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Abstract The reductase (PgCR) from recombinant Escherichia coli CCZU-Y10
displayed high reductase activity and excellent stereoselectivity for the reduction of
ethyl 4-chloro-3-oxobutanoate (COBE) into ethyl (S)-4-chloro-3-hydroxybutanoate
((S)-CHBE). To efficiently synthesize (S)-CHBE (>99 % enantiomeric excess (ee)),
the highly stereoselective bioreduction of COBE into (S)-CHBE with the whole cells
of E. coli CCZU-Y10 was successfully demonstrated in a dibutyl phthalate-water
biphasic system. The appropriate ratio of the organic phase to water phase was 1:1
(v/v). The optimum reaction temperature, reaction pH, cosubstrate, NAD™, and cell
dosage of the biotransformation of 100 mM COBE in this biphasic system were
30 °C, 7.0, mannitol (2.5 mmol/mmol COBE), 0.1 pmol/(mmol COBE), and 0.1 g
(wet weight)/mL, respectively. Moreover, COBE at a high concentration of
(1,000 mM) could be asymmetrically reduced to (S)-CHBE in a high yield (99.0 %)
and high enantiometric excess value (>99 % ee). Significantly, E. coli CCZU-Y10
shows high potential in the industrial production of (S)-CHBE (>99 % ee).

Keywords Asymmetric reduction - Biosynthesis - Recombinant E. coli CCZU-Y 10 -
Ethyl 4-chloro-3-oxobutanoate - Ethyl (S)-4-chloro-3-hydroxybutanoate - Biphasic system

Y.-C. He * Z.-X. Yang * D.-P. Zhang - Z.-C. Tao * C. Chen * Y.-T. Chen * F. Guo - X.-F. Ma
Laboratory of Biocatalysis and Bioprocessing, College of Pharmaceutical Engineering and Life Sciences,
Changzhou University, Changzhou 213164, People’s Republic of China

Y.-C. He (X)) - J.-H. Xu (BX) - L. Huang * R.-J. Chen

State Key Laboratory of Bioreactor Engineering, East China University of Science and Technology,
Shanghai 200237, People’s Republic of China

e-mail: heyucai2001@163.com

e-mail: jianhexu@ecust.edu.cn

@ Springer



Appl Biochem Biotechnol (2014) 173:2042-2053 2043

Introduction

Optically active alcohols are one kind of key chiral building blocks for synthesizing many
bioactive agricultural and pharmaceutical products [1, 2]. Ethyl (S)-4-chloro-3-
hydroxybutanoate [(S)-CHBE] is an important precursor for the production of chiral drugs,
including cholesterol-lowering HMG-CoA reductase inhibitors such as Lipitor [3, 4]. Lipitor is
one of best selling prescription medicines worldwide with annual sales of over $10 billion [5].
Therefore, effective methods that can be economically used for synthesizing highly optically
active (S)-CHBE (>99 % enantiomeric excess (ee)) are of great interest.

Asymmetric bioreduction of prochiral ketone, ethyl 4-chloro-3-oxobutanoate (COBE), is a
more practical way to synthesize highly optically active (S)-CHBE [6]. However, carbonyl
reduction enzymes for asymmetrically reducing prochiral ketone into chiral alcohol often
require cofactor NADH or NADPH as an electron donor [7, 8]. To avoid using these expensive
cofactors, it is necessary to establish a highly efficient and cost-effective cofactor regeneration
system (e.g., enzyme-coupled system or substrate-coupled system) [8—14]. Formate dehydro-
genase or glucose dehydrogenase could be used as an enzyme-coupled system for recycling
NAD" or NADP" [9-13]; glucose could be chosen as an appropriate cosubstrate for improving
the yield of (S)-CHBE [8, 14]. Therefore, searching for new carbonyl reductases and improv-
ing their application performances are of great interest.

