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Abstract: In this study, the active and stable cross-linked enzyme aggregates (CLEAs) of the
thermostable esterase estUT1 of the bacterium Ureibacillus thermosphaericus were prepared for
application in malathion removal from municipal wastewater. Co-expression of esterase with an
E. coli chaperone team (KJE, ClpB, and ELS) increased the activity of the soluble enzyme fraction up
to 200.7 ± 15.5 U mg−1. Response surface methodology (RSM) was used to optimize the preparation
of the CLEA-estUT1 biocatalyst to maximize its activity and minimize enzyme loss. CLEA-estUT1
with the highest activity of 29.4 ± 0.5 U mg−1 (90.6 ± 2.7% of the recovered activity) was prepared
with 65.1% (w/v) ammonium sulfate, 120.6 mM glutaraldehyde, and 0.2 mM bovine serum albumin
at 5.1 h of cross-linking. The biocatalyst has maximal activity at 80 ◦C and pH 8.0. Analysis of the
properties of CLEA-estUT1 and free enzyme at 50–80 ◦C and pH 5.0–10.0 showed higher stability
of the biocatalyst. CLEA-estUT1 showed marked tolerance against a number of chemicals and
high operational stability and activity in the reaction of malathion hydrolysis in wastewater (up to
99.5 ± 1.4%). After 25 cycles of malathion hydrolysis at 37 ◦C, it retained 55.2 ± 1.1% of the initial
activity. The high stability and reusability of CLEA-estUT1 make it applicable for the degradation
of insecticides.

Keywords: molecular chaperones; esterase; Ureibacillus thermosphaericus; cross-linked enzyme
aggregates; response surface methodology; malathion hydrolysis

1. Introduction

Malathion (S-(1,2-dicarbethoxyethyl)-O,O-dimethyldithiophosphate) is a broad-spectrum
insecticide which is widely used due to its efficiency for pest and insect control and low price.
However, malathion and its derivates are highly toxic for living organisms, including humans.
Malathion mainly targets the central nervous and immune systems and causes various symptoms
including dizziness, nausea, and attention disorder [1]. Therefore, it is important to prevent
the pollution of air and soil and especially water with this insecticide [2,3]. There are several
approaches to degrading malathion in wastewater, including chemical oxidation [3], ultraviolet
irradiation [4], nanofiltration [3], and biological treatment (with bacteria [5], fungi [6], and algae [7]).
Currently, biological treatment is considered as a preferred method for malathion removal from
aqueous solutions, since it is inexpensive, less time-consuming, and in most cases, provides
complete degradation of this insecticide. A wide range of bacteria, including Bacillus licheniformis [8],
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Pseudomonas putida, Pseudomonas sp. [9], Rhodoccocus rhodochrous, and Sphingomonas sp. [5], have been
successfully applied in malathion biodegradation due to their ability to produce hydrolytic enzymes
(hydrolases and carboxylesterases). Application of purified microbial hydrolytic enzymes is an
alternative way to degrade malathion as they have higher activity and specificity as compared
to the microbial strains [10,11]. Their immobilization allows their activity and stability to be
increased and promotes their separation from the reaction medium, along with repeated use [12–14].
Currently, the hydrolytic immobilized enzymes are not applied for malathion removal from municipal
wastewater, but Adhikari et al. [15] applied immobilized cells of Bacillus sp. S14 for its hydrolysis in
aqueous solutions.

The widespread application of hydrolytic enzymes (lipases and esterases) in industry and for the
biodegradation of insecticides is still limited by their high production costs. One of the problems is the
low protein expression in common host systems. This may be the result of the toxicity of the expressed
proteins [16], presence of disulfide bonds [17], or inactivation of the protein and formation of inclusion
bodies after intracellular aggregation of proteins [18,19]. Expression of molecular chaperones and
chaperonins with enzymes can decrease the formation of protein aggregates. It was shown that the
co-expression of the E. coli DnaK and GroEL chaperone team proved to be most effective for increasing
the expression of lipase from Psychrobacter sp. in a soluble form, as compared to expression with
each chaperone alone [20]. Application of this approach allows the yield of protein to be increased,
thereby reducing the cost of its production.

In addition to high protein activity, the stability in a wide range of pH and temperature, along with
superior tolerance to solvents and chemicals [21], are required for the successful application of enzymes
in various processes, including malathion removal from municipal wastewater. Immobilization
prolongs protein operation and can be performed by physical adsorption, entrapment, covalent
bonding, and cross-linking (carrier free) [22]. Among these methods, the application of cross-linked
enzyme aggregates (CLEAs) is a prospective immobilization approach that combines all steps of
preparation (purification, precipitation, and immobilization) in one, making the process simple,
time-saving, and low-cost. CLEAs biocatalysts have high activity and stability over a wide range of
pH (4.0–11.0) [23], temperature (10–90 ◦C) [24,25], and a high tolerance to chemical reagents including
phenylmethylsulfonyl fluoride (PMSF), sodium dodecyl sulfate (SDS), ethanol, and phenol [26].
Such biocatalysts were previously successfully applied for the production of biodiesel [27,28] and
chemicals [29], but not for insecticide degradation.

In this study, we report the preparation of a highly active CLEAs biocatalyst from the novel
thermostable esterase estUT1 of the bacterium Ureibacillus thermosphaericus for application in malathion
removal from real wastewater. Co-expression of the E. coli chaperone team of KJE, ClpB, and ELS with
the esterase led to an increase in the production of soluble and active enzyme. Optimization of the
biocatalyst preparation was performed with response surface methodology (RSM) using face-centered
central composite design (FCCCD) for the following parameters: cross-linking time and concentrations
of precipitating reagent, glutaraldehyde, and chemical additives. The biocatalyst was stable in a wide
range of pH and temperature and in the presence of various chemicals, and was further tested in the
reaction of malathion hydrolysis in municipal wastewater. Therefore, this approach allowed the yield
of soluble estUT1 in E. coli to be increased and enzyme loss to be reduced during the preparation of a
highly active and stable biocatalyst for application in the degradation of organophosphorus insecticide
during wastewater treatment.

