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a  b  s  t  r  a  c  t

The  blockbuster  antidepressant  drug  duloxetine  contains  one  stereo-center  derived  from  chiral  alco-
hol  intermediates.  The  stereoselective  bioreductive  production  of  five  of  such  intermediates  could  be
achieved  using  the  recombinant  ketoreductase  ChKRED15,  yielding  the enantiopure  (S)-alcohols  with
>99%  ee.  Sequence  alignment  indicated  that  ChKRED15  lacks  the  conserved  G-rich  motif,  which  was  then
amended  by  a single  mutation  of  S12G.  The  resulting  S12G  mutant  displayed  significantly  improved
eywords:
ioreduction
hiral alcohol
etoreductase
hort-chain dehydrogenase/reductase

catalytic  activity  and  protein  stability.  When  coupled  with  a cofactor  recycling  system,  the  S12G  mutant
was  able  to catalyze  the  complete  conversion  of ethyl  3-oxo-3-(thiophen-2-yl)propanoate  within  6  h  and
N-methyl-3-oxo-3-(thiophen-2-yl)propanamide  within  24  h at substrate  concentrations  of  10  and  50  g/l,
respectively,  without  the compromise  of  enantioselectivity.

© 2015  Elsevier  B.V.  All  rights  reserved.

uloxetine

. Introduction

Ketoreductases are an abundant group of oxidoreductases that
atalyzes the stereoselective reduction of ketones. The bioreduc-
ion serves as a powerful approach for the production of optically
ctive alcohols, which are widely used as fundamental interme-
iates for pharmaceuticals, agrochemicals and other products with
hiral centers [1–6]. With the increased availability of recombinant
etoreductases, industrial-scale processes using cell-free enzymes
oupled with efficient recycling systems have been developed
apidly in the past decade, which provides high volumetric pro-
uctivity, excellent stereoselectivity, absence of side reactions and
ther economic advantages [7–12].

Duloxetine is a blockbuster antidepressant drug that contains
ne stereo-center derived from a chiral alcohol intermedi-
te. Only the (S)-enantiomer is pharmaceutically active for the
reatment of anxiety, diabetes-related pain, fibromyalgia and
hronic musculoskeletal pain, including lower back pain and

steoarthritis [13–15]. According to the retrosynthetic strategy,
everal chiral alcohol precursors act as the key intermedi-
te for (S)-duloxetine [16], which could be achieved by direct

∗ Corresponding author at: Chengdu Institute of Biology, Chinese Academy of
ciences, 9 South Renmin Road, 4th Section, Chengdu, Sichuan 610041, China.
el.: +86 28 82890434; fax: +86 28 82890434.

E-mail address: wuzhl@cib.ac.cn (Z.-L. Wu).

ttp://dx.doi.org/10.1016/j.molcatb.2015.01.008
381-1177/© 2015 Elsevier B.V. All rights reserved.
asymmetric reduction of the corresponding ketones (Fig. 1). How-
ever, catalytic systems developed by synthetic chemists only
yield the product with moderate enantiomeric excesses (ee) of
80–88%, and additionally carry the risk of metal contamination
[13,14,17,18]. Therefore, the predominant approach to date is via
the resolution-racemization-recycle synthesis from racemic N,N-
dimethyl-3-hydroxy-3-(2-thienyl)-1-propanamine (DHTP, 2b) or
N-methyl-3-hydroxy-3-(2-thienyl)-1-propanamine (MHTP, 1b) to
form the corresponding (S)-enantiomer, which involves multiple
reaction steps and stoichiometric amount of (S)-mandelic acid as
the resolution reagent [19].

On the other hand, biocatalytic asymmetric reductions involv-
ing ketoreductases often lead to excellent stereoselectivity. It has
been reported that intermediates (S)-2b and (S)-6b can be achieved
with >99% ee using the whole cells of Candida tropicalis [20] and
Rhodotorula glutinis [16], respectively, and (S)-3b and (S)-5b with
98% ee using isolated ketoreductases from Exiguobacterium sp. [21]
and Thermoanaerobacter sp. [22], respectively. The use of isolated
ketoreductases avoids side reactions, which would greatly facili-
tate the scale-up with high volumetric productivity. However, the
isolated ketoreductases typically tolerate a low substrate concen-
tration of 5–10 mM [22]. For substrate 3a,  a substrate concentration
of 50 mM (9.9 g/l) has been reported using the Exiguobacterium sp.