In post-genomic era, genetic data resources in various databases are quite rich. Besides,
over 99 % of microbes in the environment are unculturable [15, 16]. Genome data mining is
thus becoming a burgeoning area and provides an unprecedented opportunity for searching
more novel enzymes due to the abundance of already existing but unexplored gene resources.
Recently, it has been employed for the screening of L-aminoacylase, cytochrome P450
monooxygenase, endoglucanases, laccase, nitrilase, reductase, xylanase, etc. [8, 17, 18].
Compared with the laborious traditional screening from soil samples, genome data mining is
a more effective approach which involves searching gene databases for sequences similar to
those of known enzymes [7].

This study is the first to report that an NADH-dependent reductase (PgCR) from Pichia
guilliermondii CGMCC 2.1801 was discovered by genome data mining. After PgCR was
overexpressed in Escherichia coli BL21, a high activity of reductase-producing strain, recom-
binant E. coli CCZU-Y 10, was employed for the efficient synthesis of ethyl (S)-CHBE (>99 %
ee) from the reduction of COBE. It is worthy that no overexpression operation of coenzyme-
recycling enzyme was carried out. Using mannitol as a cosubstrate, NADH or/and NADPH
need not be extra added into reaction media. To increase the yield of (S)-CHBE, various
parameters (organic solvent, volumetric phase ratio, reaction temperature, reaction pH, cell
dosage, and substrate loading) on the asymmetric reduction were investigated in the aqueous-
organic system using mannitol as a cosubstrate. Subsequently, asymmetric reduction of
1,000 mM COBE by recombinant £. coli CCZU-Y 10 in the organic-aqueous biphasic system
was successfully demonstrated.

Materials and Methods
Chemicals
COBE (95 % purity), (S)-CHBE (96 % purity), and (R)-CHBE (95 % purity) were obtained

from Aladdin Chemistry Co., Ltd. (Shanghai, China). All other chemicals were also from local
commercial sources and of analytical grade.
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Microorganism

Genome data mining is an effective approach which involves searching gene databases for
sequences similar to those of known enzymes [8]. After a BLAST search on the webnet (http://
www.ncbi.nlm.nih.gov), the reductase from P. guilliermondii ATCC 6260 (GenBank accession
no. XM_001482396) has a high identity (64 %) with the carbonyl reductase S1 from Candida
magnoliae (GenBank accession no. AB036927.1) [19]. In this study, genomic DNA was
extracted from P. guilliermondii CGMCC 2.1801 which was purchased from the China
General Microbiological Culture Collection Center, using a TIANamp Bacteria DNA Kit
from Tiangen (Shanghai). Oligonucleotide primers (PgCR-F: 5'-CATGCTAGCATGAAGTC
TATGATCAATGAAAAC-3" and PgCR-R: 5-CCGCTCGAGTTATGGCGCACAGTAGCC-
3") with Ndel and Xhol restriction sites were designed according to the PgCR gene sequence
(GenBank accession no. XM 001482396). The DNA fragment of PgCR gene (831 bp) was
amplified (Fig. 1a, lane 2) and double-digested with Ndel and Xhol and then inserted into the
expression vector pET-28a (Novagen, Shanghai). The resulting plasmid, pET-28a-PgCR, was
transformed into E. coli BL21 (DE3) cells. This strain named recombinant E. coli CCZU-Y'10
was preserved in our laboratory. The expression of PgCR was about 33.5 kDa on SDS-PAGE
(Fig. 1b, lane 2).

Growth Conditions

Recombinant E. coli CCZU-Y 10 was cultivated at 37 °C in LB medium containing 50 pg/mL
of kanamycin. When the optical density at 600 nm (ODg) of the culture reached 0.60, IPTG
as an inducer was added to a final concentration of 0.50 mM, and cultivation was continued at
37 °C for an additional 5 h. The recombinant E. coli CCZU-Y 10 cells were harvested by
centrifugation (8,000%g, 10 min) at 4 °C and washed twice with potassium phosphate buffer
(100 mM, pH 7.0).

