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Abstract: The esterase EstSIT01 from Microbacterium can catalyze the asymmetric hydrolysis of
meso-dimethyl ester to produce the crucial chiral intermediate (4S, 5R)-hemimethyl ester for d-biotin
synthesis. Despite its high yields and stereoselectivity, the low thermostability of EstSIT01 limits
its practical application. Herein, two kinds of rational strategies were combined to enhance the
thermostability of EstSIT01. Based on the Surface Residue Substitution (SRS) method, two variants
(G215A and G316A) with improved thermostability and one mutant (G293A) with superior activity
were identified from nine candidates. According to the Consensus Mutation method, two mutants
(E301P and A332P) with enhanced thermostability were identified from six candidates. However,
the combined mutation failed to yield mutants surpassing the best single mutant, E301P, in terms of
thermostability. The combined mutant E301P/G215A and E301P/G215A/G293A exhibited a slight
enhancement in enzyme activity relative to E301P, while also exhibiting improved thermostability
compared to the wild-type EstSIT01. Compared with the wild-type esterase, the thermal inactivation
half-lives (t1/2) of mutant E301P were enhanced 1.4-fold, 2.4-fold and 1.8-fold at 45 ◦C, 55 ◦C, and
65 ◦C, respectively. The optimal reaction temperature and pH for mutant E301P remained consistent
with those of the wild type, at 40 ◦C and 10.0, respectively. The Km of E301P was 0.22 ± 0.03 mM and
the kcat was 5.1 ± 0.28 s−1. Further analysis indicated that the free energies of G215A, G293A and
E301P were decreased by 0.91, 0.308 and 1.1049 kcal/mol, respectively, compared to the wild-type
EstSIT01. The interaction analysis revealed that the substitution of glutamic acid with proline at
position 301 enhanced the hydrophobic interactions within the protein. The decreased free energies
and the increased hydrophobic interactions were well correlated with the enhanced stability in
these mutants.

Keywords: biotin; rational design; esterase; stability; protein engineering

1. Introduction

At the beginning of the 20th century, biotin gained significance in scientific research
subsequent to Wildiers’ 1901 discovery of a crucial growth factor in yeast and malt juice,
which he termed “bios” [1]. In addition to its role in preventing hair loss, biotin has been
employed as a therapeutic intervention for graying hair. Furthermore, biotin functions as a
coenzyme for various carboxylases and acts as a CO2 carrier during carboxylase reactions.

Initially, biotin was mainly extracted from costly animal and plant tissues. In 1943,
Harris and his team succeeded in fully synthesizing biotin. Subsequently, in 1949, Goldberg
and Stembach successfully industrialized the production of biotin through a fully synthetic
process [2–4]. The intricacies of these methods, particularly their reliance on substantial
amounts of highly toxic solvents and the low yields that impede large-scale synthesis,
have prompted the development of several novel approaches for biotin synthesis. Notably,
in 1970, Gerocke et al. at Roche demonstrated the high-yield production of thiolactones
from lactones, which served as a cornerstone for the development of lactone-thiolactone
synthetic methods. Chen’s group employed polymer-immobilized pig liver esterase (PLE)
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to catalyze the desymmetrization of meso-dimethyl ester into the (4S, 5R)-hemimethyl ester,
achieving a yield of 90% and an enantiomeric excess (e.e.) of 91%. However, the practical
application of PLE in d-biotin synthesis was hindered by its high cost and the relatively
modest e.e. value [5,6].

