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ABSTRACT: A self-sufficient two-in-one whole-cell biocatalyst combining ketoreductase and cofactor regenerating enzyme
activities has been developed and successfully utilized to synthesize (R)-3-quinuclidinol with an increase in the reaction rate of
3-fold over the native enzymes at low biocatalysts loading (∼1.65%), excellent enantioselectivity, impressive substrate
concentration of 486 g L−1, and high space-time yield of (R)-3-quinuclidinol up to 1505.5 g L−1 d−1, which was the highest ever
reported. These results demonstrated that the newly developed self-sufficient biocatalyst could be useful for synthetic and
industrial application in synthesis of (R)-3-quinuclidinol, essential for the production of solifenacin, revatropate, and aclidinium,
with better clinical outcome than those currently available.
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■ INTRODUCTION

Enantiopure alcohol can be readily derivatized and further
transformed, making it a pivotal building block for synthesis of
various compounds, particularly pharmaceutical products.1−5

(R)-3-quinuclidinol is used to produce many commercially
available drugs such as solifenacin,6 aclidinium bromide,7

revatropate,8 and palonosetron.9 It was noteworthy that
aclidinium bromide and revatropate were approved for treating
chronic obstructive pulmonary disease (COPD) which has
been the fourth leading cause of death and kills more than 3
million people worldwide every year.10 Recently a multicriteria
decision analysis of aclidinium and tiotropium demonstrated
that aclidinium may be preferred for COPD patients.11 So an
efficient method of enantioselective synthesis of (R)-3-
quinuclidinol is still essential, and several chemical and
biochemical routes have been developed via asymmetric
hydrogenation of 3-quinuclidinone using transition-metal
chiral catalysts12,13 or via enzymatic kinetic resolution of
racemic mixtures of (DL)-3-quinuclidinol esters.14 While
impressive, these procedures usually suffer from some
disadvantages including the high cost of chiral metal catalysts,
subsequent removal of trace metals, the oftentimes lengthy
process for screening and synthesis ligand, and the
unsatisfactory ≤50% yield for enzymatic resolution. To
establish a renewable alternative to these chemical processes,
biocatalytic routes to (R)-3-quinuclidinol using wild-type15,16

or engineered microorganisms17−21 have been described. But
most of them proceed at low product titer, even only 2 g/L,
and needed a prolonged conversion time. A notable exception
was the ArQR reductase-catalyzed bioconversion process
established by Zhang et al.,22 which operated at substrate
loading of 242 g/L with 100% conversion, 99% ee, and the
volumetric productivity of 916 g L−1 d−1 after 4.5 h, but the

thermal stability of ArQR was poor,23 and using high dosage of
lyophilized cells as biocatalysts led to an unfavorable substrate/
catalyst ratio.
Considering the high efficiency of the established metal-

mediated hydrogenation as the benchmark,24,25 the biotrans-
formation process not only proceeds at high substrate loadings
in the presence of catalytic amount of cofactor or (preferably)
without addition of cofactor, but also exhibits high stereo-
selectivity, productivity, and yield. Gröger et al.25 described a
biocatalytic reduction reaction via enzyme-coupled strategy
using “Designer Cells” (coexpressing R or S-specific alcohol
dehydrogenase and GDH) without addition of external
cofactor (or only in very small amounts in exceptional cases)
to furnish a broad range of R and S-alcohols at substrate
concentrations of >100 g/L using about 50 g/L cell dosage.
Kataoka et al.26,27 employed E. coli BL21(DE3) transformant
cells coexpressing carbonyl reductase (S1) and GDH to
catalyze the biotransformation of ethyl 4-chloro-3-oxobuta-
noate (COBE) to ethyl (S)-4-chloro-3-hydroxy-butanoate
((S)-CHBE) at substrate concentrations of 500 g/L with
addition of 0.167 mM NADP+ in a biphasic solvent system,
affording 85% molar yield and 100% ee after 34 h reaction.
Recently, Xu et al.28 also described a substrate-coupled method
for the production of (S)-CHBE, which proceeded at 3 M of
COBE in a biphasic system using 140 g/L cell dosage with
addition of 0.4 mM NADP+, and 90% yield and 99% ee were
obtained after 10 h reaction. Although these biocatalytic
processes proceeded at relatively high substrate loading, most
of them did not fulfill these requirements noted above, and a
considerable number of issues remained, including the use of
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two separate enzymes, more expensive cofactor NADP+, and
large amount of organic solvent, poor biocatalytic efficiency,
therefore resulting in a prolonged conversion time. Over-
coming these issues to obtain high product titer, productivity,
and yield is still a formidable challenge.
As an alternative to using two separate enzymes and further

