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Abstract A cytochrome P450 monooxygenase (P450SMO)
from Rhodococcus sp. can catalyze asymmetric oxygena-
tion of sulWdes to S-sulfoxides. However, P450SMO-cata-
lyzed biotransformations require a constant supply of
NAD(P)H, the expense of which constitutes a great hin-
drance for this enzyme application. In this study, we inves-
tigated the asymmetric oxygenation of sulWde to
S-sulfoxide using E. coli cells, which co-express both the
P450SMO gene from Rhodococcus sp. and the glucose
dehydrogenase (GDH) gene from Bacillus subtilis, as a cat-
alyst. The results showed that the catalytic performance of
co-expression systems was markedly improved compared
to the system lacking GDH. When using recombinant
E. coli BL21 (pET28a-P450-GDH) whole cell as a biocatalyst,
NADPH was eYciently regenerated when glucose was sup-
plemented in the reaction system. A total conversion of
100% was achieved within 12 h with 2 mM p-chlorothio-
anisole substrate, aVording 317.3 mg/L S-sulfoxide
obtained. When the initial sulWde concentration was
increased to 5 mM, the substrate conversion was also
increased nearly Wvefold:  S-sulfoxide amounted to 2.5 mM
(396.6 mg/L) and the ee value of sulfoxide product
exceeded 98%. In this system, the eVects of glucose con-

centration and substrate concentration were further investi-
gated for eYcient biotransformation. This system is highly
advantageous for the synthesis of optically pure S-sulfoxide.

Keywords Coexpression · P450SMO · Glucose 
dehydrogenase · NADPH regeneration · D-glucose · 
Sulfoxidation

Introduction

Enantiomerically pure sulfoxides play an important role in
asymmetric synthesis, either as chiral building blocks or as
stereodirecting groups [1]. Many organic sulfoxides also
exhibit biological activities as therapeutic agents displaying
anti-ulcer (proton pump inhibition), antibacterial and anti-
fungal properties. Furthermore, they can be used as psycho-
tonics and vasodilators [2]. Asymmetric oxidation of
prochiral sulWdes is the most straightforward and economi-
cal method for the synthesis of enantiomerically pure sulf-
oxides, and a great number of reagents are available for this
reaction [2]. Both isolated enzymes and whole cells have
been used in the stereoselective oxidation of prochiral sul-
Wdes, in processes carried out in water under mild reaction
conditions [3–6]. This makes a biocatalytic approach envi-
ronmentally friendly and appealing for industrial applica-
tions.

Cytochrome P450s (CYPs) are hemoproteins encoded
by a superfamily of genes converting a broad variety of
substrates and catalyzing a variety of interesting chemical
reactions such as carbon hydroxylation, dealkylation, epox-
idation, heteroatom (N, S, P) oxidation, aromatic hydroxyl-
ation, reduction and dehalogenation [7]. Oxidation of
sulWdes by cytochrome P450-dependent monooxygenases
have been studied mainly in the context of drug metabolism
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by mammalian liver microsomes. The selectivity for sul-
foxidation among these enzymes has been investigated,
producing mainly (S)-sulfoxides with low selectivity [8].
Unfortunately, bacterial P450s such as P450BM3,
P450Cam and P450terp also present relatively low stere-
oselectivity [9]. Recently, we have cloned a new P450
monooxygenase (P450SMO) gene from Rhodococcus sp.
ECU0066 which displays a sulWde sulfoxidation activity
with high selectivity [10]. The high sequence homology
(73%) of P450SMO to P450RHF from a Rhodococcus sp.
NCIMB 9784 indicates that the P450SMO belongs to class
IV of P450 monooxygenase postulated by Roberts et al.
[11]. These monooxygenase mediate catalysis in the
absence of additional redox proteins [12, 13]. However,
P450SMO catalyzes substrate oxidation through a stoichi-
ometric consumption of the expensive cofactor NADPH,
the high cost of which has been a great hindrance for cell-
free application of this enzyme. Various approaches have
been studied for cofactor regeneration in process develop-
ment, such as chemical, electrochemical, photochemical,
enzymatic methods [14]. However, these methods are still
ineYcient and expensive. Whole-cell reaction systems have
been studied as an alternative to designing in vitro reaction
systems by integrating an additional enzyme reaction for in
vitro cofactor regeneration. Recombinant strains including
baker’s yeast (Saccharomyces cerevisiae) and E. coli
expressing cyclohexanone monooxygenase from Acineto-
bacter sp. NCIB 9871 have been used as whole-cell bio-
catalysts for oxidations of several sulWdes to the
corresponding sulfoxides. These cells provide a constant
supply of the enzyme and the NADPH cofactor, which dra-
matically simpliWes the process [15]. However, normal
E. coli cells can not regenerate NADPH suYciently [16].
Zhang et al. showed that recombinant E. coli harboring the
P450SMO gene can produce high optically pure (S)-sulfox-
ide, but productivity was very low unless NADPH was
added [10].

