APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Feb. 2009, p. 687-694
0099-2240/09/$08.00+0  doi:10.1128/AEM.01506-08

Vol. 75, No. 3

Copyright © 2009, American Society for Microbiology. All Rights Reserved.

Bioreduction with Efficient Recycling of NADPH by Coupled
Permeabilized Microorganisms"
Wei Zhang,"* Kevin O’Connor,’ Daniel I. C. Wang,"* and Zhi Li'**

Singapore-MIT Alliance, National University of Singapore, Singapore'; Department of Chemical and Biomolecular Engineering,
National University of Singapore, Singapore?; Department of Industrial Microbiology, University College Dublin, Dublin, Ireland®; and

Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts*

Received 3 July 2008/Accepted 24 November 2008

The glucose dehydrogenase (GDH) from Bacillus subtilis BGSC 1A1 was cloned and functionally expressed
in Escherichia coli BL21(pGDH1) and XL-1 Blue(pGDH1). Controlled permeabilization of recombinant E. coli
BL21 and XL-1 Blue with EDTA-toluene under optimized conditions resulted in permeabilized cells with
specific activities of 61 and 14 U/g (dry weight) of cells, respectively, for the conversion of NADP* to NADPH
upon oxidation of glucose. The permeabilized recombinant strains were more active than permeabilized B.
subtilis BGSC 1A1, did not exhibit NADPH/NADH oxidase activity, and were useful for regeneration of both
NADH and NADPH. Coupling of permeabilized cells of Bacillus pumilus Phe-C3 containing an NADPH-
dependent ketoreductase and an E. coli recombinant expressing GDH as a novel biocatalytic system allowed
enantioselective reduction of ethyl 3-keto-4,4,4-trifluorobutyrate with efficient recycling of NADPH; a total
turnover number (TTN) of 4,200 mol/mol was obtained by using E. coli BL21(pGDH1) as the cofactor-
regenerating microorganism with initial addition of 0.005 mM NADP™*. The high TTN obtained is in the
practical range for producing fine chemicals. Long-term stability of the permeabilized cell couple and a higher
product concentration were demonstrated by 68 h of bioreduction of ethyl 3-keto-4,4,4-trifluorobutyrate with
addition of 0.005 mM NADP™ three times; 50.5 mM (R)-ethyl 3-hydroxy-4,4,4-trifluorobutyrate was obtained
with 95% enantiomeric excess, 84% conversion, and an overall TTN of 3,400 mol/mol. Our method results in
practical synthesis of (R)-ethyl 3-hydroxy-4,4,4-trifluorobutyrate, and the principle described here is generally

applicable to other microbial reductions with cofactor recycling.

Biocatalytic oxidoreductions are important reactions in
asymmetric synthesis, and they have great potential for indus-
trial production of enantiopure chemicals and pharmaceuticals
(4, 11, 23, 24, 26). These reactions often require a stoichiomet-
ric amount of the expensive cofactor NAD(P)H or NAD(P)™,
and thus practical applications require efficient recycling of the
necessary cofactor (1, 5, 9, 13, 16, 17, 22, 32). In general,
cofactor recycling can be achieved by coupling a desired enzy-
matic reaction with an additional chemical, electrochemical,
photocatalytic, or enzymatic reaction, and the enzymatic
method is favored (1, 5, 9, 13, 16, 17, 22, 32, 39). Enzymatic
cofactor recycling can be obtained by using “coupled-sub-
strate” (8, 12, 30, 31) and “coupled-enzyme” (14, 15, 18, 19, 20,
21, 29, 33, 34) approaches. The latter is a more general ap-
proach and utilizes the first enzyme for the desired biotrans-
formation and the second enzyme for cofactor regeneration.
Formate dehydrogenase (15, 18) and glucose dehydrogenase
(GDH) (33, 34) are well-known enzymes used for regeneration
of NADH and NADPH, respectively. The “coupled-enzyme”
approach has been successfully used with two isolated enzymes
(15, 18, 29, 33, 34) or whole cells (14, 20, 21) of a microorgan-
ism coexpressing the two necessary enzymes. While the use of
isolated enzymes is costly, the use of whole cells depends on
the availability of an intracellular cofactor which may be lim-

* Corresponding author. Mailing address: Department of Chemical
and Biomolecular Engineering, National University of Singapore, 4
Engineering Drive 4, Singapore 117576. Phone: 65-65168416. Fax:
65-67791936. E-mail: chelz@nus.edu.sg.

¥ Published ahead of print on 1 December 2008.

687

iting and cannot be altered by addition of an extracellular
cofactor. On the other hand, whole cells can be made perme-
able to NAD(P)H and NAD(P) " by treatment with an organic
solvent or detergent, while the enzymatic activity remains high
(3, 6, 7, 27). Thus, using readily available permeabilized cells
for oxidoreduction with cofactor recycling might have an ad-
vantage over using the isolated-enzyme and whole-cell ap-
proaches.

