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Abstract
(R)-N-(2,6-dimethylphenyl) alanine ((R)-MAP-acid) is an important chiral intermediate of the Fungicide (R)-
Metalaxyl. In this study, ten kinds of immobilized resins(XAD1180N, H103, HAD7HP, D3520, NKA, D101 ,
DM11,850 JinKai, Primary amino resin and 850 synthetic resin) were used to adsorption-covalent
crosslinked esterase PAE07 for splitting (R, S)-DMPM. The resin D3520 with porous structure and
hydrophobic polystyrene was selected for immobilization as the carrier, after optimization of the
immobilization conditions, the enzyme load is 20:1 (mg/g), the adsorption time is 4h, and the adsorption
buffer pH is 7.0 . The Km and Vmax of the free esterases were 35.66 mM and 4.46 mM/mg·min,
respectively, The Km and Vmax of the immobilized PAE07 were 19.05 mM and 2.84 mM/mg·min. The SEM
analysis showed that the immobilized esterase PAE07 had higher thermal stability, pH stability and
substrate speci�ty than those from the free esterase. Under the optimal conditions,the reaction was
carried out at 35°C and 200 rpm for resolution of 350 mM substrate for 14 hours, the conversion rate
reached 48%, and the e.e.p was 99.5%.The repeatability of immobilized esterase PAE07 was evaluated by
continuous catalytic resolution of (R, S)-DMPM. The results showed that after 15 times of repeated use,
86.2% of the relative enzyme activity was retained. These results proved that immobilized esterase PAE07
as a new catalyst had great potential for the application and industrial enzymatic resolution of (R, S)-
DMPM to prepare (R)-metalaxyl.

1. Introduction
(R)-Metalaxyl is an excellent systemic fungicide [1]. It can effectively inhibited RNA synthesis in bacteria,
and has effectual control over pathogenic fungi in hops, potatoes, liana and other crop [2,3]. The
metalaxyl marketed is usually a racemic mixture, including (R)-DMPM and (S)-DMPM, and the (R)-
enantiomer is found to play a major role in antifungal activity [4,5]. (R)-N-(2,6‐dimethylphenyl)alanine
((R)‐MAP-acid) is an important chiral intermediate of the (R)-Metalaxyl [6]. Traditionally, the method for
preparing (R)-Metalaxyl is a chemical method, and requires toxic or chiral compounds, which pollute the
environment and are not conducive to large-scale production [7]. The enzymatic resolution of (R, S)-
DMPM has good enantioselectivity and is bene�cial to environmental protection. Therefore, the
advantages of enzymatic resolution (R, S)-DMPM are obvious, and more and more researches are being
conducted.

Esterase (EC3.1.1.3) belongs to the α/β-hydrolase family, which catalyzes various reactions, such as
esteri�cation, ester hydrolysis, transesteri�cation and acylation [8,9]. It can catalyze the breaking of ester
bonds to form the corresponding alcohols and acids with water molecules [10]. Esterases are distributed
in plants, animals, and microorganisms, and among them the microbial esterases are found to be more
stable and favourable for production at a large scale [11-15]. Esterase is also used to resolve (R, S)-
DMPM.A study reported that the enantiomeric excess of lipase MC 16-3 and lipase 99-2-1 resolution (R, S)
-DMPM from Burkholderia sp.were 91.8% (conversion rate 25%) and 91%(conversion rate 30%).
Commercial lipase PS from Burkholderia cepacia showed a relatively high conversion rate and excellent

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/burkholderia
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enantiomeric excess (e.e.p>98%) following immobilization in another study [16]. However, different
limitations of the esterase for resolution, such as the low activity, poor thermal stability and high cost,
restrict its wide industrial application. Therefore, it is necessary to develop an biocatalyst to catalyze the
production of (R)-MAP-acid, so as to increase its industrialized potential and make the production of (R)-
DMPM more e�cient , stable and low cost.

Esterases are soluble in aqueous solutions, making it di�cult to separate enzymes following completion
of reaction, and the free enzymes are di�cult to stored with easily denatured and inactivated under the
inappropriate pH and temperature conditions. For these reasons, free enzymes cannot easily be reused
impeding esterase’s commercial and industrial utility [17-19]. Enzyme immobilization has been
successfully applied during the last ten years to solve the problems of emzymatic instability and recover,
and to reduce the cost of enzymatic industrial production [20]. The bene�ts of immobilized enzymes
make immobilized technology more and more applications, including higher rigidity and �exibility, greater
stability, greater speci�c surface area, more e�cient operation and smaller diffusion limits. Esterase
adsorption to a hydrophobic support is one of the most common methods for stabilizing the esterase.
When the esterase is adsorbed onto a hydrophobic support, the enzymatic form open, exposing active
centre and thereby opening the ester in the open form; the enzyme itself remains structurally stable [21].
This method of immobilization is simple and effective, but under severe conditions such as high
temperature and high concentration of organic solvents and surface adsorbents, the enzyme detaches
from the carrier [22]. Therefore, when choosing this immobilization, people can combine other methods
such as chemical cross-linking to choose a hydrophobic support that can produce covalent bonds [23].
Therefore, other methods such as chemical cross-linking and modi�cation are often chosen to be used
together when choosing this immobilization method.