Glucose dehydrogenase (GDH) (EC 1.1.1.47) catalyzes
the oxidation of D-glucose in the presence of cofactor
NAD+ or NADP+ and forms D-glucono-�-lactone and
NAD(P)H. The enzyme can be used in many reduction
reactions for coenzyme regeneration [16, 17]. In this study,
we successfully co-expressed the P450SMO gene from
Rhodococcus sp. and the GDH gene from Bacillus subtilis

in a recombinant E. coli cell. This construct allowed signiW-
cant improvement of the production of asymmetrically
oxidized sulWdes without addition of expensive NADPH
cofactor.

Materials and methods

Chemicals

Tryptone and yeast extract were obtained from Oxoid
(Shanghai, China), and restriction enzymes were provided
by TaKaRa (Dalian, China). p-Chlorothioanisole was pur-
chased from Lancaster (Morecambe, UK). All other chemi-
cals are of analytical grade and are commercially available.

Bacterial strains, vectors and culture conditions

E. coli DH5� supercompetent cells were obtained from
Tiangen (Shanghai, China), E. coli BL21 (DE3) was from
Invitrogen Life Technologies (Shanghai, China). Both
strains were routinely grown in Luria–Bertani (LB)
medium at 37°C unless stated otherwise. Ampicillin
(100 �g/mL) and kanamycin (50 �g/mL) were used for the
selection of recombinant E. coli strains. The pMD18-T
plasmid for the direct cloning of PCR products was pur-
chased from TaKaRa (Dalian, China). The pET20b and
pET28a (+) plasmid for the heterogeneous expression study
were obtained from Novagen (Shanghai, China).

Construction of plasmid vectors for coexpression 
of the P450SMO and GDH gene

Plasmids used in this study are listed in Table 1. The nucle-
otide sequences of the polymerase chain reaction (PCR)
primers used are listed in Table 2.

The glucose dehydrogenase gene was ampliWed via PCR
with primers 1 and 2 using genome DNA from Bacillus
subtilis as the template. The PCR ampliWcations were per-
formed with Pfu DNA polymerase (TaKaRa, Dalian,
China), with initial denaturation at 94°C for 5 min followed
by 30 cycles of denaturation at 94°C for 1 min, annealing at
62°C for 1 min, extension at 72°C for 2 min and followed
by a Wnal extension at 72°C for 10 min. The resulting

Table 1 Plasmids used in this 
study

Plasmid Promoter Antibiotic for plasmid 
selection

Reference

pET20b-GDH T7 Ampicillin (100 �g/mL) This work

pET28a-P450SMO T7 Kanamycin (50 �g/mL) Zhang et al.

pET20b-GDH-P450SMO T7 Ampicillin (100 �g/mL) This work

pET28a-P450SMO-GDH T7 Kanamycin (50 �g/mL) This work
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786 bp fragment was digested with NdeI and HindIII and
then ligated into pET20b which was digested with the same
restriction enzymes, generating the construct pET20b-
GDH. Successful ligation into pET20b was conWrmed by
restriction analysis and determination of glucose dehydro-
genase activity in cell-free extracts after recombinant
expression in E. coli BL21 (DE3). The transformed strain
was abbreviated as BL21 (pET20b-GDH).