2. Results and Discussion

2.1. Chaperone Co-Expression with estUT1

Recently, we have cloned and studied properties of the new thermostable esterase estUT1 from
the bacterium U. thermosphaericus [30]. EstUT1 is stable at pH 5.0–9.0, at temperature 50–70 ◦C,
and is tolerant to various chemicals and organic solvents, which makes it promising for application
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as a catalyst in wastewater treatment for malathion removal. The esterase estUT1 is expressed in
E. coli BL21(DE3) as inclusion bodies that need to be further refolded in vitro [30]. In this respect,
the co-expression of a combination of molecular chaperones and chaperonins with the recombinant
proteins is the one of the strategies to solve this problem. The DnaK system (DnaK with its
co-chaperones DnaJ and GrpE; KJE) prevents formation of the inclusion bodies by reducing aggregation
and stimulating the proteolysis of misfolded proteins [31]. The bi-chaperone system comprised by
KJE and ClpB promotes solubilization and disaggregation of proteins [32,33]. The GroEL system
(GroEL with its co-chaperonin GroES; ELS) promotes protein transit between the soluble and insoluble
protein fractions [34]. Therefore, to study the influence of chaperones on the expression of estUT1,
a combination of KJE, ClpB, and ELS chaperones was used as one of the most effective folding systems.
Previously, it was shown that a chaperone team (KJE, ClpB, and ELS) improves the yield of soluble
fraction of proteins expressed in E. coli by 2.5–3.5 times [35].

In this study, the estUT1 gene was expressed in E. coli BL21(DE3) as a His-tagged fusion protein.
The esterase estUT1 alone was produced as inclusion bodies in the insoluble fraction (Figure 1,
line 2) [30]. Its co-expression with the chaperone team (KJE, ClpB, and ELS) resulted in a higher
yield of active estUT1 in a soluble fraction of cell lysate (Figure 1, line 4). The specific activity
of purified esterase in a soluble fraction after its co-expression with chaperones increased up to
200.7 ± 15.5 U mg−1, as compared to esterase expressed without chaperones (22.6 ± 1.7 U mg−1).
These results correlate with the data on the expression of other lipolytic enzymes; for example,
co-expression of the molecular chaperone team KJE and ELS with the lipase from Psychrobacter sp.
resulted in an increase in its specific activity from 66.51 ± 3.84 to 108.77 ± 4.62 U mg−1 in E. coli [20].
These results confirm that the expression of E. coli molecular chaperones (KJE, ClpB, and ELS) has a
positive effect on the yield of the soluble esterase estUT1. The resulting highly active purified protein
from E. coli co-expressing chaperones and estUT1 was further used to prepare CLEAs biocatalyst.

Figure 1. Co-expression of the molecular chaperone team (KJE, ClpB, and ELS) and the esterase estUT1
in E. coli BL21(DE3). M: protein molecular weight marker; 1: E. coli BL21(DE3) transformed with
pET32b vector (soluble fraction); 2: E. coli BL21(DE3) transformed with pET32b-UT1 plasmid (insoluble
fraction); 3: E. coli BL21(DE3) transformed with pET32b-UT1 plasmid (soluble fraction); 4: E. coli
BL21(DE3) transformed with pET32b-UT1 co-expressed with chaperones (soluble fraction); 5: estUT1
(Ni-NTA purification); 6: estUT1 co-expressed with chaperones (Ni-NTA purification).

2.2. Preparation of CLEA-estUT1

In this study, the CLEAs approach was used for the preparation of biocatalyst from the esterase
estUT1 for application in malathion hydrolysis. The procedure involves the aggregation of free enzyme
from the aqueous solution with a precipitation agent (ammonium sulfate, ethanol, acetone), followed
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by cross-linking of aggregates by a bifunctional agent (glutaraldehyde) [36]. This approach does not
require the use of a carrier [22], therefore resulting in an improvement of biocatalyst activity.

2.2.1. Selection of Precipitant

Various chemicals including acetone, tert-butanol, isopropanol, ethanol, and ammonium sulfate
(50%, w/v) were tested using the precipitant–protein ratio of 3:1 (v/v) to select the optimal precipitant
for the preparation of CLEAs from the purified esterase estUT1. Results are shown in Table 1.

Table 1. Effect of various precipitants on the activity of CLEAs biocatalyst.

Precipitant Type Recovered Activity, %

Acetone 30.3 ± 2.8
tert-Butanol 34.5 ± 4.7
Isopropanol 8.7 ± 1.1

Ethanol 6.2 ± 0.4
Ammonium sulfate (50%, w/v) 58.4 ± 4.1

Preparation of biocatalyst: 0.5 mL of the enzyme solution (1 mg mL−1), precipitant–protein ratio 3:1 (v/v), 75 mM
glutaraldehyde, 4 h of cross-linking.

Ammonium sulfate is a widely used precipitant for preparation of CLEAs from various enzymes
including lipases [37], esterases [38], amylases [39], and proteases [40]. In this study, ammonium sulfate
was also found as the most suitable precipitant and used for further studies on biocatalyst preparation.