F42 ketoreductase expressed in Escherichia coli to achieve 80% prod-
uct yield (>98% ee) in 6 h [21].

Here, we  report a recombinant ketoreductase ChKRED15 iden-
tified from the genome of Chryseobacterium sp. CA49 [23,24] that

dx.doi.org/10.1016/j.molcatb.2015.01.008
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcatb.2015.01.008&domain=pdf
mailto:wuzhl@cib.ac.cn
dx.doi.org/10.1016/j.molcatb.2015.01.008
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Fig. 1. Key intermediates of (S)-duloxetine derived from ketone reduction. MOTP, N-methyl-3-oxo-(2-thienyl)-1-propanamine (1a); MHTP, N-methyl-3-hydroxy-(2-thienyl)-
1-propanamine (1b); DOTP, N,N-dimethyl-3-oxo-(2-thienyl)-1-propanamine (2a); DHTP, N,N-dimethyl-3-hydroxy-(2-thienyl)-1-propanamine (2b); KEES, ethyl 3-oxo-3-
(thiophen-2-yl)propanoate (3a); HEES, (S)-ethyl 3-hydroxy-3-(thiophen-2-yl)propanoate (3b); KMES, methyl 3-oxo-3-(thiophen-2-yl)propanoate (4a); HMES, (S)-methyl
3-hydroxy-3-(thiophen-2-yl)propanoate (4b); CTP, 3-chloro-1-(thiophen-2-yl)propan-1-one (5a); CTPO, (S)-3-chloro-1-(thiophen-2-yl)propan-1-ol (5b); MOTPA, N-methyl-
3-oxo-3-(thiophen-2-yl)propanamide (6a); MHTPA, (S)-N-methyl-3-hydroxy-3-(2-thienyl)propionamide (6b); KTPN, 3-oxo-3-(thiophen-2-yl)propanenitrile (7a); HTPN,
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S)-3-hydroxy-3-(thiophen-2-yl)propanenitrile (7b).

an catalyze the bioreductive production of several chiral alcohol
recursors as the key intermediate for (S)-duloxetine with excel-

ent enantioselectivity (>99% ee). Up to 50 g/l substrate of 6a could
e reduced to completion within one day using the S12G mutant
f ChKRED15.

. Materials and methods

.1. General

2-Acetylthiophene and substrate 7a was purchased from Alfa-
esar (Tianjin, China). Substrates 3a,  4a and 6a were synthesized

rom 2-acetylthiophene following established methods [25,26].
ubstrate 5a was synthesized from thiophene following estab-
ished methods [27]. All racemic alcohols were prepared following
iterature methods [26,27]. NADH, NADPH, NADP+, isopropyl
-d-1-thiogalactopyranoside (IPTG), and glucose dehydrogenase

GDH) were purchased from Sigma (St. Louis, USA). Restriction
nzymes and T4 DNA ligase were purchased from New England
iolabs (Beverly, MA,  USA). All other reagents were obtained

rom general commercial suppliers and used without further
urification.

1H NMR  spectra were recorded on a Brucker-600 (600/150 MHz)
pectrometer in CDCl3. All signals are expressed as ppm down field
rom tetramethylsilane. Optical rotations were measured with a
erkin Elmer 341 polarimeter at temperatures that allowed better
omparison of the measured values with those reported in the liter-
tures. HPLC was conducted with a Shimadzu Prominence LC-20AD
ystem connected to a PDA-detector. The conversion rates were
etermined on an Inertsil SIL-100A HPLC column (4.6 nm × 250 nm,
L Sciences Inc., Japan), and the optical purities were determined
n Daicel OJ-H (6b and 7b),  Chiralcel OD-H (3b and 5b) and Chiral-
el AD-H (4b) columns (4.6 mm × 250 mm,  Daicel, Japan) at 35 ◦C
ith n-hexane/2-propanol as the mobile phase (90/10 for 3b and

b, 97/3 for 4b and 5b,  80/20 for 7b,  v/v) at a flow rate of 1 ml/min
3b and 7b), or 0.8 ml/min (4b and 5b)  or 0.5 ml/min (6b).