Coexpression of P450SMO gene and GDH gene was
performed in three ways. First, a two-plasmid system was
used in which each gene was cloned into a diVerent plas-
mid with the same origin of replication, i.e., P450SMO
gene into pET28a (+) [10] and GDH into pET20b. A simi-
lar approach using two incompatible plasmids had been
successfully used [18, 19]. The same E. coli strain trans-
formed with both the pET28a-P450SMO and the pET20b-
GDH was abbreviated as BL21 (pET28a-P450SMO/
pET20b-GDH). The other two methods involved a single
plasmid system in which the two genes were arranged in
tandem in pET28a or pET20b. Coexpression plasmids,
pET28a-P450SMO-GDH and pET20b-GDH-P450SMO
were constructed as depicted in Fig. 1. For construction of
pET28a-P450SMO-GDH, the gene encoding GDH was

ampliWed by PCR with primers 3 and 4 using pET20b-
GDH as the DNA templates. The PCR ampliWcations
were performed with Pfu DNA polymerase (TaKaRa,
Dalian, China), with initial denaturation at 94°C for 5 min
followed by 30 cycles of denaturation at 94°C for 1 min,
annealing at 58°C for 1 min, extension at 72°C for 2 min and
followed by a Wnal extension at 72°C for 10 min. The
ampliWed DNA fragment was cloned into the pET28a-
P450SMO vector by CloneEZ™ kit (GenScript, Nanjin,
China). For construction of pET20b-GDH-P450SMO, the
gene encoding P450SMO was ampliWed by PCR with
primers 5 and 6 using pET28a-P450SMO as the DNA
template. The PCR ampliWcations were performed with
Pfu DNA polymerase (TaKaRa, Dalian, China), with ini-
tial denaturation at 94°C for 5 min followed by 35 cycles
of denaturation at 94°C for 1 min, annealing at 62°C for
1 min, extension at 72°C for 3 min and followed by a Wnal
extension at 72°C for 10 min. The ampliWed DNA frag-
ment was cloned into the pET20b-GDH vector using a
CloneEZ™ kit. As for the Shine–Dalgarno (SD)
sequence, P450SMO used SD of pET28a and GDH
included the SD of pET20b. All the expression plasmids
were introduced into E. coli BL21.

Table 2 Primers used for PCR ampliWcation of DNA sequences

Restriction endonuclease sites in the primer sequences are underlined. Non-coding regions overhang 5�-addition of the primers is indicated in bold
italic. Primers 3 to 6 were designed from original plasmids (pET28a-P450 and pET20b-GDH) according to the instruction of CloneEZ kit. The
PCR template was pET20b-GDH or pET28a-P450

Number Name Sequence (5�-3�)

1 F-GDH CGCGCATATGTATCCGGATTTAAAAGGAAAAGTCGT

2 R-GDH ATGTAAGCTTTTAACCGCGGCCTGCCTGGAATG

3 F-PPG CCCTCCAGCTGTGAAAAGGAGATATACATATGTATCCGG

4 R-PPG TCGAGTGCGGCCGCATTAACCGCGGCCTGCCTGGAATG

5 F-PGP CAGGCCGCGGTTAAAAAGGAGATATACCATGGGCAGC

6 R-PGP TGGTGGTGGTGGTGCTCACAGCTGGAGGGTCAGCT

Fig. 1 Structure of expression 
plasmids
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Cultivation of recombinant E. coli cells and preparation 
of the resting cells