We recently discovered that Bacillus pumilus Phe-C3 con-
taining an NADPH-dependent ketoreductase catalyzed the
enantioselective reduction of ethyl 3-keto-4,4,4-trifluorobu-
tyrate (3-ketoester 1), resulting in the corresponding (R)-ethyl
3-hydroxy-4,4,4-trifluorobutyrate [(R)-3-hydroxyester 2], a use-
ful intermediate for the preparation of the antidepressant Be-
floxatone (10), with 95% enantiomeric excess (36). This strain
was also found to contain an NADP*-dependent glucose-6-phos-
phate dehydrogenase (37). Treatment of cells of B. pumilus
Phe-C3 with EDTA-toluene gave active permeabilized cells
that catalyzed the bioreduction of 3-ketoester 1 and the recy-
cling of NADPH (37). Under optimized conditions, use of
permeabilized cells of B. pumilus Phe-C3 with the initial supply
of glucose-6-phosphate and 0.005 mM NADP™ resulted in
bioreduction of 3-ketoester 1 with recycling of NADPH 4,220
times (37) (Fig. 1). The high total turnover number (TTN) for
cofactor recycling significantly reduced the cofactor cost for
the bioreduction. However, the requirement for two enzymes
in one microorganism and using relatively expensive glucose-
6-phosphate may limit the scope of the application of the
single-permeabilized-microorganism approach. To solve these
problems, we recently developed a novel general approach
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a) Via a single permeabilized microorganism containing ketoreductase and glucose 6-phosphate dehydrogenase
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FIG. 1. Bioreduction with NADPH recycling by using permeabilized microorganisms. “(37)” and “(38)” indicate references 37 and 38,
respectively. OEt, OC,Hs; G-6-PDH, glucose-6-phosphate dehydrogenase; 1, ethyl 3-keto-4,4,4-trifluorobutyrate; (R)-2, (R)-ethyl 3-hydroxy-4,4,4-

trifluorobutyrate.

involving the use of two permeabilized microorganisms for
bioreduction with cofactor recycling (38); permeabilized cells
of B. pumilus Phe-C3 containing a ketoreductase were coupled
with permeabilized cells of Bacillus subtilis BGSC 1A1 contain-
ing a GDH (35) for bioreduction of 3-ketoester 1 to produce
(R)-3-hydroxyester 2, which resulted in a TTN for NADPH
recycling of 1,600 with initial addition of glucose and 0.01 mM
NADP™*. This method had several advantages. Compared with
the whole-cell approach, this approach enables use of the ex-
ternally added cofactor for efficient catalysis and cofactor re-
cycling, and it allows easy substrate access and easy product
release. Compared with the isolated-enzyme approach, perme-
abilized cells are cheap, active for a longer period, stable, and
reusable, and large amounts are readily available. The cou-
pled-permeabilized-cell approach also has great potential due
to its general applicability in addition to the advantages de-
scribed above. However, so far the highest TTN for NADPH
recycling with this approach is only 1,620. To make this method
suitable for practical synthesis of fine chemicals, the TTN of
the expensive cofactor has to be increased significantly. To
achieve this goal, we have been working on development of
better cofactor-regenerating systems, a better permeabilized-
cell couple, and efficient synthesis of (R)-3-hydroxyester 2 by
the new biocatalyst system. Here we report our recent success
in such development for practical bioreduction with efficient
NADPH recycling.

MATERIALS AND METHODS

Chemicals. NADP* (>99%), NAD™" (>99%), ampicillin (>99%), and ethyl
3-keto-4,4,4-trifluorobutyrate 1 (>98%) were purchased from Sigma-Aldrich. Iso-

propyl-B-p-thiogalactopyranoside (IPTG) (>99%) was obtained from 1st BASE.
The medium components tryptone and yeast extract were purchased from Biomed
Diagnostics. Ethyl 3-hydroxyl-4,4,4-trifluorobutyrate 2 was prepared by using previ-
ously described procedures (28).

Analytical method. The assays for GDH activity and NADPH or NADH
oxidase activity were carried out by using a Shimadzu UV-Vis 1700 spectropho-
tometer with the time scan function. The concentrations of ethyl 3-keto-4,4,4-
trifluorobutyrate 1 and ethyl-3-hydroxyl-4,4,4-trifluorobutyrate 2 were analyzed
by using an Agilent GC 6890 and an Agilent HP-5 column (25 m by 0.32 mm)
with an inlet temperature of 290°C and a detector temperature of 310°C. The
temperature program was as follows: 50°C for 8 min and then the temperature
increased to 300°C at a rate of 50°C/min and kept at 300°C for 2 min. The
retention times were 2.8 and 9.3 min for 3-ketoester 1, 6.2 min for 3-hydroxyester
2, and 12.5 min for n-hexadecane. The enantiomeric excess of (R)-ethyl-3-hy-
droxyl-4,4,4-trifluorobutyrate 2 was analyzed by using an Agilent GC 6890 with
a Lipodex A column (25 m by 0.25 mm) and the following temperature program:
temperature increased from 40 to 120°C at a rate of 5°C/min and then to 170°C
at a rate of 45°C/min. The retention times were 11.9 min for (§)-3-hydroxyester
2 and 12.2 min for (R)-3-hydroxyester 2.

Strains and cultivation media. B. subtilis BGSC 1A1 was obtained from the
Bacillus Genetic Stock Center at The Ohio State University; Escherichia coli
XL-1 Blue, E. coli BL21, and B. pumilus Phe-C3 (36) were obtained from the
collections of our laboratories. Cells of B. pumilus Phe-C3 were grown in E2
medium containing glucose (1%, wt/vol) at 25°C in a 2-liter fermentor, and the
cells were harvested and permeabilized by using a previously described proce-
dure (38). E. coli XL-1 Blue(pGDH1) and BL21(pGDH1) were grown in LB
medium containing ampicillin (100 pg/ml).

