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Abstract: (S)-N-Boc-3-hydroxypiperidine is an important intermediate of the anticancer drug ibruti-
nib and is mainly synthesized by the asymmetric reduction catalyzed by ketoreductase coupled with
glucose dehydrogenase at present. In this study, the coexpression recombinant strains E. coli/pET28-
K-rbs-G with single promoter and E. coli/pETDuet-K-G with double promoters were first constructed
for the coexpression of ketoreductase and glucose dehydrogenase in the same cell. Then, the catalytic
efficiency of E. coli/pET28-K-rbs-G for synthesizing (S)-N-Boc-3-hydroxypiperidine was found to be
higher than that of E. coli/pETDuet-K-G due to the more balanced activity ratio and higher catalytic
activity. On this basis, the catalytic conditions of E. coli/pET28-K-rbs-G were further optimized, and
finally both the conversion of the reaction and the optical purity of the product were higher than
99%. In the end, the cell-free extract was proved to be a better catalyst than the whole cell with
the improved catalytic efficiency of different recombinant strains. This study developed a better
coexpression strategy for ketoreductase and glucose dehydrogenase by investigating the effect of
activity ratios and forms of the biocatalysts on the catalytic efficiency deeply, which provided a
research basis for the efficient synthesis of chiral compounds.

Keywords: (S)-N-Boc-3-hydroxypiperidine; coexpression strategy; activity ratio; ketoreductase;
glucose dehydrogenase

1. Introduction

Chiral alcohols are a class of important compounds that can be used as chiral synthetic
blocks for a variety of drugs, natural products and agricultural chemicals. Asymmetric
reduction is considered to be one of the most powerful methods for the synthesis of chiral
alcohols [1,2]. Compared with the chemical reduction method, the biological asymmetric
reduction method catalyzed by ketoreductase has the advantages of high selectivity, mild
conditions and environmental friendliness. The theoretical yield and atomic utilization rate
can reach 100%, which is more in line with the development direction of green chemistry;
thus, this method becomes an efficient and green method for the preparation of chiral
alcohols [3,4].

The biological asymmetric reduction catalyzed by ketoreductase requires the participa-
tion of a coenzyme (NADH or NADPH). Due to the high price of coenzymes, it is necessary
to introduce the coenzyme regeneration system to drive the reaction towards the direction
of product synthesis. According to whether exogenous enzymes need to be introduced
in the reaction process, the coenzyme regeneration system can be divided into substrate
coupling type and enzyme coupling type [5]: (1) Substrate coupling coenzyme regeneration
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system relies on bifunctional ketoreductase with both oxidation and reduction activities.
The enzyme can simultaneously catalyze the reduction of substrate and the oxidation of
cosubstrate to recycle cofactors. Common cosubstrates include isopropanol and ethanol,
among which only the applicability of isopropanol in large-scale production has been
verified [6]. The reaction process requires excessive addition of isopropanol, which can
easily lead to a decrease in enzyme activity and an increase in production cost. Moreover,
the coproduct acetone often needs to be removed from the reaction system to drive the
reduction reaction and reduce the toxicity to the enzyme [7]. (2) The enzyme-coupled
coenzyme regeneration system needs to introduce at least one extra exogenous enzyme
which can catalyze the oxidation of cosubstrate to generate the reduced coenzyme for the
asymmetric reduction reaction by ketoreductase. At present, formate dehydrogenase and
glucose dehydrogenase have been successfully used in industrial production, among which
formate dehydrogenase is not universal due to the low regeneration efficiency for NADPH.
Glucose dehydrogenase can be used for the regeneration of NADH and NADPH with high
catalytic activity, and it exhibits a wide application range [8–10]. The enzyme-coupled
coenzyme regeneration system usually needs to construct two recombinant strains with
single gene expression, which is cumbersome to operate. In addition, when asymmetric
reduction reaction is carried out using two different whole cells, the reaction efficiency will
be significantly affected due to the cell membrane barrier effect. The expression of multiple
enzymes in the same host cell can avoid the shortcomings of the above reaction process and
significantly improve the catalytic efficiency of an enzyme-coupled coenzyme regeneration
system [11–13].