The veriWed clones were grown at 37°C in Luria–Bertani
medium (per liter deionized water: 10.0 g tryptone, 5.0 g
yeast extract, 10.0 g NaCl). Kanamycin 50 �g mL¡1 was
included for growth of E. coli BL21 (pET28a-P450SMO-
GDH), and ampicillin 100 �g mL¡1 was added for the
strain containing pET20b-GDH-P450SMO. For two-plas-
mid systems, 50 �g mL¡1 kanamycin and 100 �g mL¡1

ampicillin were added. When the cultures were grown at
37°C with an OD600 of 0.6, 0.5 mM FeCl3 was added (to
improve the P450SMO production) and then induced with
IPTG at a Wnal concentration of 0.5 mM. The growth of the
culture was continued at a lower temperature of 25°C, with
vigorous shaking (150 rpm) for 18 h. Cells were harvested
by centrifugation at 8,500g for 5 min at 4°C, washed twice
with sodium phosphate buVer (50 mM, pH 7.5) and then
resuspended in the same buVer. Resting cells obtained were
employed as the whole cell biocatalysts and were stored at
4°C prior to use.

Carbon monoxide (CO) diVerence spectra analysis

Resting cells were resuspended and disrupted by sonication
(To disrupt the cells, the cell suspension was put on ice and
sonicated 90 times at 400 W for 4 s with 4 s of interval) in
sodium phosphate buVer (50 mM, pH 7.5). The lysates
were centrifuged (8,500g for 20 min at 4°C) to remove
insoluble fractions. The supernatant was employed for
spectroscopic measurement. The CO diVerence spectra
were measured as follows: the crude extracts were reduced
by adding several grains of sodium dithionite. Samples
were dispensed into two cuvettes and a baseline spectrum
was spectrophotometrically recorded (UV–Vis Spectropho-
tometer UVmini-1240, Shimadzu, Kyoto, Japan) in the
range of 350–500 nm. One cuvette was then gently gassed
with carbon monoxide for 1 min, after which a diVerence
spectrum was immediately monitored in the same spectral
range and subsequently baseline-corrected. The concentra-
tion of P450SMO in the aqueous solution was determined
by the CO diVerence spectrum with a molar extinction
diVerence of 91 mM¡1 cm¡1 between 450 and 490 nm [20].

Determination of enzyme activities

Resting cells were resuspended and disrupted by sonication
in sodium phosphate buVer (50 mM, pH 7.5). The lysates
were centrifuged to remove insoluble fractions. The crude
extracts were dialyzed against sodium phosphate buVer (pH
7.5). Finally, the samples were concentrated fourfold by
ultraWltration (Centriprep 30,000 molecular weight cut-oV

concentrators, Millipore) and stored at ¡80°C with 20%
glycerol until further use.

GDH activity was determined by measurement of the
increase in absorbance at 340 nm due to the formation of
NADPH. Therefore, 870 �L of 50 mM sodium phosphate
buVer (pH 7.5) were mixed with 10 �L of cell-free extract
and 10 �L of 10 mM NADP+ in 50 mM sodium phosphate
buVer (pH 7.5). Measurement was started by adding 100 �L
of 1 M glucose in sodium phosphate buVer (pH 7.5). Molar
extinction coeYcient of NADPH (6.2 mM¡1 cm¡1) was
used to calculate enzyme activities. P450SMO activity was
determined using the p-chlorothioanisole as substrate, as
previously described [10]. Bradford protein assay was used
for quantitative analysis of proteins with bovine serum
albumin as the standard. The assay was based on the obser-
vation that the absorbance maximum for an acidic solution
of Coomassie Brilliant Blue G-250 shifts from 465 to
595 nm when binding to protein occurs [21].

