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Abstract: This study used molecular dynamics simulations, B-factor analysis, and saturation mutagenesis screening to enhance 
the thermal stability of the trans-epoxysuccinate hydrolase (TESH) derived from Pseudomonas koreensis. Eleven mutants that 
influence this characteristic were selected, yielding four mutants with improved activity. Among them, mutants A142C and 
S178Q exhibited lower Michaelis constant (Km) values, and their kcat/Km ratios (kcat, catalytic constant) were 3.7 and 0.9 times 
higher than those of the wild type, respectively. The values of half-life at 50 ℃ (T 50

1/2) of the two mutants were increased by 
107% and 59%, respectively, compared to the wild type. Molecular docking and molecular dynamics simulations indicated that 
the two mutants showed stronger substrate interaction, lower binding energy, and reduced root mean square deviation compared 
to the wild type, along with decreased electrostatic potential energy and increased hydrophobicity near their mutation sites. The 
study of protein thermal stability engineering and associated mechanisms provides a valuable reference and holds practical 
significance for the industrial production of meso-tartaric acid.

Key words: trans-Epoxysuccinate hydrolase; Pseudomonas koreana; Molecular dynamics simulation; Thermal stability 
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1 Introduction 

Epoxide hydrolases (EHs; EC 3.3.2.3), which 
are widely distributed in nature and present in organ‐
isms such as animals, plants, and microorganisms, re‐
quire no cofactors to function. They are known to cata‐
lyze the enantioselective and regioselective addition 
of water molecules to the ethylene oxide ring of epox‐
ides, resulting in optically active o-diols (Steinreiber 
and Faber, 2001). EHs from microbial sources are in‐
creasingly recognized as highly versatile biocatalysts 
for the preparation of enantiomeric pure epoxides and 
orthodiols, which form an important group of enantio‐
meric pure compounds in the chemical and pharma‐
ceutical industries.

Epoxysuccinate hydrolase (ESH), a member of 
the EH family, can hydrolyze epoxysuccinic acid into 
tartaric acid (TA), serving as a key enzyme in the syn‐
thesis of TA (Archelas and Furstoss, 1998). Owing to 

the presence of two asymmetric carbon atoms, TA 
exists in three optical isomeric forms, including L(+)- 
TA, D(−)-TA, and meso-TA. The reported ESHs are 
primarily derived from bacteria (Sato and Yanai, 1976; 
Kamatani et al., 1977; Prescher and Schreyer, 1979; 
Rosenberg et al., 1999; Cheng et al., 2014), and their 
stereoselectivity varies across different sources. These 
three TA isomers are associated with the correspond‐
ing ESHs, which are designated as CESH[L] (cis-
ESH for L(+)-TA production), CESH[D] (cis-ESH for 
D(−)-TA production), and TESH (trans-ESH for meso-
TA production) (Sun et al., 2019). meso-TA is relatively 
rare, typically found as ferrous tartrate, and used as an 
anti-salt caking agent (Prescher and Schreyer, 1979). 
It also has applications in snow removal, baking pow‐
der preparation, and medicine (Bao et al., 2015).

Recently, we characterized TESH from Pseudo‐
monas koreensis and explored its catalytic mechanism 
(Liao et al., 2024). However, when incubated at 45 ℃ 
for 30 min, only 10% of the residual activity of TESH 
remained, indicating its poor thermal stability. The 
modification of enzyme thermal stability not only im‐
proves enzyme performance but also enables effective 
application under a wide range of industrial scenarios 
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and environments, playing a key role in many eff‑
icient and sustainable industrial processes. Bioinfor‐
matics are crucial in enzyme modification (Zhang 
et al., 2019). The B-factor is an important parameter 
in determining protein thermal stability. It reflects the 
movement and flexibility of atoms, amino acid side 
chains, and loop regions within protein structures. In 
general, a higher B-factor indicates greater atomic mo‐
bility and flexibility in a region, which corresponds to 
a more unstable structure; conversely, a lower B-factor 
suggests greater rigidity and structural stability (Tang 
et al., 2019; Carugo, 2022). Molecular dynamics si‑
mulations allow for the atomic-level simulation of pro‐
tein systems, tracking the movement of molecules over 
time to uncover their dynamic properties. By simulat‐
ing protein behavior under different conditions, such 
as variations in temperature, pH, or ligand binding, 
these simulations can provide insights into the factors 
influencing protein stability and help understand their 
effects on protein structure and function (Sinha et al., 
2022; Weng et al., 2023).