Esterases act on short-chain fatty esters, distinguished by conserved motifs, notably
Gly-X-Ser-X-Gly, and featuring a catalytic active site comprising serine residues. Typi-
cally, esterases exhibit maximal activity towards water-soluble substrates, whereas they
are generally ineffective with long-chain fatty acid substrates [7]. Esterases exhibit the
characteristic structural features of α/β hydrolases, including a precise arrangement of
α-helices and β-sheets, as well as a conserved catalytic triad comprising Ser-His-Asp. A
number of esterases possess a conserved sequence motif (GESAG) surrounding the central
active-site serine residue [8]. Microbial esterases, owing to their versatile catalytic proper-
ties, rank third among the most widely used industrial biocatalysts, following amylases and
proteases. They were extensively applied in pharmaceuticals, cosmetics, food processing,
detergents, leather, and other industries. For instance, esterase produced by brewing mi-
croorganisms modulates the levels of various esters in wine during malolactic fermentation,
significantly influencing wine aroma [9]. Furthermore, esterases are gaining significant
importance in various chemical fields, including pulp and paper processing, fiber and
textile treatment, detergent enhancement, fine chemicals, and biofuel production [10–12].
Additionally, esterases are utilized in designing biosensors for detecting or mitigating
environmental pollutants, developing novel materials based on the unique properties of
structural proteins, and employing sulfatase to reduce sulfate content in agar, thereby
enhancing its quality [13–16].

In our previous work, an esterase-producing strain, Microbacterium sp., capable of
synthesizing biotin intermediate hemiester with a yield of up to 95% and an enantiomeric
excess (e.e.) exceeding 99% was isolated (Figure 1). Employing genetic engineering, we
successfully identified and transferred the esterase gene into E. coli, resulting in a recombi-
nant strain that produces a highly selective and active esterase. The recombinant esterase
exhibits significant potential for the synthesis of pharmaceutical intermediates [17].
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Rational design is an effective protein engineering approach for enhancing enzyme
properties through computationally predicted mutation sites. Rational design requires
fewer laboratory experiments, but requires a comprehensive understanding of the in-
tricate sequence–structure–function relationship. Several strategies can be employed to
enhance protein stability via rational design. For example, rational design can enhance
core stability by introducing hydrophobic interactions, either by increasing the number of
hydrophobic residues or optimizing their arrangement [18,19]. Modulating charge–charge
interactions, including increasing the number of surface salt bridges or strategically placing
them to manipulate charge distribution, can significantly improve protein stability [20–22].
Additionally, the strategic design of new hydrogen bond networks can enhance protein
stability [23]. Increasing proline levels or reducing glycine content can enhance thermal
stability by decreasing main-chain flexibility [24,25]. Furthermore, truncation, which short-
ens amino acid sequences, and cyclization techniques can restrict conformational flexibility,
thereby stabilizing the protein structure [26,27]. Protein design can further enhance stabil-
ity by optimizing tight core packing, increasing core contacts and minimizing unfolding
entropy [28–30].

Replacing surface amino acids, such as substituting glycine with alanine or lysine
with arginine, has been shown to enhance the protein thermal stability [31]. Generally, the
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thermostability of proteins is influenced by the composition of their surface amino acids.
Alanine and arginine contribute to increased internal hydrophobicity and stabilization of
helix residues. Liu et al. successfully enhanced the thermostability of cysteine sulfinate
decarboxylase through surface residue substitutions (Gly → Ala, Lys → Arg), resulting
in a mutant G369A with an elevated optimal temperature [32]. Consensus mutation, a
method that identifies conserved amino acid residues by aligning homologous sequences,
is effective because conserved residues generally contributed more to protein folding
stability than non-conserved ones [33]. The mutant T383K of glutamate decarboxylase
from Lactobacillus brevis and variants H210N/I77L/M150C-M280C of (R)-selective amine
transaminase from Aspergillus terreus exhibited significant improvements in thermostability
using Consensus Finder, with t1/2 at 37 ◦C increasing by 1.2 times and t1/2 at 40 ◦C increas-
ing by 16.6 times [34,35]. In this study, the thermostability of EstSIT01 from Microbacterium
chocolatum SIT 101 was enhanced by integrating surface residue substitution and consen-
sus mutation strategies. Potential substitutions within EstSIT01 were predicted using the
GETAREA (http://curie.utmb.edu/getarea.html, accessed on 13 January 2023) [36] and
Consensus Finder (http://kazlab.umn.edu/, accessed on 11 November 2021) [37] web-
based tools. Based on experimental validation, single-point mutants that exhibited the
improved thermostability were selected from the predicted candidates. Subsequently, the
positive mutations were combined to generate multi-site mutants that displayed enhanced
thermostability to the wild type. The positive variants were characterized and compared
with the wild type, and potential mechanisms responsible for the improved thermostability
were discussed.