In vitro cofactor regeneration system

The function of the catalytic redox cycle of NADPH
regeneration was investigated in vitro using sulfoxidation
assay with mixtures of puriWed P450SMO [10] and GDH
or cell-free extracts of each of the three coexpression sys-
tems. Reaction mixtures contained p-chlorothioanisole
(1 mM), P450SMO (1 �M), NADP+ (1 mM), D-glucose
(50 mM), and GDH (10 U), in 1 mL of 50 mM sodium
phosphate buVer pH 7.5. Reaction mixtures containing
p-chlorothioanisole (1 mM), 1 �M P450SMO, and 1 mM
of NADPH were used as control samples. Sulfoxide prod-
ucts and Wnal NADPH concentration were assayed after
incubation of the substrate with the enzyme for 2 h. The
samples (0.5 mL) were saturated with NaCl and extracted
with 0.3 mL ethyl acetate containing 2 mM of 4-nitroace-
tophenone as an internal standard. The organic layers
were dried over anhydrous sodium sulfate, and subjected
to GC analysis. All experiments were performed in
duplicate.

Whole-cell biotransformation

The cells were washed twice with sodium phosphate buVer
(50 mM, pH 7.5) and resuspended in the same buVer.
DiVerent amounts of sulWde and glucose were added to the
reaction mixture. The biotransformations were carried out
in 50 mL reaction vessel with 10 mL of resting cells (50 mg
wet cells/mL reaction buVer) at 30°C for 12 h. Cells con-
taining the same plasmid without a DNA insert were used
as a negative control. At the scheduled times, aliquots of
reaction mixture were withdrawn for product assay. All
experiments were performed in duplicate.
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Analytical methods

The product analysis was performed as described by Li
et al. [22] with minor modiWcations. BrieXy, GC (GC-14C,
Shimadzu, Japan) with a column (AT•SE-54 30 £
0.25 mm £ 0.33 �m) and an FID detector were used to
determine the quantity of sulfoxide formed. GC analysis
conditions were: injector 280°C; detector 280°C and oven
180°C. Enantiomeric excess (ee) of product was deter-
mined with HPLC (LC-10AT, Shimadzu, Japan) using a
chiral column (Chiralcel OD-H, Daicel Co., Japan,
250 mm £ �4.6 mm), which was eluted with hexane/iso-
propanol (93:7, v/v, 1.0 mL/min) and detected at 254 nm.
Authentic standards for each enantiomer of sulfoxide were
prepared by the method established previously [22].

Results

Heterologous expression of P450SMO and GDH genes

The P450SMO and GDH genes were cloned and heterolo-
gously expressed in E. coli BL21 (DE3) cells. With the
analysis of the protein expression in E. coli BL21 (DE3)
cells by SDS-polyacryl-amide gel electrophoresis (SDS–
PAGE), two protein bands were evident, with a size of
approximately 88 kDa (P450SMO) and 29 kDa (GDH)
(Fig. 2). To check the expression of active P450SMO in the
recombinant E. coli cells, the crude cell extracts of three
coexpression systems were spectroscopically analyzed. The
absorption spectrum of the crude cell extract of coexpres-
sed enzymes showed a heme absorption with the maximum
at 420 nm, which is typical of cytochrome P450 enzymes.

The addition of dithionite led to a decrease of this shoulder
due to reduction of the oxidized heme iron component. The
addition of carbon monoxide to the dithionite-reduced pro-
tein resulted in a Soret band shift from 420 to 450 nm, as
expected for a cytochrome P450 enzyme (data not shown).

Based on the data of the aqueous extracts, which were
prepared under optimized conditions, the content of
P450SMO was estimated to be about 131.8 nmol per liter
of culture broth for BL21 (pET28a-P450SMO/pET20b-
GDH), 127.5 nmol per liter of culture broth for BL21
(pET20b-GDH-P450SMO), and 248.4 nmol per liter of cul-
ture broth for BL21 (pET28a-P450SMO-GDH). The results
showed that the P450SMO were actively expressed in three
systems, and the content of P450SMO expressed in BL21
(pET28a-P450SMO-GDH) system was higher than in the
other two systems. The GDH activity was estimated to be
about 1.6 U/mg protein for BL21 (pET28a-P450SMO/
pET20b-GDH), 1.5 U/mg protein for BL21 (pET20b-
GDH-P450SMO), and 1.2 U/mg protein for BL21
(pET28a-P450SMO-GDH), respectively.