In this study, molecular dynamics simulation was 
conducted to identify its unstable regions, and B-factor 
analysis helped pinpoint hotspots with poor thermal 
stability. Subsequently, saturation mutagenesis simula‐
tion was carried out to select and optimize stability-
enhancing mutations. Eleven mutants were selected, 
mutated, and characterized, resulting in two mutants 
with improved thermal stability and enzymatic activity 
(Sakura et al., 2023). The findings provide an import‑
ant reference for the thermal stability engineering of 
proteins and hold practical significance for the indus‐
trial production of meso-TA.

2 Materials and methods 

2.1 Strains and plasmids

The TESH gene of P. koreensis (GenBank regis‐
tration No. WP_151550555) was cloned in our labora‐
tory and expressed in Escherichia coli BL21 (DE3)- 
pET15b(+)-TESH (Liao et al., 2024).

2.2 Homology modeling and molecular thermal 
stability simulation

The model of TESH was generated using the 
SWISS-MODEL (Waterhouse et al., 2018) (https://
swissmodel.expasy.org), and B-factor analysis was 

conducted using HOTSOPT WIZARE v3.1 (Sumba‐
lova et al., 2018) (https://loschmidt.chemi.muni.cz/
hotspotwizard). Discovery Studio 2019 was utilized 
for mutant stability energy calculations and molecu‐
lar dynamics simulations. The energy effect of each 
mutation on protein stability (mutation energy, ∆∆Gmut) 
was calculated as the difference in folding free energy 
(∆∆Gfolding) between the mutant structure and the wild-
type protein, as expressed in Eq. (1):

∆∆Gmut = ∆∆Gfolding (mutant ) − ∆∆Gfolding (wild-type ). (1)

The folding free energy is defined as the differ‐
ence in free energy between the folded and unfolded 
states of a protein, as expressed in Eq. (2):

∆∆Gfolding = ∆Gfld − ∆Gunf, (2)

where ∆Gfld and ∆Gunf represent the free energy of the 
folded and unfolded (denatured) states, respectively.

2.3 Construction of site-directed mutations

Taking the results of pre-screening as a basis, mu‐
tation primers were designed (Table S1). Site-directed 
mutagenesis was performed using PrimeSTAR® Max 
DNA polymerase (TaKaRa, Kyoto, Japan) and mutant 
primers, which were synthesized by Youkang Biolog‐
ical Company (Hangzhou, China).

2.4 Purification and characterization of enzymes

Wild-type and mutant TESHs were expressed in 
E. coli BL21 (DE3) cells and purified using His-Tag 
protein agarose purified resin (Sangon Biotech, Shang‐
hai, China) according to the method for CESH[D] 
(Bao et al., 2014). After desalting the protein by ultra‐
filtration, 20% (volume fraction) glycerol was added 
at −20 ℃ for future use.

The effect of the thermal stability of TESH was in‐
vestigated according to the method used for CESH[L] 
(Wang et al., 2013). The relative activity of the assay 
under standard reactions was set to 100%. The Mi‐
chaelis constant (Km), maximum reaction rate (Vmax), 
and catalytic constant (kcat) values of the enzyme were 
determined using the Michaelis-Menten plot when the 
concentration of trans-epoxysuccinic acid was in‐
creased from 20 to 320 mmol/L (Han et al., 2024). 
After incubating TESH at 50 ℃ for different periods, 
the temperature of the enzyme was adjusted to 37 ℃ 
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and the normalized conditions of pH 8.0 were set for 
30 min to determine its stability.