Genetic engineering of E. coli XL-1 Blue(pGDH1) and BL21(pGDHI1).
Genomic DNA of B. subtilis BGSC 1A1 was obtained using the Trizol reagent
(Sigma) according to the manufacturer’s instructions. Full-length GDH was
amplified by high-fidelity PCR with GDH primers. Genomic DNA was used as
the template. Primer BSG-TAA1 (5'GGTAAGCTTCTCGAGTTAACCGCGG
CCTGCCTG3') and primer BSG-ATG1 (5'CAGGAATTCATACATGTATCC
AGAT TTAAAAGGAA3') were designed by using the nucleotide sequence of
the GDH of B. subtilis BGSC 1A1. These primers contained restriction sites for
HindIII and EcoRI, respectively. The amplification conditions used to obtain the
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817-bp PCR product were 95°C for 5 min (hot start), followed by 30 cycles of
95°C for 45 s, 55°C for 45 s, and 72°C for 45 s and finally 72°C for 7 min. The
GDH fragment was digested with EcoRI (Roche) and HindIII (Roche) for 90
min at 37°C and was inserted into the lacZ expression vector pUCI1S8 using the
restriction enzyme sites to form pGDHI.

E. coli XL-1 Blue cells were made chemically competent and were then
transformed with pGDHI. The insertion was confirmed by plasmid prep (Qia-
gen) from cell culture and restriction digestion analysis using EcoRI and HindIII.
The GDH protein was expressed in recombinant E. coli XL-1 Blue by using the
inducible lac promoter under the control of IPTG. Similarly, plasmid pGDH1
was transferred into E. coli BL21 by the electroporation method.

Growth and GDH activity of E. coli BL21(pGDH1) and XL-1 Blue(pGDH1).
Strains BL21(pGDHI1) and XL-1 Blue(pGDHI1) were inoculated onto LB agar
plates (10 g tryptone, 5 g yeast extract, and 5 g NaCl in 1 liter deionized water
with 1.5% agar) containing ampicillin (100 pwg/ml) and grown overnight at 37°C.
A single colony from the LB agar plate containing each strain was inoculated into
100 ml of LB medium with ampicillin (100 pg/ml) and grown at 250 rpm and
37°C for 12 h, which resulted in optical densities at 450 nm (ODy,s,) of 8.0 (2.2
g [dry weight] of cells per liter) for E. coli BL21(pGDHI1) and 6.0 (1.7 g [dry
weight] of cells per liter) for E. coli XL-1 Blue(pGDHI).

Twelve milliliters of the preculture of E. coli BL21(pGDHI1) described above
was added to 800 ml of LB medium containing ampicillin (100 pg/ml), and the
mixture was shaken at 250 rpm and 37°C. Samples (1 ml) were taken at different
time points for measurement of the OD,s, and an activity test. IPTG (1 mM) was
added when the ODys, reached 1.8 (0.5 g [dry weight] of cells per liter) after
2.5 h. The cells were harvested at the late exponential phase at an OD,s, of 5.8
(1.6 g [dry weight] of cells per liter) after 6 h, washed with potassium phosphate
(KP) buffer (5 mM; pH 7.5), and then stored in a freezer at —80°C.

Twelve milliliters of the preculture of E. coli XL-1 Blue(pGDH1) described
above was added to 600 ml of LB medium containing ampicillin (100 pg/ml), and
the mixture was shaken at 250 rpm and 37°C. Samples (1 ml) were taken at
different time points for measurement of the OD,5, and an activity test. IPTG (1
mM) was added when the OD,5, reached 1.2 (0.3 g [dry weight] of cells per liter)
after 3 h. The cells were harvested at the late exponential phase at an OD,s of
7.2 (2.0 g [dry weight] of cells per liter) after 10 h, washed with KP buffer (5 mM;
pH 7.5), and then stored at —80°C.

To test the GDH activity, 7-ml suspensions (10 g [dry weight] of cells per liter)
of each recombinant E. coli strain in KP buffer (50 mM; pH 7.5) were passed
through a homogenizer (Constant cell disruption system) twice at 20,000 Ib/in>.
The cell debris was removed by centrifugation at 13,000 X g at 4°C for 30 min.
The supernatant was diluted 10-fold with KP buffer (50 mM; pH 7.5), and the
protein concentration was determined to be 0.4 g protein/liter by using the
Bradford protein content assay (2) with bovine serum albumin as a standard. To
940 pl of the prepared cell extract (CE) 50 l of a glucose stock solution (2.0 M)
and 10 pl of an NADP™* solution (0.2 M) were added. The formation of NADPH
was monitored by determining the UV absorption at 340 nm at 25°C, and the
concentration was calculated by using a €54, of 6.22 liters mmol ™. The specific
GDH activity was expressed in units/g protein, and 1 U was defined as the
formation of 1 wmol NADPH/min.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was
performed by loading 15 ul CE (0.21 g protein/liter) on a gel containing 0.1%
SDS and 10% acrylamide, staining the gel with a 0.1% solution of Coomassie
brilliant blue R-250 in methanol-acetic acid-water (4:1:5, vol/vol/vol), and
destaining the gel by soaking it in deionized water overnight.

Preparation and GDH activity of permeabilized cells of E. coli BL21(pGDH1)
and XL-1 Blue(pGDH1). Frozen cells of E. coli BL21(pGDHI1) and XL-1
Blue(pGDH1) were thawed for 2 h and resuspended in Tris-HCI buffer (100
mM; pH 8.0) to obtain a density of 10 g (dry weight) of cells per liter. For E. coli
BL21(pGDHI), EDTA (10 mM) and toluene (1%, vol/vol) were added, and the
mixture was shaken at 300 rpm and 25°C for 10 min. For E. coli XL-1
Blue(pGDH1), EDTA (5 mM) was added, and the mixture was shaken at 300
rpm and 25°C for 30 min and then incubated at 4°C for 1 h. Permeabilized cells
were obtained by centrifugation at 4°C and 3,320 X g for 10 min, and the GDH
activity assay was performed by examining the bioconversion of glucose (55 mM)
with permeabilized cells (0.2 g [dry weight] of cells per liter) in Tris-HCI buffer
(100 ml; pH 7.0) in the presence of NADP™ (2 mM) using a 1-ml scale at 25°C
and monitoring NADPH formation at 340 nm.