improving catalytic efficiency, an artificial bifunctional enzyme
can be constructed whereby two distant genetic elements are
connected by a short linker sequence to yield a single
polypeptide with two active sites.29 The close proximity of the
active centers in the bifunctional enzyme can reduce transfer
distance of intermediates and increase the probability that a
intermediate undergoes a sequential reaction step before
diffusing into the bulk, therefore leading to the improvement
of catalytic efficiency by 1−2 orders of magnitude over the free
subunit.30−33 For example, Iturrate et al.33 constructed a
bifunctional aldolase/kinase enzyme which exhibited an
improved biocatalytic efficiency and a 20-fold increase in the
reaction rate over the parent enzymes. Daniel et al.34 has also
demonstrated that genetically fusing Baeyer−Villiger mono-
oxygenases with phosphite dehydrogenase make it a valuable
tool for cofactor regeneration. More importantly, this method
can reduce the number of enzymes which participate in the
bioconversion reaction and avoid the purification of enzyme
which is thought to be technically and economically
challenging.33,35 Due to these potential advantages, bifunc-
tional enzymes have been utilized to synthesize chiral
alcohol.36−39 However, one disadvantage of formate dehydro-
genase (FDH) used for the cofactor regeneration is that it is
less active, less stable, and recycles only NAD+.

Herein, we created a highly efficient bifunctional enzyme
which exhibited good catalytic activities for (R)-3-quinuclidi-
nol synthesis and cofactor regeneration of great capacity in the
same polypeptide chain (Scheme 1b), and further simplified
the biocatalytic behavior of the conventional enzyme-coupled
process (Scheme 1a). This method may be useful for designing
an all-purpose tailor-made self-sufficient two-in-one biocatalyst
for the desired asymmetric reduction reactions requiring
cofactor regeneration such as CO and CC bond
reductions, reductive aminations, and so on at high substrate
loading.

■ RESULTS AND DISCUSSION
Expression and Purification of Recombinant En-

zymes. To start, we chose 3-Quinuclidinone Reductases
(MlQR) from Microbacterium luteolum and GDH from Bacillus
megaterium to engineer bifunctional enzymes by a flexible
linker sequence (GGGGS),40 namely, MLG and GLM (each
arranged from N- to C-terminus). The constructed plasmids
pET28a-MlQR, pET28a-GDH, pET28a-MLG, and pET28-
GLM were respectively transformed to the host strains E. coli
BL21(DE3). Each recombinant enzyme was successfully
overexpressed in soluble form. The apparent molecular weight
of MLG and GLM was estimated to be about 56 kDa,
consisting of MlQR (∼26 kDa), GDH (∼28 kDa), the linker
(∼0.4 kDa) and the His6 tag (∼0.9 kDa) as judged from SDS-
PAGE analysis (Figure 1a). E. coli cells expressing correspond-
ing enzyme were respectively denoted as E. coli-MlQR, E. coli-
GDH, E. coli-MLG, and E. coli-GLM, and directly employed
for bioconversion process. Initial screening experiments
suggested that both E. coli-MLG and E. coli-GLM exhibited

Scheme 1. (a) Enzyme-Coupled and (b) Bifunctional Enzyme-Mediated Biocatalytic Process for 3-Quinuclidinone
Bioconversion and Cofactor Regeneration

Figure 1. SDS-PAGE analysis of MlQR, GDH, MLG, and GLM expression and purification. (a) Expression, Lane M, protein molecular weight
markers; Lane 1−4, Lane 5−8, Lane 9−12, and Lane 13−15, the E. coli cells inducted before and after with 0.2 mM IPTG for 36 h, the lysate
supernatant and precipitate for E. coli-MlQR, E. coli-GDH, E. coli-MLG, and E. coli-GLM, respectively. (b) Purification, Lane 1−2, the lysate
supernatant and flow-through fractions, Lane 3, washing-step fractions, Lane 4−6/7/5, elution-step fractions for E. coli-MlQR, E. coli-GDH, E. coli-
MLG, and E. coli-GLM, respectively.
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higher biocatalytic activity toward 3-quinuclidinone than a
combination of the two native enzymes (E. coli-MlQR and
E. coli-GDH). And among the two bifunctional fusion
enzymes, the E. coli-MLG displayed much better catalytic
activity (see the Supporting Information, Table S1), and
therefore was purified by single-step Ni2+ affinity chromatog-
raphy (Figure 1b). The purified MLG was identified by Triple-
TOF LC−MS, the peptide fragments were well matched with
the target enzyme, further verifying that the bifunctional
enzyme had the MLG expected features. The peptides
identified can be collated, represented as a list of monoisotopic
MW covering the major part of the amino acid sequence of
MLG (see the Supporting Information, Figure S1−S2).
Activity Assays. To investigate the influence of pH and