Optimization of Bioconversion Process

To efficiently synthesize (S)-CHBE, various parameters (e.g., cosubstrate, organic solvent,
reaction temperature, reaction pH, cell dosage, and substrate concentration) on the effects of
bioreduction reaction were investigated. The effects of cosubstrate on the reductase activity
were carried out by adding 0.16 g E. coli CCZU-Y'10 wet cells into 2 mL potassium phosphate
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Fig. 1 a Cloning of the PgCR gene by PCR. Lane I: marker. Lane 2: PgCR gene. b SDS-PAGE analysis of
recombinant protein of PgCR. Lane I: marker. Lane 2: supernatant (soluble proteins) after sonication of E. coli
CCZU-Y10
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buffer (100 mM, pH 7.0) containing 0.2 mmol COBE, 0.2 mmol potential cosubstrate
(mannose, fructose, glucose, sucrose, glycerol, mannitol, ethanol, or isopropanol), and
0.02 umol NAD". To investigate the effect of cosubstrate concentration, bioconversion was
carried out with 0.2 mmol COBE, 0.02 pmol NAD", and certain concentration of
cosubstrate (0.05-2.5 mmol). To investigate the effects of organic solvent on the asym-
metric reduction of COBE to (S)-CHBE, bioconversion was performed at 30 °C and
160 rpm by adding 0.16 g E. coli CCZU-Y10 wet cells into the biphasic system
containing 1.6 mL potassium phosphate buffer (100 mM, pH 7.0), 0.4 mL test organic
solvent (dibutyl phthalate, ethyl acetate, n-hexane, n-heptane, n-octane, or toluene),
0.2 mmol COBE, 0.5 mmol mannitol, and 0.02 pmol NAD". To investigate the effect
of phase ratio on the reduction, biotransformation of 0.2 mmol COBE was performed by
adding 0.16 g E. coli CCZU-Y10 wet cells, 0.5 mmol mannitol, and 0.02 pumol NAD"
into a 2-mL biphasic system containing a certain volume (0.2-1.8 mL) of potassium
phosphate buffer (100 mM, pH 7.0) and a certain volume (0.2-1.8 mL) of dibutyl
phthalate. To investigate the effect of reaction temperature and pH on the reduction,
bioconversions were performed at various temperature (25-50 °C) and various pH (citrate
buffer solution, pH 3-5; phosphate buffer solution, pH 6-8; carbonate buffer solution,
pH 9-10) by adding 0.16 g E. coli CCZU-Y10 wet cells, 0.2 mmol COBE, 0.5 mmol
mannitol, and 0.02 pmol NAD" into the biphasic media containing 1 mL potassium
phosphate buffer and 1 mL dibutyl phthalate. To investigate the effects of cell dosage on
the reduction, bioconversion was performed at 30 °C and 160 rpm by adding E. coli
CCZU-Y 10 wet cells (0.02-0.40 g), 0.2 mmol COBE, 0.5 mmol mannitol, and 0.02 pumol
NAD" into the biphasic system containing 1 mL potassium phosphate buffer (100 mM,
pH 7.0) and 1 mL dibutyl phthalate. To investigate the effects of substrate concentration
on the reduction, biotransformations were carried out in monophasic aqueous and
aqueous-organic system, respectively. The substrate concentration in the monophasic
aqueous system was 50-200 mM, while the substrate concentration in the biphasic system
was 200-1,000 mM. The 2-mL reaction mixture, comprising 0.1 umol NAD"/mM COBE
and a certain amount of wet cells and cosubstrate in 100 mM buffer was added into a
10-mL Erlenmeyer flask capped with a septum. After preincubation in a 160-rpm rotary
shaker at selected temperature for 15 min, a certain volume of organic solvent containing
20 pL dodecane (internal standard) and a certain amount of COBE were added and then
the incubation was continued. Samples were withdrawn periodically for the assay.