2.5 Enzyme activity detection

The amount of meso-TA was determined by high-
performance liquid chromatography (HPLC) on a 
chiral column (Chirex 3126 D-penicillanmin, 50 mm×
4.6 mm) at 60 ℃ . The sample volume was 10 μL. 
The mobile phase consisted of 88% (volume fraction) 
1 mmol/L copper acetate and 50 mmol/L ammonium 
acetate (pH 4.5) with 12% (volume fraction) isopropa‐
nol at a flow rate of 1 mL/min. Detection was per‐
formed at 280 nm (Cheng et al., 2014). TESH activity 
of one unit was defined as the amount of enzyme pro‐
ducing 1 μmol meso-TA per min at 37 ℃ and pH 8.0. 
Specific activity was defined as the number of units 
per milligram of protein. The protein concentration 
was determined by the Bradford Protein Assay Kit 
(Shanghai, China).

2.6 Molecular docking and molecular dynamics 
simulation

Molecular docking and molecular dynamics si‑
mulations were performed using the Discovery Studio 
2019 client with CHARMM36 force field. The sys‐
tem was solvated in explicit water and subjected to a 
two-step energy minimization procedure. The first step 
was to perform energy minimization for 1000 steps, 
and the second step was to conduct energy minimiza‐
tion for 2000 steps. This was followed by a heating 
phase where the temperature was gradually increased 
from 50.00 K to 323.15 K, which was then main‐
tained throughout both the equilibration and produc‐
tion stages. Production molecular dynamics simula‐
tions of 100 ns duration were conducted for both wild-
type and mutant proteins with whole sequence at 
323.15 K temperature and 1 bar (1 bar=1×105 Pa). 
Structural stability and flexibility were assessed by 
calculating root mean square deviation (RMSD) and 
root mean square fluctuation (RMSF) using the initial 
conformation as the reference (da Fonseca et al., 2024; 
Liao et al., 2024). For molecular docking, based on 
the previous research on the important active sites and 
catalytic mechanisms, the catalytic triad of Asp104-
His272-Asp128 had been obtained (Liao et al., 2024). 
The region of this active center was selected for mo‐
lecular docking, and the pose cluster radius was set 
to 0.1 nm.

3 Results and discussion 

3.1 Homology modeling and dynamic simulation 
of TESH

The model used for molecular dynamics simula‐
tions was based on the 4NVR (putative acyltransfer‐
ase from Salmonella enterica) template (Liao et al., 
2024), with homologous modeling conducted using 
the SWISS-MODEL. The sequence similarity between 
the template and TESH was 52.43%. In the model as‐
sessment of SWISS-MODEL, the global model qual‐
ity estimation (GMQE) value stood at 0.70, and the 
GMEAN value was 0.76±0.05 (Fig. S1). On the other 
hand, the conformational validity of the TESH homol‐
ogy model was evaluated using a Ramachandran plot 
(Fig. S2). This plot categorizes amino acid residues 
into four regions: most favored region (90.3%), allowed 
region (8.8%), generously allowed region (0.5%), and 
disallowed region (0.4%). For the assessment of ho‐
mology models, the proportion of amino acids located 
in the disallowed region should be less than 5% of the 
total residues. Given this criterion, the constructed 
model exhibited high reliability and was deemed suit‐
able for subsequent applications.

The simulation involved the pure protein under 
the CHARMM36 forcefield at 323.15 K (50 ℃ ) for 
100 ns, during which the RMSD and RMSF values 
were calculated. The RMSD value serves as an indica‐
tor of protein stability, with lower RMSD values indi‐
cating reduced flexibility and greater stability. The simu‐
lations of wild-type TESH revealed that the RMSD 
initially increased during the first 25 ns and then 
fluctuated between 0.12 and 0.18 nm from 25 to 75 ns 
(Fig. 1a). However, after 75 ns, the RMSD began to 
rise steadily, suggesting that insufficient stability at 
50 ℃.