.2. Construction of plasmids encoding ChKRED15 and S12G
utant

The strain Chryseobacterium sp. CA49 was deposited at the China

enter for Type Culture Collection (Wuhan, China) under the acqui-
ition number CCTCC M 2012484. The DNA fragment encoding
etoreductase ChKRED15 (GenBank accession no. KC342015) was
mplified from the genomic DNA of Chryseobacterium sp. CA49 [23]
using the following primers: 5′-GAATTC ATG AAA ACA GTA TTA ATT
ACA GGC GCC-3′ and 5′-AAGCTT CTA CCA CGG ACT GAT TCC GGT
TTC ATC-3′; and ligated into pMD19-Tvector with restriction sites
of EcoR I and Hind III. The resulting plasmids verified by sequenc-
ing were subcloned into pET28a (+) plasmid using the EcoR I and
Hind III restriction sites to achieve the expression plasmid pET28a-
chkred15.

Site-directed mutagenesis was  performed with the Quikchange
Mutagenesis Kit (Stratagene, La Jolla, CA, USA) following the
manufacturer’s protocol using the plasmid pET28a-chkred15 as
the template with the following primers: 5′-ACAGGCGCCAA-
CAGAGGTATTGGCCTTGAAACC-3′ and 5′-GGTTTCAAGGCCAATAC-
CTCTGTTGGCGCCTGT-3′. The successful introduction of the desired
mutations was  confirmed by DNA sequencing at Shanghai Invitro-
gen Life Technologies.

2.3. Expression and purification of the wild-type and mutant
ChKRED15

The recombinant plasmids were transformed into E. coli BL21
(DE3) cells for protein expression. Single colonies were grown
overnight at 37 ◦C in Luria-Bertani (LB) medium containing 50 �g
kanamycin/ml. Two  milliliters of overnight culture was then inoc-
ulated into 200 ml  of LB medium containing 50 �g kanamycin/ml.
IPTG was  added at a final concentration of 1 mM when OD600
of the culture reached 0.6, and the cultivation was  continued at
30 ◦C for 5 h. Cells were harvested by centrifugation, washed twice
using 20 mM sodium phosphate buffer (pH 8.0), and resuspended
in buffer A (20 mM sodium phosphate buffer, 500 mM NaCl and
10 mM imidazole, pH 8.0).

After disruption with a high-pressure homogenizer (ATS-
AH100B, ATS Engineering Inc., Canada), the cell debris was  removed
by centrifugation at 2 × 104 g for 25 min  at 4 ◦C. The resulting super-
natant can be directly used as crude enzyme extracts or lyophilized
to provide a dry powder of the crude enzyme. For purification,
it was  loaded onto Ni2+-nitrilotriacetic acid columns (Bio-Rad)
equilibrated with buffer A. The enzyme was  eluted with buffer A
containing a gradient of imidazole ranging from 10 to 500 mM  at
a flow rate of 1 ml/min. The fractions containing the target protein
were collected and dialyzed against 20 mM potassium phosphate
buffer (pH 7.0). Purified enzymes were analyzed by SDS-PAGE and

used for enzymatic assays. Protein estimations were carried out
with a commercial BCA Protein Assay kit with bovine serum albu-
min  as a standard (Tiangen, Beijing, China). The purified enzyme
solution and lyophilized powder were stored at −80 ◦C.
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in GenBank by using the BLASTp program. Several hypothetical
proteins were found to share maximal identities of around 90%
with ChKRED15, such as the predicted short-chain dehydroge-
nases from Chryseobacterium hispalense (WP  029294226.1), and

Fig. 2. Bioreduction of different substrates catalyzed with the wild-type ChKRED15.
8 Z.-Q. Ren et al. / Journal of Molecular