Kinetics of the GDH activity of the permeabilized cells of E. coli
BL21(pGDHI). To 900 to 945 .l of permeabilized cells of E. coli BL21(pGDH1)
(0.2 g [dry weight] of cells per liter) in Tris-HCI buffer (100 mM; pH 7.0) 50 pl
of a glucose stock solution (2.0 M) and 5 to 50 ul of 0.02 M NADP* or NAD™
were added. The reaction was monitored by determining the UV absorbance at
340 nm at 25°C. The initial velocities (v) were obtained from the curves for
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NADPH or NADH concentration versus time, and they were used to plot 1/v
versus 1/[S] (where [S] is the concentration of NADP" or NAD™") (25).

NADPH and NADH oxidase activities of the permeabilized cells of E. coli
BL21(pGDHI1). Permeabilized E. coli BL21(pGDHI1) cells were resuspended in
990 pl Tris-HCl buffer (100 mM; pH 7.0) to a density of 0.2 g (dry weight) of cells
per liter, and 10 pl of 0.2 M NADPH or NADH was added. The concentration
of NADPH or NADH was monitored by determining the UV absorption at 340
nm at 25°C.

General procedure for bioreduction of ethyl 3-keto-4,4,4-trifluorobutyrate 1
with NADPH recycling with coupled permeabilized microorganisms. To a sus-
pension containing permeabilized cells of B. pumilus Phe-C3 (20 to 40 g [dry
weight] of cells per liter) and E. coli XL-1 Blue(pGDH1) or BL21(pGDH1) (20
to 40 g [dry weight] of cells per liter) in 10 ml Tris-HCl buffer (100 mM; pH 7.0),
ethyl 3-keto-4,4,4-trifluorobutyrate 1 (110 mg; 60 mM), NADP™* (0.04 mg; 0.005
mM), and glucose (0.8 g; 440 mM) were added. The mixture was shaken at 25°C
and 300 rpm, and aliquots (300 pl) were taken at different time points for gas
chromatography (GC) analysis. Additional 3-keto-ester 1 (97 mg; 60 mM) was
added at 5 h. More glucose (1.5 to 2.0 M) was added at several time points.
Analytic samples were prepared by centrifugation, 4:1 (vol/vol) dilution, extrac-
tion with the same volume of chloroform containing 2 mM hexadecane that was
used for the internal standard, and desiccation with anhydrous Na,SO,. GC
analysis was used to determine the product concentrations at different time
points, and the final TTN for NADPH recycling was calculated by dividing the
number of moles of product formed by the number of moles of NADP™* added.

Bioreduction of ethyl 3-keto-4,4,4-trifluorobutyrate 1 with NADPH recycling
4,200 times with coupled permeabilized cells of B. pumilus Phe-C3 and E. coli
BL21(pGDH1). To a suspension of permeabilized cells of B. pumilus Phe-C3 (40
g [dry weight] of cells per liter) and E. coli BL21(pGDH1) (20 g [dry weight] of
cells per liter) in 10 ml Tris-HCI buffer (100 mM; pH 7.0), ethyl 3-keto-4,4,4-
trifluorobutyrate 1 (110 mg; 60 mM), NADP™* (0.04 mg; 0.005 mM), and glucose
(0.8 g; 440 mM) were added. The mixture was shaken at 25°C and 300 rpm.
Additional 3-ketoester 1 (97 mg; 60 mM) was added at 5 h. More glucose was
added at 5 h (0.70 g; 440 mM), 10 h (0.67 g; 440 mM), 19 h (0.65 g; 440 mM),
24 h (0.16 g; 110 mM), and 29 h (0.15 g; 110 mM). At different time points,
analytic samples were removed, prepared using the method described above, and
analyzed by GC.

Bioreduction of ethyl 3-keto-4,4,4-trifluorobutyrate 1 with NADPH recycling
for 96 h by using coupled permeabilized cells of B. pumilus Phe-C3 and E. coli
BL21(pGDH1) with four additions of 0.005 mM NADP™*. The reaction proce-
dure described above was used until 24 h. Additional NADP™" (0.005 mM) was
added at 24, 48, and 72 h. More glucose was added at 24 h (0.16 g; 110 mM), 29 h
(0.15 g; 110 mM), 34 h (0.57 g; 440 mM), 44 h (0.55 g; 440 mM), 48 h (0.13 g; 110
mM), 53 h (0.12 g; 110 mM), 58 h (0.48 g; 440 mM), 68 h (0.47 g; 440 mM), 72 h
(0.11 g; 110 mM), 77 h (0.10 g; 110 mM), 82 h (0.38 g; 440 mM), and 92 h (0.36
g; 440 mM). At different time points, samples were removed, prepared using the
method described above, and analyzed by GC. The reaction was stopped at 96 h.

RESULTS

Genetic engineering, cell growth, and GDH activity of re-
combinant E. coli expressing GDH. Primers BSG-TAA1 and
BSG-ATG1 were designed to clone the gdh gene of B. subtilis
BGSC 1A1 based on the known gene sequence (35). The
full-length gdh gene was amplified by high-fidelity PCR with
these primers. The gdh gene fragment was digested with EcoRI
(Roche) and HindIII (Roche) and inserted into the lacZ ex-
pression vector pUCI1S8. The plasmid formed, pGDHI, was
then transformed into E. coli XL-1 Blue and BL21. The two
recombinant E. coli strains were grown in LB medium contain-
ing ampicillin (100 pg/ml) at 37°C, and their GDHs were
induced by addition of 0.5 to 1.0 mM IPTG after the lag phase.
Typical growth curves are shown in Fig. 2. E. coli BL21(pGDH1)
grew faster at the beginning and reached the stationary phase
at 5 h, when the cell density was 1.5 g (dry weight) of cells per
liter. On the other hand, E. coli XL-1 Blue(pGDH1) grew
slower at the beginning and reached the stationary phase at
10 h, when the cell density was 2.0 g (dry weight) of cells per
liter.
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FIG. 2. Growth and GDH activities of E. coli XL-1 Blue(pGDH1)
and E. coli BL21(pGDHI). Symbols: A, E. coli XL-1 Blue(pGDHI)
cell growth; ™= F. coli BL21(pGDH1) cell growth; @, GDH activity of
E. coli XL-1 Blue(pGDH1) CE; B, GDH activity of E. coli
BL21(pGDH1) CE.