RMSF values, which assess the flexibility of amino 
acid residues, identified regions with high flexibility 
that correlate with structural instability. As shown in 
Fig. 1b, the RMSF values were elevated in three red-
highlighted regions, underscoring the critical role of 
these residues in the thermal stability of the enzyme.

3.2 Thermal stability analysis

The B-factor rankings of amino acid positions 
were calculated using HOTSPOT WIZARD v3.1, and 
the top 20 positions were selected for further analysis 
(Table S2). The B-factor reflects the thermal motion 
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or positional uncertainty of amino acid residues, with 
higher values indicating greater mobility or structural 
instability (Sun et al., 2019; Carugo, 2022). The results 
showed that the highest ranking positions were pre‐
dominantly located in the second and third highlighted 
regions identified in the molecular dynamics simula‐
tion. These regions included residues in the hydrogen 
bond corners, α-helices, and loop regions (Table 1).

The RMSF reflects the time-averaged flexibility 
of residues in the solution state (dynamic environ‐
ment), which can identify functionally critical dynamic 
regions (such as catalytic sites and allosteric regulatory 
regions). The B-factor characterizes the spatial disor‐
der of residues in the crystalline state, primarily influ‐
enced by lattice packing and static conformations. The 
integrated analysis of both methods not only provides 
multi-scale validation spanning from dynamic simu‐
lations to static structural data but also enables the 

balanced optimization of rigidity enhancement and 
functional preservation in thermostability engineering, 
thereby offering a critical foundation for the rational 
design of mutation strategies.

Although the optimal temperature of wild-type 
enzyme was 50 ℃, its structural stability was signifi‐
cantly decreased. Therefore, residues in this region 
were subjected to saturation mutagenesis at 50 ℃ . 
Stability assessments indicated that the mutation en‐
ergy (∆∆Gmut) below −0.5 kcal/mol (1 kcal=4.184 kJ) 
was associated with a stable state. Based on these crite‐
ria, 11 mutants were selected for further investigation. 
Among them, R145I was considered neutral, while the 
remaining 10 showed enhanced stability. Although 
mutations in Q138I, N140I, and R145I led to reduced 
mutation energy, their stabilizing effects were less pro‐
nounced. In contrast, the other mutants exhibited sig‐
nificant improvements.

By combining B-factor analysis with molecular 
dynamics simulation results, the following 11 mutants 
were selected for further analysis: Q138I, T139W, 
N140I, A142C, A144F, R145I, S178Q, S180N, A181N, 
L183W, and K184L (Table 1). All of these residues 
were situated within the cap domain of the TESH 
structure (Fig. 2), which was consistent with the re‐
sults by Taylor (1999), suggesting that the cap domain 
plays a crucial role in maintaining the overall structural 
stability.

B-factor analysis serves as a core tool for iden‐
tifying thermolabile sites of an enzyme, and it is fre‐
quently integrated with other computational biology 
approaches to enhance the precision of a potential 
target. Han et al. (2019) identified the highly flexible 
region (residues 87-QNSS-90) in a fungal GH11 xylan‑
ase through B-factor analysis. By combining this 

Fig. 1  Molecular dynamics simulation of wild-type trans-
epoxysuccinate hydrolase (TESH). (a) Root mean square 
deviation (RMSD) values for wild-type TESH. (b) Root mean 
square fluctuation (RMSF) values for wild-type TESH.