Analytical Methods

Unless otherwise specified, the reported substrate COBE and product CHBE concen-
tration refer only to the concentration in the reaction media based on the organic
phase. The concentrations of COBE and CHBE were assayed by GC (Chirasil-DEX
CB, Varian, USA) equipped with a flame ionization detector and a CP WAX 52CB
capillary column (30 m, i.d. 0.25 mm, film thickness 0.25 mm) [20]. The ee value of
(S)-CHBE was assayed by HPLC equipped with a CHIRACEL OD-H column (Daicel
Co., Japan, 250 mmx4.6 mm) [8], which was eluted with hexane/isopropanol (90:10,
v/v, 0.8 mL/min) and detected at 254 nm.
Yield of CHBE in the monophasic system was calculated as follows:

Yield = (Concentration of CHBE in the monophasic system)

/(Initial concentration of COBE in the monophasic system) x 100%
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Yield of CHBE in the biphasic system was calculated as follows:

Yield = (Concentration of CHBE in the organic phase)

/(Initial concentration of COBE in the organic phase) x 100%

Results and Discussion
Asymmetric Reduction of COBE in the Monophasic Aqueous System

To employ reductase for the asymmetric reduction of prochiral ketones, an economical and
efficient way for recycling NAD(P)H is needed. The oxidation of the cosubstrate could
regenerate the required cofactor. Additionally, the cosubstrate might increase the conversion
of bioreduction reaction [19-22]. Thus, eight potential cosubstrates (ethanol, fructose, glycer-
ol, glucose, isopropanol, mannitol, mannose, and sucrose) were investigated in the
monophasic aqueous system. As shown in Fig. 2a, all the tested cosubstrates could increase
the reductase activity. Clearly, glucose and mannitol as cosubstrate could improve the reduc-
tase activity greatly. Using mannitol as a cosubstrate, however, the reductase activity was
increased 3.7-fold compared to that when no cosubstrate was added. It was reported that
mannitol was chosen as the appropriate cosubstrate for the reductase of Rhodotorula sp.
AS2.2241, while other compounds such as glucose, ethanol, and 2-propanol had no obvious
effect on the bioreduction reaction [21]. A substrate-coupled biocatalytic process was devel-
oped based on the reactions catalyzed by an NADPH-dependent reductase from Candida
albicans, and the sorbitol/mannitol driven system produced more (S)-CHBE than the xylitol
cosubstrate system [22]. In this study, no overexpression operation of coenzyme-recycling
enzyme was performed. Clearly, the recombinant E. coli CCZU-Y'10 had a substrate-coupled
system. It was reported that the substrate-coupled system had been employed for the efficient
and cost-effective cofactor-recycling systems [7, 8, 14]. Thereby, mannitol was employed as
the optimum cosubstrate in this study, and a substrate-coupled bioprocess was demonstrated
using mannitol as a cosubstrate. Moreover, the effects of cosubstrate concentration (0.25—
12.5 mM mannitol/mM COBE) were also investigated on the reductase activity. As shown in
Fig. 2b, when the cosubstrate concentration was 2.5 mM mannitol/mM COBE, the reductase
activity was increased significantly. When the cosubstrate concentration was increased from
2.5 to 7.5 mM mannitol/mM COBE, the reductase activity had no significant increase.
Therefore, the optimum amount of cosubstrate was 2.5 mM mannitol/mM COBE.
Furthermore, time courses for the reduction of COBE with the resting cells were investi-
gated in the monophasic aqueous system (Fig. 3). Biotransformation of 50 mM COBE for 8§ h,
(S)-CHBE (>99 % ee) was obtained in a high yield (>99.0 %). Moreover, 80 mM COBE could
be biotransformed into (S)-CHBE with the yield of 98.0 % after 24 h. However, COBE at
100 mM could be reduced into (S)-CHBE with the yield of 70.1 % after 24 h. Prolonging the
reaction time for another 24 h, the yield had no significant increase. Therefore, it is necessary
to enhance the biocatalytic efficiency for biotransforming the high concentration of COBE.

Establishment and Optimization of the Aqueous-Solvent Biphasic System
To improve the biocatalytic efficiency, a suitable aqueous-solvent biphasic system could be

employed for the synthesis of key intermediates [23-25]. In the aqueous-solvent biphasic
system, a potential biocompatible organic solvent could improve the biocatalytic activity [8,
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Fig. 2 Effects of the cosubstrate (a) and mannitol concentration (b) on the reductase activity at 30 °C and
160 rpm
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Fig. 3 Time courses for the reduction of COBE in the monophasic aqueous system. Filled squares: 50 mM
COBE,; filled triangles: 80 mM COBE; unfilled diamonds: 100 mM COBE