The GDH activities at different time points were determined
by removing samples from the E. coli cultures, preparing cell-
free extract, determining the protein concentrations with a
bioassay (2), and examining the GDH activities (33) by adding
1% glucose and 2 mM NADP™ to the CE and monitoring the
NADPH formation by determining the UV absorption at 340
nm. As shown in Fig. 2, the highest activities were 170 U/g
protein at 6 h for E. coli BL21(pGDH1) and 70 U/g protein at
10 h for E. coli XL-1 Blue(pGDH1).

SDS-PAGE (Fig. 3) revealed the proteins in the CE of E.
coli BL21(pGDH1) (lane 1), E. coli BL21(pUCI18) (lane 2), E.
coli XL-1 Blue(pGDH1) (lane 3), and B. subtilis BGSC 1A1
(lane 4). The GDH band was clearly visible for the two
pGDHI1-containing recombinant strains, and E. coli BL21
(pGDH1) showed a higher level of expression of GDH than E.
coli XL-1 Blue(pGDH1).

Preparation and GDH activity of permeabilized cells of E.
coli recombinants expressing GDH. The GDH activity of
whole cells was examined by adding 1% glucose and 2 mM
NADP™ to a cell suspension in KP buffer (0.2 g [dry weight] of
cells per liter) and monitoring the NADPH formation by de-
termining the UV absorption at 340 nm. Fresh cells of E. coli
BL21(pGDH1) showed no activity in this assay. However, fro-
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FIG. 3. SDS-PAGE of E. coli BL21(pGDH1) (lane 1), E. coli
BL21(pUC18) (lane 2), E. coli XL-1 Blue(pGDH1) (lane 3), and B.
subtilis BGSC 1Al (lane 4).
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TABLE 1. Preparation conditions and GDH activities of
permeabilized cells of E. coli XL-1 Blue(pGDH1)
and BL21(pGDHI)

EDTA Toluene Ti Activity
E. coli cells concn concn me (U

(min) [dry wt]

(mM) (%, vol/vol) of cells)
BL21(pGDH1) 5 0 307 23
BL21(pGDH1) 10 0 304 24
BL21(pGDH1) 5 1 307 24
BL21(pGDH1) 5 0 10° 26
BL21(pGDH1) 10 0 10° 38
BL21(pGDH1) 10 1 10° 61
XL-1 Blue(pGDH1) 5 0 307 14

“ Samples were shaken at 25°C and 300 rpm for 30 min and then incubated on
ice for 1 h.

> Samples were shaken at 25°C and 300 rpm for 10 min without treatment
on ice.

zen and thawed cells exhibited an activity of 25 U/g (dry
weight) of cells, indicating that there was partial permeabili-
zation of cells. Further freeze-thaw treatments resulted in in-
creased activity of the cells after each cycle, and the activity was
45 Ul/g (dry weight) of cells after five cycles. However, the
activity decreased to 39 U/g (dry weight) of cells after six
treatments. Nevertheless, the CE of the cells treated six times
showed full activity (170 U/g protein), indicating that the GDH
was stable under the treatment conditions and the cell mem-
branes were not fully permeabilized for cofactor across.

To prepare more active permeabilized cells of E. coli
BL21(pGDH1), treatment with a surfactant and an organic
solvent was examined. The cells were incubated with EDTA (5
to 10 mM) containing toluene (0 to 1%) at 25°C and 300 rpm
for 10 to 30 min, and then the permeabilized cells were har-
vested by centrifugation and the GDH activity was determined.
As shown in Table 1, permeabilized cells prepared by incuba-
tion with 10 mM EDTA containing 1% toluene for 10 min
exhibited the highest level of activity, 61 U/g (dry weight) of
cells, which was higher than the level of activity obtained after
five freeze-thaw treatments, 45 U/g (dry weight) of cells.

Similarly, EDTA (5 to 10 mM) and toluene (0 to 1%) were
used for treatment of cells of E. coli XL-1 Blue(pGDH1). The
best permeabilization conditions were treatment with 5 mM
EDTA without toluene, which resulted in a GDH activity of 14
Ul/g (dry weight) of cells.

GDH kinetics and NAD(P)H oxidase activity of E. coli
BL21(pGDH1). To investigate the cofactor dependence and
the affinity of NADP™" or NAD™" for GDH in permeabilized E.
coli BL21(pGDHI1) cells, a set of activity assays were per-
formed with NADP™ or NAD™ at different concentrations (0.1
to 1.0 mM) using a suspension of permeabilized cells (0.2 g
[dry weight] of cells per liter) in Tris-HCI buffer (100 mM; pH
7.0) containing glucose (55 mM) at 25°C. The reaction was
monitored by determining the UV absorption at 340 nm. The
initial velocities at different concentrations of NADP™" or
NAD™ were used to plot 1/v versus 1/[S] (25), which resulted
inaK,, of 0.90 mM and a 1, of 130 U/g (dry weight) of cells
for NADP™" and a K,,, of 1.4 mM and a V,,,, of 76 U/g (dry
weight) of cells for NAD™ for the permeabilized cells. Such
permeabilized cells could be used for regeneration of NADPH
and NADH. The V,,,./K,, value, which indicates enzyme effi-
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TABLE 2. Coupled permeabilized cells of B. pumilus Phe-C3 and a cofactor-regenerating microorganism for bioreduction of ethyl 3-keto-
4.4, 4-trifluorobutyrate 1 with NADPH recycling