Table 1  Mutant B-factor ranking and mutational energy

Position
Q138

T139

N140

A142

A144

R145

S178

S180

A181

L183

K184

Secondary structure
Hydrogen-bonded turn

Loop

Loop

α-Helix

α-Helix

α-Helix

Hydrogen-bonded turn

Hydrogen-bonded turn

Hydrogen-bonded turn

Hydrogen-bonded turn

Hydrogen-bonded turn

B-factor ranking
9

7

4

3

8

11

6

2

1

5

10

Mutant
Q138I

T139W

N140I

A142C

A144F

R145I

S178Q

S180N

A181N

L183W

K184L

Mutation energy (kcal/mol)
−0.87

−2.18

−0.68

−1.06

−1.38

−0.30

−1.28

−1.33

−1.22

−2.41

−2.40

1 kcal=4.184 kJ.
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with multiple sequence alignment, they observed that 
homologous thermophilic enzymes exhibited conserved 
residues 87-RGHT-90 at this site. Therefore, four sin‐
gle mutants (Q87R, N88G, S89H, and S90T) were con‐
structed, all of which showed significantly improved 
thermostability. Zhu et al. (2022) further expanded 
this strategy in engineering the thermostability of gluta‐
thione bifunctional synthase from Streptococcus aga‐
lactiae (GshFSA). By coupling B-factor-screened high-
fluctuation residues with unfolding free energy calcu‐
lations, they obtained mutants R270S and Q406M with 
2.62-fold and 3.02-fold increases in half-life period com‐
pared to the wild type, respectively. In this study, we 
integrated B-factor analysis with full-atom molecular 
dynamics simulations, employing dual criteria—static 
flexibility (B-factor) and dynamic fluctuations (RMSF), 
yielding the identification of 11 high-confidence thermo‐
labile residues. This highlights the superior efficacy of 
integrating static and dynamic analyses in thermost‑
ability engineering.

3.3 Characterization of mutants

Site-directed mutagenesis by polymerase chain 
reaction (PCR) was carried out, and its PCR products 
(Fig. S3) were transferred into E. coli BL21 (DE3) 
for expression. The wild-type and mutant TESHs were 
purified using nickel affinity chromatography, with 
the results shown in Fig. 3. The bands of all mutants 
were relatively single, indicating high purity. The ex‐
pression level of target protein varies across different 
mutants and the expression of mutant Q138I was the 

lowest. Kinetic analysis of each mutant showed that 
Q138I, T139W, and A144F nearly lost enzyme ac‐
tivity (Table 2). Conversely, mutants A142C, R145I, 
S178Q, and K184L displayed enhanced activity com‐
pared to the wild type, while the remaining mutants 
also decreased to varying degrees. Notably, A142C 
and S178Q exhibited lower Km values than the wild 
type, indicating an improved affinity for the substrate. 
In contrast, most of the other mutants showed an in‐
crease in Km values. The catalytic efficiency, repre‐
sented by the kcat/Km ratio, was higher for A142C, 
S178Q, S180N, and K184L compared to the wild 
type, further underscoring their enhanced performance.

Fig. 3  Sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) analysis of purified trans-
epoxysuccinate hydrolases (TESHs). Lanes: (1) wild type; 
(2) Q138I; (3) T139W; (4) N140I; (5) A142C; (6) A144F; 
(7) R145I; (8) S178Q; (9) S180N; (10) A181N; (11) L183W; 
(12) K184L; (M) protein marker (kDa).

Fig. 2  Molecular dynamics simulation of wild-type trans-epoxysuccinate hydrolase (TESH). The cap domain is composed of 
α-helices (marked in blue), and the core domain consists of α-helices (marked in red) and β-sheets (marked in yellow). 
Other secondary structures were marked in green. The 11 thermostability-related residues to be modified were shown.
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3.4 Analysis of thermal stability

The specific activity of the wild-type and mutant 
TESHs after different incubation time was shown in 
Fig. 4. The enzyme activity of the wild-type TESH 
gradually declined in the first 60 min, losing most of 
its activity during the period. Among the mutants, 
under the initial conditions of reaction at 37 ℃ for 
30 min, the enzyme activity of A142C, R145I, S178Q, 
S180N, and K184L mutants was higher than that of 
the wild type. After incubation at 50 ℃ for 15 min, 
the enzyme activity of R145I, S180N and K184L de‐
creased significantly, falling below that of the wild 
type, indicating no improvement in thermal stability. 
In contrast, mutants A142C and S178Q exhibited 

higher initial enzyme activity than the wild type; their 
residual enzyme activity remained consistently higher 
with increasing time, showing a notable enhancement 
in thermal stability.