2. Results
2.1. Selection of Sites by Surface Residue Substitution and Consensus Mutation Analysis

Substituting surface glycine and lysine residues with alanine and arginine is recog-
nized as an effective strategy for enhancing protein thermal stability. The structure of
EstSIT01 was modeled based on the crystal structure of aryl esterase from Burkholderia
cenocepacia (PDB ID: 4X00) using ROBETTA. The structure of EstSIT01 was analyzed using
GETAREA, and nine surface-exposed glycine residues were identified as potential mutation
sites (Figure 2a). Being located away from the active site, the substitution of these residues
is not anticipated to impact the enzyme activity. Simultaneously, the Consensus Finder,
an open-source tool, was employed to predict potential amino acid substitutes based on
consensus assay. After aligning 1040 homologous sequences of EstSIT01, six mutants, D34G,
S193P, E301P, H172G, Y277F, and A332P were selected, with a common residue threshold
exceeding 60%. As illustrated in Figure 2b, Y277F is situated in an α-helix region, while
D34G, S193P, E301P, H172G, and A332P are located in the loop regions.
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2.2. Preliminary Screening of EstSIT01 Mutants with Improved Thermal Stability or Activity

Fifteen variants, selected by GETAREA and Consensus Finder, were constructed using
whole-plasmid PCR technology. The crude enzyme preparations were incubated at 55 ◦C
for 60 min, and the residual activity of the mutants was compared to that of wild-type
EstSIT01. As presented in Table 1, two variants (G215A and G316A) derived from the
surface residue substitution strategy exhibited enhanced thermal stability, retaining 55.0%
and 58.7% of their initial activity, respectively, whereas wild-type EstSIT01 lost 59.9% of its
initial activity. In addition, the positive mutant G293A exhibited a 1.3-fold enhancement in
enzymatic activity. Six variants from the consensus mutation strategy were constructed,
and the results revealed that E301P and A332P exhibited improved thermal stability, with
residual activities of 92.5% and 67.1%, respectively. Variants exhibiting reduced thermal
stability were not further investigated in subsequent work.

Table 1. Comparison of enzyme activity and residual activity of EstSIT01 with positive mutants.

Enzyme Relative Activity (%) a Residual Activity (%) b

EstSIT01 100.0 ± 8.4 40.1 ± 3.3

Surface residue
replacement

G215A 109.5 ± 9.9 55.0 ± 3.8
G316A 64.5 ± 3.3 58.7 ± 5.5
G293A 132.7 ± 7.4 44.5 ± 3.8

Consensus
mutagenesis

A332P 63.3 ± 1.3 67.1 ± 3.8
E301P 100.4 ± 3.2 92.6 ± 1.6

Combinatorial
mutagenesis

E301P/G293A 179.1 ± 3.2 42.5 ± 2.5
E301P/G316A 67.2 ± 3.4 41.4 ± 1.0
A332P/G316A 68.3 ± 9.2 80 ± 0.1
E301P/A332P 84.6 ± 5.6 56.2 ± 3.2
E301P/G215A 84.2 ± 6.1 91.2 ± 1.0

E301P/G215A/G293A 110.0 ± 8.4 69.8 ± 1.2
a Enzyme activity was measured at 30 ◦C and pH 8.0 (0.05 M PBS) for 10 min, and the activity of wild-type
EstSIT01 was set as 100%. b The residual activity of the crude enzyme was determined after incubation at 55 ◦C
for 60 min, and the initial activity of each mutant was defined as 100%, respectively.