.4. Measurement of enzyme activity

All reactions were performed in triplicate using purified
nzymes. The reaction mixture containing 10 mM substrate 6a,
0 mM NADPH and 0.1 mg  enzyme in 1 ml  potassium phosphate
uffer (100 mM,  pH 8.0) was incubated at 30 ◦C for 30 min. The
eaction was terminated by extraction with ethyl acetate, and the
onversion rate and optical purity were determined by HPLC. One
nit of enzyme was defined as the quantity of enzyme required to
atalyze the conversion of 1 �mol  substrate in 1 min  at 30 ◦C.

To determine the pH optimum, standard assay method was
pplied except that the reaction time was reduced to 10 min, and
ifferent buffers were used for different pH ranges, which included
otassium phosphate buffer (pH 6.0–8.0), Tris–HCl buffer (pH
.5–9.0) and sodium carbonate buffer (pH 9.0–10.0). The optimum
emperature for ChKRED15 was determined at various temper-
tures ranging from 20 to 60 ◦C for 10 min. To investigate the
hermo stability of ChKRED15, the enzyme (1 mg/ml) was incu-
ated at 35, 40, or 45 ◦C, withdrawn at intervals, cooled in ice,
nd the residual activity was assayed following the standard assay
ethod.
The steady-state kinetic parameters toward various substrates

ere investigated using standard assay method except that MOPTA
as replaced with other substrates at varied concentrations. The

inetic parameters toward cofactors were investigated in the pres-
nce of 10 mM MOTPA at varied cofactor concentrations ranging
rom 1 to 200 �M and 0.1 to 10 mM for NADPH and NADH, respec-
ively. Data were fitted to the Michaelis–Menten equation using
raph-Pad Prism v5.0 (GraphPad Software, San Diego, CA, USA) to
enerate estimates of Km and kcat values.

.5. Preparative bioreductions catalyzed with mutant S12G and
DH

The reaction was carried out at 30 ◦C in 50 ml potassium phos-
hate buffer (300 mM,  pH 8.0) containing 0.2 mM NADP+, 5% (w/v)
lucose, GDH (4 U/ml), crude enzyme extract or lyophilized powder
f the crude enzyme of the S12G mutant (2 mg/ml, 0.96 U/mg) and
he substrate (10 g/l). For substrate 6a,  higher substrate concentra-
ion of 20–50 g/l was applied, and the crude enzyme of mutant S12G
nd GDH were used at 2–10 mg/ml  (0.96 U/mg) and 4–20 U/ml,
espectively. The pH of the reaction mixture was monitored and
aintained at 7.0–8.0 by the addition of NaOH (1 M).  To monitor

he time-course of the biotransformation, samples were taken at
ntervals for analysis. The reaction was terminated by extraction

ith ethyl acetate, then the combined organic extracts were dried
ith anhydrous sodium sulfate, concentrated under reduced pres-

ure and purified using silica gel column chromatography eluted
ith petroleum ether/ethyl acetate (10:1, v/v). The products were

dentified by 1H NMR  analysis. The absolute configuration of the
roduct was determined by comparing the optical rotation with
he literature data.

.6. Spectral data for biotransformation products

.6.1. (S)-Ethyl-3-hydroxy-3-(thiophen-2-yl)propanoate (3b)
92% yield; 1H NMR  (600 MHz, CDCl3): ı 1.29 (t, 3H, J = 7.8 Hz,

H3), 2.61 (dd, 1H, J = 6.0 Hz, J = 4.8 Hz, CH2), 2.86 (dd, 1H, J = 6.0 Hz,
 = 4.8 Hz, CH2), 4.12 (q, 2H, J = 6.0 Hz, CH2), 5.14 (t, 1H, J = 6.0 Hz,
HOH), 6.95 (m,  2H, Ar-H), 7.23 (m,  1H, Ar-H). [�]D