In vitro analysis of the recombinant intracellular cofactor 
regeneration system

After successful cloning of the respective genes and before
using these for whole-cell biotransformations, the basic
functioning of the cofactor regeneration system was inves-
tigated in vitro. As shown in Table 3, the sulWde conversion
with the enzyme cofactor regeneration system was about
twice that with no cofactor regeneration system, while the
Wnal concentration of NADPH in the cofactor regeneration
system was about 4.5 times higher than that of the no-
cofactor regeneration system. These data suggested that the

Fig. 2 SDS–PAGE analyses of 
the P450SMO and GDH co-ex-
pressed in E. coli BL21 (DE3). 
a Lane M, protein markers (in 
kDa); Lane 1, pET20b-GDH; 
Lane 2, pET28a-P450SMO; 
Lane 3, pET28a-P450SMO-
GDH. b Lane M, protein mark-
ers (in kDa); Lane 1, pET28a-
P450SMO/pET20b-GDH; Lane 
2, pET20b-GDH-P450SMO; 
Lane 3, pET28a-P450SMO; 
Lane 4, pET20B-GDH. The 
P450SMO (ca. 88 kDa) and 
GDH (ca. 30 kDa) are indicated 
by the arrows
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NADPH was consumed by the P450 monooxygenase in
cell-free extracts of BL21 (pET28a-P450SMO) and co-
expression systems, and the NADPH regeneration cata-
lyzed by GDH was forming a catalytic cycle.

Whole cell catalytic performance

To eYciently connect the two reactions, the GDH gene
from Bacillus subtilis was coexpressed with the P450SMO
gene in E. coli using three diVerent coexpression styles.
Resting cells of each transformant strain were prepared and
subjected to reaction assay with 2 mM p-chlorothioanisole
as the substrate in the presence of D-glucose (50 mM). As
shown in Fig. 3, the highest production of sulfoxide was
obtained with E. coli possessing pET28a-P450SMO-GDH,
aVording a conversion of 100% in 12 h, as compared to
53.3 and 67.6% conversions with E. coli possessing
pET20b-GDH-P450SMO and pET28a-P450SMO/pET20b-
GDH, respectively. Therefore, E. coli transformant cells
possessing pET28a-P450SMO-GDH were used as a cata-
lyst for the subsequent experiments.

The conversion eYciency of sulWde to sulfoxide using
BL21 (pET28a-P450SMO-GDH) was further investigated.
As shown in Fig. 4a, only about 25% conversion was
achieved using the recombinant E. coli BL21 (pET28a-
P450SMO) as a biocatalyst with an initial substrate concen-
tration of 2 mM. When glucose was added to the reaction
mixture, the sulWde conversion was increased to 36%. This
result suggested that glucose was partially metabolized by
E. coli enzymes and that a small amount of NADPH was
regenerated. When the recombinant E. coli BL21 (pET28a-
P450SMO-GDH) was used as a biocatalyst, better results
were obtained. The highest conversion (100%) was
achieved after 12 h reaction, and the substrate conversion
increased nearly fourfold as compared to that without any

energy source, aVording 2 mM (317.3 mg/L) S-sulfoxide
obtained. Due to the high cytotoxicity of sulWde, the
eYciency of the reactions decreased when the initial sulWde
concentration was increased to 5 mM (Fig. 4b). However,
the conversion of sulWde was also increased nearly Wvefold
as compared to that without GDH being co-expressed in the
system, and the product concentration reached 2.6 mM
(396.6 mg/L). The ee value of sulfoxide product was higher
than 98.0% (data not shown).