23, 25]. Notably, the selection of the biocompatible organic solvent as the carrier for substrate
and product is based on its biocompatibility towards the biocatalyst and adequate partition of
both substrate and product to provide a pool for these chemicals [20]. In this study, six
potential organic solvents (dibutyl phthalate, ethyl acetate, n-hexane, n-heptane, n-octane,
and toluene) were tested on the reductase activity. All the ee values of (S)-CHBE were over
99 % (data not shown). As shown in Table 1, the reductase activities were well correlated with
solvent log P values. The reductase activity of COBE increased with increases in the log P
value of the solvent. Significantly, dibutyl phthalate (log P=5.4) was found to be of higher
biocompatibility than other organic solvents (log P<5.4) for use as organic phase because of
the reductase activity rate and the optical purity of product (S)-CHBE. Although both COBE
and (S)-CHBE could be efficiently extracted into the organic layer using ethyl acetate (log P=
0.68), the lower reductase activity was observed because of its possible lower biocompatibility.
Using n-hexane (log P=3.5) as an organic phase, the reductase activity was not so ideal. This

Table 1 Selection of organic solvent for asymmetric reduction of COBE to (S)-CHBE

Organic solvent Log P Partition coefficient” Relative activity (%)
COBE CHBE

Blank - - - 100+2.1

Ethyl acetate 0.68 16.2 23.5 17.7£0.4

Toluene 2.5 21.3 2.8 54.8+1.1

n-Hexane 35 1.5 0.3 70.8+1.6

n-Heptane 4.0 1.0 0.25 98.7+2.0

n-Octane 4.5 0.9 0.2 134.3+£2.3

Dibutyl phthalate 54 6.2 42 150.3+£2.5

Bioconversion was performed for 1 h at 30 °C and pH 7.0 by adding 0.16 g of recombinant E. coli CCZU-Y 10
wet cells into 2 mL organic solvent-water (20:80, v/v) containing 0.2 mmol COBE, 0.5 mmol mannitol, and
0.02 pmol NAD"

?Data from references [6, 8, 20]
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might be due to the unfavorable partition, resulting in the inhibitory effect of COBE and/or (S)-
CHBE on the biocatalyst. Consequently, dibutyl phthalate (log P=5.4) was chosen as an
appropriate organic phase for the asymmetric reduction of COBE to (S)-CHBE. In an aqueous-
solvent biphasic system, the volumetric phase ratio not only influenced the phase interfacial
area but also affected bioconversion rates [20-25]. In the dibutyl phthalate-water biphasic
system, the volumetric phase ratio had a significant influence on the initial reaction rate and
conversion (Fig. 4), but had no effect on the optical purity of the product (S)-CHBE (data not
shown). Significantly, the optimum volumetric phase ratio (organic phase versus water phase)
was considered to be 1:1, under which a higher yield (81.6 %) with an excellent optical purity
of (S)-CHBE (>99 % ee) was obtained.

During the biotransformation, reaction temperature, reaction pH, and cell dosage could
significantly affect the biocatalytic activity [25-30]. As shown in Fig. 5a, in the dibutyl
phthalate-water (1:1, v/v) biphasic system, it was found that the reductase activity significantly
increased with the reaction temperature rising up to 30 °C. When the temperature further
increased, the reductase activity dropped quickly. At temperatures above 30 °C, however, the
reductase activity decreased considerably, possibly due to the thermal deactivation of reductase
in the cells of E. coli CCZU-Y10 during the reductase reaction. Moreover, the effects of
different reaction pH values (3—10) on the reductase activity were also investigated in the
dibutyl phthalate-water (1:1, v/v) biphasic system. As shown in Fig. 5b, the optimum reaction
pH was found to be 7.0. It was reported that the maximum activity of reductase from
Streptomyces coelicolor was observed at pH 6.5 and more than 80 % of the maximum activity
was retained between pH 6.0 and 7.5 [8]. Furthermore, the amounts of cell dosage added into
the biphasic reaction media were investigated. As shown in Fig. 6, the formation of the product
(S)-CHBE was considerably increased with increased cell dosage. Both the initial reaction rate