B. pumilus

E. coli XL-1 E. coli

B. subtilis BGSC (R)-3-
3-Ketoester 1 NADP* Glucose Phe-C3 1A1 conen (g Blue(pGDHI1) BL21(pGDHI) i Hydroxyester 2

concn conen (mM) concn conen (g [dry wt] of cells/ concn (g [dry concn (g [dry Time (h) conen TTN

(mM)* (mM)? [dry wt] of Ty lit wt] of cells/ wt] of cells/ M

cells/liter) iter) liter) liter) (mM)
60 + 60 0.005 440 20 40 43 8.0 1,600
60 + 60 0.005 440 20 40 43 15.5 3,100
60 + 60 0.005 440 20 30¢ 39 15.0 3,000
60 + 60 0.005 440 20 40° 39 16.0 3,200
60 + 60 0.005 440 30 30¢ 39 17.5 3,700
60 + 60 0.005 440 40 204 34 21.0 4,200
60 + 60 0.001 440 40 20¢ 34 25.0 2,500

¢ 3-Ketoester 1 was added at the beginning (60 mM) and at 5 h (60 mM).
> More glucose (1.5 to 2.0 M) was supplied during the reaction.

¢ Permeabilized cells with an activity of 24 U/g (dry weight) of cells were used.
4 Permeabilized cells with an activity of 61 U/g (dry weight) of cells were used.

ciency, was 2.7-fold higher for NADPH regeneration than for
NADH regeneration.

To examine the NADH or NADPH oxidase activity of
the permeabilized cells of E. coli recombinants, oxidation of
NADH or NADPH was performed using cell suspensions (0.2
g [dry weight] of cells per liter) in Tris-HCI buffer (100 mM;
pH 7.0) in the presence of NADPH (2 mM) or NADH (2 mM)
at 25°C for 30 min. The NADPH or NADH concentration was
determined by using the UV absorbance at 340 nm. In both
cases, no NADPH or NADH was consumed, suggesting that
the permeabilized E. coli recombinant cells did not contain
NADPH or NADH oxidase.

Coupling of permeabilized cells of B. pumilus Phe-C3 and
recombinant E. coli expressing GDH for bioreduction of
3-keto-4,4,4-trifluorobutyrate 1 with NADPH recycling. The
potential for using permeabilized cells of E. coli
BL21(pGDH1) or XL-1 Blue(pGDH1) for cofactor recycling
was examined by studying the enantioselective reduction of
3-ketoester 1 to the corresponding (R)-3-hydroxyester 2. Pre-
viously, the best TTN obtained for NADPH recycling during
reduction was 1,600 when permeabilized cells of B. pumilus
Phe-C3 and B. subtilis BGSC 1A1 were used at concentrations
of 20 and 40 g (dry weight) of cells per liter, respectively, along
with initial addition of 0.01 mM NADP™ (38). For comparison,
0.005 mM NADP™" was used for the same biotransformation,
which resulted in the same TTN shown in Table 2. Coupling of
permeabilized cells of E. coli XL-1 Blue(pGDH1) with an
activity of 14 U/g (dry weight) of cells (40 g [dry weight] of cells
per liter) with permeabilized cells of B. pumilus Phe-C3 (20 g
[dry weight] of cells per liter) for bioreduction of 3-ketoester 1
with an initial NADP™ concentration of 0.005 mM at 25°C and
300 rpm for 30 h resulted in a TTN of 3,100.

Permeabilized cells of E. coli BL21(pGDH1) with an activity
of 24 U/g (dry weight) of cells, prepared by treatment with
EDTA (10 mM), were then examined for cofactor regenera-
tion. Coupling of B. pumilus Phe-C3 (20 g [dry weight] of cells
per liter) with E. coli BL21(pGDHL1) (30 g [dry weight] of cells
per liter) led to recycling of NADPH 3,000 times in the bioreduc-
tion. Increasing the density of E. coli BL21(pGDH]1) to 40 g (dry
weight) of cells per liter resulted in a slight increase in the TTN
from 3,000 to 3,200. Increasing the amount of the reducing
enzyme had more influence on the cofactor TTN; bioreduction

of 3-ketoester 1 with 30 g (dry weight) of cells per liter of B.
pumilus Phe-C3 and 30 g (dry weight) of cells per liter of E. coli
BL21(pGDH1) afforded a TTN of 3,700 for the recycling of
NADPH.

Finally, permeabilized cells of E. coli BL21(pGDH1) with an
activity of 61 U/g (dry weight) of cells, prepared by treatment
with 10 mM EDTA containing 1% toluene, were used for the
coupled-permeabilized-cell approach. Since these cells had
very high activity for NADPH regeneration, they were used at
a concentration of 20 g (dry weight) of cells per liter along with
40 g (dry weight) of B. pumilus Phe-C3 cells per liter for
bioreduction of 3-ketoester 1. After initial addition of NADP™
(0.005 mM) and glucose (440 mM), bioreduction for 34 h
resulted in a TTN of 4,200 for NADPH recycling.