temperature on ketoreductase activity and cofactor regenerat-
ing enzyme activity in the bifunctional enzyme MLG, the
enzyme MLG was incubated in PBS of 100 mM with different

pH at 25 °C. After 0.5 h, the enzyme activity was measured. As
can be seen from Figure 2a, ketoreductase (MlQR) in the
bifunctional enzyme MLG had the highest activity at pH 7.0,
while cofactor regenerating enzyme (GDH) in the MLG
presented a better pH tolerance ranging from 5.0 to 8.0
(Figure 2b). In the temperature stability experiments, the
enzyme MLG was incubated in a preheated water bath at
different temperatures (20−50 °C) and pH 7.0. As shown in
Figure 2c and 2d, the ketoreductase in the bifunctional enzyme
MLG exhibited a good temperature tolerance in the range of
25−35 °C. The activity of cofactor regenerating enzyme in the
MLG was good at 25−30 °C, and the activity decreased
significantly with increase in temperature.
Activity assays suggested that the enzyme MLG retained

both activities with 3678 U/g for ketoreductase and 5070 U/g
for cofactor regenerating enzyme, and the MlQR and GDH

Figure 2. Effects of pH and temperature on the activity of ketoreductase (a, c) and cofactor regenerating enzyme (b, d) in the bifunctional enzyme
MLG, respectively.

Figure 3. Thermostability of bifunctional enzyme MLG according to the determination of the activity of ketoreductase (a) and cofactor
regenerating enzyme (b) in the MLG.
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domains in the bifunctional enzyme exhibited similar thermo-
stabilities to the native enzymes (Figure 3).
Steady-State Kinetic Assays. Steady-state kinetic analysis

of the catalytic activities of ketoreductase and cofactor
regenerating enzyme in the bifunctional enzyme MLG revealed
that the fusion of GDH with MlQR did not significantly affect
either Km or Kcat of GDH subunits in the MLG (Table 1, and
see the Supporting Information Figure S3). However, both
constants were modified for MlQR subunits activity. The Kcat
decrease of 3.5 times and the Km increase resulted in a loss of
Kcat/Km of MlQR subunits activity in the MLG of about 1
order of magnitude. The decrease in catalytic activities may be
mainly due to the fact that some active sites of MlQR subunits
in the MLG were inaccessible for 3-quinuclidinone. However,
the observed kinetic parameters allow its use in 3-
quinuclidinone bioconversion.
Proximity Effect Study. To investigate the proximity

effect, two sets of biotransformation reactions were con-
currently performed according to the process shown in Scheme
1. Remarkably, the overall rate of 3-quinuclidinone bio-
conversion catalyzed by E. coli-MLG was about 3 fold higher
than that by the combination of E. coli-MlQR and E. coli-GDH
(Figure 4), demonstrating that the catalytic activities of MlQR

and GDH in vivo were not impaired by the fusion, which was
significantly important for preparative applications. The result
could be attributed to the close proximity of the active sites in
the fusion enzyme MLG. When the bioconversion was
implemented by coupling two strains (Scheme 1a), the high
mass transfer resistance resulted in the low catalytic efficiency,
and the biocatalytic process was generally too complex for
industrial application. However, when the process was
performed in a single strain (Scheme 1b), a lower transit
time which the cofactors produced by GDH subunits in MLG
reached the MlQR active sites in MLG, and higher local

concentration of cofactors significantly reduced mass transfer
problem and increased the probability of cofactors undergoing
subsequent bioconversion before escaping by diffusion.31,33