The residual enzyme activity of the wild-type 
and mutant TESHs at various time is shown in Fig. S4. 
The results indicate that the half-life at 50 ℃ (T 50

1/2) 
values of A142C and S178Q increased by 107% and 
59%, respectively, compared to the wild type. Among 
these two mutants, S178Q displayed better thermal 
stability during the first 45 min of incubation at 50 ℃. 
However, after 45 min, A142C showed superior ther‐
mal stability, retaining 40% of its enzyme activity 
after incubation for 90 min, while the wild-type TESH 
showed a significant decline. Although the initial 
enzyme activity of A181N was lower than that of 
the wild type, its T 50

1/2 increased by 73% after incuba‐
tion for 90 min, with only a slight reduction in en‐
zyme activity, indicating good thermal stability for 
this mutant (Table 2).

3.5 Molecular docking

Molecular docking of the wild-type and mutant 
TESHs with the substrate (trans-epoxysuccinate) was 
performed. We selected the top-ranked conformation 
based on comprehensive scoring from the docking site 
heat map, which demonstrated higher confidence 
levels at multiple amino acid sites compared to other 
conformations (Fig. S5). The reliability of docking 
sites was further evaluated by calculating both the 
radius of gyration (Rg) and Jurs solvent accessible sur‐
face area (Jurs_SASA) values (Table S3). The Rg value 

Table 2  Characterization of wild-type and mutant TESHs

Enzyme
Wild type

Q138I

T139W

N140I

A142C

A144F

R145I

S178Q

S180N

A181N

L183W

K184L

Relative activity (%)*

100.00±1.40

4.03±0.19

4.73±1.20

29.80±1.27

130.77±1.43

1.73±0.05

179.07±1.85

131.56±2.17

72.90±1.47

66.56±1.72

8.71±1.77

286.30±1.67

Km (mmol/L)
72.27

n.a.

n.a.

507.60

25.40

n.a.

130.20

63.46

95.95

149.80

n.a.

75.93

kcat (s
−1)

294.30

n.a.

n.a.

501.94

486.74

n.a.

76.52

495.93

473.08

285.23

n.a.

587.55

kcat/Km (mmol/(L∙s))
4.07

n.a.

n.a.

0.99

19.16

n.a.

0.59

7.81

4.93

1.90

n.a.

7.74

T 50
1/2 (min)
29.5

n.a.

n.a.

6.0

61.0

n.a.

3.5

47.0

4.5

51.0

n.a.

15.0

The enzyme activity of wild-type trans-epoxysuccinate hydrolase (TESH) is 147.78 μmol/(min·mg). n.a.: not assayed due to low enzyme activity. 
* Data are expressed as mean±standard deviation (SD), n=3. Km: Michaelis constant; kcat: catalytic constant; T 50

1/2: half-life at 50 ℃.

Fig. 4  Specific activity of the wild-type and mutant trans-
epoxysuccinate hydrolases (TESHs) at different incubation 
times. Data are expressed as mean±standard deviation (SD), 
n=3.
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reflects the relationship between conformational flexi‐
bility and spatial complementarity (Bhonsle et al., 2007), 
where lower values indicate more efficient conforma‐
tional sampling and higher reliability. Jurs_SASA char‐
acterizes solvation effects and surface interactions, and 
a lower Jurs_SASA value suggests that the conforma‐
tion may have formed a tighter binding interface (e.g., 
a hydrophobic pocket), resulting in reduced solvent 
exposure. Notably, both the Rg and Jurs_SASA values 
of the selected conformations were below average.

The docking energy was also calculated 
(Table S4). Except for certain mutants that largely 
lost enzyme activity and A181N, the binding energy 
of the remaining mutants decreased. Lower binding 
energy indicates a closer interaction between the en‐
zyme and the substrate, leading to a more effective 
reaction, aligning well with the experimental results. 
For A181N, the binding energy showed minimal 
change compared to the wild-type enzyme, consistent 
with its reduced activity observed in experiments. In 

the calculation of docking interaction energy, all six mu‐
tants exhibited decreased values. Notably, the mutants 
A142C and S178Q, which showed significant experi‐
mental improvements, also displayed substantial re‐
ductions in binding energy.