(S)-N-Boc-3-hydroxypiperidine ((S)-NBHP) is an important intermediate for the treat-
ment of B-cell malignant tumors and is mainly synthesized by the asymmetric reductive
reaction catalyzed by ketoreductase with N-Boc-3-piperidone as the substrate. At present,
it has been reported that several ketoreductases from different sources can be used for the
synthesis of (S)-NBHP. For example, Xu et al. accomplished the efficient biosynthesis of
(S)-NBHP by using cell extract expressing recombinant ketoreductase (ChKRED03) and
commercial glucose dehydrogenase pure enzyme [14]. Chen et al. reported the biosynthesis
of (S)-NBHP, in which the catalysts used were wet cells expressing ketoreductase (YDR541C)
and glucose dehydrogenase alone [15]. Zheng et al. used ketoreductase mutant (CgKR1-
F92C/F94W) and glucose dehydrogenase to achieve asymmetric synthesis of (S)-NBHP,
in which two biocatalysts were freeze-dried cells and cell-free extract, respectively [16].
In the asymmetric reductive reaction catalyzed by ketoreductase coupled with glucose
dehydrogenase, the catalytic efficiency was affected not only by the catalytic activity but
also by the activity ratio of two biocatalysts and the transfer efficiency of substrates and
coenzymes. The biocatalysts used in the above research were mainly prepared by the
expression of a single gene; the preparation process was cumbersome, and the cost was
high in mass production. Moreover, the effects of activity ratio and forms of the biocatalysts
on the catalytic efficiency had also been less considered.

In this study, two kinds of recombinant E.coli coexpressing ketoreductase from Candida
glabrata (KRED) [16] and glucose dehydrogenase from Bacillus sp. (GDH) [17] were con-
structed by different expression strategies, and the effects of different expression strategies
on the synthesis of (S)-NBHP catalyzed by KRED and GDH were compared and analyzed
from two levels of whole cell and cell-free extract. In the end, a coexpression recombinant
E. coli with single promoter, capable of highly efficient asymmetric synthesis of (S)-NBHP,
was obtained (Scheme 1).
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and GDH fragments as templates and K1 and G2 as primers, with the size of about 1950 
bp. The fusion fragment was inserted into pET-28a (+) to obtain the coexpression recom-
binant plasmid pET28-K-rbs-G. Two fragments, about 5400 bp and 1950 bp, were obtained 
by the double digestion of pET28-K-rbs-G with Nco I and Xho I, the size of which was in 
line with expectations. 

KRED and GDH fragments were also amplified using primers K1, KDuet2, GDuet1 
and G2. The GDH fragment was inserted into pETDuet to construct the recombinant plas-
mid pETDuet-G, and two fragments were obtained by the double digestion with Bgl II 
and Xho I, which were about 5400 bp and 850 bp (Figure 1d), respectively. On this basis, 
the KRED fragment was inserted, and finally the coexpression recombinant plasmid 
pETDuet-K-G was constructed. Two fragments were obtained by the double digestion 
with Nco I and BamH I, and the sizes were about 6250 bp and 1050 bp (Figure 1d), respec-
tively. The fragment size was in line with expectations. The recombinant plasmids pET28-
K-rbs-G and pETDuet-K-G were sequenced. After the sequence was confirmed correctly, 
they were transformed into the expression host E. coli BL21(DE3) to construct the single-
promotor coexpression strain E. coli/pET28-K-rbs-G and dual-promotor coexpression 
strain E. coli/pETDuet-K-G. 

Scheme 1. Schematic representation of the asymmetric synthesis of (S)-NBHP by coexpressing KRED
and GDH.