Synthetic Application of the Self-Sufficient Whole-
Cell Biocatalysts. A robust and efficient biocatalyst should
show good biocatalytic performance. Therefore, the bio-
conversion reaction conditions including pH, temperature,
the mole ratio of glucose to substrate, and cofactor
concentration were first optimized. As shown in Figure 5,
the optimum reaction conditions were 7.0, 30 °C, 1.5, and 0.2
mM, respectively. To further assess the catalytic performance
of the self-sufficient whole-cell biocatalysts, all of the
biotransformation reaction was performed in optimized
reaction conditions in aqueous buffer solution. It was found
that the conversion reaction proceeded highly efficiently at a
substrate concentration of 81 g/L in the presence of very small
amounts of cofactor providing the desired (R)-3-quinuclidinol
with 100% conversion and an enantioselectivity of 100% ee
(Table 2, entry 1) after 0.5 h, suggesting that the self-sufficient
biocatalysts had good catalytic activity for 3-quinuclidinone.
The substrate loading was then increased to 162 g/L under the
same reaction conditions; the transformation was completed
easily within 1.5 h (Table 2, entry 2). In a progressive manner,
243 g/L substrates which reached to the highest substrate
loading ever reported22 were added, still affording the desired
product with a conversion of 100% and 100% ee at 2.5 h
(Table 2, entry 3). When the biocatalysts reduced by half, the
substrate was still completely reduced to afford 100% ee and
>99% conversion within 5.5 h (Table 2, entry 4). Further
reaction was performed at constant substrate without any
external cofactor, and only 61% conversion was obtained even
if the reaction time prolonged to 24 h (Table 2, entry 5). Our
observation that the internal cofactor of the E. coli cells was
insufficient for high substrate loading suggested that the
amount of the cofactor should at least allow their use in
catalytic instead of stoichiometric quantities. So a sufficient
supply of cofactor in the same biocatalysts was a prerequisite
for true preparative applications.
Then the reaction proceeded at 324 g/L of substrate, and

still 100% substrate was converted to the product within 3.5 h
with 100% ee (Table 2, entry 6). A bold attempt was made to
proceed at impressive substrate loading (486 g/L) in the
presence of 0.2 mM cofactor. Remarkably, the biotransforma-
tion of substrate still reached 100% in less than 5.5 h (Table 2,
entry 7). The space-time yield (sty) of (R)-3-quinuclidinol and
the total turnover number (TTN) respectively reached 1505.5
g L−1 d−1 and 15 000, which were the highest ever reported
(Table 3). The time course of bioconversion demonstrated
that faster bioconversion rate was achieved with increasing the
amount of cofactor or biocatalysts used (Figure 6). To adapt
biocatalysis, whether it uses whole cells or isolated enzymes,
for industrial production, it should meets or exceeds these
targets: ≥100 g/L substrate loading, ≥98% conversion, ≥99%
ee, ≤5g/L biocatalyst loading, and ≤24 h of reaction time.41

Table 1. Summary of the Kinetic Constants of the Native Enzymes and Bifunctional Enzyme MLG

MLG

RrQR QNR BacC DnTR1 ArQR MlQR GDH MlQR GDH

Km (mM) 145 6.5 13.8 8.71 0.4 3.54 0.65 12.06 1.62
Kcat/Km (S−1 mM−1) n.da 5.6 0.08 0.0032 290 4.59 3.92 0.39 6.08
ref. 17 19 19 16 22 this study

an.d = not determined.

Figure 4. Asymmetric synthesis of (R)-3-quinuclidinol catalyzed by
self-sufficient whole-cell E. coli-MLG or a combination of E. coli-
MlQR and E. coli-GDH. The slopes of the straight lines represent the
overall rate of (R)-3-quinuclidinol formation.
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Strikingly, even if the amount of the cofactor was reduced by
half (Table 2, entry 8) compared with that of previous batch,
still giving 100% conversion and 100% ee within 8.5 h. The sty
of (R)-3-quinuclidinol still reached 974.2 g L−1 d−1. Obviously,
this biocatalytic process has well fulfilled these requirements.41

In addition, the self-sufficient biocatalysts could be lyophilized
and conveniently stored at −20 °C for months without
significant activity loss, which was beneficial for long storage

(see the Supporting Information, Figure S4). GC analysis was
used to determine the ee value of the product (see the
Supporting Information, Figure S5). 1H NMR and 13C NMR
spectrum further confirmed the results (see the Supporting
Information, Figure S6−S7).

Figure 5. Influence of pH (a), temperature (b), the mole ratio of glucose to substrate (c), and cofactor concentration (d) on the catalytic
performance of self-sufficient whole-cell biocatalysts.

