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Abstract Green technologies are attracting increasing at-
tention in industrial chemistry where enzymatic reac-
tions can replace dangerous and environmentally un-
friendly chemical processes. In situ enzymatic synthesis
of peroxycarboxylic acid is an attractive alternative for
several industrial applications although concentrated
H2O2 can denature the biocatalyst, limiting its useful-
ness. Herein, we report the structure-guided engineering
of the Pyrobaculum calidifontis esterase (PestE)
substrate binding site to increase its stability and
perhydrolysis activity. The L89R/L40A PestE mutant
showed better tolerance toward concentrated H2O2 com-
pared with wild-type PestE, and retained over 72% of
its initial activity after 24-h incubation with 2 M H2O2.
Surprisingly, the half-life (t1/2, 80 °C) of PestE in-
creased from 28 to 54 h. The kcat/Km values of the
mutant increased 21- and 3.4-fold toward pentanoic acid
and H2O2, respectively. This work shows how protein
engineering can be used to enhance the H2O2 resistance
and catalytic efficiency of an enzyme.

Keywords Pyrobaculum calidifontis . Esterase . Stability .

Structure-guided engineering . Perhydrolysis activity

Introduction

Oxidation reactions, such as epoxidation, hydroxylation, N-
oxidation, S-oxidation, and Baeyer-Villiger oxidation, are at-
tractive for organic synthesis of value compounds for science
and industry purposes (Hernandez et al. 2012). Although the
high catalytic efficiency of oxidation reactions can be
achieved by using chemical methods, the toxicity and envi-
ronmental pollution arising from side products and reaction
residues deserve our attention. Alternatively, oxidases includ-
ing peroxidase (Ullrich et al. 2008), peroxygenase (Kluge
et al. 2009), P450 (Bernhardt 2006), chloroperoxidase
(Colonna et al. 1992), haloperoxidase (Dembitsky 2003),
and Baeyer-Villiger monooxygenase (Fraaije et al. 2005) are
promising biocatalysts for these reactions because of their
high catalytic efficiency under mild reaction conditions and
low toxicity to the environment. Additionally, esterases and
lipases can catalyze the reaction of carboxylic acids and H2O2

to generate peroxycarboxylic acid, which can transfer its ox-
ygen to olefins (Björkling et al. 1990; Björkling et al. 1992;
Moreira et al. 2005; Ankudey et al. 2006; Wang et al. 2015),
cyclic ketones (Kotlewska et al. 2011; Drozdz et al. 2015),
amines (Irimescu and Kato 2004), and organic sulfur com-
pounds (Nieuwenhuizen 1949; Lou et al. 2008). Thus, in situ
enzymatic synthesis of peroxycarboxylic acid by esterases and
lipases is an attractive alternative for a number of industrial
applications compared with the use of a chemical in situ gen-
eration method (Björkling et al. 1990; Rusch et al. 2002).

Unfortunately, except for its role as a substrate, H2O2

has a strong detrimental effect on the chemical structure
of proteins because of its ability to oxidize amino acids.
Amino acids, such as Arg, Pro, Lys, Met, Cys, Tyr, and
His, are sensitive to a high concentration of H2O2, which
destabilizes enzymes and limits their applications in oxi-
dation reactions (Villegas et al. 2000; Kroutil et al. 2004;
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Kitajima et al. 2008; Hernandez et al. 2012). To solve this
problem, several strategies have been developed to
increase the tolerance of enzymes toward H2O2.
Immobilization of enzymes on suitable supporting mate-
rials can improve their resistance to extreme reaction con-
ditions, while chemical modification of enzymes is an
alternative method to achieve similar effects. However,
in most cases, these strategies may sacrifice enzyme ac-
tivity for enhanced protein stability (Hernandez et al.
2012). Unlike physical and chemical methods, genetic en-
gineering is a simple way to increase the protein stability
by substituting the H2O2-sensitive amino acid with an
insensitive one, and its feasibility has been confirmed by
many researchers (Villegas et al. 2000; Miyazaki and
Takahashi 2001; Kuo et al. 2004; Ryan and Ó’Fágáin
2007; Kitajima et al. 2008; Ogola et al. 2010). The man-
ganese peroxidase from Phanerochaete chrysosporium
showed higher resistance to H2O2 inactivation when the
H2O2-sensitive Met in the H2O2-binding pocket was re-
placed with Leu (Ryan and Ó’Fágáin 2007). Three mu-
tants of horseradish peroxidase, K232N, K241F and
T110V, showed higher H2O2 tolerances of 25-, 18-, and
12-fold compared with that of the parent enzyme
(Miyazaki and Takahashi 2001).