100
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= 50 f g
] 5
[+
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Dibutyl phthalate ratio (%)

Fig. 4 Effect of phase ratio on the reductase activity. Unfilled diamonds: initial reaction rate; filled squares:
yield, 12 h
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Fig. 6 Effect of cell dosage on the reduction. Unfilled diamonds: initial reaction rate; filled squares: yield, 12 h

and high conversion were obtained at 0.1 g (wet weight)/mL. When the cell concentration of
E. coli CCZU-Y10 was above 0.1 g (wet weight)/mL, the viscosity of the aqueous phase
increased so that the low dissolved oxygen (DO) in the aqueous phase might be prominent,
and the initial reaction rate decreased significantly.

Based on the above results, the optimum reaction medium was the dibutyl phthalate-water
(1:1, v/v) biphasic system. After the optimization in this biphasic system, the optimum reaction
conditions were obtained: NAD"* 0.1 umol/(mmol COBE), cosubstrate mannitol 2.5 mmol/
(mmol COBE), reaction temperature 30 °C, reaction pH 7.0, and cell dosage 0.1 g (wet
weight)/mL. With the biotransformation of 100 mM COBE for 12 h, the yield of (S)-CHBE
was 92.2 % (Fig. 6).

Asymmetric Reduction of COBE in the Dibutyl Phthalate-Water Biphasic System

To effectively synthesize (S)-CHBE (>99 % ee), asymmetric bioreductions of COBE (200—
1,000 mM) by recombinant E. coli CCZU-Y 10 were carried out in the dibutyl phthalate-water
biphasic system. As shown in Fig. 7, the yield of (S)-CHBE in the dibutyl phthalate-water
biphasic system was higher than that in the monophasic aqueous system. The capacity for
biotransforming COBE into (S)-CHBE was enhanced more greatly in the dibutyl phthalate-
water biphasic system as compared with that in the aqueous phase (1,000 mM COBE in the
dibutyl phthalate-water biphasic system versus 200 mM COBE in the monophasic aqueous
system). With the biotransformation of 1,000 mM COBE in the biphasic system for 48 h, a
high yield (99.0 %) was obtained. However, with the biotransformation of 200 mM COBE for
48 h in the monophasic aqueous system, the yield of (S)-CHBE was only 38.5 %. Signifi-
cantly, the dibutyl phthalate-water biphasic system had more advantages than the monophasic
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Fig. 7 Asymmetric reduction of COBE in the monophasic aqueous system and biphasic system. Filled
triangles: biphasic system, 200 mM COBE; filled circles: biphasic system, 1,000 mM COBE; unfilled squares:
monophasic system, 200 mM COBE

aqueous phase for the asymmetric reduction of COBE catalyzed by the recombinant E. coli
CCZU-Y 10 cells. Simultaneously, the optical purity of the product (S)-CHBE (>99 % ee) had
no significant change by introducing dibutyl phthalate as the organic phase (data not shown).
Therefore, a highly stereoselective bioreduction of 1,000 mM COBE into (S)-CHBE by E. coli
CCZU-Y 10 was successfully demonstrated in the dibutyl phthalate-water biphasic system.

Conclusions

By genome data mining, an NADH-dependent reductase (PgCR) from P. guilliermondii
CGMCC 2.1801 was discovered. After PgCR was overexpressed in E. coli BL21, the
recombinant E. coli CCZU-Y 10 with high biocatalytic activity and excellent stereoselectivity
was employed for the reduction of COBE into (S)-CHBE (>99 % ee) using mannitol as a
cosubstrate. The good performance was obtained in the dibutyl phthalate-water biphasic
system. After the reaction optimization, the optimum reaction temperature, reaction pH,
cosubstrate, NAD", and cell dosage were 30 °C, 7.0, mannitol (2.5 mmol/mmol COBE),
0.1 umol/(mmol COBE), and 0.1 g (wet weight)/mL, respectively. Furthermore, a high
concentration of COBE (1,000 mM) could be asymmetrically reduced to (S)-CHBE with high
yield (99.0 %) and excellent enantiometric excess value (>99 % ee).
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