Table 2. Asymmetric Reduction of 3-Quinuclidinone Using
Whole-Cell Self-Sufficient Biocatalysts

entry
substrate
(g/L)

cells
(g/L)

NAD+

(mM)
NADH
(mM)

time
(h)

conversion
(%)

ee
(%)

1 81 8.0 0.1 0.1 0.5 100 100
2 162 8.0 0.1 0.1 1.5 100 100
3 243 8.0 0.1 0.1 2.5 100 100
4 243 4.0 0.1 0.1 5.5 >99 100
5 243 8.0 0.0 0.0 24 61 100
6 324 8.0 0.1 0.1 3.5 100 100
7 486 8.0 0.1 0.1 5.5 100 100
8 486 8.0 0.05 0.05 8.5 100 100

Table 3. Comparison of Self-Sufficient Whole-Cell Biocatalyst E. coli-MLG with Other 3-Quinuclidinone Reductase

substrate (g/L) cells (g/L) cofactor time (h) conversion (%) ee (%) sty (g L−1 d−1) ref.

RrQR 100 15 NADPH 21 100 >99.9 90a 17
QNR 51 n.d.b NADH 12 100 >99.9 80a 19
BacC 51 n.d.b NADH 12 94 >99.9 75a 19
ADHs variant 113 n.d.b NADH 22 89 >99 n.d.b 20
WY1202 cell 16 85 n.d.b 48 95.3 >99 6a 15
Mucor piriformis 2.0 n.d.b n.d.b 288 73 96 n.d.b 16
ArQR 242 10 NADH 4.5 100 >99.9 916 22
MLG 486 8 NADH 5.5 100 100 1505.5 this study

aData taken from ref 22. bNot determined.

Figure 6. Time course of biotransformation of 3-quinuclidinone by
self-sufficient whole-cell biocatalyst in the presence of cofactor and 1.5
equiv glucose at pH 7.0.
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Large-Scale Synthesis of (R)-3-Quinuclidinol by the
Self-Sufficient Whole-Cell Biocatalysts. The high substrate
loading, enantioselectivities and conversion along with the
short transformation period allowed a fast scale-up of the
biocatalytic process. We conducted the bioconversion of 3-
quinuclidinone on a 10 L scale at a substrate concentration of
3.0 M in the presence of the catalytic quantities of cofactor. A
conversion of 100%, isolated yield of about 91% and >99.8% ee
in good agreement with the previously reported results22 were
obtained after about 6 h at 8 g/L of dry biomass. The
scalability of the self-sufficient biocatalyst demonstrated
promising potential for large-scale synthesis of (R)-3-
quinuclidinol.

■ CONCLUSIONS

In summary, we have devised a practical biocatalytic reduction
system suitable for (R)-3-quinuclidinol synthesis in aqueous
reaction medium and that proceeds at impressive substrate
loading. The established method might be useful as an all-
purpose biocatalyst for asymmetric reduction reactions
requiring cofactor regeneration such as CO and CC
bond reductions, reductive amination reactions, and so on.
Now, we are further optimizing the catalytic efficiency of the
newly developed self-sufficient whole-cell biocatalysts for final
application in the large-scale synthesis of (R)-3-quinuclidinol,
essential for production of solifenacin, palonosetron, reva-
tropate, and aclidinium, with better clinical outcome than
those currently available.

■ MATERIALS AND METHODS

Materials. All the recombinant plasmids were provided by
Taihe (Beijing, China). Complete His-Tag Purification Resin
was supplied by Roche Diagnostics GmbH (Mannheim,
Germany). Competent E. coli BL21 (DE3) was purchased
from Tiangen (Beijing, China). Pageruler prestained protein
ladder was purchased from Thermo Fisher Scientific
(Waltham, USA). Reagents used for sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) analysis and
other commercial chemicals were the highest purity available
and from Sigma (Shanghai, China) Ultrapure water used for
the throughout experimental study was from Millipore system
(Bedford, USA).
Expression and Purification of Recombinant Enzyme.