PestE, an esterase from the hyperthermophilic archeon
Pyrobaculum calidifontis, has potential industrial applications
because of its extreme stability in the presence of heat and
organic solvents (Palm et al. 2011). However, it is not stable
in the presence of a high concentration of H2O2, limiting its
application in peroxycarboxylic acid production. In this study,
we selected PestE as a model enzyme to increase its stability
toward H2O2 by engineering its substrate binding pocket by
structure-guided mutagenesis. The H2O2-tolerance, thermo-
stability, and biochemical characterization of the PestE mu-
tants were investigated. We present a new approach for en-
hancing the H2O2 stability of PestE esterase by introducing
mutations that allow stabilization of H2O2 in the enzyme ac-
tive site. Surprisingly, these modifications dramatically en-
hanced both enzymatic activity and H2O2 stability.

Materials and methods

Chemicals and reagents

The artificial substrates p-nitrophenyl (pNP) acetate (C2),
pNP butyrate (C4), pNP caproate (C6), pNP caprylate (C8),
pNP caprate (C10), pNP laurate (C12), pNP myristate (C14),
pNP palmitate (C16), and oleic acid were purchased from
Sigma-Aldrich (Shanghai, China). Formic acid, acetic acid,
propanoic acid, butyric acid, pentanoic acid, n-hexylic acid,
hydrogen peroxide (30% wt), and sodium bromide were pur-
chased from Aladdin Chemistry Co., Ltd. (Shanghai, China),

and 2-chloro-5,5-dimethyl-1,3-cyclohexanedione
(monochlorodimedone) was from Alfa Aesar (Shanghai,
China). All other regents were of analytical grade.

Expression and purification of PestE and its mutants

The gene-encoding PestE (GenBank accession number:
AB078331.1) was chemically synthesized and cloned into the
pET23a vector as a cellulose-binding domain (CBD) fusion at
the N terminus and His tag at the C terminus. The protein was
expressed in Escherichia coli BL21(DE3). E. coli BL21(DE3)
cells harboring the plasmid pET23a encoding the target genes
were grown at 37 °C for 8 h in Luria-Bertani (LB) medium
containing 100 μg ampicillin mL−1, and then the microorgan-
isms were inoculated into auto-induction medium until the op-
tical density (OD600) reached 0.8, and then the gene expression
was induced by setting the temperature at 20 °C for 12 h at
200 rpm as previously described (Studier 2005).

Cells were collected, disrupted by sonication, and the pro-
tein of interest was recovered by adsorption to cellulose. The
CBD tag was removed by proteolysis with 3C protease and
centrifugation and the protein was recovered in the superna-
tant. The recombinant enzyme was further purified by metal
ion affinity chromatography. The protein concentration in the
final preparation was determined using the Lowry Bradford
method (Sedmak and Grossberg 1977) and bovine serum al-
bumin was used as a standard. Mutants were obtained by site-
directed mutagenesis and expressed exactly as the wild type.
All mutants were verified by sequencing of the relevant
constructs.