2.2.2. Selection of Additives

In this study, two additives were tested in order to elucidate their effect on the activity of CLEAs
(Table 2): bovine serum albumin (BSA) as a protein feeder [41] and SDS as a surfactant that facilitates
the precipitation of aggregates in a stable conformation and increases the interfacial surface of the
enzyme [42]. In this study, BSA increased the CLEAs activity up to 154.2 ± 16.5%. This may be due to
the presence of free amino groups on the surface of the protein, for example, lysine, which reacts with
glutaraldehyde, thereby preventing the denaturation of protein [43]. If SDS was used as an additive,
CLEA-estUT1 showed only a slight increase in its activity (up to 109.7 ± 8.4%), which correlates with the
data of Gupta et al. [42]. They reported an efficient cross-linking of the enzyme after precipitation with
ammonium sulfate, along with an increase in the activity of CLEAs in the presence of SDS by two-fold.
According to these data, BSA was selected as the most effective additive for CLEAs preparation.

Table 2. Effect of additives on the activity of CLEAs.

Additives Relative Activity, %

Control 1 100.0 ± 4.7
BSA 154.2 ± 16.5
SDS 109.7 ± 8.4

1 Biocatalyst activity without additives was considered as 100% of the relative activity. Preparation of biocatalyst:
0.5 mL of the enzyme solution (1 mg mL−1), 60% (w/v) ammonium sulfate, 75 mM glutaraldehyde, 4 h
of cross-linking.

2.2.3. Optimization of CLEA-estUT1 Preparation

In this study, the RSM with FCCCD was used to optimize conditions for preparation of the
CLEA-estUT1 biocatalyst (Table 3). The highest recovered CLEA-estUT1 activity was found to
be 85.4% in run 7, at 55% (w/v), 87.5 mM, and 0.2 mM of ammonium sulfate, glutaraldehyde,
and BSA, respectively, after 4.5 h of cross-linking. The coefficients of the equation of the complete
regression model and their statistical significance were determined and evaluated after processing of
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the experimental data. A second-order polynomial model was built with the regression analysis and is
represented by the following equation:

Recovered activity of CLEA-estUT1 (%) = 66.18 + 4.74A + 6.70B + 7.78C + 13.84D + 3.28AB +
2.12AC + 0.50AD + 0.45BC + 1.13BD − 0.47CD − 23.67A2 − 10.69B2 − 7.42C2 + 7.32D2 (1)

where A: cross-linking time, B: concentration of ammonium sulfate, C: concentration of glutaraldehyde,
and D: concentration of BSA.

Table 3. Experimental design for optimization of CLEA-estUT1 preparation.

Run Time, h Ammonium Sulfate, % (w/v) Glutaraldehyde, mM BSA, mM Recovered Activity, %

1 4.5 55 25 0.105 45.1
2 1 80 25 0.2 42.0
3 8 30 25 0.01 7.5
4 4.5 55 87.5 0.105 72.4
5 1 80 25 0.01 9.7
6 4.5 55 87.5 0.105 71.4
7 4.5 55 87.5 0.2 85.4
8 8 80 25 0.01 19.8
9 1 30 150 0.01 21.8
10 4.5 55 87.5 0.105 74.1
11 1 30 150 0.2 38.7
12 1 80 150 0.2 50.4
13 4.5 55 87.5 0.105 65.1
14 8 55 87.5 0.105 40.4
15 1 30 25 0.2 29.6
16 1 80 150 0.01 18.9
17 4.5 30 87.5 0.105 43.2
18 4.5 80 87.5 0.105 60.3
19 8 30 150 0.01 18.2
20 8 80 150 0.01 47.2
21 1 30 25 0.01 5.3
22 4.5 55 87.5 0.105 65.7
23 8 30 25 0.2 32.1
24 1 55 87.5 0.105 37.2
25 4.5 55 87.5 0.01 54.2
26 8 30 150 0.2 52.4
27 4.5 55 87.5 0.105 70.6
28 8 80 25 0.2 51.3
29 8 80 150 0.2 70.0
30 4.5 55 150 0.105 65.0

Table 4 shows the result of analysis of variance (ANOVA),which verifies the significance of the
model as well as the effect of individual independent variables and their interaction on the response.
The efficiency of the resulting model was indicated by the high value of R2 (0.97) and adjusted R2 (0.94),
and the model equation accounts for 97 or 94% variation. The F-value (33.36) and p-value (<0.0001) of
this model confirm that the model is significant. The p-values presented in Table 4 show that the most
significant factors in the CLEA-estUT1 preparation are the concentrations of BSA and glutaraldehyde
(p < 0.0001). The time of cross-linking (0.0021) and the concentration of ammonium sulfate (0.0001)
have a less pronounced effect on CLEA-estUT1 activity.
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Table 4. ANOVA for CLEA-estUT1 preparation.

Source Sum of Squares F-Value p-Value

Model 13,771.01 33.36 <0.0001
Time, A 403.56 13.69 0.0021

Ammonium sulfate, B 808.96 27.44 0.0001
Glutaraldehyde, C 1090.45 36.98 <0.0001

BSA, D 3449.76 117.00 <0.0001
AB 172.27 5.84 0.0288
AC 71.83 2.44 0.1394
AD 4.00 0.14 0.7178
BC 3.28 0.11 0.7435
BD 20.48 0.69 0.4177
CD 3.59 0.12 0.7319
A2 1451.57 49.23 <0.0001
B2 296.06 10.04 0.0064
C2 142.83 4.84 0.0438
D2 138.84 4.71 0.0465

Lack of fit 375.04 2.79 0.1345

The three-dimensional (3D) response surface (Figure 2) represents the regression equation used
for the analysis of the interaction between variables and determination of the optimum concentration
of each factor for maximizing biocatalyst activity. The 3D plot shows the concentration functions of
two variables at a fixed value at the central point of the remaining factors.