2. Results
2.1. Construction of Recombinant Strains E. coli/pET28-K-rbs-G and E. coli/pETDuet-K-G

As shown in Figure 1c, KRED and GDH fragments were amplified using primers K1 and
K2 and G1 and G2 with pET-KRED and pET-GDH as templates, respectively. Then, KRED-
rbs-GDH fragments were further amplified by overlap extension PCR using KRED and GDH
fragments as templates and K1 and G2 as primers, with the size of about 1950 bp. The fusion
fragment was inserted into pET-28a (+) to obtain the coexpression recombinant plasmid pET28-
K-rbs-G. Two fragments, about 5400 bp and 1950 bp, were obtained by the double digestion of
pET28-K-rbs-G with Nco I and Xho I, the size of which was in line with expectations.
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strain E. coli/pETDuet-K-G, the expression levels of the two enzymes were similar, while 
in the single-promoter coexpression strain E. coli/pET28-K-rbs-G, the expression level of 
GDH far from the T7 promoter was significantly lower than that of KRED close to the T7 
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N-Boc-3-piperidone in E. coli/pET28-K-rbs-G was 24.1 U·g−1 wet cells, and that of GDH 
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Figure 1. Schematic representation and identification of the coexpression recombinant plasmids
pET28-K-rbs-G and pETDuet-K-G by agarose gel electrophoresis. (a) Single-promotor plasmid
pET28-K-rbs-G. (b) Dual-promotor plasmid pETDuet-K-G. (c) Agarose gel electrophoresis analysis
of pET28-K-rbs-G. M: DNA marker; lanes 1–4: PCR product of KRED, PCR product of GDH, PCR
product of KRED-rbs-GDH, fragments obtained by double digestion of pET28-K-rbs-G with Nco
I and Xho I. (d) Agarose gel electrophoresis analysis of pETDuet-K-G. M: DNA marker; lanes 1–2:
fragments obtained by double digestion of pETDuet-G with Bgl II and Xho I, fragments obtained by
double digestion of pETDuet-K-G with Nco I and BamH I.
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KRED and GDH fragments were also amplified using primers K1, KDuet2, GDuet1
and G2. The GDH fragment was inserted into pETDuet to construct the recombinant
plasmid pETDuet-G, and two fragments were obtained by the double digestion with Bgl
II and Xho I, which were about 5400 bp and 850 bp (Figure 1d), respectively. On this
basis, the KRED fragment was inserted, and finally the coexpression recombinant plasmid
pETDuet-K-G was constructed. Two fragments were obtained by the double digestion with
Nco I and BamH I, and the sizes were about 6250 bp and 1050 bp (Figure 1d), respectively.
The fragment size was in line with expectations. The recombinant plasmids pET28-K-
rbs-G and pETDuet-K-G were sequenced. After the sequence was confirmed correctly,
they were transformed into the expression host E. coli BL21(DE3) to construct the single-
promotor coexpression strain E. coli/pET28-K-rbs-G and dual-promotor coexpression strain
E. coli/pETDuet-K-G.

2.2. Effects of Different Expression Strategies on the Expression and Activities of KRED and GDH

The coexpression recombinant strains E. coli/pET28-K-rbs-G and E. coli/pETDuet-K-G
were induced by 0.1 mmol/L IPTG at 24 ◦C for 16 h, and the cells were collected and
disrupted. The cell-free extract was analyzed by SDS-PAGE, and the strains expressing
KRED and GDH alone were used as control (Figure 2). The results showed that the
theoretical size of KRED protein in this study was about 38 KDa, and the theoretical size
of GDH protein was about 32 KDa due to its N-terminal with His and T7 tags, which
were consistent with the size of the target bands in SDS-PAGE. When KRED and GDH
were expressed alone, the concentration of target bands was similar. The results of activity
determination showed that the activity of KRED against N-Boc-3-piperidone was 31.6 U·g−1

wet cells, and that of GDH against glucose was 40.3 U·g−1 wet cells. In the two coexpression
strains, KRED and GDH can be expressed in soluble form, and the target protein size was
consistent with that of the protein expressed alone. In the dual-promoter coexpression
strain E. coli/pETDuet-K-G, the expression levels of the two enzymes were similar, while
in the single-promoter coexpression strain E. coli/pET28-K-rbs-G, the expression level of
GDH far from the T7 promoter was significantly lower than that of KRED close to the T7
promoter. The results of activity determination showed that the activity of KRED against
N-Boc-3-piperidone in E. coli/pET28-K-rbs-G was 24.1 U·g−1 wet cells, and that of GDH
against glucose was 17.9 U·g−1 wet cells. In E. coli/pETDuet-K-G, the enzyme activity of
KRED to N-Boc-3-piperidone was 16.8 U·g−1 wet cells, and that of GDH to glucose was
25.4 U·g−1 wet cells.
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Figure 2. SDS-PAGE analysis of KRED and GDH obtained by different expression strategies. M: protein
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2.3. Effect of Activity Ratio on the Asymmetric Synthesis of (S)-NBHP Catalyzed by KRED
and GDH

According to the activity of wet cells expressing KRED and GDH alone, on the basis
of constant total amount of two enzymes added, the catalytic reaction was carried out
according to the activity ratio of 10:1–1:10, and the reaction conversion and the optical purity
of the product were determined. As shown in Figure 3, when the activity ratio of KRED
to GDH was higher than 1:1, the reaction conversion was gradually improved with the
increase in the activity ratio of GDH. When the activity ratios of KRED to GDH were 2.5:1
and 1:1, respectively, the conversions at 24 h were all higher than 95%; when the activity
ratio of KRED to GDH was lower than 1:1, the reaction conversion decreased significantly
with the increase in the activity ratio of GDH. When the ratio of the two enzymes was
1:2.5, the conversion was only 62.8% at 24 h. The activity ratios of KRED to GDH in the
coexpression recombinant strains E. coli/pET28-K-rbs-G and E. coli/pETDuet-K-G were
1.35:1 and 1:1.51, respectively. Under the same conditions, the conversion of E. coli/pET28-
K-rbs-G at 24 h was 99.2%, significantly higher than that of E. coli/pETDuet-K-G (87.9%).
In addition, the reaction with different activity ratios had no significant effect on the optical
purity of the product, and the ee values of the product were all higher than 99%.
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Figure 3. Asymmetric synthesis of (S)−NBHP catalyzed by various ratios of KRED to GDH. The
activity ratios of KRED to GDH in E. coli/pET28−K−rbs−G and E. coli/pETDuet−K−G were 1.35:1
and 1:1.51, respectively. All values of conversion are means from three individual measurements and
standard deviations did not exceed 5%.