General assays

The stability of PestE and its mutants in the presence of H2O2

was determined by incubating the test enzyme (0.05 μM) in
phosphate buffer containing different concentrations of H2O2

(5 mM to 2M) at room temperature. Samples were withdrawn
at different time points and the residual perhydrolysis activity
was determined. The residual activity was expressed as a frac-
tion of the residual activity of the reference sample treated in
the same way except for the addition of H2O2. The thermal
stability of PestE and its mutants was measured by using pNP
butyrate as the substrate. Enzymes were incubated in phos-
phate buffer at pH 7.0 at 80 °C for 24 h. Samples were taken
from the media at different time intervals. The optimal pH for
the perhydrolysis reaction was determined by varying the pH
of the pentanoic acid buffer.

The temperature dependence of the perhydrolysis reaction
was tested by varying the temperature from 40 to 55 °C. The
dependence of the hydrolysis rate on the length of the aliphatic
chain of the carboxylic acid substrate was determined by ex-
changing the pentanoic acid buffer into a buffer containing the
tested acid.
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Hydrolysis assay

The hydrolytic activity of the recombinant PestE and its
variants was determined using the chromogenic sub-
strate pNP butyrate. The reaction was carried out at
80 °C in 50 mM NaOH/glycine buffer at pH 9.0. The
specific hydrolytic activity was expressed in units,
where 1 U represents the amount of enzyme required
to release 1 μmol of pNP per minute under the reaction
conditions. The kinetic parameters were determined un-
der the same conditions at a constant enzyme concen-
tration (0.05 μM) by varying the pNP butyrate concen-
tration and determining the initial velocity of pNP
production.

Perhydrolysis assay

The perhydrolysis activity was determined following a general
protocol byBernhardt and colleagues (Bernhardt et al. 2005)where
aliphatic acid perhydrolysis is monitored by a coupled reaction of
the oxidation of 2-chloro-5,5-dimethyl-1,3-cyclohexanedione
(monochlorodimedone, MCD). The test was carried out at 45 °C
with pentanoic acid as the substrate (in 0.1M pentanoic acid buffer
at pH 5.5 containing 90 mM NaBr and 180 μM MCD) in the
presence of 100 mM H2O2. The activity was determined spectro-
photometrically and expressed in specific activity units where 1 U
represents the amount of enzyme required to produce 1 μmol of
MCD per minute under the reaction conditions.

The kinetic parameters for pentanoic acid were determined
under the same conditions at constant enzyme (0.05 μM) and
H2O2 (100 mM) concentrations by varying the pentanoic acid
concentration and determining the initial velocity of the
peracid (oxidized MCD) production. The kinetic parameters
for H2O2 were determined under the same conditions at con-
stant enzyme (0.05 μM) and pentanoic acid (100 mM) con-
centrations by varying the H2O2 concentration and determin-
ing the initial velocity of peracid (oxidized MCD) production.

Molecular modeling

The model of the L89R mutant was constructed by homology
modeling based on the crystal structure of PestE (PDB code:
3ZWQ) using the Modeller package (Discovery Studio3.5,
Accelrys Inc.). All structure models were visualized using
PyMOL software.

The published PestE was hydrogenated using Yasara and
tested mutations were introduced. Steepest descent minimiza-
tionwas performed in vacuo using the YASARA-NOVA force
field to relax the structure and remove steric clashes (Krieger
et al. 2002). The cell was parametrized using the AMBER14
force field and neutralized (Giambaşu et al. 2014). The
resulting structure was time simulated using implicit solvent.

Epoxidation reaction

The epoxidation of oleic acid was carried out in a
10-mL Erlenmeyer flask; the reaction mixture contained
0.5 mmol oleic acid, 5.0 mg purified lyophilized ester-
ase (PestE-WT or L89R/L40A), 1.0 mmol 30% hydro-
gen peroxide, and 1.0 mL phosphate buffer (100 mM,
pH 5.0). The 30% hydrogen peroxide was added in
three portions in 1-h intervals. The reaction mixtures
were placed at different temperature from 40 to 70 °C,
stirred at a speed of 300 rpm. Samples (20 μL) were
withdrawn from the mixtures at specific time. All ex-
periments were carried out in triplicate.