The docking results of the wild type and mutants 
A142C, S178Q, and A181N with substrate molecules 
are shown in Fig. 5. Compared to the wild type, the 
A142C mutant showed shorter bond lengths at several 
amino acid sites, indicating a closer interaction with 
the substrate. For example, the bond length at the 
Arg105 site was reduced from 0.520 to 0.417 nm, en‐
hancing the attractive charge interaction to form a salt 
bridge. In addition, Arg108 formed a new conven‐
tional hydrogen bond with a bond length of 0.452 nm, 
which plays a key role in improving thermal stability 
(Hendsch and Tidor, 1994; Ban et al., 2021). Similarly, 
the S178Q mutant also showed varying degrees of 
bond-length reduction in its interactions. At the Arg105 
site, the bond length decreased from 0.520 nm to 

Fig. 5  Interaction of substrate-binding sites. The amino acids near the binding pocket are shown and their interactions 
with substrate are represented by different colors. Light green represents van der Waals forces, dark green represents 
hydrogen bonds, dark brown represents salt bridges, light gray represents carbon hydrogen bonds, and orange represents 
charge interactions. (a) Wild type; (b) A142C; (c) S178Q; (d) A181N.
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0.414 nm, and this interaction was also enhanced 
to form a salt bridge. Arg108 formed an additional 
conventional hydrogen bond with a bond length of 
0.450 nm. These docking results corroborate the ob‐
served experimental improvements in the thermal st‑
ability of A142C and S178Q. In contrast, the docking 
results for A181N did not show significant differences 
from the wild-type TESH. Notably, the Arg105 site 
did not participate in the reaction.

In summary, molecular docking indicated that 
the binding energy of the mutants A142C and S178Q 
decreased, the bond length of the interaction was short‐
ened to varying degrees, and the binding to the sub‐
strate was closer. The Arg105 amino acid sites were 
all enhanced in the original attractive charge interac‐
tion force as a salt bridge, which played an important 
role in the thermal stability of the enzyme.

3.6 Molecular dynamics simulation of mutants

Molecular dynamics simulations were performed 
to calculate and compare the RMSD (Fig. 6) and 
RMSF (Fig. 7) values of the wild-type and mutant 

variants, enabling a quantitative analysis of the effects 
of mutations on the structural stability and dynamic 
flexibility of TESH. The RMSD value is inversely 
correlated with protein stability: lower RMSD values 
indicate reduced flexibility, signifying a more stable 
protein structure, which is consistent with our ex‐
perimental results. Among the three mutants (A142C, 
S178Q, and A181N) that showed improved thermal 
stability in the experiments, their RMSD values de‐
creased to varying extents compared with those of the 
wild type, indicating enhanced stability (Fig. 6). These 
findings align with and confirm the experimental 
results.

Next, comparative analyses of the RMSF values 
between the wild type and three thermostable mutants 
(A142C, S178Q, and A181N) were carried out (Fig. 7). 
The mutant A142C exhibited reduced RMSF values 
around residue 142 compared to the wild type. Similarly, 
both S178Q and A181N showed decreased RMSF 
values near residue 180. These observed reductions 
in RMSF values suggested decreased conformational 
flexibility in these regions, making the structure more 
stable.

Fig. 6  Root mean square deviation (RMSD) values of the wild-type (WT) and mutant trans-epoxysuccinate hydrolases 
(TESHs). (a) Comparison of the RMSD values between the wild type (WT) and three mutant TESHs. (b) Comparison 
of the RMSD values between the wild type (WT) and mutant A142C. (c) Comparison of the RMSD values between the 
wild type (WT) and mutant S178Q. (d) Comparison of the RMSD values between the wild type (WT) and mutant A181N.
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The analysis of electrostatic potential energy in 
the three mutants (Fig. 8) revealed varying degrees of 
reduction, with A142C exhibiting the lowest values. 
Surface-charged groups play a crucial role in the struc‐
ture and function (such as stability) of proteins (Stigter 
et al., 1991). Our results suggested that mutants with 
less positive charge in the mutated region possess en‐
hanced thermal stability. Concurrently, hydrophobic 
interactions mediated by van der Waals forces contrib‐
ute to structural stabilization by forming robust internal 
frameworks that resist environmental perturbations 
(e.g., temperature or pH fluctuations), thereby pre‐
serving the native conformation and biological activity 
of the enzyme. While the A142C mutation site itself 
showed minimal changes, its surrounding regions dis‐
played enhanced hydrophobicity, whereas S178Q and 
A181N exhibited direct hydrophobicity increases at 
their mutation sites, likely contributing to the observed 
thermal stability improvement (Fig. 9).