3-Quinuclidinone reductases (MlQR) from Microbacterium
luteolum and glucose dehydrogenase (GDH) from Bacillus
megaterium were chosen to construct the bifunctional enzymes,
namely, MLG (linked at C-terminal of MlQR with N-terminal
of GDH) and GLM (linked at N-terminal of MlQR with C-
terminal of GDH), by a flexible linker sequence (GGGGS).40

The parent genes mlqr and gdh, fused genes mlg and glm, were
linked to expression plasmid pET28a, respectively. The
recombinant plasmid named as pET28a-MlQR, pET28a-
GDH, pET28a-MLG, and pET28-GLM were respectively
transformed into competent E. coli BL21 (DE3) cells. A colony
was cultured in 5 mL of Luria−Bertani (LB) broth (1%
tryptone, 0.5% yeast extract, 1% NaCl) with 100 μg/mL of
kanamycin with shaking at 37 °C overnight. The seed culture
was then inoculated into 200 mL LB medium containing 100
μg/mL kanamycin and grown at 37 °C until OD600 reached
0.6. Then enzyme expression was induced with 0.2 mM IPTG
(isopropyl β-D-thiogalactoside) at 20 °C for further 36 h. After
that, the culture was centrifuged at 10 000 rpm during 10 min

at 4 °C and washed with ice phosphate buffered saline (PBS)
buffer. The resulting pellet was directly used or frozen at −20
°C or treated with lysozyme and DNase for purification and
activity test.

Recombinant Enzyme Analysis. Recombinant enzyme-
tagged with 6× His was purified by His-Tag Resin. Typically, 2
mL of native lysate were incubated for 2 h with 0.5 mL of Ni2+

resin pre-equilibrated with buffer A (150 mM NaCl, 50 mM
Tris-HCl, pH8, 2 mM DTT) containing 10 mM imidazole
with shaking. Unbound material was washed off with buffer A
and the adsorbed-enzyme was eluted with the same buffer
supplemented with an increasing gradient of imidazole from
100 to 500 mM. The bands on stained SDS-PAGE gels
corresponding to the putative MLG were carefully excised,
destained, and digested at 37 °C with trypsin overnight.
Peptide mass fingerprint assays were performed by Triple-TOF
5600 LC−MS analysis system (ABSCIEX, USA) at Chongqing
Medical University, Chongqing, China. Data were analyzed
with the online tool Peptide Mass (http://web.expasy.org/
peptide_mass/).
SDS-PAGE was performed using 12% and 5% acrylamide in

the resolving and stacking gels, respectively, and gels were
stained with Coomassie brilliant blue R-250.

Enzyme Activity Test. Bradford protein assay was
performed to determine the enzyme concentration using
bovine serum albumin as a standard.42

Enzyme activity was spectrophotometrically measured at
room temperature by monitoring the absorbance at 340 nm
(εNADH

340 = 6220 M−1 cm−1) corresponding to the change in
NADH concentration by adding the substrate 3-quinuclidi-
none (10 μmol) or glucose (3 μmol), a coenzyme NADH (0.1
μmol) or NAD+ (0.1 μmol), and an appropriate amount of
enzymes (MlQR, GDH, and the bifunctional enzymes) to 100
mM PBS (pH7.0) in a total volume of 1 mL according to the
previously reported method.19,43 The rate of absorbance
decrease or increase is proportional to the enzyme activity
(U) for reduction of 3-quinuclidinone to corresponding (R)-3-
quinuclidinol or oxidation of glucose to gluconate.

Influences of pH and Temperature on the Enzyme
Activity and Stability. The optimum pH and temperature
were investigated at different pH ranging from 3.0 to 10.0 at 25
°C, different temperatures in the range of 20−50 °C at pH 7.0
using standard activity assays. The thermostability of bifunc-
tional enzyme MLG was assayed by incubating in PBS (pH7.0)
at varied temperatures (4, 25, 30, 40, and 50 °C) for 24 h.
During this period, samples were withdrawn, and the residual
activity was assayed under standard conditions.

Steady-State Kinetic Assays. Steady-state kinetic assays
with MLG were determined in 6-well plates in a total volume
of 1.0 mL at 25 °C. Measurements of kinetic parameters for
MLG were carried out at different substrate concentrations.
The catalytic constant (kcat) is the result of dividing the Vmax by
the molar concentration of enzyme.