Long-term bioreduction of ethyl 3-keto-4,4,4-trifluorobu-
tyrate 1 with efficient NADPH recycling by the coupled-perme-
abilized-cell approach with addition of NADP* multiple times.
Bioreduction of 60 mM 3-ketoester 1 with permeabilized cells
of B. pumilus Phe-C3 (40 g [dry weight] of cells) and E. coli
BL21(pGDH1) (20 g [dry weight] of cells) was performed for
68 h with three additions of 0.005 mM NADP ™. As shown in
Fig. 4, the reaction rate was high at beginning, and 16.5 mM
(R)-3-hydroxyester 2 was produced in the first 10 h. From 10 to
20 h, the reaction rate decreased. Nevertheless, the product
concentration was 19.0 mM in the first cycle, with a TTN of
3,800. Addition of another 0.005 mM NADP™ at 20 h resulted
in fast conversion of 3-ketoester 1 to (R)-3-hydroxyester 2. The
findings for the second and third cycles are similar to the
findings for the first cycle. As shown in Table 3, (R)-3-hy-
droxyester 2 with an enantiomeric excess of 95% was formed at
36.0 mM with an overall cofactor TTN of 3,600 at 44 h and at
50.5 mM with an overall TTN of 3,400 and 84% conversion at
68 h. In another experiment, the bioreduction reaction was
performed with 120 mM 3-ketoester 1 for 96 h with four
additions of 0.005 mM NADP ™. Figure 4 shows that the curves
for two cases in the first 68 h were nearly the same. At 72 h the
concentration of (R)-3-hydroxyester 2 formed was 52.5 mM,
and the overall TTN was 3,500. Addition of 0.005 mM NADP™
at this time point accelerated bioreduction again, and the prod-
uct concentration was 64.0 mM at 96 h with an overall TTN of
3,200.
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FIG. 4. Product formation during bioreduction of ethyl 3-keto-
4.,4,4-trifluorobutyrate (compound 1) by using coupled permeabilized
cells with 0.005 mM NADP" added at different time points. ®, B.
pumilus Phe-C3 (40 g [dry weight] of cells per liter) and E. coli
BL21(pGDH1) (20 g [dry weight] of cells per liter; 61 U/g [dry weight]
of cells) with 120 mM 3-ketoester 1; [], B. pumilus Phe-C3 (40 g [dry
weight] of cells per liter) and E. coli BL21(pGDH1) (20 g [dry weight]
of cells per liter; 61 U/g [dry weight] of cells) with 60 mM 3-ketoester
1. 2, (R)-ethyl 3-hydroxy-4,4,4-trifluorobutyrate.

DISCUSSION

Previously, permeabilized cells of B. subtilis BGSC 1A1 con-
taining GDH were used for regeneration of NADPH in the
coupled-permeabilized-cell approach (38). The GDH activity
was, however, only about 5.0 U/g (dry weight) of cells (38),
which is the limiting factor for obtaining a high cofactor TTN.
In addition, this strain was found to have NADPH oxidase
activity which competed with the NADPH-dependent biore-
duction. Thus, our first goal was to engineer a recombinant
strain expressing GDH from B. subtilis BGSC 1A1 that had
higher GDH activity and no NADPH oxidase activity. Cloning
and expression of GDH in two E. coli recombinants were
successful, as demonstrated by the GDH bands in SDS-PAGE
gels, as well as the observed GDH activities of the two E. coli
strains. The conditions for cell growth and GDH expression
were examined. Temperatures ranging from 20 to 37°C and
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IPTG concentrations ranging from 0.5 to1.0 mM did not in-
fluence the GDH activity and expression, and induction at an
early stage was necessary. For both E. coli strains, high activity
in the stationary phase was observed over a period of 4 to
6 h (Fig. 2). The GDH activities obtained for E. coli
BL21(pGDH1) and XL-1 Blue(pGDH1) (170 and 72 U/g pro-
tein, respectively) are much higher than that of the wild-type
Bacillus strain.

The preparation of permeabilized cells with high activity is a
very important step toward successful application of the whole
concept. In the case of E. coli BL21(pGDH]1), a simple freeze-
thaw treatment partially permeabilized the cells. However, five
or six freeze-thaw treatments resulted in cells with a GDH
activity of 39 to 45 U/g (dry weight) of cells, which is much
lower than the theoretical value; the CE of the resulting cells
had an activity of 170 U/g protein. Based on the assumption
that 50% of the dry weight of cells is the weight of the total
protein, the highest possible activity of permeabilized cells is 85
Ul/g (dry weight) of cells. Treatment of cells with a surfactant
and an organic solvent turned out to be a better method.
Under optimized conditions, the prepared permeabilized cells
had an activity of 61 U/g (dry weight) of cells, which is higher
than the activity obtained by freeze-thaw treatment and close
to the theoretic maximum for the cells. The amount of toluene
used was very critical. Use of more than 1% toluene decreased
the activity. Also, the incubation time was important; 10 min
was better than 30 min. In the case of E. coli XL-1 Blue(pGDH1),
although many conditions were examined, the permeabilized
cells had rather low GDH activity (14 U/g [dry weight] of cells).
Nevertheless, this activity was more than double the activity of
the permeabilized cells of the wild-type Bacillus strain.