2.4. Optimization of the Catalytic Conditions of E. coli/pET28-K-rbs-G

In order to further improve the catalytic efficiency of the coexpression strain E. coli/pET28-
K-rbs-G, the effects of coenzyme NADP+ concentration, glucose concentration, temperature
and pH on the asymmetric reduction to prepare (S)-NBHP were investigated.

When the exogenous coenzyme was not added and only a small amount of coenzyme
existed in the cell itself, the catalytic efficiency was low with the conversion at 24 h of
54.7%, and the addition of NADP+ can significantly improve the reaction efficiency. In the
range of 0–0.2 g·L−1, the reaction efficiency was improved significantly with the increase in
NADP+ concentration. Further increase in NADP+ concentration led to a slow increase in
the reaction efficiency (Figure 4a). Therefore, 0.2 g·L−1 was selected as the optimal amount
of NADP+ added. At 20–35 ◦C, the conversion increased significantly with the increase in
temperature, and the conversion was 99.1% at 35 ◦C for 24 h. The conversion decreased
gradually over 35 ◦C, and the conversion was only 39.6% at 45 ◦C for 24 h (Figure 4b).
Therefore, 35 ◦C was selected as the optimal temperature for the reaction. During the
reaction, the reaction conversion first increased and then decreased with the increase in pH.
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The conversion was the highest at pH = 6.5, reaching 99.3% after 24 h (Figure 4c). Therefore,
6.5 was selected as the optimal pH for the reaction.
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The addition of cosubstrates has an important influence on the reaction conversion,
and it is usually necessary to add excessive cosubstrates to ensure that the substrate can
be converted as much as possible. However, the addition of excessive cosubstrates will
increase the cost of production on one hand and affect the postextraction of products on
the other hand. Therefore, we optimized the concentration of cosubstrate glucose in this
study to determine the optimal amount added. The results (Figure 4d) showed that the
reaction rate increased significantly with the increase in glucose concentration in the range
of 90–130 g·L−1. When the glucose concentration was 130 g·L−1, the conversions at 8 h
and 24 h were 69.6% and 99.4%, respectively. Upon a further increase in the concentration
of glucose, the catalytic efficiency did not increase significantly. Therefore, 130 g·L−1 was
selected as the optimal amount of glucose added.

2.5. Asymmetric Reduction Reaction under the Optimized Conditions

The whole cell and cell-free extract of E. coli/pET28-K-rbs-G were used as the catalysts
(coexpression group), and the transformation experiments were carried out under the
optimized conditions to determine their application effect in the preparation of (S)-NBHP
by asymmetric reduction. The recombinant strains expressing KRED and GDH alone were
selected as the control (monoexpression group). As shown in Figure 5, when the cell-free
extract was used as the catalyst, it was found that the catalytic efficiency was significantly
higher than that of whole cell whether in the coexpression group or the monoexpression
group. In the coexpression group, the conversion at 8 h reached 90.1% with the cell-free
extract as the catalyst, and that of the whole cell was only 44.5% under the same conditions.
After 12 h of reaction, the conversion reached 99.2% with the cell-free extract as the catalyst,
which was much higher than that of the whole cell (69.8%). The same trend was also
found in the monoexpression group. After 8 h and 20 h of reaction, the conversions of
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monoexpression group were 62.5% and 99.1%, respectively, with the cell-free extract as the
catalyst, while those of the whole cell were only 22.1% and 65.6%. Comparing the catalytic
efficiency of different expression strategies of KRED and GDH, it was found that under
the premise of 30 g·L−1 wet cells added, with the conversion of 99% as the standard, the
coexpression group and monoexpression group needed 12 h and 20 h, respectively, with
cell-free extract as the catalyst, and the former advanced the completion time of the reaction
by 8 h.

Catalysts 2022, 12, x FOR PEER REVIEW 8 of 13 
 

 

 
Figure 5. Time courses of asymmetric synthesis of (S)-NBHP by whole cell and cell-free extract of E. 
coli/pET28-K-rbs-G (coexpression group) and strains expressing KRED and GDH alone (monoex-
pression group). All reactions were performed in triplicate, and error bars represent the standard 
error of the mean. 