Analytical methods

Oleic acid and 9,10-epoxystearic acid were determined using a
high-performance liquid chromatography (Waters 1525)
equipped with refractive index detector (HPLC-RID) (Waters
2487, USA). RP-C18 column (4.6 mm × 250 mm, 5 mm,
Wasters, USA) was used to separate these components. The
column was operated at 35 °C with methanol:water:formic ac-
id = 95:5:0.5 (v/v/v) as the mobile phase at the flow rate of
1 mL/min. Peak of oleic acid and 9,10-epoxystearic acid in
HPLC were identified and calculated by the calibration curves
which were made with the reference standard compounds.

Results

Structure-guided design of mutations

The crystal structure of PestE (PDB: ID 3ZWQ) has
been solved previously (Palm et al. 2011). Structural
analysis demonstrated that the active site and presumed
H2O2 binding site is completely hydrophobic (Fig. 1a,
b). We reasoned that introduction of hydrogen bond
donors in the catalytic pocket could help to stabilize
H2O2 in an optimal conformation to increase both struc-
ture stability and catalytic efficiency. Therefore, the hy-
drophobic amino acids G85, L89, I208, L209, and F217
were selected to substitute with serine, arginine, threo-
nine, threonine, and tyrosine, respectively, to introduce
hydrogen bond donors in the presumed H2O2 interaction
site. Furthermore, to facilitate better substrate penetra-
tion into the catalytic site, amino acids with bulky side
chains located around the substrate binding pocket, such
as L40, F33, F20, L213, and F289, were replaced with
alanine that contains small side chain to Bopen^ the
active site entrance and potentially increase the catalytic
activity.
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Production and H2O2 tolerance analysis of PestE mutants

All the PestE mutants (listed in Fig. 2) were produced as
fusion proteins with a CBD tag at the N terminus and a His
tag at the C terminus (Fig. 2a). The CBD tag facilitated isola-
tion of the recombinant protein from the cellular proteins by
adsorption onto cellulose. Then, the tag-free recombinant
PestE mutants (after 3C protease digestion of the CBD fusion
proteins) were further purified by a nickel affinity column.
The final yields of each purified protein (with purity >90%,
Fig. 2b) were about 20 to 50 mg from 1 L of culture media.

The H2O2 tolerance of purified PestE wild type (WT) and
its mutants were investigated by incubating the enzymes with
1 M H2O2 for 24 h followed by measurement of their residual
activity (Fig. 2c). The mutant L89R showed higher
perhydrolysis activity (1.7 U/mg) and better H2O2 tolerance
(retained 67.5% of its initial activity) than that of PestE–WT,
indicating that introduction of a hydrogen bond donor at this
site can increase the H2O2 tolerance and activity of PestE.
However, the G85S mutant did not show a similar positive

effect. It should also be noted that G85 together with G86 is
involved in the formation of an oxyanion hole in the PestE
structure. Mutation at amino acid 85 might negatively affect
the configuration of the oxyanion hole resulting in a decrease
of enzyme activity and stability. With the exception of mutant
L89R/L209T, introduction of an additional hydrogen bond
donor at I208 and F217 had a beneficial effect on the stability
of mutant L89R toward H2O2. BOpen^ the entrance of the
catalytic pocket may allow better penetration of the substrate
to the catalytic site. Thus, substitution of L40 with alanine was
found to increase the stability (retained 85.8% of its initial
activity) and activity (2.77 U/mg) of the L89R mutant. The
triple mutants L89R/L40A/L213A, L89R/L40A/F289A, and
L89R/F20A/F33A did not show any obvious increase in sta-
bility and activity compared with that of the mutant
L89R/L40A. Among the enzymes tested, L89R/L40A had
the best H2O2 tolerance and activity, and thus was selected
for the subsequent evaluation study.

Biochemical characterization of the mutant L89R/L40A

Comformational changes of the substrate binding pocket will
occur after site-directed mutagenesis and will affect not only
the structure stability but also the substrate specificity, catalyt-
ic efficiency, and other physical properties. Therefore, the bio-
chemical properties of L89R/L40A were characterized after
the initially H2O2-tolerance screening.