25 = −17.1
c = 1.0, CHCl3) for >99% ee (lit. [28] [�]D

25 = −17.2 (c = 1.0, CHCl3)
or 99% ee, (S)); Retention times: tR (S) 7.4 min, tR (R) 14.5 min.
.6.2. (S)-Methyl 3-hydroxy-3-(thiophen-2-yl)propanoate (4b)
94% yield; 1H NMR  (600 MHz, CDCl3): ı 2.61 (dd, 1H, J = 6.0 Hz,

 = 4.8 Hz, CH2), 2.86 (dd, 1H, J = 6.0 Hz, J = 4.8 Hz, CH2), 3.71 (s, 3H,
ysis B: Enzymatic 113 (2015) 76–81

CH3), 5.36 (t, 1H, J = 6 Hz, CHOH), 6.95 (m,  2H, Ar-H), 7.23 (m, 1H, Ar-
H). [�]D

20 = −41.4 (c = 1.0, CHCl3) for >99% ee (lit. [29] [�]D
20 = −25.0

(c = 0.9, CHCl3) for 93% ee, (S)); Retention times: tR (S) 39.0 min, tR
(R) 40.5 min.

2.6.3. (S)-3-Chloro-1-(thiophen-2-yl)propan-1-ol (5b)
94% yield; 1H NMR  (600 MHz, CDCl3): ı 2.15 (dd, 2H, J = 6.6 Hz,

J = 6.0 Hz, CH2), 3.56 (t, 2H, J = 6.6 Hz, CH2), 5.22 (t, 1H, J = 6 Hz,
CHOH), 6.95 (m,  2H, Ar-H), 7.23 (m,  1H, Ar-H). [�]D

20 = −43.1
(c = 1.0, CHCl3) for >99% ee (lit. [30] [˛]D

20 = −32.3 (c = 1.0, CHCl3)
for 96% ee, (S)); Retention times: tR (S) 21.6 min, tR (R) 23.7 min.

2.6.4. (S)-3-Hydroxy-N-methyl-3-(thiophen-2-yl)propanamide
(6b)

94% yield; 1H NMR  (600 MHz, CDCl3): ı 2.67 (d, 2H, J = 6 Hz, CH2),
2.80 (s, 3H, NCH3), 5.36 (t, 1H, J = 6 Hz, CHOH), 5.75 (br, 1H, NH), 6.95
(m,  2H, Ar-H), 7.23 (m,  1H, Ar-H). [�]D

20 = −41.0 (c = 1.0, CHCl3) for
>99% ee (lit. [16] [�]D

25 = −31.0 (c = 1.0, CHCl3); for 99% ee, (S));
retention times: tR (S) 22.8 min, tR (R) 24.2 min.

2.6.5. (S)-3-Hydroxy-3-(thiophen-2-yl)propanenitrile (7b)
94% yield; 1H NMR  (600 MHz, CDCl3): ı 2.77 (dd, 1H, J = 7.8 Hz,

CH2), 3.01 (dd, 1H, J = 7.2 Hz, J = 6.6 Hz, CH2), 5.27 (t, 1H, J = 6 Hz,
CHOH), 6.95 (m,  2H, Ar-H), 7.23 (m,  1H, Ar-H). [�]D

30 = −33.8
(c = 1.0, CHCl3) for >99% ee (lit. [31] [�]D

30 = −34.5 (c = 1.0, CHCl3)
for 99% ee, (S)); Retention times: tR (S) 13.8 min, tR (R) 15.7 min.

3. Results and discussion

3.1. Identification and sequence analysis of ChKRED15

ChKRED15 is one of the six ketoreductases mined from the
genome of Chryseobacterium sp. CA49 that follows the Prelog’s rule
[23]. It catalyzed the bioreduction of five substrates, 3a–7a,  to the
corresponding (S)-alcohols with excellent enantioselectivity (>99%
ee), and the yield reached >95% for substrate 6a at a concentration
of 10 g/l (Fig. 2). For 1a and 2a,  none of the six enzymes could cat-
alyze the bioreduction, which was  most probably due to the strong
electron-donating effect of the beta-amine group.