Among the fifteen predicted variants, five promising mutants were identified and
subsequently combined to further enhance the thermal stability and enzyme activity
of EstSIT01. The combinatorial variants (E301P/G215A, E301P/G293A, E301P/G316A,
A332P/G316A, E301P/A332P, and E301P/G215A/G293A) were generated and assessed
for improvement in thermostability and activity. As indicated in Table 1, combination
mutations were found to improve the thermal stability of the esterase. However, the combi-
nation of the most effective single-point mutant, E301P, with other single-site mutants did
not always result in improved thermostability. Notably, the two-site mutant E301P/G215A
exhibited a residual enzyme activity of 91.2% after incubation at 55 ◦C for 60 min, which
was comparable to that of the single-point mutant E301P, and displayed the highest thermal
stability among the two-site mutants. Conversely, the mutant E301P/G293A exhibited
179% activity compared to the wild-type enzyme while maintaining comparable stability.
Further combination of G215A and G293A with E301P resulted in modest enhancements in
both activity and thermostability compared with the wild type, while the additive effect
was not observed. Consequently, the mutants E301P, E301P/G215A, and the triple mutant
E301P/G215A/G293A were selected for subsequent investigation.

2.3. Thermostability and Kinetic Analysis of EstSIT01 and Its Mutants

The EstSIT01 and its mutants were purified by a Ni-affinity column and analyzed
by SDS-PAGE (Figure S1). Following the purification, the three mutant enzymes (E301P,
E301P/G215A, and E301P/G215A/G293A) were compared to the wild-type EstSIT01 in
terms of half-life (t1/2) and enzyme kinetics. The purified enzymes were incubated at 45 ◦C,
55 ◦C and 65 ◦C for different times and the t1/2 value was calculated according to the
residual activity. At 55 ◦C, the wild-type EstSIT01 exhibited a half-life (t1/2) of 33.6 min,
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whereas the mutants E301P, E301P/G215A and E301P/G215A/G293A exhibited signifi-
cantly prolonged half-lives of 79.8 min, 68.4 min and 61.8 min, respectively, corresponding
to a 2.4-, 2.0- and 1.8-fold increase, compared to EstSIT01 (Table 2). Among the mutants,
E301P exhibited the highest thermal stability.

Table 2. Heat-inactivated half-lives of EstSIT01 and its mutants.

Enzymes
t1/2 (min) a

45 ◦C 55 ◦C 65 ◦C

Wild-type 126.0 33.6 15.6
E301P 180.6 79.8 28.8

E301P/G215A 143.4 68.4 27.0
E301P/G215A/G293A 133.8 61.8 24.6

a The enzyme of 0.3 mg/mL was incubated at various temperature. Samples were collected at various time
intervals and the residual activities was measured at pH 8.0 (0.05 M PBS) and 30 ◦C.

The kinetic constants of the purified enzyme were determined using biotin dimethyl
ester as the substrate at 30 ◦C and pH 8.0. As summarized in Table 3, the specific activity
of all mutants was lower than that of the wild-type enzyme. This decrease in specific
activity is primarily attributed to a reduction in the catalytic constant kcat. Compared to
the single-point mutant E301P, the double mutant E301P/G215A and the triple mutant
E301P/G215A/G293A exhibited higher specific activities and kcat values. Notably, the
increase in kcat for the triple mutant E301P/G215A/G293A was mainly due to the G293A
mutation, which had a more significant effect than the other mutations. Despite the
improvement in catalytic efficiency (kcat/Km) from single-point to multiple-point mutations,
all mutants still displayed decreased catalytic efficiencies (kcat/Km) in comparison to the
wild type. The decrease in catalytic efficiency primarily resulted from an increase in the Km
value, indicating a decreased affinity of the mutants for the substrate biotin dimethyl ester.

Table 3. Kinetic parameters and specific activities of EstSIT01 and its mutants.

Enzyme Km (mM) kcat (s−1) kcat/Km (mM−1·s−1) a Specific activity (U·mg−1) b

Wild-type 0.15 ± 0.02 7.8 ± 0.31 51.9 8.5 ± 0.21
E301P 0.22 ± 0.03 5.1 ± 0.28 23.2 5.9 ± 0.11

E301P/G215A 0.21 ± 0.04 5.4 ± 0.37 25.6 6.5 ± 0.32
E301P/G215A/G293A 0.18 ± 0.03 6.3 ± 0.39 34.9 7.5 ± 0.29

a The kinetic parameters were measured at a pH of 8.0 in 0.05 M PBS at 30 ◦C, with biotin dimethyl ester
concentrations varying from 0.1 to 10 mM. b The specific activity was assayed at pH 8.0, 30 ◦C, in 0.05 M PBS,
with a substrate concentration of 10 mM.