In our previous research, a strain capable of enantioselective resolution (R, S)-DMPM was successfully
screened, and a genetically engineered strain containing PAE07 esterase was successfully constructed.
Previous preliminary experiments proved that the adsorption covalent-crosslinking methods could validly
immobilize PAE07 (Scheme 1). In the current work, PAE07 is subjected to enantioselective resolution (R,
S)-DMPM following adsorption-covalent crosslinking. Immobilization conditions, immobilized esterase
PAE07 separation (R, S)-DMPM with adsorption-covalent crosslinked, the reusability of immobilized
esterase and the resolution reaction system after ampli�cation are investigated

2. Materials And Methods
2.1. Materials

XAD1180N (Non-polar macroporous adsorption resin), H103 (Styrene-type weak polar interpolymer resin),
HAD7HP (Styrene non-polar copolymer resin), D3520 (Macroporous acrylic anion resin), NKA (Styrene
non-polar copolymer resin) and D101 (Styrene non-polar copolymer resin) were purchased from the Anhui
Samsung Resin Technology Co., Ltd (Gu Zhen, China). DM11 (Non-polar macroporous adsorption resin)
was acquired from the Zhengzhou Qinshi Technology Co., Ltd (Zheng Zhou, China). Polyethyleneimine
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AR (50% in H2O) was purchased from the Aladdin Industrial, Inc.(Shang Hai, country). (R, S)-DMPM was
provided by Yifan Biotechnology Group (Wen Zhou, Country), con�rmed with High performance liquid
chromatography (HPLC)(Fig. S1) . Other chemical reagents used in this study were of analytical grade.

2.2. Preparation of esterase PAE07

The recombinant E. coli WZZ003 (CCTCC NO:M2014209) was inoculated into 250 mL of LB liquid
medium containing ampicillin and cultured at 37oC at 200 rpm. When the OD600 reached 0.6-0.8,
isopropyl-β-d-thiogalactopyranoside (IPTG) was added to a �nal concentration of 0.2 mM to induce the
expression of the target gene, at 28 oC for 8 hours. After enrichment by centrifugation, the bacterial cells
and 50 mM PB buffer solution(pH 7.0) were mixed at a ratio of 1 g : 20 mL, and then the crude enzyme
solution was obtained following ultrasonication and centrifugation. Esterase PAE07 using a�nity
chromatography as previously reported [24]. The crude PAE07 solution was pass through a Ni-NTA
column (1 ml. Bio Basic, Inc.), and the retained protein was gradually eluted at an increasing gradient
of imidazole from 50 mM to 250 mM at a �ow rate of 1 mL/min. PAE07 were analyzed using sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and the target protein’s size obtained
was 31 Kda (Fig. S2). A Thermo Scienti�c Pierce BCA protein assay kit (Shanghai, China) was used to
quantify the proteins, the speci�c activity of puri�ed esterase is 5986 U/g and the puri�ed esterase stored
in a refrigerator at -20 °C for subsequent use.

2.3. The preparation of the immobilized esterase PAE07 by adsorption-covalent crosslinked

The immobilized esterase PAE07 was prepared by adsorption-covalent crosslinked method [25]. The dried
resin was weighed following treatment, mixed with a corresponding amount of pure enzyme solution
(1g:4 mL) in a 50 mL Erlenmeyer �ask, and adsorption performed in a water bath shaker at 30 °C and 160
rpm for 4 hours. After the adsorption was completed, polyethyleneimine (PEI) was added to a �nal
concentration of 0.25%, and the mixture shaken and mixed. The reaction was continued for 1 h at 30 °C
and 160 rpm in a water bath shaker. After the immobilization, the unbound protein was washed with
water, and �nally dried at 45 °C under vacuum to obtain the immobilized enzyme. The immobilized
enzyme was then stored in a 4 °C refrigerator for subsequent use. 

2.4. Optimization of immobilization conditions for the esterase PAE07

In order to obtain the optimal resins and esterase and a higher stability, a variety of immobilized
resins,such as XAD1180N, H103, HAD7HP, D3520, NKA, D101 , DM11,850 JinKai, Primary amino resin
and 850 synthetic resin were screened.

In order to determine the optimal enzyme loading condition, the ratios of resin to enzyme protein, 5:1,
10:1, 15:1, 20:1, 30:1, 40:1, 50:1 (mg/g) were set.

In order to optimize the time for adsorption of resin to enzyme protein, the time were set to 1 h, 2 h, 3 h, 4
h, 5 h and 6 h.

https://www.sciencedirect.com/topics/chemical-engineering/imidazole
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In order to optimize the pH for immobilization of esterase PAE07 preparation, the pH were set to 6.0, 6.5,
7.0, 7.5 and 8.0.

2.5. Kinetic constants for the free and immobilized PAE07

(R, S)-DMPM was prepared with a substrate concentration rang of 0-250 mM. The resolution reaction was
carried out in 2 mL centrifuge tube containing 980 μl each of different concentrations (R, S)-DMPM
solutions, and 0.02 g of immobilized PAE07 or 20 μl of PAE07 solution. High performance liquid
chromatography was applied to detect the change of peak area over time of the substrate. The kinetic
parameters, Vmax and Km, of the immobilized esterase PAE07 and free PAE07 were obtained by nonlinear
�tting.

2.6. Hydrolysis of (R, S)-DMPM using the immobilized PAE07

In a 2 mL centrifuge tube, 0.02 g of immobilized PAE07, 990 μl of 0.2 M PB buffer (pH 7.0) and 50 mM of
(R, S)-DMPM were mixed, and then reacted at 30 °C and 200 rpm for 30 min. Following the reaction, the
pH was adjusted to 2 with 4 M HCl, and 1 mL of ethyl acetate was added thereto for extraction. After the
solution was separated, 20 μl of the ethyl acetate layer was taken and evaporated to dryness used a
rotary evaporator. This was dissolved with 1 mL at mobile phase to prepare a liquid phase detection
sample. Substrate stereoselectivity, product enantiomeric excess (e.e.p) and enzyme activity were
calculated.