The more active permeabilized cells of an E. coli recombi-
nant were suitable catalysts for the regeneration of NADPH,
as well as NADH. In addition, they contained no NADPH/
NADH oxidase activity. With permeabilized cells of B. subtilis
BGSC 1A1 as the cofactor regeneration microorganism, a
TTN of 1,600 was obtained for bioreduction of 3-ketoester 1
with initial addition of 0.01 mM NADP™* (38). The TTN could
not be increased by adding a smaller amount of cofactor, such
as 0.005 mM NADP™" (Table 2). However, it increased signif-

TABLE 3. Product formation for bioreduction of ethyl 3-keto-4,4,4-trifluorobutyrate 1 with coupled permeabilized cells

B. pumilus .
E. coli BL21 . (R)-Ethyl 3-
Phe-C3 conen (g Ethyl 3-keto-4,4,4- Glucose Activity (Ulg . NADP* hydroxy-4,4,4- %
concn (g triflurobutyrate [dry wt] of Time (h) ? i . TTN
[dry wt] of [dry wt] of M concn (mM) lls)? concn (mM) triflurobutyrate Conversion
celi)llsmte?) cells/liter)* conen (mM) cells) concn (mM)
40 20 60 440 1.3 0 0.005
20 +0.005¢ 19.0 32 3,800
44 +0.005 36.0 60 3,600
68 50.5 84 3,400
40 20 60 + 607 440 1.3 0 0.005
24 +0.005 20.0 17 4,000
48 +0.005 38.0 31 3,800
72 +0.005 52.5 44 3,500
96 64.0 53 3,200

¢ Permeabilized E. coli BL21(pGDH1) cells with an activity of 61 U/g (dry weight) of cells were used.

b Activity was determined over the first 1 h.
€ 4+0.005 indicates that 0.005 mM NADP™" was added at the time indicated.

@ Ethyl 3-keto-4,4,4-trifluorobutyrate 1 was added at the beginning (60 mM) and at 5 h (60 mM).
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icantly to 3,100 when E. coli XL-1 Blue(pGDH1) with an
activity of 14 U/g (dry weight) of cells was used instead of the
wide-type strain. A further increase in the GDH activity when
even more active cells of E. coli BL21(pGDH1) were used did
not increase the TTN much (Table 2). Obviously, the limiting
factor was the inefficiency of the reducing microorganism. In-
creasing the cell density of B. pumilus Phe-C3 to 40 g (dry
weight) of cells per liter and coupling with E. coli
BL21(pGDH1) (20 g [dry weight] of cells per liter) with an
activity of 61 U/g (dry weight) of cells led to an increase in the
TTN for NADPH recycling to 4,200. This is a very significant
improvement in the cofactor TTN for the coupled-permeabi-
lized-cell approach; considering the price of NADP* (6 to 7
euros/g), recycling of NADPH 4,200 times significantly re-
duced the cofactor cost and made the process practical for
producing final chemicals and pharmaceutical intermediates.
The high TTN obtained for the bioreduction of 3-ketoester 1
with the two-permeabilized-organism approach is similar to
the TTN obtained for the same reduction with a single perme-
abilized microorganism with two necessary enzymes (37). This
indicates that the cofactor can easily move between the two
types of permeabilized microbial cells and provides the same
catalytic efficiency as it does in a single permeabilized cell. In
the current system, NADP* was used at a concentration of
0.005 mM, which is far below the K,,,. Increasing the NADP™*
concentration to 0.01 mM should have resulted in doubling of
the rate for the regeneration of NADPH. However, the rate of
reduction increased only slightly (21 versus 25 mM product
[Table 3]), and the TTN of cofactor recycling was significantly
reduced. This was due mainly to the low activity of the reduc-
tase-containing microorganism. Thus, the system could be fur-
ther improved by using a highly active reducing microorganism.

Long-term stability of the permeabilized- cell couple and a
higher product concentration were observed for 68- and 96-h
reductions of 3-ketoester 1 with three and four additions of
0.005 mM NADP™, respectively. In each cycle of bioreduction
shown in Fig. 4, the bioreduction was quite fast in the first 10 h
and decreased from 10 h to 20 to 24 h, which may have been
due to decomposition of the cofactor, since the half-life of
NADPH in the buffer was 24 h (34). The permeabilized cells
showed long-term stability, and they were still active after 96 h.
The concentration of (R)-3-hydroxyester 2 was 50.5 mM at
68 h, with an overall TTN of 3,400 and 84% conversion. This
is a very good result. In a comparison experiment, bioreduction
of 60 mM 3-ketoester 1 with resting cells of B. pumilus Phe-C3
(40 g [dry weight] of cells per liter) for 25 h resulted in only
20.5 mM (R)-ethyl 3-hydroxy-4,4,4-trifluorobutyrate 2 with
34% conversion.

In conclusion, the GDH of B. subtilis BGSC 1A1 was cloned
and functionally expressed in E. coli BL21(pGDH1), and the
activity was 170 U/g protein. The recombinant strain was suc-
cessfully permeabilized with EDTA-toluene to obtain an ac-
tivity of 61 U/g (dry weight) of cells for NADPH regeneration.
The permeabilized cells exhibited much higher GDH activity
and no NADPH or NADH oxidase activity, which was an
advantage compared with the wild-type strain. They were suit-
able for regeneration of both NADPH and NADH. Coupling
of permeabilized cells of B. pumilus Phe-C3 and E. coli
BL21(pGDH1) for the reduction of ethyl 3-keto-4,4,4-triflu-
orobutyrate 1 resulted in a TTN of 4,200 for NADPH recy-
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cling, which is 2.6 times greater than the TTN obtained by
using B. subtilis BGSC 1A1. The high TTN is in the range
which is practical for the synthesis of fine chemicals. Bioreduc-
tion of ethyl 3-keto-4,4,4-trifluorobutyrate 1 using coupled per-
meabilized cells with three additions of 0.005 mM NADP*
resulted in 50.5 mM (R)-ethyl 3-hydroxy-4,4,4-trifluorobu-
tyrate 2 with 95% enantiomeric excess and 84% conversion
with an overall TTN of 3,400 for NADPH recycling. These
results demonstrated the high stability and productivity of the
new biocatalyst system and a practical method for synthesis
of (R)-ethyl 3-hydroxy-4,4,4-trifluorobutanoate 2. Our method
could be applicable to other microbial reduction reactions with
cofactor recycling.
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