2.4. Enzymatic Characteristics of EstSIT01 and Its Mutant E301P

The enzymatic characteristics of purified EstSIT01 and its mutant E301P were com-
pared. Both the wild-type and the E301P mutant exhibited an optimal reaction temperature
of 40 ◦C (Figure 3a). The residual activity measured after incubation at various temperatures
for 60 min revealed that the E301P mutant exhibited superior thermostability (Figure 3b).
The mutant E301P retained approximately 70% of its activity after incubation at 50 ◦C for
60 min, significantly outperforming the wild-type EstSIT01, which retained only around
40% of the activity. However, at temperatures exceeding 70 ◦C, both the wild-type and
E301P mutant were completely inactivated within 60 min, likely due to the protein structure
being destroyed at higher temperatures.

Further investigation on the optimal pH indicated that both EstSIT01 and E301P
displayed an optimal pH of 10.0 and exhibited similar activity trends across the pH range
of 6.0 to 11.0 (Figure 3c). The residual activity, after incubating the enzymes at various
pH for 60 min, indicated that E301P is more stable than EstSIT01 under pH conditions of
6.0 to 8.0 (Figure 3d). The enhanced stability of Microbacterium esterase could broaden its
practical applications across a wide range of pH.
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type EstSIT01 achieving 8.5 U/mg and E301P achieving 5.9 U/mg. (b) Thermal stability. Thermal
stability was assessed by measuring the residual activity after incubating the wild-type EstSIT01 and
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55 ◦C using different buffers: PBS for pH 6.0 to 8.0, Tris-HCl for pH 8.0 to 9.0, and Gly-NaOH for pH
9.0 to 11.0. Relative activity was expressed as a percentage of the maximum activity for each enzyme.
(d) pH stability. pH stability was determined by monitoring residual activity after incubating the
enzymes in various buffers at 55 ◦C for 1 h. The initial activity at each pH value was defined as 100%.

2.5. Analysis of Mutations in EstSIT01 and Their Effects on Thermal Stability and
Enzyme Activity

The modeled structure of EstSIT01 revealed the presence of a typical α/β-hydrolase
fold catalytic domain (core domain) and a cap domain located above the core domain, and
the three key residues, E301, G215, and G293 were presented in sticks (Figure 4a). The
mutation sites at G215 and G293 were predicted by GETAREA according to the replacement
of surface glycine and lysine with alanine and arginine. The differences in the calculated
free energies between the mutants and the wild-type EstSIT01 (∆∆G) were calculated using
the FOLDX plugin in YASARA software (version 22.5.22, YASARA Biosciences GmbH,
Vienna, Austria) [38]. The free-energy changes compared to the wild type for the mutant
G215A and G293A were −0.91 and −0.308 kcal/mol, respectively. The decreased free
energies compared to the wild type correlate well with the enhanced stability observed in
these mutants.
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Among the mutants, E301, which significantly contributes to the thermal stability of Est-
SIT101, was predicted by Consensus Finder. The negative ∆∆G value of −1.1049 kcal/mol
indicates a reduction in the free energy of the mutant, which is directly related to the
protein stability. Additionally, interactions between the E301 site and adjacent residues
in both the wild-type and mutant E301P were analyzed using the YASARA software. No
significant changes were observed in interactions such as hydrogen bonding, with the
exception of an enhanced hydrophobic interaction formed in mutant E301P. As illustrated
in Figure 4b,c, P301 in the E301P mutant exhibited the hydrophobic interaction with both
Q300 and Q305, in contrast to the hydrophobic interaction between E301 and V271 in wild-
type EstSIT01. The substitution of glutamic acid at position 301 with proline is expected
to alter the backbone structure of the enzyme. Consequently, this modification may, in
turn, affect the overall conformation of the protein, potentially influencing both its stability
and functionality.