The time of cross-linking is an important parameter for CLEAs preparation, and for different
enzymes, may vary from 1 h [44] to 20 h [23]. In this study, this parameter was 1–8 h. Figure 2a–c
shows the effect of cross-linking time on the activity of CLEAs, depending on the concentration
of ammonium sulfate, glutaraldehyde, and BSA, respectively. The highest activity of CLEAs was
observed at 4.5–5.5 h.

Figure 2. Cont.
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Figure 2. Response surface plots representing the dependence of the CLEA-estUT1 activity on the
parameters of biocatalyst preparation: (a) concentration of ammonium sulfate and cross-linking time;
(b) concentration of glutaraldehyde and cross-linking time; (c) concentration of BSA and cross-linking
time; (d) concentration of glutaraldehyde and ammonium sulfate; (e) concentration of BSA and
ammonium sulfate; (f) concentration of BSA and glutaraldehyde.

The amount of precipitant (ammonium sulfate) plays an important role in CLEAs preparation,
thereby affecting the size of the protein aggregates. It was found that a low concentration of precipitant
results in its inability to form protein aggregates. On the contrary, a high precipitant concentration
can inhibit the enzyme activity [37]. According to the model from this study, the protein is preferably
precipitated from the solution at 60–70% saturation with ammonium sulfate (Figure 2a,d,e). This range
of concentrations is widely used for the precipitation of enzymes. For example, CLEAs of lipase M37
from Photobacterium lipolyticum [23] and α-amylase from Bacillus amyloliquefaciens [45] were prepared
with 70% saturated ammonium sulfate.

The concentration of glutaraldehyde strongly affects the activity of the enzyme. If a low
concentration of a cross-linker is used, the enzyme molecule may remain flexible and unstable,
which will lead to protein leaching in solution. Excessive use of glutaraldehyde can cause loss
of the minimum flexibility of the enzyme due to the formation of protein aggregates with a strong
diffusion resistance [41]. Therefore, the concentration of glutaraldehyde should be optimized in order
to obtain active CLEAs. As shown in Figure 2b,d,f, the highest activity of CLEAs was observed
when 115–125 mM of glutaraldehyde was used for biocatalyst preparation. Previously, 75 and 60 mM
glutaraldehyde was applied for the preparation of CLEAs of lipase from Rhizopus oryzae [44] and
esterase from Bacillus subtilis [38], respectively. However, higher concentrations of the cross-linking
agent have also been used for CLEAs preparation. For example, 140 mM glutaraldehyde has been
used to immobilize catalase from the bovine liver [24].

In this study, the effect of the BSA concentration on the activity of CLEAs was evaluated.
Figure 2c,e,f shows that its effect on the activity of CLEAs depends on the time of cross-linking
and concentrations of ammonium sulfate and glutaraldehyde, respectively. The highest recovered
activity of CLEA-estUT1 was at 0.2 mM BSA, which correlates with the study of Khanahmadi et al. [37],
where 0.17 mM BSA was used as a co-feeder for the preparation of CLEAs of lipase isolated from
cocoa pods.

The model obtained in this study was validated as shown in Table 5, and the experimental
values were compared with those predicted by the model. Thus, the model based on RSM with
FCCCD showed a high correlation with the experimental data and can be used for modeling of the
CLEA-estUT1 preparation. The optimal conditions for the preparation of CLEAs biocatalyst from the
esterase estUT1 were 65.1% ammonium sulfate, 120.6 mM glutaraldehyde, and 0.2 mM BSA at 5.1 h
of cross-linking.
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Table 5. Validation of the experimental model.

Time, h Ammonium Sulfate, % (w/v) Glutaraldehyde, mM BSA, mM
Recovered Activity, %

Experimental Predicted

5.1 65.1 120.6 0.2 90.6 ± 2.7 91.3

2.3. Study of CLEA-estUT1 Properties

Biocatalysts for industrial applications including wastewater treatment must be stable in a broad
range of conditions. Therefore, a comparative analysis of the stability of free and immobilized esterase
estUT1 is performed here in order to evaluate the biocatalyst’s effectiveness in the application of
malathion hydrolysis in municipal wastewater.

2.3.1. Effect of pH and Temperature on the Activity and Stability of Free estUT1 and CLEA-estUT1

The catalytic activity of free and immobilized estUT1 esterase was evaluated at pH 5.0–10.0.
As shown in Figure 3a, the optimum pH for both forms of enzyme was 8.0, but CLEA-estUT1 had
higher activity at pH 7.0 and 9.0, which was 92.4 ± 7.6% and 90.3 ± 4.7%, respectively. The higher pH
stability of CLEAs (Figure 3b) is due to the covalent cross-linking between enzyme aggregates that
increases the rigidity of the enzyme structure [46].

Figure 3. Effect of pH on the activity and stability of free and immobilized estUT1. (a) The activity of
estUT1 and CLEA-estUT1 in buffers with different pH values was assayed with p-nitrophenyl acetate
(pNPC2) as a substrate at 50 ◦C. (b) The pH stability of estUT1 and CLEA-estUT1 was examined in
different buffers at 50 ◦C after 1 h of incubation.
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As shown in Figure 4, enzyme immobilization does not affect the temperature optimum of estUT1
esterase (80 ◦C). However, CLEA-estUT1 has higher activity at all temperatures. Higher temperature
tolerance of the immobilized enzyme is due to the decrease of the conformational flexibility of
the protein.

Figure 4. Effect of temperature on the activity of free and immobilized estUT1. The activity of estUT1
and CLEA-estUT1 at temperature range of 30–90 ◦C was assayed in 50 mM of Tris–HCl buffer (pH 8.0)
using pNPC2 as a substrate.