ChKRED15 belonged to the short-chain dehydroge-
nase/reductase family (SDR). It contained 245 amino acids, a
typical length for SDR enzymes, which usually contain around
250–300 amino acids. The sequence was compared with those
Shown are the conversion (white) and enantiomeric excesses (black). The reaction
mixture containing 10 mM substrate, 10 mM NADPH and 0.1 mg enzyme in 1 ml
potassium phosphate buffer (100 mM,  pH 8.0) was incubated at 30 ◦C for 30 min.
The  conversion and optical purity were determined by HPLC after extraction with
ethyl acetate.
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Fig. 3. Multiple sequence alignment of ChKRED15 with several members of the SDR family. The alignment was performed with the program DNAMAN. ChKRED15, short
c -TM, gluconate 5-dehydrogenase from Thermotoga maritima (PDB: 1VL8); SDR-Ex, short
c AB154409); ADH-LK, alcohol dehydrogenase from Lactobacillus kefir (NCBI accession No.
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Fig. 4. SDS-PAGE analysis of ChKRED15. SDS-PAGE was performed on a 12% gel
hain  dehydrogenase/reductase in this work (NCBI accession No. AHC30853.1); GDH
hain  dehydrogenase/reductase from Exiguobacterium sp. F42 (NCBI accession No. 

AP94029); CR-ML,  carbonyl reductase from mouse lung (PDB: 1CYD).

hryseobacterium daeguense (WP  027378341.1), but the alignment
f ChKRED15 with known short-chain dehydrogenase indicated

 much lower identity. The enzyme was most closely related to
luconate 5-dehydrogenase from Thermotoga maritima with 35%
dentity (Fig. 3).

Conserved residues of the SDR family, such as the active-site
etrad of N-S-Y-K [32], the structure association motif NNAG [33]
nd activity association motif PGXXXT [32], were highly conserved
n the ChKRED15 sequence (Fig. 3). However, the possible coenzyme
inding site of ChKRED15 was GANRSIG (Fig. 3), which was slightly
ifferent from the G-rich motif of the SDR family (GXXXGXG) [34]
y the substitution of Ser to Gly.

.2. Construction of mutant S12G and protein expression

Based on the sequence analysis, ChKRED15 lacks the G-rich
otif at the N-terminal conserved sequence region. This motif is

nown to play important role in enzyme activity and stability for
DRs [32,34]. Therefore, site-directed mutagenesis was performed
o recover the Gly12, resulting in the mutant S12G with a conserved
-rich motif.

SDS-PAGE analysis indicated that both the wild-type ChKRED15
nd mutant S12G were highly expressed in E. coli BL21 (DE3) cells
nd that the majority of the recombinant proteins produced was in
oluble form (Fig. 4). Expression in the pET28a(+) vector resulted
n proteins with an N-terminal hexa-histidine tag that facilitated
heir purification. Single-step affinity chromatography using Ni-
TA agarose yielded the homogenous protein (Fig. 4). The apparent
olecular weight was around 30 kDa, which was  in accordance
ith the calculated molecular weight of the enzyme (27 kDa).

.3. Cofactor preference and catalytic activity of the wild-type
nd mutant ChKRED15

Since ketoreductases require NADH or NADPH as the hydride
onor, we investigated the kinetic parameters of the wild-type
hKRED15 and mutant S12G toward these two cofactors at varied
oncentrations in the presence of 10 mM substrate 6a (Table 1).
he results showed that NADPH was more efficient than NADH
s a cofactor for both the wild-type ChKRED15 and the mutant

12G as the Km values of both enzymes toward NADH were three
rders of magnitude higher than those toward NADPH, indicating

 much higher binding affinity of NADPH. In addition, the mutant
12G displayed increased turn-over frequency (kcat) and catalytic
under reduced condition. Lane 1, molecular weight markers; Lane 2, total soluble
protein of the wild-type ChKRED15; Lane 3, purified wild-type ChKRED15; Lane 4,
total soluble protein of mutant S12G; Lane 5, purified mutant S12G.

efficiency (kcat/Km) compared with the wild-type (Table 1), sug-
gesting the positive effect of the amino acid substitution, which
was in accordance with the critical role of the conserved G-rich
region in catalytic activity.