Although the combination of the individual mutations always led to an additive
effect, the combination of the thermostability-enhanced mutants, E301P, G293A and G215A,
exhibited an antagonistic effect in our study [39]. The antagonistic effect was also observed
in previous studies, and the research on engineering thermostability of the XynCDBFV
discovered that combinatorial mutations within the β-sheet clusters exhibited additive
effects, whereas mutations on helices or loops lead to antagonistic effects [40]. Thus,
the antagonistic effect observed in our study might be attributed to the location of the
E301, G215, and G293 on loops of EstSIT101 (Figure 4a). Given that high enzymatic
activity is often associated with reduced stability (i.e., an activity–stability trade-off), the
observed increase in activity in the double and triple mutants may result from the balance
in activity–stability.
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3. Materials and Methods
3.1. Chemicals, Plasmids and Strains

All chemicals utilized in this study were of analytical grade and commercially available.
PrimeSTAR® Max DNA Polymerase and Dpn I were purchased from Takara Biotechnology
(Dalian, China). The Universal DNA Purification Kit, TIANpure Mini Plasmid Kit and DNA
marker (500–7000 bp) were sourced from Tiangen Biotech Co., Ltd. (Beijing, China). The
conventional range protein marker (15–130 KDa) was purchased from Sangon Biotech Co.,
Ltd. (Shanghai, China). Escherichia coli BL21(DE3) was used as the host for heterologous
expression. The recombinant plasmid pET21a-estsit01 was constructed in our previous
work [41].

3.2. Prediction of Potential Stable Variants and Site-Directed Mutagenesis

Homology modeling of EstSIT01 was conducted using ROBETTA (https://robetta.
bakerlab.org, accessed on 7 December 2024) [42], based on the crystal structure of aryl
esterase from Burkholderia cenocepacia J2315 (PDB ID: 4X00), which has a sequence identity
with EstSIT01 of 38.14%. The modeled structure was then analyzed using the GETAREA
website (http://curie.utmb.edu/getarea.html, accessed on 13 January 2023) to identify
surface amino acids. Glycine and lysine residues on the surface were substituted with
alanine and arginine, respectively. The quality of the modeled structure was assessed
using SAVES (SAVESv6.0—Structure Validation Server (ucla.edu)) [43–46]. The protein
sequence in FASTA format (GenBank: WP_053548180.1) was entered into Consensus Finder
(http://kazlab.umn.edu/, accessed on 11 November 2021) to locate homologous sequences
and align them using Clustal X (version 2.0, University College Dublin, Dublin, Leinster,
Ireland, 2010) [47]. Six potential mutation sites with a conservation threshold >60% were
selected for site-directed mutagenesis. The plasmid pET21a-estsit01 was utilized as the
template to construct mutants via whole plasmid PCR [48]. The PCR reaction (50 µL)
included 2× PrimeSTAR® Max DNA Polymerase (25 µL), forward and reverse primers
(1 µL each, 10 µM), DMSO (1 µL), plasmid DNA (1 µL), and sterile water (21 µL). The PCR
program was 98 ◦C for 2 min (1 cycle), 98 ◦C for 10 s, 55 ◦C for 15 s, and 72 ◦C for 60 s
(30 cycles), followed by 72 ◦C for 7 min (1 cycle). PCR products were digested with Dpn
I at 37 ◦C for 4 h, transformed into Escherichia coli BL21(DE3), and cultured overnight on
Luria–Bertani plates with ampicillin. Transformants were verified by DNA sequencing.
Primers were synthesized by BGI (Shanghai, China), and are listed in Table S1.

3.3. Enzyme Expression and Purification

The optimized fermentation medium and culture methods for EstSIT01 expression
have been described previously. Recombinant EstSIT01 and its variants were purified
from cell lysates using BeaverBeads™ His-tag Protein Purification (BEAVER Biomedical
Engineering Co., Ltd., Suzhou, China), following the manufacturer’s guidelines. Cells
were harvested, resuspended in binding buffer (20 mM NaH2PO4, 500 mM NaCl, 50 mM
imidazole, pH 7.4), and then sonicated on ice. The E. coli cell lysates were centrifuged at
15,000× g for 30 min at 4 ◦C. The obtained supernatants (cell-free extracts) were used as
crude enzyme solution for the preliminary test or for subsequent purification.