Comparative study of the thermostability of free and immobilized enzyme was performed at
50–80 ◦C for 1–8 h (Figure 5). The inactivation rate constants (ki) and the half-life (t1/2) values of free
and immobilized enzyme were determined according to Equations (3) and (4), respectively (Table 6).
The ki and t1/2 values suggest that the thermostability of the esterase is considerably enhanced after
immobilization. In fact, the t1/2 of free estUT1 increased 1.9- and 1.5-fold after CLEAs preparation at
50 and 60 ◦C, respectively. The higher thermostability of the immobilized enzymes is due to additional
covalent bonding in the tertiary and secondary structure that prevents their denaturation at the high
temperatures [37,40,46].

Figure 5. Thermal inactivation of free (a) and immobilized (b) estUT1 at 50–80 ◦C. The thermostability
of estUT1 and CLEA-estUT1 was assayed by incubating the enzyme in 50 mM of Tris–HCl buffer
(pH 8.0) at 50–80 ◦C for 1–8 h.
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Table 6. Comparison of the inactivation constants (ki) and half-life (t1/2) values of free estUT1 and
CLEA-estUT1 at 50–80 ◦C.

Temperature, ◦C
ki, h−1 t1/2, h

estUT1 CLEA-estUT1 estUT1 CLEA-estUT1

50 4.3 × 10−2 2.2 × 10−2 16.1 31.3
60 4.5 × 10−2 3.1 × 10−2 15.4 22.5
70 6.0 × 10−2 4.7 × 10−2 11.5 14.8
80 22.7 × 10−2 16.5 × 10−2 3.1 4.2

2.3.2. Effect of Chemicals on the Activity of Free estUT1 and CLEA-estUT1

The effects of various chemicals on the activity of free and immobilized estUT1 were observed
after 1 h of incubation at 50 ◦C (Figure 6). The immobilized enzyme showed higher tolerance
against these reagents than the enzyme in free form, which is consistent with the data of [26,47].
The activity of immobilized esterase as compared to free enzyme after incubation with 10 mM PMSF,
dithiothreitol (DTT), β-mercaptoethanol (BME), 1% SDS, and Tween 20 was increased by 1.9, 1.2, 1.2,
1.5, and 1.6 times, respectively. Therefore, the immobilization of estUT1 by the cross-linking method
can effectively protect the enzyme from thermal inactivation and increase tolerance to chemicals
including water pollutants (surfactants, detergents [48], heavy metals, organic contaminants [49], etc.).

Figure 6. Effect of various chemicals on the activity of free and immobilized estUT1. EstUT1 and
CLEA-estUT1 were incubated with different chemicals in 50 mM of Tris–HCl buffer (pH 8.0) at 50 ◦C
for 1 h.

2.3.3. Kinetic Studies of Free and Immobilized estUT1

Kinetic parameters of the free estUT1 and CLEA-estUT1 were assayed with commonly used
substrates including pNPC2, p-nitrophenyl butyrate (pNPC4), p-nitrophenyl octanoate (pNPC8),
and malathion in order to study the effect of immobilization on the catalytic efficiency of the esterase
estUT1. The results are summarized in Table 7. Free estUT1 is more selective towards short-chain
fatty acids (C2 > C4 > C8), revealing the smallest Km value for pNPC2 among the p-nitrophenyl esters
examined. After enzyme immobilization, the Km value of CLEA-estUT1 becomes higher than that of
free esterase for all substrates, including p-nitrophenyl esters and malathion. This effect might be due
to the changes in protein structure during cross-linking that results in a reduced accessibility of the
substrate to the active site of the enzyme [41,50]. The higher Km for immobilized enzyme as compared
to free enzyme was also observed for CLEAs of protease [51], lipase [37], and esterase [38]. The catalytic
efficiency (kcat/Km) of CLEA-estUT1 was lower as compared to free enzyme, which correlates with
other studies [37,38]. The kinetic studies revealed a high catalytic efficiency of the enzyme toward
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malathion. The kcat/Km value for estUT1 (835.5 ± 58.7 s−1 mM−1) was higher than that of other known
hydrolytic enzymes. For example, the kcat/Km value for the organophosphorus hydrolase mutant from
Flavobacterium spp. was 154.91 s−1 mM−1 [10], and for a hydrolase from Aspergillus niger ZD11 was
55 s−1 mM−1 [52].

Thus, the CLEA-estUT1 biocatalyst, which is stable to various inhibitory conditions
(pH, temperature, different chemicals) and shows a high catalytic efficiency against malathion, can be
used as an effective biocatalyst in the reaction of malathion hydrolysis.

Table 7. Comparison of kinetic parameters of free estUT1 and CLEA-estUT1.

Substrate
Km, µM kcat, s−1 kcat/Km, s−1 mM−1

estUT1 CLEA-estUT1 estUT1 CLEA-estUT1 estUT1 CLEA-estUT1

pNPC2 96.0 ± 5.3 176.7 ± 8.5 27.0 ± 0.7 31.1 ± 1.2 281.3 ± 8.7 176.1 ± 2.2
pNPC4 550.0 ± 78.1 710.7 ± 64.7 39.2 ± 1.2 41.8 ± 0.4 72.1 ± 8.8 59.1 ± 5.6
pNPC8 2113.3 ± 180.4 2490.0 ± 141.8 54.1 ± 2.0 56.9 ± 1.2 25.2 ± 1.3 22.9 ± 1.1