3. Discussion 
In 2020, the global sales of anticancer drug ibrutinib reached USD 9442 million, and 

it has entered the world’s top five selling drugs. The market demand for its key chiral 
intermediate (S)-NBHP is increasing rapidly. The asymmetric synthesis of (S)-NBHP by 
ketoreductase has attracted the attention of global researchers, and several ketoreductases 
from different sources can be used for the synthesis of (S)-NBHP, in which the coenzyme 
regeneration is mainly achieved by coupling glucose dehydrogenase reaction [18–20]. The 
cycle efficiency of coenzyme in the glucose dehydrogenase coupled coenzyme regenera-
tion system has an important influence on the enzymatic reaction effect. In the study of 
asymmetric synthesis of (S)-NBHP by ketoreductase, single gene expression is generally 
used to prepare ketoreductase and glucose dehydrogenase. If the whole cell is used as the 
catalyst, the coenzyme needs to cross two layers of cell membrane, and the reaction effi-
ciency is bound to be affected. If cell-free extract or pure enzyme is used as the catalyst, 
the two enzymes need to be prepared and proportioned separately. The process is cum-
bersome and the cost is high. In view of this, in this study, ketoreductase from Candida 
glabrata and glucose dehydrogenase from Bacillus sp. were used as the research objects, 
and two coexpression systems of single promoter and dual promoters were constructed 
by different coexpression strategies, and then the efficient coexpression of KRED and 
GDH was achieved in the same cell. 

The results showed that in the asymmetric synthesis of (S)-NBHP, the single-pro-
moter coexpression strain E. coli/pET28-K-rbs-G showed higher catalytic efficiency than 
the dual-promoter coexpression strain E. coli/pETDuet-K-G. By comparing the effects of 
different activity ratios of KRED to GDH on the catalytic efficiency, it was found that when 
the activity ratio of KRED to GDH was between 2.5:1 and 1:1, the reaction conversion was 
higher than 95%. Under the same amount of wet cell added, although the total activities 
of KRED and GDH in the two coexpression recombinant strains were close (1260 U·L−1 
and 1266 U·L−1, respectively (Figure 3)), the activity ratio of KRED to GDH in E. coli/pET28-
K-rbs-G was 1.35:1, and the activity ratio was significantly better than that of E. 
coli/pETDuet-K-G (1:1.51). In the study of (S)-ketoreductase II and glucose dehydrogenase 
cocatalyzed synthesis of (S)-phenylethylene glycol, Jiang et al. reported that the optimal 
ratio of two enzymes was 1:1 [21]. Zhou et al. constructed a coexpression system of (R)-
ketoreductase and glucose dehydrogenase and applied it to the asymmetric synthesis of 
(R)-1-phenyl-1,2-ethylene glycol [22]. Optimizing the protein expression of the two en-
zymes resulted in the catalytic efficiencies of the two enzymes being close, so the coen-
zyme cycle tended to balance. In theory, when the activity ratio of the two enzymes is 1:1, 
the ratio should be more balanced, which is more conducive to the coenzyme cycle in the 

Figure 5. Time courses of asymmetric synthesis of (S)-NBHP by whole cell and cell-free extract of
E. coli/pET28-K-rbs-G (coexpression group) and strains expressing KRED and GDH alone (monoexpression
group). All reactions were performed in triplicate, and error bars represent the standard error of the mean.

3. Discussion

In 2020, the global sales of anticancer drug ibrutinib reached USD 9442 million, and
it has entered the world’s top five selling drugs. The market demand for its key chiral
intermediate (S)-NBHP is increasing rapidly. The asymmetric synthesis of (S)-NBHP by
ketoreductase has attracted the attention of global researchers, and several ketoreductases
from different sources can be used for the synthesis of (S)-NBHP, in which the coenzyme
regeneration is mainly achieved by coupling glucose dehydrogenase reaction [18–20]. The
cycle efficiency of coenzyme in the glucose dehydrogenase coupled coenzyme regenera-
tion system has an important influence on the enzymatic reaction effect. In the study of
asymmetric synthesis of (S)-NBHP by ketoreductase, single gene expression is generally
used to prepare ketoreductase and glucose dehydrogenase. If the whole cell is used as
the catalyst, the coenzyme needs to cross two layers of cell membrane, and the reaction
efficiency is bound to be affected. If cell-free extract or pure enzyme is used as the cata-
lyst, the two enzymes need to be prepared and proportioned separately. The process is
cumbersome and the cost is high. In view of this, in this study, ketoreductase from Candida
glabrata and glucose dehydrogenase from Bacillus sp. were used as the research objects,
and two coexpression systems of single promoter and dual promoters were constructed by
different coexpression strategies, and then the efficient coexpression of KRED and GDH
was achieved in the same cell.