2.7. Enzymatic activity assay

The hydrolysis activity of (R, S)-DMPM was determined according to the method

for producting (R)-MAP-acid as was previously described [16]. One unit of the immobilized esterase
activity was de�ned as the amount of immobilized esterase able to catalyzed the production of 1 µmol of
(R)‐MAP‐acid per minute under assay conditions. Esterase speci�c activity was de�ned as the enzyme
activity per unit mass of immobilized esterase, expressed as U/g. The relative activity in the batch
reaction was obtained by calculating the ratio of the enzyme activity of the N batches of immobilized
esterase and the initial immobilized esterase.

High performance liquid chromatography(HPLC) was used to detect samples, and the enantiomeric
excess of the substrate (e.e.s) was calculated based on the peak areas of (R)-DMPM (R1) and (S)-
DMPM(S1). The peak areas of (S) ‐MAP-acid (S2) and (R)-MAP-acid (R2) were used to calculate the
enantiomeric excess of the product (e.e.p). Conversion rate was calculated according to e.e.p and e.e.s by
using the formula 3.Enantioselectivity (E) was calculated according to Eq. 4.

https://aiche.onlinelibrary.wiley.com/doi/full/10.1002/btpr.2638#btpr2638-disp-0002
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2.8. Statistical Analysis

All experiments were evaluated at least three times and the data were expressed as the mean ± SD
(standard deviation). The data processing and charts in this article were completed by Origin software
(Origin Lab Co., Pro. 9.1, Hang Zhou, China).

3. Results And Discussion
3.1. Selection of resin for immobilization

Compared with the low activity after immobilization of hydrophilic resin and the low speci�c activity after
immobilization of ionic resin, hydrophobic resin often shows better immobilization effect. As shown in
Table 1, the Resin D3520, representing the macroporous acrylic anion resin, showed the highest
resolution activity for (R, S)-DMPM. Showing that based on the methyl acrylate matrix, the macroporous
acrylic anion resin could adsorb to compounds with amino groups more easily [26]. The resean for that
mat be that after the esterase was immobilized in D3520, it was activated in the hydrophobic phase and
the active center was in an open form, thereby increasing the activity of the esterase. In addition, D3520
has a large internal surface area (480-520 m2/g) and a small pore size (8.5-9.0 nm), which can adsorb
more esterases in deep pores

[27,28]. This is consistent with the results showing that hydrophobic resins with an average pore size
between 8.0 and 22 nm are more suitable for immobilizing lipase [25].Therefore, D3520 was selected as
the immobilized resin of choice for subsequent experiment.

3.2. Optimized enzyme loading conditions



Page 7/23

The initial concentration of enzyme protein has been signi�cantly affected the enzyme activity of
immobilized esterase [27]. Table 2 revealed that as the increase in the enzyme loading, the enzyme
activity of the immobilized esterase also increased signi�cantly: when the ratio of enzyme protein-to-resin
increased to 20: 1 (mg/g), the highest enzyme activity was 26.2 U/g. Then, further increasing the loading
concentration of enzyme protein would reduce the activity of immobilized esterase PAE07. Therefore, the
enzyme activity of immobilized esterase PAE07 was inhibited under both low and high concentration of
enzyme loading. This is because under a high concentration of enzyme loading, the resin will produce
multi-layer adsorption of the enzyme, so that the resin does not have enough speci�c surface to bind with
the enzyme, and it may also block the pores of the resin and affect the binding of the esterase and the
substrate [29,30]. Conversely, at low concentrations of enzyme loading, the esterase will try to maximize
contact with the resin surface, resulting in loss of conformation and inactivation [31]. Therefore, enzyme
loading 20:1 (mg/g) was selected for subsequent experiment.

3.3. Optimization of immobilization time

The effect of adsorption time on protein adsorption rate and immobilized esterase PAE07 activity is
shown in Fig. 1. The resin adsorbed esterase in 4 hours and reached saturation, unable to adsorb more
enzymes. This is because 4h is the time required for esterase to fully enter D3520, and other studies have
also reached similar conclusions [25]. Therefore, adsorption time in 4 hours was selected for subsequent
experiment.

3.4. Optimization of buffer pH on the immobilized PAE07

The pH of the buffer is an important factor affecting the e�ciency of immobilization, and it will affect the
molecular conformation changes of the enzyme [32]. The optimal pH of esterase PAE07 is 7.2, and it can
maintain relatively good activity in the range of 5-9 pH. The adsorption effect of D3520 on pH changes
basically does not change, so when immobilized adsorption, unsuitable pH will inhibit the activity of
esterase, thereby affecting the activity of immobilized enzyme. As the Fig.2 showed when the pH of the
esterase PAE07 immobilized solution was 7, the best catalytic activity is observed, showing signi�cantly
decline in the speci�c activity When the pH exceeded 7. Therefore, the pH of the adsorption buffer was
selected to be 7 for subsequent experiments.

3.5. Kinetic parameter for free and immobilized esterase PAE07

The kinetics were tested at 30 °C following the resolution of (R, S)-DMPM and found to obey the
Lineweaver–Burk type of rate equation, as shown in Fig. 3. The Km and Vmax of the free esterases were
35.66 mM and 4.46 mM/mg·min, respectively, The Km and Vmax of the immobilized PAE07 were 19.05
mM and 2.84 mM/mg·min. It is shown that the a�nity of the immobilized esterase to the substrate is
reduced, this is due to the porous structure of D3520 and the cross-linking effect of PEI, which increased
the stiffness of the esterase and the steric hindrance of the carrier, and inhibited the substrate molecule
from moving to the active center of the enzyme diffusion [33,34]. The increased of Vmax after adsorption-



Page 8/23

covalent crosslinking may be a adverse change in the conformation, similar results have been reported in
other studies [35,36].