The S12G mutant also displayed increased kcat values toward
all of the five substrates (3a–7a)  than the wild-type, but with
slightly lower apparent binding affinity as judged by the higher
Km (Table 2). The kinetic parameters varied among the substrates,
and substrates 3a,  4a and 6a had relative higher kcat values than the
other two, which was consistent with the results shown in Fig. 2.

3.4. Effect of pH and temperature on the enzymatic activity

The pH dependence of activities of the wild-type ChKRED15
and mutant S12G were measured using purified enzymes with
6a as the substrate (Fig. 5). Both the wild-type ChKRED15 and

S12G mutant were active at a wide range of pH, and displayed the
maximal activity at pH 8.0 in potassium phosphate buffer (Fig. 5).
The components of the buffer did not have remarkable impact
on the enzymatic activity as the activity at optimal pH (pH 8.0)
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Table  1
Kinetic parameters of the wild-type and mutant ChKRED15 toward different cofactors.

Enzyme Cofactor Km (mM)  kcat (min−1) kcat/Km (mM−1 min−1)

Wild-type
NADH 2.4 ± 0.4 9.4 ± 0.5 3.8 ± 0.6
NADPH 2.5 ± 0.2 × 10−3 80.5 ± 1.2 3.2 ± 0.3 × 104

S12G
NADH 1.6 ± 0.06 36.3 ± 0.4 22.7 ± 0.6
NADPH 2.6 ± 0.3 × 10−3 114 ± 2 4.4 ± 0.5 × 104

Table 2
Steady-state kinetic parameters of the wild-type and mutant ChKRED15.

Substrate Enzyme Km (mM)  kcat (min−1) kcat/Km (mM−1 min−1)

3a
Wild-type 1.8 ± 0.1 80.9 ± 1.2 44.9 ± 2.6
S12G 2.6 ± 0.2 117 ± 2 43.2 ± 3.5

4a
Wild-type 1.8 ± 0.1 73.2 ± 1.4 40.6 ± 2.4
S12G 2.8 ± 0.2 110 ± 2 39.2 ± 2.9

5a
Wild-type 4.9 ± 0.4 11.8 ± 1 2.4 ± 0.3
S12G 6.2 ± 0.2 34.7 ± 0.4 5.6 ± 0.2

6a
Wild-type 2.0 ± 0.2 69.0 ± 1.7 34.5 ± 3.6
S12G 3.0 ± 0.2 106 ± 2 35.4 ± 2.5

7a
Wild-type 3.2 ± 0.3 32.4 ± 1.2 10.1 ± 1.0
S12G 5.4 ± 0.4 56.3 ± 1.3 10.4 ± 0.8

Fig. 5. Effect of reaction pH on the activity of the wild-typeChKRED15 (dotted line)
and the S12G mutant (solid line). Four different buffers, including sodium citrate (�),
Potassium phosphate (©), Tris–HCl (�), and sodium carbonate (�) were applied.

F
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b
w
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d
m
o

of recombinant E. coli.  Because the recycling system would result
ig. 6. Effect of reaction temperature on the activity of the wild-type ChKRED15 (�)
nd the S12G mutant (�).

n potassium phosphate buffer was similar with that in Tris–HCl
uffer. The mutant S12G displayed higher specific activity than the
ild-type under all the tested pH conditions.

The temperature dependence of the wild-type ChKRED15 and
utant S12G were measured from 20 to 60 ◦C. The wild-type
isplayed the maximal activity at 45 ◦C, and retained 42% of the
aximal activity at 50 ◦C (Fig. 6), while the mutant S12G had an

ptimal temperature of 55 ◦C, and its specific activity was 1.7-fold
Fig. 7. Thermal inactivation of the wild-type ChKRED15 (dotted line) and the S12G
mutant (solid line). The enzymes were incubated at 35 ◦C (�), 40 ◦C (�) and 45 ◦C
(©)  for varied times and cooled on ice before the assay.

of the maximal activity of the wild-type, indicating enhanced
thermal tolerance. Additional measurements on thermal stability
confirmed that the S12G mutant was more thermostable than the
wild-type (Fig. 7). After 1-h incubation at 45 ◦C, the wild-type lost
over 60% activity, while the S12G mutant retained 99% activity.
Both enzymes were relatively stable at 35 ◦C, retaining over 70%
activity after 10-h treatment (Fig. 7).