The results showed that in the asymmetric synthesis of (S)-NBHP, the single-promoter
coexpression strain E. coli/pET28-K-rbs-G showed higher catalytic efficiency than the dual-
promoter coexpression strain E. coli/pETDuet-K-G. By comparing the effects of different
activity ratios of KRED to GDH on the catalytic efficiency, it was found that when the activity
ratio of KRED to GDH was between 2.5:1 and 1:1, the reaction conversion was higher than 95%.
Under the same amount of wet cell added, although the total activities of KRED and GDH in
the two coexpression recombinant strains were close (1260 U·L−1 and 1266 U·L−1, respectively
(Figure 3)), the activity ratio of KRED to GDH in E. coli/pET28-K-rbs-G was 1.35:1, and the
activity ratio was significantly better than that of E. coli/pETDuet-K-G (1:1.51). In the study of
(S)-ketoreductase II and glucose dehydrogenase cocatalyzed synthesis of (S)-phenylethylene
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glycol, Jiang et al. reported that the optimal ratio of two enzymes was 1:1 [21]. Zhou et al.
constructed a coexpression system of (R)-ketoreductase and glucose dehydrogenase and
applied it to the asymmetric synthesis of (R)-1-phenyl-1,2-ethylene glycol [22]. Optimizing the
protein expression of the two enzymes resulted in the catalytic efficiencies of the two enzymes
being close, so the coenzyme cycle tended to balance. In theory, when the activity ratio of
the two enzymes is 1:1, the ratio should be more balanced, which is more conducive to the
coenzyme cycle in the reaction system. However, in this study, the enzyme activity of KRED
and GDH was measured with the low substrate concentration in a short time, conditions
which were significantly different from the conditions of high substrate concentration and
long reaction time in the actual transformation process. The differences in the stability and
substrate tolerance of KRED and GDH lead to the optimal ratio of the two enzymes in this
study being not absolute 1:1.

The optimal concentrations of coenzyme and glucose and the optimal temperature
and pH of the reaction system were determined by optimizing the reaction conditions
of the single-promoter coexpression strain E. coli/pET28-K-rbs-G with a more balanced
ratio of KRED and GDH. Under this condition, when the cell-free extract was selected as
the catalyst, the reaction efficiency was the highest, and the conversion at 12 h reached
99.2%. Under the same conditions, the conversion was only 69.8% with the whole cell as
the catalyst. The cell membrane is the natural barrier of cells and has selective permeability.
In the reaction, substrates, coenzymes and cosubstrates will be hindered from entering the
cells quickly to participate in the reaction. Disrupted cells can remove the barrier effect of
the cell membrane and significantly enhance the mass transfer effect, thus improving the
reaction efficiency [23,24]. In addition, although the amount of wet cells added (30 g·L−1)
and the activity ratio of KRED to GDH (1.35:1) were both the same, the catalytic efficiency
in the group E. coli/pET28-K-rbs-G was significantly higher than that in the group of strains
expressing KRED and GDH alone. It was found that due to the difference in the enzyme
activity per unit cell caused by different expression strategies, the total activity of KRED
and GDH in the group of E. coli/pET28-K-rbs-G was 1260 U·L−1, which was significantly
higher than that in the group of strains expressing KRED and GDH alone (1044 U·L−1), so
the catalytic efficiency exhibited a significant difference between the two groups.

The above results indicated that the single-promoter coexpression strain E. coli/pET28-
K-rbs-G exhibited not only higher catalytic efficiency than the dual-promoter coexpression
strain E. coli/pETDuet-K-G due to the more balanced activity ratio, but also better applica-
tion effect than the strains expressing KRED and GDH alone owing to the higher catalytic
activity. Moreover, the cell-free extract was further validated to be a better catalyst than
the whole cell with the improved catalytic efficiency of different recombinant strains in
this study. At present, the recombinant enzymes used in this study are mainly obtained by
small-scale culture in the shake flasks. In industrial production, the recombinant enzymes
are mainly prepared by high-density fermentation in which the culture conditions are quite
different from those in the shake flasks. It is not clear whether it will affect the activity ratio
of KRED and GDH in E. coli/pET28-K-rbs-G. Subsequent studies will further optimize
the high-density fermentation process of the single-promoter coexpression recombinant
strain E. coli/pET28-K-rbs-G and verify its application effect in the asymmetric synthesis
of (S)-NBHP.