3.6. Optimum temperature and temperature stability of immobilized esterase PAE07

Biocatalysts have different biological activities at different temperatures, and their catalytic e�ciency on
substrates also different [37]. Enzymes also have such characteristics as biocatalysts, so the in�uence of
temperature on enzyme-catalyzed reactions must be evaluated. Fig. 4a demonstrates compared to free
enzyme , within the range of 25 °C-50 °C, immobilized enzyme all revealed good catalytic activity.
Immobilization esterase PAE07 exhibited their greatest range of activity at 40 °C which is by 5 °C higher
than that of the free PAE07. Fig.4b shows after 12 hours of incubation at 50°C, the relative activity of
esterase PAE07 after immobilization was 86%, and the relative enzyme activity of free PAE07 was only
56%. This may be due to the larger internal surface area and porous structure of D3520, which can form a
covalent connection under the action of PEI, thereby increasing the rigidity of the immobilized esterase
PAE07, stabilizing the conformation of the esterase, and improving the esterase The thermal stability
[38,39].

3.7. Optimum pH and pH stability of immobilized esterase PAE07

pH affects enzyme activity, stereoselectivity, and the spontaneous hydrolysis of the substrate during
catalytic reactions [40]. The effect of a temperature of 35 °C and a 6.0 to 9.0 pH range on the enzyme
activity of immobilized PAE07, and immobilized PAE07’s and free PAE07’s pH stability at 35 °C and pH
6.0 - 9.0 following 12 h of storage were studied.

Fig. 5a demonstrates relative to the optimal pH of free PAE07 is neutral, with the optimal pH of the
immobilized enzyme being alkaline, increasing to 7.5. And the immobilized esterase PAE07 showed good
catalytic activity between pH 6.0-9.0. The pH stability of immobilized and free PAE07’s are shown in Fig.
5b, After remaining at pH 9.0 for 12 h, the remaining immobilized PAE07’s esterase still had 90.2% of its
activity, while the free PAE07 had only 72.1% activity, indicating that immobilization protects the enzyme
and improves the pH stability of PAE07. This may be because the product (R)-MAP-acid forms a thin �lm
on the outer surface of the free esterase, which causes external diffusion restriction, but has little effect
on the immobilized esterase [41]. A study also reached a similar conclusion. After PPL lipase is
immobilized on macroporous polystyrene, the suitable range of pH becomes wider and the stability
becomes better [42].

3.8. Optimum of Rotation Speed Hydrolysis (R, S)-DMPM on Immobilized esterase PAE07

(R, S) -DMPM is an oily, low water-soluble substrate whose catalytic reaction is signi�cantly affected by
rotation speed. When the speed of the shaker was increased from 100 to 200 rpm, the enzyme activity of
the immobilized esterases continued to increase. After the speed of the shaker exceeded 200 rpm, the
rotation speed increased without any change in enzyme activity (Fig. S3). Many reports show that after
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lipase is immobilized on the resin, the effect of rotation speed on the enzymatic reaction has the same
trend result [43,44].

3.9. The in�uence of Substrate Concentration on Hydrolysis (R, S)-DMPM of Immobilized Enzyme PAE07

As the substrate concentration increased, the speed of the initial enzymatic reaction also rose, but
substrate inhibition occurred with excessive substrate concentration, so it is necessary to explore the
optimal substrate concentration for the immobilized enzyme-catalyzed reactions [45]. When the substrate
concentration reached 350 mM (74.2 g/L), the maximum value was 2.58 mM/min. The product e.e.p
reached 99.5% and conversion rate reached 48%, corresponding to an E of 1393 when the reaction time
was 15 h. Moreover, following immobilization, the substrate inhibition threshold value for the immobilized
PAE07 increased by 94 mM as compared to that of the free PAE07. The increase in the optimal substrate
concentration of the esterase after immobilization may be due to the immobilization of the esterase in
the multi-empty carrier, which can partially protect the enzyme from the inhibitor's action and cause the
loss of activity. The covalent linkage increases the rigidity of the enzyme and also makes esterase are
more stable. In addition, if the diffusion of the substrate inside the D3520 particle is slower than its
catalytic modi�cation, the enzyme in D3520 will not obtain the same substrate concentration as the
esterase near the resin surface, and may increase the optimal substrate concentration [27].

Zhang et al. reported that the optimal substrate concentration for the selective conversion of (R, S)-DMPM
from Achromobacter denitri�cans was 100 g/L, 80% e.e.p [46]. The enzyme activity of the esterase of
Achromobacter denitri�cans was relatively low, and the low enantioselectivity lead to the low purity of (R)-
metalaxyl. Lipase PS was immobilized on a polymer carrier, and then (R)-Metalaxyl was prepared on an
enlarged scale, with 960 g of immobilized PS esterases and a substrate concentration of 400 g/L; the
resulting product e.e.p was 96% [47]. The lipase PS enzyme is expensive, low catalytic e�ciency and low
time-space conversion ratemaking it di�cult for it to produce (R)-metalaxyl for industries. Compared with
other enzymes, the immobilized esterase PAE07 has high catalytic e�ciency, good stability, a low cost
and good substrate tolerance.