The above findings demonstrate that single amino 
acid mutations could significantly alter enzymatic func‐
tional properties through multiple mechanisms. These 
structural mutations may modify the charge distribu‐
tion and microenvironment of the active site, regulate 

Fig. 8  Comparison of surface electrostatic energy between 
the wild type and mutants. The red regions represent negative 
charges, whereas the blue regions denote positive charges. 
The red-to-blue color gradient illustrates the continuous 
transition of charge from negative to positive properties. 
(a) Wild type (vs. A142C); (b) A142C; (c) wild type (vs. 
S178Q); (d) S178Q; (e) wild type (vs. A181N); (f) A181N.

Fig. 7  Root mean square fluctuation (RMSF) values of the wild-type (WT) and mutant trans-epoxysuccinate hydrolases 
(TESHs). (a) Comparison of the RMSF values between the wild type (WT) and three mutant TESHs. (b) Comparison of 
the RMSF values between the wild type (WT) and mutant A142C. (c) Comparison of the RMSF values between the wild 
type (WT) and mutant S178Q. (d) Comparison of the RMSF values between the wild type (WT) and mutant A181N.
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the dynamic flexibility of protein conformation, or af‐
fect the spatial accessibility of substrate-binding chan‐
nels, subsequently leading to functional alterations, 
such as changes in substrate selectivity (e.g., varia‐
tions in Km values) and inhibitor sensitivity. This un‐
derscores the “single-site mutation→conformational 
adaptation→functional alteration” cascade mechanism 
in protein structures, establishing a theoretical frame‐
work for the comprehension and prediction of how 
mutations influence enzymatic function.

4 Conclusions 

In this work, bioinformatics methods were used 
to enhance the thermal stability of the TESHs from 
P. koreensis. Molecular dynamics simulations identified 
three unstable regions in the wild-type TESH. Com‐
bining B-factor analysis and saturation mutagenesis 
screening, 11 sites that influence the thermal stability 
of the enzyme were selected, all of which were located 

in the cap domain. Four mutants with improved en‐
zyme activity were obtained (A142C, R145I, S178Q, 
and K184L). Among them, mutants A142C and S178Q 
exhibited lower Km values than the wild type, and 
their kcat/Km ratios were 3.7 and 0.9 times higher than 
those of the wild type, respectively, indicating that 
they got higher catalytic efficiency. The thermal sta‐
bility experiment showed that the T 50

1 2 values of mu‐
tants A142C and S178Q were 1.1 and 0.6 times higher 
than that of the wild type, respectively. Furthermore, 
although the initial enzyme activity of the mutant 
A181N was lower than that of the wild-type enzyme, 
its thermal stability was improved. Molecular docking 
analysis showed that the binding energy of mutants 
A142C and S178Q with the substrate decreased, while 
new salt bridges were formed, which played a crucial 
role in the stability of the protein. Molecular dynam‐
ics simulations revealed that the RMSD and RMSF 
(around mutation sites) values of these two mutants 
were significantly lower than those of the wild type. 
The three thermostable mutants exhibited varying de‐
grees of reduced electrostatic potential energy and in‐
creased hydrophobicity in the vicinity of their muta‐
tion sites. The above findings provide a valuable ref‐
erence for the thermal stability engineering of proteins, 
and hold practical significance for the industrial pro‐
duction of meso-TA.
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