To investigate the H2O2 tolerance profile of L89R/L40A in
more detail, its activity was monitored after incubation with
different H2O2 concentrations at various time intervals. As
shown in Fig. 3, the L89R/L40A mutant did not lose its activ-
ity under conditions of low H2O2 concentrations (5 and
50 mM) regardless of the incubation time, while PestE-WT
retained 65 and 50% of its initial activity after a 24-h incuba-
tion with 5 and 50 mM of H2O2, respectively. At the higher
H2O2 concentrations (0.5 and 2 M), the PestE mutant still
retained over 80% of its initial activity after a 24-h incubation.

An analysis of the heat inactivation of mutant L89R/L40A
was also conducted. Its residual activity after incubation at
80 °C was measured as shown in Fig. 4 and the mutant
L89R and PestE-WT were used as controls. After a 24-h in-
cubation, L89R/L40A and L89R retained over 71% of their
initial activities. The half-lives (t1/2, 80 °C) of L89R/L40A
(54 h) and L89R (52 h) were higher than that of PestE-W
(28 h), indicating that substitution of L89 with arginine can
stabilize the PestE structure. Replacing L40 with alanine made
only a marginal contribution to the thermostability of L89R
based on the observation that L89R/L40A and L89R had sim-
ilar half-lives.

The substrate selectivity of mutant L89R/L40A toward
p-nitrophenyl (pNP) esters with various acyl-chain lengths
(C2–C16) was evaluated by measuring its hydrolysis activity.
As shown in Fig. 6a, mutant L89R/L40A showed a change in

Fig. 1 a The catalytic channel of PestE. Ser157 and His284 of the
catalytic triad together with candidate sites for mutation are shown. b
Model of the active site architecture for peroxidation. The L89R
mutation introduces a hydrogen bond with H2O2. The carbonyl oxygen
of the pentanoic acid is located in the oxyanion hole. The H2O2 molecule
is located optimally for attack on the tetrahedral intermediate. Distances
are given in angstrom.
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its substrate preference, from shorter (C4) to short- and
medium-chain length pNP esters (C4–C8), compared with
PestE-WT.

To measure perhydrolysis activity, various carboxylic acid
substrates including formic acid, acetic acid, propanoic acid,
butyric acid, pentanoic, and n-hexylic acid were tested
(Fig. 6b). L89R/L40A preferred similar substrates as
PestE-WT, and the highest activity was obtained using
pentanoic acid as a carboxyl donor. The kinetic constants for

L89R/L40A and PestE-WT toward pentanoic acid were deter-
mined. The Km value significantly decreased from 16.1 to
2.8 mM for the mutant indicating that it had higher affinity
for pentanoic acid than PestE-WT, while its catalytic efficien-
cy significantly increased from 6.22 to 23.08 s−1 (Table 1).

The perhydrolysis activities of PestE-WT and mutant
L89R/L40A under various temperatures and pH were mea-
sured (Fig. 6c and d). Both enzymes maintained high activity
from 45 to 50 °C with the optimal activity at 45 °C. Mutant

Fig. 2 Production of PestE
mutants and H2O2 resistance. a
Expression of the PestE mutant in
E.coli. Lane 1: total cellular
protein; lane 2: supernatant of
lysate; lane 3: insoluble cellular
pellet; lane 4: purified protein. b
Purified PestE and its mutants. c
Residual activity of enzymes
tested after incubation with 1 M
H2O2 for 24 h at room
temperature. The data are
expressed as the percentage of
residual activity compared with
the original activity of each
enzyme tested (%)

Fig. 3 Effects of various
concentrations of H2O2 on the
perhydrolysis activity of PestE-
WT and mutant L89R/L40A. a
5 mM, b 50 mM, c 500 mM, d
2 M
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L89R/L40A exhibited maximum activity at pH 5.5, while the
optimal pH of PestE-WTwas pH 5.0.