3.10. Scale-up Hydrolysis (R, S)-DMPM of Immobilized Enzyme PAE07

We expanded the scale of the reaction system, packed 12.5 g immobilized PAE07 into a packed column
(the heigh -to- diameter ratio was 15:1), and passed 200 g/L (R, S)-DMPM at 30 °C and a 0.5 mL/min �ow
rate. We took samples at intervals, acidi�ed them with 4 M HCl and applied ethyl acetate extraction for
HPLC detection. The conversion reaction was completed within 12 h (at a conversion e�ciency of 48%),
and the e.e.p of the obtained product was greater than 98%. The space-time yield of (R, S)-DMPM in the
packed bed reactor was 0.653g/L·h. The concentration of the catalytic substrate is signi�cantly increased
after ampli�cation, and the reaction can be continuously cycled, which increases the reaction e�ciency
and saves costs, indicating that the immobilized PAE07 could be used for the industrial preparation of
(R)-DMPM.

3.11. SEM analysis of Immobilized Esterase PAE07
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The surface characteristics of Immobilized Esterase PAE07 and Carrier D3520 were analyzed by SEM.
Fig. 8 is a SEM micrograph before and after immobilization at a magni�cation of 3×104. From the �gure
we can see the porous structure and small pore size of polystyrene resin D3520. The pores are
signi�cantly reduced after immobilization, and the surface becomes rougher, indicating that the esterase
PAE07 has been successfully immobilized on the resin. Due to the porous structure of the immobilized
esterase PAE07, it indicates that the improved stability of the esterase PAE07 after immobilization may be
due to the restriction of the esterase PAE07 in the resin pores and the restriction of the stretching of the
enzyme molecules.

3.12. Reusability of Immobilized Esterase PAE07

It has been previously reported that enzymes generally have improved stability after immobilization [48].
Operational stability and repeatability are also important criteria for industrial production to evaluate the
performance of immobilized enzyme [49]. Under the optimal reaction conditions, batch reaction was
carried out at a substrate concentration of 350 mM to study the stability.

After one reaction, the immobilized esterase was �ltered out and used for the next cycle reaction.As
shown in Fig. 9, immobilized PAE07 following 15 repeated cycles of catalytic reaction was still 86.2%
relative to its initial activity. In the cyclic reaction, the decrease of enzyme catalytic ability is considered to
be the leakage of enzyme protein and the structural change caused by long-term exposure to the
substrate [42,43].

The reason for the improved operational stability and repeatability of the immobilized esterase PAE07
may be due to the porous structure and large internal surface area of the polystyrene resin, as well as the
covalent cross-linking, which improves the rigidity and prevents the enzyme from leaking and
inactivating. Liu et al. also obtained the repeated stability improvement of phospholipase after
immobilization on polystyrene resin [50]. The immobilized esterase PAE07 has good operational stability,
enzyme activity and enantioselectivity. It is better than other enzymes reported to Hydrolysis (R, S)-DMPM,
and it is cheap and has the potential to be used in industrial production.

4. Conclusion
In short, the esterase PAE07 has been successfully adsorbed and covalently immobilized on the
polystyrene resin D3520, and the immobilization conditions have been optimized, and the immobilized
esterase PAE07 has also been characterized. Compared with the free esterase, the thermal stability and
pH stability of the immobilized esterase PAE07 were signi�cantly improved, and it could catalyze a higher
substrate concentration. After the resolution of 15 repeated batches of (R, S)-DMPM, there was still had
86.2% relactive enzyme activity. The immobilized esterase PAE07 was a promising catalyst, showed
excellent catalytic activity and satisfactory selectivity (e.e.p>99%), and the cost was relatively lower. This
research provides an effective method for industrially enzymatic resolution of (R, S)-DMPM to produce
(R)-metalaxyl.



Page 11/23

Declarations
Funding

The authors are thankful for Zhejiang Provincial Natural Science Foundation (LY18B020021) for �nancial
support.

Compliance with ethical standards

Con�ict of Interest The authors declare that they have no con�icts of interest.

Availability of data and material

The raw data used to support the �ndings of this study are available from the corresponding author upon
request.

Code availability

The data processing and charts in this article were completed by Origin software (Origin Lab Co., Pro. 9.1,
Hang Zhou, China).

Credit Author contributions 

Zhou Mingpeng: Investigation, Data Curation, Writing - Original and Revised Manuscripts.

Xia Yuandan: Investigation, Data Curation.

Zhang Hongjun: Investigation, Formal analysis.

Yu Xinjun: Supervision, Writing - Review & Editing.

Zhang Yinjun: Conceptualization, Supervision, Writing- Review and Editing, Funding acquisition.

Ethics approval

Not applicable

Consent to participate

Not applicable

Consent for publication

Participants have agreed to submit experimental data to the journal.

References



Page 12/23

1. Monkiedje, A., Ilori, M. O., & Spiteller, M. (2002). Soil quality changes resulting from the application of
the fungicides mefenoxam and metalaxyl to a sandy loam soil, Soil Biology and Biochemistry, 34,
1939-1948.

2. Martins, M. R., Santos, C., Pereira, P., Cruz-Morais, J., & Lima, N. (2017). Metalaxyl degradation by
mucorales strains gongronella sp. and rhizopus oryzae, Molecules, 22, 2225.

3. Monkiedje, A., and Spiteller, M. (2005) Degradation of metalaxyl and mefenoxam and effects on the
microbiological properties of tropical and temperate soils, International Journal of Environmental
Research and Public Health, 2, 272-285.

4. Celis, R., Gámiz, B., Adelino, M. A., Cornejo, J., & Hermosín, M. C. (2015). Effect of formulation and
repeated applications on the enantioselectivity of metalaxyl dissipation and leaching in soil, Pest
Management Science, 71, 1572-1581.

5. Yue, H., Fang, S., Zhang, Y., Ning, Y., Yu, W., Kong, F., & Qiu, J. (2016). Enantioselective effects of
metalaxyl on soil enzyme activity, Chirality, 28, 771-777.