Proximity Effect Study. To investigate the influence of
proximity effect on biotransformation reaction, the rate of
biotransformation reaction mediated by a combination of
whole-cells E. coli-MlQR and E. coli-GDH or self-sufficient
whole-cell biocatalysts E. coli-MLG was determined and
compared under the same conditions. In both cases, 1.8 U
of ketoreductase activity (MlQR) and 2.5 U of cofactor
regenerating enzyme activity (GDH) were used. A slightly
higher amount of MLG in terms of mg of protein was used to
fit the U of activity. Thus, 0.55 mg of MLG was utilized by a
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total of 4.7 U for the sum of ketoreductase activity in MLG
(2.0 U) and cofactor regenerating enzyme activity in MLG
(2.7 U). The reactions were carried out at 30 °C in 10 mL of
PBS (100 mM, pH 7.0) containing 0.5 mmol of 3-
quinuclidinone·HCl, 0.75 mmol of D-glucose, 0.1 mM NAD+,
and 0.1 mM NADH, and an appropriate amount of lyophilized
cells. At different time, 100 μL aliquots were withdrawn to
quantify the formed (R)-3-quinuclidinol by GC analysis.
Synthetic Application of the Self-Sufficient Whole-

Cell Biocatalysts. To fully display catalytic performance of
self-sufficient whole-cell biocatalysts, the bioconversion reac-
tion conditions including pH ranging from 5.0 to 9.0,
temperature ranging from 20 to 60 °C, the mole ratio of
glucose to substrate in the range of 0.5−2.5, cofactor
concentration ranging from 0.1 to 0.4 mM, and the substrate
concentration (81−486 g/L) were first optimized. The
influence of long-period storage on biocatalysts activity was
also studied. Typical biotransformation reaction catalyzed by
the whole-cell self-sufficient biocatalysts was carried out in 10.0
mL of PBS (100 mM, pH 7.0) containing 0.81 g 3-
quinuclidinone, 1.2 g glucose, 0.1 mM NAD+, 0.1 mM
NADH, and 0.08 g of lyophilized cells as biocatalysts with
continuous shaking at 125 rpm. After the biotransformation
completed, the pH value of the resulting reaction mixture was
adjusted 12.0. The product was extracted twice with n-butanol,
and the organic layer was thoroughly dried with anhydrous
Na2SO4. Then the solution was analyzed by GC as described
below.
Biotransformation at 10 L Scale. The biotransformations

were carried out at 30 °C, and pH at 7−8 was maintained by
adding 5 M NaOH with a mechanical stirrer. 3-Quinuclidi-
none·HCl (3 M, 4860 g), glucose (4.5 M, 8100 g), cofactor
(0.2 mM, 1.33 g), and lyophilized cells (8.0 g/L) were mixed
in a total of 10 L PBS (100 mM, pH 7.0).
Product Isolation. Product isolation was carried out as

described previously22,44 with slight modifications. Briefly, after
6 h, 400 g trifluoroacetic acid was added to the reaction
mixture and then heated until boiling. The boiled mixture was
cooled to room temperature followed by filtrating with the aid
of active carbon to remove proteins. The filtrate was pH
adjusted to 12.0 with NaOH, concentrated, and extracted three
times with an equal volume of n-butanol. The combined
organic phases of three n-butanol extractions were concen-
trated. After azeotropic dehydration by the cycle of addition of
about 28 L toluene, the formed (R)-3-quinuclidinol product
was completely dissolved at 90 °C in toluene, followed by
heating filtration to remove the residual inorganic salts. About
3430 g of white (R)-3-quinuclidinol crystals were obtained by
cooling, collecting, and drying the filtrate under vacuum
reaction.
Analytical Procedures. 1H and 13C NMR spectra were

recorded on Bruker Ascend III HD (600 MHz) using CHCl3
as solvent. Enantiomeric excess (ee) was determined according
to the previously reported method,43,45 on a Clarus 580 GC
system (PerkinElmer, USA) equipped with a chiral capillary
column (HYDRODEX-β-6-TBDM, 25 m × 0.25 mm × 0.25
μm, Macherey−Nagel) and flame-ionization detector with
injector and detector at 220 and 250 °C, respectively, and
column temperature at 180 °C. The space-time yield (sty) was
calculated according to the following equation.

=
× × ×

× ×
‐

‐ ·

m M C Y

M V D
sty 3 quinuclidinol

3 quinuclidinone HCl (1)

m: substrate weight, M: molecular weight, C: conversion yield,
Y: total yield of biotransformation reaction, V: total volume of
biotransformation reaction, D: time of biotransformation
reaction.
The total turnover number (TTN) were calculated by

= ‐m

m
TTN

(mol)

(mol)
3 quinuclidinol

cofactor (2)
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