Malathion 19.5 ± 1.1 29.6 ± 3.3 16.3 ± 0.3 15.2 ± 1.0 835.5 ± 58.7 515.4 ± 22.8

2.3.4. Malathion Hydrolysis with CLEA-estUT1

The stability of a biocatalyst during operation is an important criterion for its industrial application.
The reusability of CLEA-estUT1 biocatalyst produced in optimal conditions (Table 5) was studied in
the reaction of malathion hydrolysis at its concentration of 27.5 mg L−1 at 37 ◦C in different media
(Figure 7): buffer comprising 50 mM Tris–HCl (pH 7.0), synthetic wastewater medium according to
Organization of Economic Co-operation and Development (OECD), and autoclaved real municipal
wastewater (MWW). In all studied media, a high percentage of malathion removal was observed:
after the first cycle, the percent of malathion degradation was 99.4 ± 2.8%, 99.2 ± 2.4%, and 99.5 ± 1.4%
in 50 mM Tris–HCl (pH 7.0), OECD, and MWW, respectively. During the operation, the activity of
the biocatalyst decreased gradually during all cycles of malathion hydrolysis. However, the catalyst
showed high stability in all studied media, providing a percent of malathion degradation above 55%
after 25 cycles of reaction (350 h).

Figure 7. Operational stability of CLEA-estUT1 during cycles of malathion hydrolysis in various
media. Reactions were performed at initial malathion concentration of 27.5 mg L−1 at 37 ◦C. After each
cycle, biocatalyst was centrifuged and washed three times with 50 mM Tris–HCl (pH 7.0), and then
resuspended in a fresh reaction mixture. OECD: synthetic wastewater; MWW: autoclaved real
municipal wastewater.
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2.3.5. Comparison of Microbial Biodegradation and CLEA-estUT1 Hydrolysis of Malathion

Typically, the microbial biodegradation of malathion (up to 50–80%) takes from a few hours
up to a few days (Table 8) if the liquid culture is used. For example, B. licheniformis strain ML-1
provided about 78% malathion removal from liquid media within five days [8]. Carboxylesterase
D1CarE5 from the bacterium Alicyclobacillus tengchongensis, which was cloned in pET28a (+) and
expressed in E. coli BL21(DE3), revealed the high capability to hydrolyze malathion: the removal of
malathion was 89% within 100 min at its initial concentration of 5 mg L−1 [11]. However, such a
high activity of the carboxylesterase D1CarE5 may be due to a low initial concentration of malathion
in the solution. Bacillus sp. S14 immobilized in 3% calcium alginate is the only biocatalyst that has
been applied in malathion removal from aqueous solutions (64.4% under optimal conditions) [15].
The CLEA-estUT1 biocatalyst in this study not only exceeds the activity of the last microbial biocatalyst
(Table 8) [15], but also remains stable (malathion removal > 78.1 ± 3.1%) within 25 cycles of hydrolysis
in 50 mM Tris–HCl (pH 7.0). In this study, the real municipal wastewater (MWW) supplemented
with malathion was successfully used for the evaluation of the ability of CLEA-estUT1 to hydrolyse
insecticide. Under these conditions, the percentage of malathion removal was above 55.2 ± 1.1% for
25 cycles. Application of immobilized esterase estUT1 allowed the effective hydrolysis of malathion
and repeated use of the biocatalyst, which make it promising for application in processes of insecticide
biodegradation, including wastewater treatment.

Table 8. Comparison of malathion biodegradation with microbial biocatalysts.

Biocatalyst Experimental Condition Removal of Malathion, % Reference

CLEA-estUT1 (U. thermosphaericus)

Malathion concentration = 27.5 mg L−1

Temperature = 37 ◦C
Time = 14 h

pH = 7.0
rpm = 250

99.4 ± 2.8 This study

CLEA-estUT1 (U. thermosphaericus)

Malathion concentration = 27.5 mg L−1

Temperature = 37 ◦C
Time = 14 h

Municipal wastewater (MWW)
rpm = 250

99.5 ± 1.4 This study

Bacillus sp. S14 immobilized in
3% calcium alginate

Malathion concentration = 50 mg L−1

Temperature = 25 ◦C
Time = 8 h
pH = 7.0

rpm = 120

64.4 [15]

B. licheniformis strain ML-1

Malathion concentration = 25 mg L−1

Temperature = 32 ◦C
Time = 5 days

pH = 7.5
rpm = 250

78 [8]

Carboxylesterase D1CarE5
(A. tengchongensis)

Malathion concentration = 5 mg L−1

Temperature = 37 ◦C
Time = 100 min

pH = 7.0

89 [11]

Bacillus thuringiensis
Malathion concentration = 250 mg L−1

Temperature = 30 ◦C
Time = 3 days

50 [53]

Bacillus cereus strain PU

Malathion concentration = 72.5 mg L−1

Temperature = 30 ◦C
Time = 7 days

pH = 7.0

49.31 [54]

P. putida

Malathion concentration = 125 mg L−1

Temperature = 30 ◦C
Time = 7 days

pH = 7.0
rpm = 150

72 [5]
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3. Materials and Methods

3.1. Materials

Plasmid pET32b-UT1 containing the esterase gene estUT1 (Genbank accession number MF156209)
was constructed in our laboratory [30]; E. coli strain BL21(DE3) (Thermo Fisher Scientific, Waltham,
MA, USA) was used for the enzyme expression; plasmids pBB540 and pBB542 were a gift from Bernd
Bukau (Addgene plasmids #27393 and #27395, respectively, Cambridge, MA, USA) [35]; p-nitrophenyl
esters and SDS were purchased from Sigma-Aldrich (St. Louis, MO, USA). All other chemicals were of
analytical grade (Merck, Darmstadt, Germany).