�. Park, O.-J., & Lee, S.-H. (2005). Stereoselective lipases from Burkholderia sp., cloning and their
application to preparation of methyl ( R)- N-(2,6-dimethylphenyl)alaninate, a key intermediate for ( R)-
Metalaxyl, Journal of biotechnology, 120, 174-182.

7. Blaser, H.-U., Malan, C., Pugin, B., Spindler, F., Steiner, H., & Studer, M. (2003). Selective Hydrogenation
for Fine Chemicals: Recent Trends and New Developments, Advanced synthesis & catalysis, 345,
103-151.

�. Li, W., Shi, H., Ding, H., Wang, L., Zhang, Y., Li, X., & Wang, F. (2018). Characterization of two novel
thermostable esterases from Thermoanaerobacterium thermosaccharolyticum, Protein expression
and puri�cation, 152, 64-70.

9. Ye, L., Liu, X., Shen, G.-H., Li, S.-S., Luo, Q.-Y., Wu, H.-J., Chen, A.-J., Liu, X.-Y., Li, M.-L., Pu, B., Qin, W., &
Zhang, Z.-Q. (2019). Properties comparison between free and immobilized wheat esterase using
glass �ber �lm, International journal of biological macromolecules, 125, 87-91.

10. Zhang, Y.-J., Chen, C.-S., Liu, H.-T., Chen, J.-L., Xia, Y., & Wu, S.-J. (2019). Puri�cation, identi�cation
and characterization of an esterase with high enantioselectivity to (S)-ethyl indoline-2-carboxylate,
Biotechnology letters, 41, 1223-1232.

11. Bornscheuer, U. T. (2002). Microbial carboxyl esterases: classi�cation, properties and application in
biocatalysis, FEMS Microbiology Reviews, 26, 73-81.

12. Castro, F. F., Pinheiro, A. B. P., Gerhardt, E. C. M., Oliveira, M. A. S., & Barbosa‐Tessmann, I. P. (2018).
Production, puri�cation, and characterization of a novel serine‐esterase from Aspergillus
westerdijkiae, Journal of Basic Microbiology, 58, 131-143.

13. Chen, P.-T., Liu, C.-H., Chen, Y.-T., Hsu, F.-Y., & Shaw, J.-F. (2020). Isolation, Expression and
Characterization of the Thermophilic Recombinant Esterase from Geobacillus thermodenitri�cans
PS01, Applied biochemistry and biotechnology.

14. Park, J. M., Kang, C. H., Won, S. M., Oh, K. H., & Yoon, J. H. (2020). Characterization of a Novel
Moderately Thermophilic Solvent-Tolerant Esterase Isolated From a Compost Metagenome Library,



Page 13/23

FRONTIERS IN MICROBIOLOGY10.

15. Torres, S., Martínez, M. A., Pandey, A., & Castro, G. R. (2009). An organic-solvent-tolerant esterase
from thermophilic Bacillus licheniformis S-86, Bioresource Technology, 100, 896-902.

1�. Zhang, Y., Fan, Y., Zhang, W., Wu, G., Wang, J., Cheng, F., Zheng, J., & Wang, Z. (2018). Bio‐preparation
of (R)‐DMPM using whole cells of Pseudochrobactrum asaccharolyticum WZZ003 and its
application on kilogram‐scale synthesis of fungicide (R)‐metalaxyl, Biotechnology Progress, 34, 921-
928.

17. Manoel, E. A., dos Santos, J. C. S., Freire, D. M. G., Rueda, N., & Fernandez-Lafuente, R. (2015).
Immobilization of lipases on hydrophobic supports involves the open form of the enzyme, Enzyme
and Microbial Technology, 71, 53-57.

1�. Rueda, N., dos Santos, J. C. S., Torres, R., Ortiz, C., Barbosa, O., & Fernandez-Lafuente, R. (2015).
Improved performance of lipases immobilized on heterofunctional octyl-glyoxyl agarose beads, RSC
Advances, 5, 11212-11222.

19. Shuai, W., Das, R. K., Naghdi, M., Brar, S. K., & Verma, M. (2017). A review on the important aspects of
lipase immobilization on nanomaterials, Biotechnology and Applied Biochemistry, 64, 496-508.

20. Boros, Z., Weiser, D., Márkus, M., Abaháziová, E., Magyar, Á., Tomin, A., Koczka, B., Kovács, P., &
Poppe, L. (2013). Hydrophobic adsorption and covalent immobilization of Candida antarctica lipase
B on mixed-function-grafted silica gel supports for continuous-�ow biotransformations, Process
Biochemistry, 48, 1039-1047.

21. Matsumoto, T., Yamada, R., & Ogino, H. (2019). Chemical treatments for modi�cation and
immobilization to improve the solvent-stability of lipase, World Journal of Microbiology and
Biotechnology, 35, 1-8.

22. Fernandez-Lafuente, R., Armisén, P., Sabuquillo, P., Fernández-Lorente, G., & M. Guisán, J. (1998).
Immobilization of lipases by selective adsorption on hydrophobic supports, Chemistry and Physics
of Lipids, 93, 185-197.

23. Filho, D. G., Silva, A. G., & Guidini, C. Z. (2019). Lipases: sources, immobilization methods, and
industrial applications, Applied Microbiology and Biotechnology, 103, 7399-7423.

24. Cheng, F., Cheng, F., Zheng, J., Wu, G., Zhang, Y., & Wang, Z. (2018). A Novel esterase from
Pseudochrobactrum asaccharolyticum WZZ003: Enzymatic properties toward model substrate and
catalytic performance in chiral fungicide intermediate synthesis, Process Biochemistry, 69, 92-98.

