range of the enzyme.
Therefore, when compared with previous studies, the mutations
we obtained are better suitable for industrial applications.
It is interesting that the mutation H378F of PHA resulted in
instability, although could optimize the structure interaction
energy (Fig. S6). Indeed, there exist two stable hydrogen bonds
between His378 and its neighboring residues (Ser370 and Thr394)
(Fig. S7). These two hydrogen bonds are located at the cavity of
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the C-domain and link the two folded sheets (Fig. S7B). While the
mutation H378F may optimize residue interaction energy, it also
has the potential to destroy these two hydrogen bonds between
His378 and Ser370/Thr394, and thus impair the protein’s thermostability (Fig. S7C). Although our method considered the amino acid
interaction energy, it ignored the key hydrogen bond in the structure, which could lead to some false positive mutations. Therefore,
future development of our method should integrate the key structural bond analysis and other parameters in order to design the
positive mutation with higher accuracy.
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