3.2. Expression of Esterase estUT1

Overnight culture of E. coli BL21(DE3) cells transformed with plasmid pET32b-UT1 was inoculated
into 250 mL of LB and cultivated at 32 ◦C until OD600 of 0.6. Protein synthesis was induced with
0.5 mM IPTG at 16 ◦C for 20 h. Cells were harvested by centrifugation (3000× g, 4 ◦C for 10 min),
washed twice by 50 mM Tris–HCl pH 7.0, and disrupted by sonication (5 cycles, 40 s pulse, 20 s
pause) at 0 ◦C. The cell-free protein extract was prepared by centrifugation at 5500× g and 4 ◦C
for 20 min. The supernatant and the precipitate were collected as soluble and insoluble fractions,
respectively. The supernatant containing the recombinant esterase was purified by ion metal affinity
chromatography using a Ni-NTA (Ni-nitrilotriacetic acid) agarose; the enzyme was eluted using an
increasing concentration gradient of imidazole (0–300 mM) in 50 mM Tris–HCl pH 8.0, 0.5 M NaCl.

3.3. Co-Expression of Chaperones

For co-expression of esterase with chaperones, E. coli BL21(DE3) cells were first transformed
with plasmids pBB540 (GrpE, ClpB) and pBB542 (DnaK, DnaJ, GroEL, and GroES) [35]. Then,
the chaperone-overexpressing cells were transformed with plasmid pET32b-UT1. EstUT1 was
expressed as described above, and after cell lysis, the supernatant was collected as a soluble fraction.
This fraction was purified with Ni-NTA agarose as described above.

The molecular mass of proteins was examined with 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) according to the standard procedures [55]. Protein concentration was
determined by the Bradford method [56] with bovine serum albumin as a standard.

3.4. Enzyme Activity Assay

Esterase activity was determined by measuring the amount of p-nitrophenol released after
hydrolysis of pNPC2 [57]. The pNPC2 was dissolved in acetonitrile at a concentration of 100 mM.
Ethanol and 50 mM Tris–HCl (pH 8.0) buffer were subsequently added to this solution, in which the
final ratio of acetonitrile to ethanol to Tris–HCl buffer was 1:4:95 (v/v/v). The reaction was initiated by
adding 20 µL of the enzyme solution (0.05 mg mL−1) to 150 µL of substrate mixture and incubated for
15 min at 50 ◦C, followed by analysis of absorbance at 405 nm. One unit (U) of esterase activity was
defined as the amount of enzyme that released 1 µmol of p-nitrophenol per minute.

Recovered activity of CLEA-estUT1 biocatalyst was calculated by the following equation [58]:

Recovered activity (%) = (total activity of CLEAs)/(total activity of free enzyme for
CLEAs preparation) × 100

(2)

Malathion hydrolysis was assayed according to the method of Liang et al. [52], with minor
modifications. 5 µL of malathion solution in ethanol (10 mM) was added to 515 µL of 50 mM
Tris–HCl pH 7.0 and 80 µL of enzyme (0.05 mg mL−1) for incubation at 37 ◦C and 250 rpm for
30 min. Residual malathion was extracted with n-hexane and analyzed by gas chromatography mass
spectrometry (GC/MS). GC/MS quantitative analysis was performed by using an Agilent 7000B
GC/MS (Agilent Technologies, Santa Clara, CA, USA) system equipped with a HP-5ms fused silica
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capillary column (30 m × 0.25 mm × 0.25 µm). Temperature was programmed from 200 ◦C (3 min) to
250 ◦C at 5 ◦C min−1. Helium was used as a carrier gas (1.2 mL min−1) and injector temperature was
250 ◦C. The mass spectrometer was operated in electron ionization (EI) mode at 70 eV; selected ion
monitoring (SIM) mode with m/z 125 (the major fragment of malathion parent ion (m/z 330) after EI);
m/z 154 (diphenyl as an internal standard). Malathion amount was calculated as malathion/diphenyl
peak ratio. Malathion solution without enzyme was used as a control.

3.5. Preparation of CLEA-estUT1

Preparation of CLEAs from the estUT1 after its co-expression with the chaperone team of KJE,
ClpB, and ELS was performed as follows: 0.5 mL of the enzyme solution (1 mg mL−1 in 50 mM Tris–HCl
pH 8.0) was mixed with the varying concentrations of precipitant, water solution of glutaraldehyde,
and additives to the final volume of 2 mL. The solution was agitated at 200 rpm and 4 ◦C for a required
period. Samples were collected and centrifuged at 4000× g and 4 ◦C for 15 min, then washed two
times with 50 mM Tris–HCl pH 8.0. The biocatalyst was stored in 50 mM Tris–HCl pH 8.0 at 4 ◦C.

3.6. Selection of Precipitant

The effect of different precipitants including acetone, tert-butanol, isopropanol, ethanol,
and ammonium sulfate 50% (w/v) was assayed in this study. The precipitant–enzyme ratio was
2:1 (v/v). Biocatalyst was prepared as described in Section 3.5. 75 mM glutaraldehyde was used as
cross-linker; time of cross-linking was 4 h.

3.7. Selection of Various Additives

BSA (10 mg) and SDS (10 mg) as additives were used in this study. Biocatalyst was prepared as
described in Section 3.5. The concentrations of ammonium sulfate and glutaraldehyde were 60% (w/v)
and 75 mM, respectively. The cross-linking time was 4 h.

3.8. Optimization of CLEA-estUT1 Preparation

The process for preparation of CLEA-estUT1 biocatalyst was optimized with RSM based on
FCCCD. Four factors were selected: cross-linking time (1, 4.5, and 8 h), concentration of ammonium
sulfate (30, 55, and 80%, w/v), glutaraldehyde (25, 87.5, and 150 mM) and BSA (0.01, 0.105, and 0.2 mM).
The design consisted of 30 runs with six replicates at the central point and provided enough information
to establish a second-order polynomial model for the response surface. Regression analysis and
regression equation (ANOVA) was performed using Design-Expert software v. 10 (Stat-Ease Inc.,
Minneapolis, MN, USA).