4. Materials and Methods
4.1. Strains, Plasmids and Main Reagents

The strains E. coli JM109 and BL21 (DE3) and plasmids pET28a (+) and pETDuet-1 were
preserved in our laboratory. The recombinant plasmids pET-KRED and pET-GDH were
constructed and preserved in our laboratory. The primers were synthesized by Genescript
(Nanjing, China), as shown in Table 1.
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Table 1. Primers used in this work.

Primers Sequences (5′→3′) * Restriction Site

K1 CATGCCATGGCTTCTGACAACTCTAACACCACCG Nco I
K2 CATTGTATATCTCCTTCTTAGTTAGAGTTTTTTTCAGCTTCC —
G1 AACTAAGAAGGAGATATACAATGGGCAGCAGCCATCATCATCATCATCACAG —
G2 CCGCTCGAGTTAACCGCGGCCTGCCTGGAATGAAGG Xho I

KDuet2 CGCGGATCCTTAGTTAGAGTTTTTTTCAGCTTCC BamH I
GDuet1 GAAGATCTCGGCAGCAGCCATCATCATCATCATC Bgl II

* Sequences of restriction sites are underlined.

PrimeSTAR HS DNA polymerase, T4 DNA ligase, Nco I, BamH I, Bgl II, Xho I, IPTG,
DNA Marker and Protein Marker were purchased from Takara (Dalian, China); plasmid
extraction kit and PCR product recovery kit were purchased from Sangon Biotech (Shanghai,
China); N-Boc-3-piperidone (NBP), N-Boc-3-hydroxypiperidine, (S)-NBHP and NADP+

were purchased from Aladdin Reagent (Shanghai, China).

4.2. Construction of Coexpression Recombinant Strains

Using plasmid pET-KRED and pET-GDH as templates, the genes encoding KRED
and GDH were amplified by primers K1 and K2 and G1 and G2, respectively. Using these
two fragments as templates, KRED-rbs-GDH fragment was further amplified by overlap
extension PCR with primers K1 and G2. The KRED-rbs-GDH fragment was inserted
between Nco I and Xho I in pET-28a (+) after double digestion, and the recombinant plasmid
pET28-K-rbs-G was constructed (Figure 1a). The GDH fragment was also amplified by
using primers GDuet1 and G2 with plasmid pET-GDH as the template. After double
digestion, it was inserted between Bgl II and Xho I downstream of the T7-2 promoter
in pETDuet-1 to construct the recombinant plasmid pETDuet-G. The KRED fragment
was then amplified by using primers K1 and KDuet2 with plasmid pET-KRED as the
template. After double digestion, it was inserted between Nco I and BamH I downstream
of the T7-1 promoter in pETDuet-G to construct the coexpression recombinant plasmid
pETDuet-K-G (Figure 1b). The coexpression recombinant plasmids pET28-K-rbs-G and
pETDuet-K-G were transformed into the expression host E. coli BL21 (DE3). The single-
promotor coexpression strain E. coli/pET28-K-rbs-G and dual-promotor coexpression strain
E. coli/pETDuet-K-G were obtained by kanamycin or ampicillin resistance plate screening.

4.3. Expression of Recombinant Enzymes and Determination of Enzyme Activity

The constructed recombinant strain was inoculated into LB liquid medium containing
50 mg·L−1 kanamycin or 100 mg·L−1 ampicillin and cultured overnight at 37 ◦C and 200 r/min.
The cells were transferred into 1 L of the same medium with 1% inoculation amount and
cultured to OD600 of 0.6–0.8. IPTG with final concentration of 0.1 mmol·L−1 was added to the
medium. After induction at 24 ◦C for 18 h, the cells were collected by centrifugation. After
being washed with phosphate buffer, the cells were resuspended and disrupted by using a
high-pressure cell disruptor (ATS, Suzhou, China) at 80 MPa. The supernatant (cell-free extract)
was obtained by centrifugation and used for SDS-PAGE analysis and activity determination.

In this study, KRED and GDH were both coenzyme NADP(H)-dependent enzymes, and
the enzyme activity was determined based on the difference in the absorbance of oxidized and
reduced coenzymes at 340 nm. KRED activity was determined as follows: The total reaction
volume was 100 µL, and 100 mmol·L−1 PBS buffer (pH = 6.5), 0.5 mmol·L−1 NADPH and
10 mmol·L−1 N-Boc-3-piperidone were added. The absorbance at 340 nm was monitored
after adding an appropriate amount of enzyme solution at 30 ◦C for 2 min. GDH activity was
determined as follows: The total reaction volume was 100 µL, and 100 mmol·L−1 PBS buffer
(pH = 6.5), 2 mmol·L−1 NADP+ and 100 mmol·L−1 D-glucose were added. After adding
an appropriate amount of enzyme solution at 30 ◦C for 2 min, the change of absorbance at
340 nm was monitored. The enzyme activity unit was defined as follows: under the above
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conditions, the amount of enzyme required to oxidize (reduce) 1 µmol NADP(H) per minute
was one enzyme activity unit.