Enzyme-catalyzed epoxidation of oleic acid

The initial rates of epoxidation of oleic acid catalyzed both by
PestE-WTand mutant L89R/L40A depended linearly on tem-
perature. However, after 48 h, the maximum conversion of
oleic acid by PestE-WT and mutant L89R/L40A was 40.2
and 75.6%, respectively, both obtained at 60 °C. This means
nearly doubled conversion efficiency of the mutant after this
period. The conversion of epoxidation products decreased at
70 °C as the result of the higher temperature possibly leading
to hydrogen peroxide decomposition and enzyme
inactivation.

Discussion

H2O2 has a Janus role to oxidases. It is an indispensable sub-
strate for those enzymes, while shows detrimental effects to

the proteins. Unfortunately, the most biocatalysts are unstable
in the presence of concerted H2O2 due to their inherent nature.
Biocatalyst with better H2O2 tolerance ability is highly desired
for industrial applications. Protein engineering is an acknowl-
edged method of modifying enzymatic properties, such as
catalytic efficiency, thermostability, and substrate specificity
(Kim et al. 2010; Guo et al. 2015; Lan et al. 2015a). And most
of the efforts focus on substitution of the H2O2 sensitive ami-
no acids with non-sensitive one to enhance the enzyme stabil-
ity against H2O2 (Miyazaki and Takahashi 2001; Lin et al.
2003; Kitajima et al. 2008). In this work, we try to figure
out whether introduction of hydrogen bond donors in the cat-
alytic pocket of enzyme to stabilize H2O2 can modify its struc-
ture stability and catalytic behaviors. Using PestE as model
enzyme, polar amino acids with a hydroxyl group (Ser, Thr,
and Tyr) or guanidinium group (Arg) were introduced into the
substrate binding site by site-directed mutagenesis.

Substitute of Leu89 with Arg resulted in a better ability of
H2O2 resistance. We reasoned that L89R introducing hydro-
gen bond donors in the vicinity of the presumed H2O2 inter-
action site could help stabilize H2O2 in an optimal conforma-
tion. This might alleviate the harmful effect to H2O2-sensitive
amino acids around the catalytic pocket when the H2O2 ac-
cesses. The L89R has higher perhydrolysis activity, indicating
that stabilization of H2O2 in the substrate binding pocket also

Fig. 4 Thermostability of PestE wild-type, mutant L89, and
L89R/L40A. The enzymes were incubated at 80 °C for 24 h. Residual
activity was measured by using 4-nitrophenyl butyrate as a substrate at
various time intervals. The initial activity of each enzyme is expressed as
100%

Table 1 Kinetic constants of
PestE wild-type and the mutant
L89R/L40A

Enzymes Substrates kcat (s
−1) Km(mM) kcat/Km(s

−1 M−1)

Perhydrolysisa

PestE-WT Pentanoic acid 6.22 ± 0.5 16.01 ± 1 388.24

Hydrogen peroxide 10.06 ± 0.5 101.4 ± 2 98.6

PestE-L89R/L40A Pentanoic acid 23.08 ± 0.68 2.8 ± 0.1 8242

Hydrogen peroxide 29.01 ± 1.5 86.76 ± 12.8 334

aMonochlorodimedone (MCD, 0.18 mM), different concentrations of H2O2, and NaBr (90 mM) in different
concentrations of pentanoic acid buffer (optimal pH 5.0 or 5.5) at 45 °C (optimal temperature). The control
experiments were carried out under the same conditions

Fig. 5 The hydrogen bond network near the catalytic site in mutant
L89R. G85, F87, R89, and S157 are shown as green sticks, while the
L89 residue is shown as a yellow stick. The water molecules are displayed
as pink balls
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benefits the catalytic activity. Meanwhile, arginine is well suit-
ed in this mutant since it partially retains the hydrophobic
interactions of leucine within the enzyme structure, which
does not affect structural conformation. However, significant
synergistic effect to the stability has not been seen by intro-
duction additional hydrogen bond donors (Fig. 2c).