3.9. Properties of CLEA-estUT1 Biocatalyst

3.9.1. Effect of pH and Temperature

The effect of pH was examined by assaying enzyme activity of free and immobilized estUT1 at
pH 5.0–10.0 in different 50 mM buffers: citrate phosphate (pH 5.0–6.0), sodium phosphate (pH 6.0–8.0),
Tris–HCl (pH 8.0–9.0), and glycine–NaOH (pH 9.0–10.0). Reactions were performed using pNPC2 as a
substrate in buffer at 50 ◦C. The pH stability of estUT1 and CLEA-estUT1 was examined in different
buffers at 50 ◦C after 1 h of incubation.

The temperature optimum of free and immobilized estUT1 was determined in the range of
30–90 ◦C in 50 mM of Tris–HCl buffer (pH 8.0) with pNPC2 as a substrate. The thermostability of
estUT1 and CLEA-estUT1 was examined by incubating the enzyme in 50 mM of Tris–HCl buffer
(pH 8.0) at 50–80 ◦C for 1–8 h. The inactivation rate constant (ki) was determined from the slope of the
inactivation time using equation [59]:

ln(E/E0) = −kit (3)
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where E: the residual enzyme activity after heat treatment for time t and E0: the initial activity before
the heat treatment.

The half-life of thermal inactivation (t1/2) was determined according to equation [60]:

t1/2 = ln(2)/ki (4)

3.9.2. Effect of Chemicals

The effect of various reagents (30% ethanol and methanol, v/v; 10 mM PMSF, BME, and DTT;
1% SDS, Tween 20, and Triton X-100, w/v) on the activity of free and immobilized estUT1 was
determined by adding these chemicals to the enzyme or biocatalyst solution and assayed after
preincubation for 1 h at 50 ◦C. Esterase activity without addition of reagents was defined as 100%.

3.9.3. Kinetic Parameters

Kinetic parameters (Km, kcat) of free and immobilized estUT1 were determined by nonlinear
regression using the Michaelis–Menten equation. The kinetic assay was performed with different
concentrations (0.003–10 mM) of pNPC2, pNPC4, pNPC8, and malathion as substrates with the standard
procedure as described above (Section 3.4).

3.9.4. Operational Stability of CLEA-estUT1 during Hydrolysis of Malathion

The operational stability of CLEA-estUT1 was determined by repeated use of CLEA-estUT1 in
hydrolysis of malathion in three different media: autoclaved wastewater after the primary settler from
the Novosibirsk municipal wastewater treatment facility (MWW), autoclaved synthetic wastewater
(OECD) [61], and 50 mM Tris–HCl pH 7.0. 0.1 g CLEA-estUT1 in 495.8 µL of the medium was incubated
with 4.2 µL malathion solution in EtOH (10 mM) at 37 ◦C at 250 rpm for 14 h. Residual malathion
was determined as described in Section 3.4. Between cycles, CLEAs were recovered by centrifugation
(4000× g, 4 ◦C, 5 min) and washed three times with 50 mM Tris–HCl pH 7.0.

MWW had the following composition [62]: COD 161.0 ± 5.0 mg L−1, 27.7 ± 1.3 mg L−1 N-NH4,
0.2 ± 0.0 mg L−1 N-NO3, 1.8 ± 0.1 mg L−1 P-PO4, 10.7 ± 1.0 mg L−1 S-SO4, and 139.0 ± 5.0 mg L−1 Cl.

3.10. Statistical Analysis

Data on the experiments of the central compositional plan (RSM with FCCCD) were used to
determine the regression coefficients of the quadratic polynomial model and the F-test analysis.
Dispersion analysis (ANOVA), regression analysis, and surface plotting were used to optimize
the CLEAs preparation. The accuracy of the resulting polynomial model was estimated using
the determination coefficient R2. All experiments in this work, with the exception of the
FCCCD experiments, were performed in triplicate, and the results are presented as the arithmetic
mean ± standard deviation.

4. Conclusions

In this study, the CLEAs biocatalyst was used for the first time for the hydrolysis of malathion
in municipal wastewater. A complex approach involving the improved expression of a new
thermostable esterase estUT1 in a soluble form and optimization of CLEAs preparation was applied to
maximize biocatalyst activity. In particular, the intracellular aggregation of the esterase estUT1 from
U. thermosphaericus in E. coli BL21(DE3) was partially resolved by its co-expression with molecular
chaperones (KJE, ClpB, and ELS), and a stable CLEA-estUT1 biocatalyst was prepared after purification
of estUT1 from the soluble fraction of cell protein. Optimization of the CLEAs preparation was
performed with RSM using FCCCD. Immobilization by the cross-linking method allowed the stability
of the esterase estUT1 at high temperatures (50–80 ◦C) to be increased, in a wide range of pH (5.0–10.0).
Immobilization improved enzyme tolerance against various chemicals, especially PMSF, DTT, BME,
1% SDS, and Tween 20. CLEA-estUT1 showed high activity in the reaction of malathion hydrolysis
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in wastewater (the removal of malathion was 99.5 ± 1.4%) and reusability, maintaining 55.2 ± 1.1%
of its activity after 25 cycles of malathion hydrolysis at 37 ◦C. A novel CLEA-estUT1 biocatalyst can
be effectively applied for the removal of malathion from wastewaters from municipal wastewater
treatment facilities and in clean-out procedures of malathion storage tanks.
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