4.4. Analysis of the Optimal Activity Ratio of KRED to GDH for Asymmetric Synthesis
of (S)-NBHP

According to the activity of wet cells expressing KRED and GDH alone, the catalytic reac-
tion was carried out according to the activity ratios of 10:1, 5:1, 2.5:1, 1:1, 1:2.5, 1:5 and 1:10, and
the results were compared with those of the coexpression recombinant strains E. coli/pETDuet-K-
G and E. coli/pET28-K-rbs-G. The reaction system was as follows: 100 g·L−1 N-Boc-3-piperidone,
110 g·L−1 D-glucose, 0.1 g·L−1 NADP+, 100 mmol·L−1 PBS buffer (pH = 6.5) and a suitable
amount of cell-free extract prepared by high-pressure disruption of wet cells as the catalyst.
Among them, the amount of KRED and GDH added in each reaction system was totally
30 g·L−1, which was calculated according to the amount of wet cells. The reaction was carried
out at 30 ◦C for 24 h, and the pH was controlled at 6.5 with 2 mol·L−1 NaOH solution. At the end
of the reaction, the same volume of ethyl acetate was added to the extract. After centrifugation,
anhydrous sodium sulfate was added to the organic phase to remove water. The conversion
and optical purity of the product were determined by HPLC analysis.

4.5. Optimization of the Catalytic Conditions of E. coli/pET28-K-rbs-G

The initial reaction system was as follows: 100 g·L−1 N-Boc-3-piperidone, 110 g·L−1

D-glucose, 0.1 g·L−1 NADP+, 100 mmol·L−1 PBS buffer and 30 g·L−1 cell-free extract as
the catalyst. The reaction temperature was 30 ◦C, and the pH was controlled at 6.5 with
2 mol·L−1 NaOH solution. Different reaction conditions were optimized according to
the following different gradients: the concentrations of NADP+ were 0, 0.1, 0.2, 0.4 and
0.8 g·L−1; the catalytic temperatures were 25, 30, 35, 40 and 45 ◦C; the reaction pHs were
6.0, 6.5, 7.0, 7.5, 8.0; the glucose concentrations were 90, 110, 130, 150 and 170 g·L−1. Taking
samples at the specified time, the reaction conversions were measured at different NADP+

concentrations, temperatures, pHs and glucose concentrations.

4.6. Asymmetric Reduction Reaction under the Optimized Conditions

The reductive reaction of N-Boc-3-piperidone to prepare (S)-NBHP was catalyzed by
whole cell and cell-free extract of E. coli/pET28-K-rbs-G (coexpression group) and strains
expressing KRED and GDH alone (monoexpression group) at 100 mL scale. The reaction
system was as follows: 100 g·L−1 N-Boc-3-piperidone, 130 g·L−1 D-glucose, 0.2 g·L−1

NADP +, 100 mmol·L−1 PBS buffer (pH = 6.5) and 30 g·L−1 wet cells or cell-free extract
(calculated according to the amount of wet cells) as the catalyst. The activity ratio of
KRED to GDH in the monoexpression group was 1.35:1, which was consistent with that
of E. coli/pET28-K-rbs-G. The reaction temperature was 35 ◦C, and the reaction pH was
controlled at 6.5 by 2 mol·L−1 NaOH solution. Taking samples at the specified time, the
reaction conversion and the optical purity of the product were determined, and other
operations were the same as the above.

4.7. HPLC Detection Method

For the detection of substrate and product concentrations, a TC-C18 reversed-phase
chromatographic column (4.6 × 250 mm, 5 µm, Agilent, Shanghai, China) was used. The
detection wavelength was 210 nm, the mobile phase was 40% acetonitrile aqueous solution
(v/v), the flow rate was 1 mL/min and the column temperature was 30 ◦C. For the optical
purity detection of the product, the chromatographic column was CHIRALPAK IE forward
chromatographic column (4.6× 250 mm, 5 µm, Daicel, Shanghai), the detection wavelength
was 210 nm, the mobile phase was 5% isopropanol hexane solution (v/v), the flow rate was
0.8 mL/min and the column temperature was 30 ◦C.
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