Many literatures have described that amino acids with
bulky side chain will affect the substrate selectivity and
catalytic efficiency (Gao et al. 2014; Lan et al. 2015a;
Lan et al. 2015b). To investigate the effect of bulky
amino acid in the substrate binding pocket on the cata-
lytic behavior of PestE, alanine were introduced. Among
the alanine-substituted mutants, L89R/L40A mutant
showed highest perhydrolysis activity. Kinetic study

found that the kcat/Km values of the mutant increased
21- and 3.4-fold toward pentanoic acid and H2O2 as
compared to that of PestE-WT, respectively. The substi-
tute with non-bulky alanine may facilitate better sub-
strate access into the catalytic site resulting in increas-
ing the catalytic efficiency. Due to the more Bopen^ of
the catalytic pocket after mutagenesis, L89R/L40A mu-
tant showed more preference to pNP ester of C6 and C8
compared to that of PestE-WT in the hydrolysis reac-
tion. But it was unexpected that L89R/L40A had a bet-
ter ability of H2O2 tolerance as compared to other
mutants.

Apart from the desired activity, stability at reaction condi-
tions is of primary importance in industrial applications. The

Fig. 6 Biochemical
characteristics of PestE wild-type
and mutant L89R/L40A. a
Substrate selectivity for the pNP
ester with various chain lengths. b
Substrate preference for the
carboxylic acid substrate. c Effect
of temperature on the activity of
the enzymes. d Effect of pH on
the activity of enzymes

Fig. 7 Epoxidation oleic acid
catalyzed by a PestE-WT and b
PestE-L89R/40A
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half-lives (t1/2, 80 °C) of mutant L89R and L89R/L40Awere
52 and 54 h, which are roughly twofold increase to that of
PestE-WT. By analysis of the structural model of L89R, sub-
stitution of Leu89 with Arg in the hydrophobic catalytic cleft
can generate an extra hydrogen bond with a water molecule
(Fig. 5) and form a hydrogen bond network with G85, F87,
R89, S157, and three surrounding water molecules. This hy-
drogen bond network can stabilize the loop (H83–S91) locat-
ed in the catalytic pocket and nucleophilic serine (S157) to
maintain the conformation of PestE. Hydrogen bonds occur
not only within and between polypeptide chains but with the
surrounding aqueous medium, which can contribute to stabi-
lizing the conformation and enhancing the thermostability of
proteins (Eijsink et al. 1992; Li et al. 2005). This proposed
hydrogen bonding network explains why mutant L89R/L40A
showed high tolerance toward concentrated H2O2 and elevat-
ed temperature.

Epoxides are important intermediates in organic synthesis
due to the high reactivity of oxirane rings (Milchert et al.
2015; Zhou et al. 2017). Traditional synthetic routes for the
epoxidation of products entail stoichiometric use of peracids
such as peracetic acid under acidic reaction conditions. The
challenges of these methods reside with the hazard of peracid.
Therefore, in situ peracid generation approach was developed
using H2O2 and carboxylic acid catalyzed by enzyme.
However, oxidative inactivation by H2O2 represents a major
challenge to enzyme stability and therewith to the robustness
of the chemical transformation. In this study, a double mutant
L89R/L40A significantly enhanced the tolerance of H2O2 and
high temperature was reported. The epoxidation reaction test
was found that the conversion of epoxidation of oleic acid of
the mutant L89R/L40A increased approximately twofold as
compared to that of PestE-WT (Fig. 7). The creating mutant
L89R/L40A is promising as a novel biocatalyst for epoxida-
tion reaction.

In summary, engineering of the substrate binding site
by structure-guided mutagenesis is a potent way to
modify enzymes. By introducing an extra hydrogen
bond donor near the catalytic site and Bopening^ the
catalytic entrance of PestE, mutant L89R/L40A effi-
ciently catalyzes peroxyacid formation and is stable in
concentrated H2O2. Because of its thermophilic origin
and ease of recombinant production, our PestE mutant
is an excellent candidate for industrial applications in
green chemistry. Furthermore, these results open new
opportunities for designing industrial biocatalysts with
tolerance for high concentrations of H2O2 and catalytic
efficiency.
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