25. Cai, H., Li, Y., Zhao, M., Fu, G., Lai, J., & Feng, F. (2015). Immobilization, Regiospeci�city
Characterization and Application of Aspergillus oryzae Lipase in the Enzymatic Synthesis of the
Structured Lipid 1,3-Dioleoyl-2-Palmitoylglycerol, PloS one, 10.

2�. Liu, K., Zhao, G., He, B., Chen, L., & Huang, L. (2012). Immobilization of pectinase and lipase on
macroporous resin coated with chitosan for treatment of whitewater from papermaking, Bioresource
Technology, 123, 616-619.

27. No, D. S., Zhao, T., Lee, J., Lee, J.-S., & Kim, I.-H. (2013). Synthesis of Phytosteryl Ester Containing
Pinolenic Acid in a Solvent-Free System Using Immobilized Candida rugosa Lipase, Journal of



Page 14/23

agricultural and food chemistry, 61, 8934-8940.

2�. Rodrigues, R. C., Ortiz, C., Berenguer-Murcia, Á., Torres, R., & Fernández-Lafuente, R. (2013). Modifying
enzyme activity and selectivity by immobilization, Chemical Society reviews, 42, 6290-6307.

29. SreeHarsha, N., Ghorpade, R. V., Alzahrani, A. M., Al-Dhubiab, B. E., & Venugopala, K. N. (2019).
Immobilization studies of Candida Antarctica lipase B on gallic acid resin-grafted magnetic iron
oxide nanoparticles, INTERNATIONAL JOURNAL OF NANOMEDICINE, 14, 3235-3244.

30. Okobira, T., Matsuo, A., Matsumoto, H., Tanaka, T., Kai, K., Minari, C., Goto, M., Kawakita, H., & Uezu, K.
(2015). Enhancement of immobilized lipase activity by design of polymer brushes on a hollow �ber
membrane, Journal of bioscience and bioengineering, 120, 257-262.

31. de Oliveira, P. C., Alves, G. M., & de Castro, H. F. (2000). Immobilisation studies and catalytic
properties of microbial lipase onto styrene–divinylbenzene copolymer, Biochemical Engineering
Journal, 5, 63-71.

32. Lian, W., Li, D., Zhang, L., Wang, W., Faiza, M., Tan, C. P., Yang, B., Lan, D., & Wang, Y. (2018). Synthesis
of conjugated linoleic acid-rich triacylglycerols by immobilized mutant lipase with excellent
capability and recyclability, Enzyme and microbial technology, 117, 56-63.

33. Garcia‐Galan, C., Berenguer‐Murcia, Á., Fernandez‐Lafuente, R., & Rodrigues, R. C. (2011). Potential of
Different Enzyme Immobilization Strategies to Improve Enzyme Performance, Advanced Synthesis &
Catalysis, 353, 2885-2904.

34. Panwar, D., Kaira, G. S., & Kapoor, M. (2017). Cross-linked enzyme aggregates (CLEAs) and magnetic
nanocomposite grafted CLEAs of GH26 endo-β-1,4-mannanase: Improved activity, stability and
reusability, International Journal of Biological Macromolecules, 105, 1289-1299.

35. Li, R., Jiang, L., Ye, L., Lu, J., & Yu, H. (2014). Oriented covalent immobilization of esterase BioH on
hydrophilic‐modi�ed Fe3O4 nanoparticles, Biotechnology and Applied Biochemistry, 61, 603-610.

3�. Marques Netto, C. G. C., Da Silva, D. G., Toma, S. H., Andrade, L. H., Nakamura, M., Araki, K., & Toma,
H. E. (2016). Bovine glutamate dehydrogenase immobilization on magnetic nanoparticles:
Conformational changes and catalysis, RSC advances, 6, 12977-12992.

37. Cipiciani, A., Bellezza, F., Fringuelli, F., & Silvestrini, M. G. (2001). In�uence of pH and temperature on
the enantioselectivity of propan-2-ol-treated Candida rugosa lipase in the kinetic resolution of (±)-4-
acetoxy-[2,2]-paracyclophane, Tetrahedron: Asymmetry, 12, 2277-2281.

3�. Mateo, C., Palomo, J. M., Fernandez-Lorente, G., Guisan, J. M., & Fernandez-Lafuente, R. (2007).
Improvement of enzyme activity, stability and selectivity via immobilization techniques, Enzyme and
microbial technology, 40, 1451-1463.

39. Wang, P., Qi, C., Yu, Y., Yuan, J., Cui, L., Tang, G., Wang, Q., & Fan, X. (2015). Covalent Immobilization
of Catalase onto Regenerated Silk Fibroins via Tyrosinase-Catalyzed Cross-Linking, Applied
biochemistry and biotechnology, 177, 472-485.

40. Ait Braham, S., Hussain, F., Morellon‐Sterling, R., Kamal, S., Kornecki, J. F., Barbosa, O., Kati, D. E., &
Fernandez‐Lafuente, R. (2018). Cooperativity of covalent attachment and ion exchange on alcalase



Page 15/23

immobilization using glutaraldehyde chemistry: Enzyme stabilization and improved proteolytic
activity, Biotechnology progress, 35.

41. Yemul, O., & Imae, T. (2005). Covalent-Bonded Immobilization of Lipase on Poly(phenylene sul�de)
Dendrimers and Their Hydrolysis Ability, Biomacromolecules, 6, 2809-2814.

42. Hou, C., Zhu, H., Wu, D., Li, Y., Hou, K., Jiang, Y., & Li, Y. (2014). Immobilized lipase on macroporous
polystyrene modi�ed by PAMAM-dendrimer and their enzymatic hydrolysis, Process biochemistry,
(1991)49, 244-249.