The results clearly demonstrated that the recovery of the G-rich
motif by S12G mutation remarkably increased both the enzyme
activity and thermal tolerance, which is in accordance with pre-
vious structural studies showing the side-chain and main-chain
interactions of this motif within the central �-sheet and strands
�D and �E [35,36]. Those interactions are considered essential for
coenzyme binding and maintenance of central �-sheet that are
related to catalytic activity and protein stability [34].

3.5. Preparative-scale biotransformations

The preparative-scale biotransformations were performed in
the presence of the GDH-catalyzed cofactor recycling system, using
the crude enzyme of mutant S12G prepared from the cell extract
in the accumulation of stoichiometric gluconic acid, the pH of the
reaction mixture was continuously monitored and maintained at
7.0–8.0 by the addition of 1 M NaOH. For substrates 5a and 7a,
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Fig. 8. Time courses of the bioreduction of KEES (3a, dotted line) and MOTPA (6a,
solid line). MOTPA was applied at concentrations of 20 g/l (♦), 30 g/l (©), or 50 g/l
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�),  using crude enzyme of the S12G mutant at 2, 5 and 10 mg/ml, respectively.
EES was  applied at 10 g/l (�), 20 g/l (�) using crude enzyme of the S12G mutant

2  mg/ml).

omplete conversion could only be achieved at lower substrate
oncentration of 5 mM with isolated yields of 94%, while for sub-
trates 3a,  4a and 6a,  at least 10 g/l substrate could be completely
educed. Because the biotransformation time-courses of substrates
a and 4a closely resembled each other, only those of 3a and 6a
ere shown (Fig. 8).

When the biotransformation of 3a or 4a was  performed with
 substrate concentration of 10 g/l (50 mM),  the substrate conver-
ion reached >99% after 6 h with absolute stereoselectivity (>99%
e) (Fig. 8). The products (S)-3b and (S)-4b were isolated and
urified with yields of 92% and 94%, respectively. However, at a
ubstrate concentration of 20 g/l, the highest conversion of either
ubstrate was  only 70% after 12-h reaction, which did not increase
ith prolonged reaction time, most probably due to product

nhibition.
On the contrary, substrate 6a apparently did not result in inhibi-

ion at the tested substrate concentrations (100–250 mM).  Despite
f the slightly lower catalytic efficiency compared with 3a and
a at substrate concentration of 10 mM (Table 2), 6a was the
est accepted substrate in preparative-scale bioreduction with
levated substrate concentrations. Complete conversion could be
chieved within 3 h at a concentration of 20 g/l with no by-product
bserved. The isolated yield of the product (S)-6b was  93%, and
he enantiopurity was >99% ee. When subjected to higher sub-
trate concentration of up to 50 g/l, the performance remained
xcellent, achieving enantiopure (S)-6b with complete conver-
ion within 1 day with increased enzyme usage (5-fold) (Fig. 8).
he reaction afforded much higher substrate tolerance than previ-
usly reported bioreduction of duloxetine precursors [16,21,37,38].
or the same substrate, previous study used high concentration
f whole cells of R. glutinis (42 g CDW/l), which yielded compro-
ised stereoselectivity when substrate concentration exceeded

0 g/l [16].

. Conclusion

The ketone reductase ChKRED15 from the genome of Chry-
eobacterium sp. CA49 was expressed in E. coli, and successfully
pplied to catalyze the bioreduction of five duloxetine interme-
iates to yield the enantiopure (S)-alcohols with >99% ee. A single
utation, S12G, could recover the conservative G-rich motif, which
ignificantly improved the catalytic activity and stability of the
nzyme. Complete conversion was achieved for substrate 3a within

 h at a concentration of 10 g/l, and for substrate 6a within 24 h at
oncentration of 50 g/l.
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