His-tagged target proteins were adsorbed onto magnetic beads and eluted with elution
buffer (20 mM NaH2PO4, 500 mM NaCl, 250 mM imidazole, pH 7.4). Imidazole was
subsequently removed by ultrafiltration against PBS buffer (50 mM, pH 8.0) using a 10 kDa
cutoff membrane (EMD Millipore, Billerica, MA, USA). Protein purity was assessed by 12%
SDS-PAGE, and protein concentration was determined using the Bradford method [49],
with bovine serum albumin as the standard.

3.4. Enzyme Activity Assay and Kinetic Analysis

The enzyme activity was measured in a reaction system containing 50 mM PBS buffer
(pH 8.0), 10 mM biotin dimethyl ester, and appropriately diluted enzyme solution, in-
cubated at 30 ◦C for 10 min. The reaction was halted by adding 1 mL of anhydrous

https://robetta.bakerlab.org
https://robetta.bakerlab.org
http://curie.utmb.edu/getarea.html
http://kazlab.umn.edu/
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methanol. The concentration of biotin monomethyl ester in the sample was determined by
HPLC. One unit of EstSIT01 activity (U) is defined as the amount of enzyme that produces
1 µmol of biotin monomethyl ester per minute under standard conditions (pH 8.0, 30 ◦C).
To determine kinetic parameters, enzyme activity was measured at biotin dimethyl ester
concentrations ranging from 0.1 to 10 mM. Kinetic values were calculated by fitting the
Michaelis–Menten plot using nonlinear regression with GraphPad Prism software (version
8.0, GraphPad Software Inc., San Diego, CA, USA, 1995).

3.5. Thermal Stability Assay

The thermal stability of EstSIT01 was evaluated by measuring the half-life (t1/2) of the
enzyme at different temperatures. Purified wild-type enzyme and mutants (0.3 mg/mL)
were incubated at 45 ◦C, 55 ◦C, and 65 ◦C for varying periods. At specified intervals,
samples were removed, placed on ice for 10 min, and then residual enzyme activity was
measured as described previously.

The first-order inactivation rate constant (kd) was estimated by linear regression of ln
(residual activity) against incubation time, with t1/2 calculated as ln2/kd.

3.6. Effect of Temperature and pH Inhibition on Enzyme Activity

To determine the optimal temperature, enzyme activity was assessed in PBS buffer
(50 mM, pH 8.0) across a temperature range of 30 ◦C to 70 ◦C. Relative activity was
calculated as the ratio of enzyme activity at different temperatures to its maximum activity
(wild-type: 8.5 U/mg, E301P: 5.9 U/mg). For thermal inactivation studies, purified enzyme
(0.3 mg/mL) was incubated at temperatures ranging from 30 ◦C to 70 ◦C for 60 min,
with residual activity measured as a percentage of the initial activity. Experiments were
performed in triplicate. To determine optimal pH, reactions were carried out at 30 ◦C in
various buffers, with pH values ranging from 6.0 to 11.0. Relative activity was expressed
as a percentage of maximum activity. pH stability was analyzed by measuring residual
activity after incubation at 55 ◦C for 1 h in the corresponding buffer, with the activities of
wild-type EstSIT01 and E301P defined as 100%. Average values from three independent
measurements are reported.

4. Conclusions

The rational-design approach was successfully employed to enhance the thermal
stability of EstSIT01 from Microbacterium chocolatum in this study. The potential muta-
tion sites were identified by substituting surface amino acids (Gly → Ala, Lys → Arg)
and employing consensus mutations. Among the 15 predicted mutants, the E301P mu-
tant exhibited a notable 2.4-fold increase in half-life at 55 ◦C compared to the wild-type,
representing the most significant improvement. Combining mutations into double- and
triple-point variants, such as E301P/G215A, and G293A/E301P/G215A, did not lead to fur-
ther enhancement in stability, but did boost enzyme activity. This approach demonstrates a
strategic method for optimizing enzyme performance in industrial applications, especially
at higher temperatures.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules29245839/s1, Figure S1: SDS-PAGE assay of purified
EstSIT01 and its mutants; Table S1: Primers for site-directed mutagenesis.
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