43. Yao, C., Lin, W., Yue, K., Ling, X., Jing, K., Lu, Y., Tang, S., & Fan, E. (2017). Biocatalytic synthesis of
vitamin A palmitate using immobilized lipase produced by recombinant Pichia pastoris, Engineering
in life sciences, 17, 768-774.

44. Zhong, W., Zhang, M., Li, X., Zhang, Y., Wang, Z., & Zheng, J. (2020). Enantioselective Resolution of (R,
S)-2-Phenoxy-Propionic Acid Methyl Ester by Covalent Immobilized Lipase from Aspergillus oryzae,
Applied biochemistry and biotechnology, 190, 1049-1059.

45. Reed, M. C., Lieb, A., & Nijhout, H. F. (2010). The biological signi�cance of substrate inhibition: A
mechanism with diverse functions, BioEssays, 32, 422-429.

4�. Lu, Y., Zhang, Z., Zhang, L., & Lu, Y. (2016). Cloning and expression of an esterase gene from a new
strain capable of enantioselective hydrolyzing methyl (R, S)-N-(2,6-dimethylphenyl) alaninate, Wei
sheng wu xue bao = Acta microbiologica Sinica, 56, 1335-1347.

47. Park, O.-J., Lee, S.-H., Park, T.-Y., Chung, W.-G., & Lee, S.-W. (2006). Development of a Scalable Process
for a Key Intermediate of (R)-Metalaxyl by Enzymatic Kinetic Resolution, Organic Process Research &
Development, 10, 588-591.

4�. Esmaeilnejad-Ahranjani, P., Kazemeini, M., Singh, G., & Arpanaei, A. (2016). Study of Molecular
Conformation and Activity-Related Properties of Lipase Immobilized onto Core–Shell Structured
Polyacrylic Acid-Coated Magnetic Silica Nanocomposite Particles, Langmuir, 32, 3242-3252.

49. Torabizadeh, H., Tavakoli, M., & Safari, M. (2014). Immobilization of thermostable α-amylase from
Bacillus licheniformis by cross-linked enzyme aggregates method using calcium and sodium ions as
additives, Journal of molecular catalysis. B, Enzymatic, 108, 13-20.

50. Liu, N., Fu, M., Wang, Y., Zhao, Q., Sun, W., & Zhao, M. (2012). Immobilization of Lecitase® Ultra onto
a Novel Polystyrene DA-201 Resin: Characterization and Biochemical Properties, Applied
biochemistry and biotechnology, 168, 1108-1120.

Tables
Table 1 Selection of immobilized resin
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Resin Enzyme activity (U/g)

XAD1180N 5.2

H103 6.4

HAD7HP 9.3

850 JinKai 7.7

D3520 13.4

Primary amino resin 8.1

850 synthetic resin 6.3

HKA 9.5

D101 7.8

DM11 7.1

Table 2 Optimized enzyme loading conditions 

Enzyme amount and resin ratio (mg/g) Enzyme activity (U/g)

5:1 16.4

10:1 22.1

15:1 23.2

20:1 26.2

30:1 21.4

40:1 20.8

50:1 18.5

Figures
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Figure 1

The effect of adsorption time on the immobilized enzyme. Symbols: “■,”enzyme activity; “●,”adsorption
rate.
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Figure 2

The effect of bufeer pH on the immobilized enzyme.
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Figure 3

The relationship between enzyme reaction speed and substrate concentration. Symbols: “■,” free
eaterase; “▲,” immobilized esterase PAE07
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Figure 4

(a) The effect of temperature on the biocatalytic resolution of (R, S)-DMPM. Reaction conditions: 0.02 g
immobilized enzymes and 10 μl (R, S)-DMPM in 1 mL 50 mM PH 7.0 PB buffer, 200 rpm, 20–50 °C, for 30
min. (b) Thermal stability of immobilized and free esterases. Reaction conditions: 0.02 g of immobilized
enzymes after 12 h incubation at 20-50 °C and 50 mM (R, S)-DMPM in 1 mL 50mM PH 7.0 PB buffer, 200
rpm, 20–50 °C, for 30 min, and titrated with 4 M HCl.

Figure 5

(A) The effect of pH on the biocatalytic resolution of (R, S)-DMPM. Reaction conditions: 0.02 g
immobilized esterases and 50 mM (R, S)-DMPM in 1 mL 50mM pH 6.0-9.0 PB buffer, 200 rpm, 20–50 °C,
for 30 min. (B) pH stability of immobilized and free esterases. Reaction conditions: 0.02 g of immobilized
esterases after 12 h incubation at 35 °C, 50 mM (R, S)-DMPM in 1 mL 50 mM pH 7.0-9.0 PB buffer, 200
rpm, 35 °C, for 30 min, and titrating with 4 M HCl.
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Figure 6

(a) The initial rate of enzyme reactions at different substrate concentrations. Symbols: “■,” initial
reaction rate; “●,” e.e.p (b) Time course of product concentration at different substrate concentrations.
Symbols: “■,” 0.05 M; “●,” 0.15 M; “▲,” 0.25 M; “ ,” 0.35 M; “▼,” 0.45 M.

Figure 7

Preparation process and ampli�cation reaction of immobilized esterase PAE07
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Figure 8

The surface characteristics of Carrier D3520 (a) and immobilized esterase PAE07 (b).
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Figure 9

Reusability of immobilized esterase PAE07 on enantioselective reaction.Reaction conditions:1.0 g
immobilized esterases, 350 mM (R, S)-DMPM in 50 mL 50 mM pH 7.5 PB buffer, 200 rpm, 35 °C, for 12
h,and titrated with 4 M HCl.
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