To further explain the eVect of coexpression of GDH,
the extracellular NADPH concentrations over the time
course of sulWde oxidation in diVerent reaction systems
were measured. The actual NADPH concentration was
determined at 340 nm using the value of the extinction
coeYcient (6.2 mM¡1 cm¡1). As shown in Fig. 5, with the
recombinant E. coli BL21 (pET28a-P450SMO) reaction sys-
tem without GDH added, the proWle of NADPH concentration

Table 3 In in vitro analysis of sulWde conversion and NADPH regeneration with diVerent reaction systems

P450SMO was puriWed from the recombinant cell constructed previously [10]. The concentration of P450SMO in the aqueous solution was deter-
mined by the CO diVerence spectrum with a molar extinction diVerence of 91 mM¡1 cm¡1 between 450 and 490 nm. P450SMO concentration
calculated in BL21 (pET28a-P450SMO-GDH) cell extracts was 0.7 �M; in BL21 (pET28a-P450SMO/pET20b-GDH) cell extracts was 0.5 �M;
in BL21 (pET20b-GDG-P450SMO) cell extracts was 0.5 �M. The actual NADPH concentration was calculated from the absorption data using the
value of the extinction coeYcient (6.2 mM¡1 cm¡1). The reaction condition was in the “Materials and methods”
a SulWde conversion was determined by GC analysis. b ND not detected. c Wnal concentration of NADPH after 2 h reaction

Reaction systems SulWde 
conversion (%)a

NADPH 
(mM)c

P450SMO (1 �M) + SulWde (1 mM) NDb ND

P450SMO (1 �M) + NADPH (1 mM) + SulWde (1 mM) 34.9 0.2

P450SMO (1 �M) + NADP+ (1 mM) + GDH (10 U) + Glucose (50 mM) + SulWde (1 mM) 71.8 0.9

BL21(pET28a-P450SMO-GDH) cell extracts + NADP+ (1 mM) + Glucose (50 mM) + SulWde (1 mM) 69.9 0.75

BL21(pET28a-P450SMO/pET20b-GDH) cell extracts + NADP+ (1 mM) + Glucose (50 mM) +
SulWde (1 mM)

51.5 0.95

BL21(pET20b-GDH-P450SMO) cell extracts + NADP+ (1 mM) + Glucose (50 mM) + SulWde (1 mM) 50.3 0.95

Fig. 3 Comparison of three recombinant E. coli coexpression sys-
tems. The reaction mixture (1 mL) was comprised of 2 mM substrate,
50 mM D-glucose, and 50 mg/mL of recombinant E. coli cells in
0.05 M sodium phosphate buVer (pH 7.5). Samples were incubated at
30°C for 12 h. Systems: 1 pET20b-GDH-P450SMO; 2 pET28a-
P450SMO-GDH; 3 pET28a-P450SMO/pET20b-GDH. All experi-
ments were performed in duplicate
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was kept at a low level. However, with the addition of glu-
cose and GDH in the reaction system, the extracellular
NADPH concentration increased obviously in the Wrst 2 h,
and then remained stable afterward. With the system cata-
lyzed by recombinant E. coli BL21 (pET28a-P450SMO-
GDH), the proWle of extracellular NADPH concentration
was quite similar to that in the GDH and glucose supple-
mented system. The results showed that GDH performed a
key role for NADPH regeneration in the recombinant
E. coli BL21 (pET28a-P450SMO-GDH) system, and the
biotransformation of sulWde to S-sulfoxide could be
eYciently completed with no exogenous GDH and NADP+

addition. These results were consistent with the study by
Xu [17], who used a recombinant E. coli expressing glu-
cose dehydrogenase to eYciently regenerate NADPH.

EVect of glucose on sulfoxidation

The role of GDH on the BL21 (pET28a-P450SMO-GDH)
system was further evaluated. We found that the concentra-
tion of the second substrate (D-glucose), used for regenera-
tion of NADPH, signiWcantly inXuenced the reaction rate.
As shown in Fig. 6, the higher the D-glucose concentration,
the higher the sulWde sulfoxidation rate. A high conversion

rate and complete transformation could be achieved at
20 mM D-glucose within 12 h. With the BL21 (pET28a-
P450SMO) as control, only 36% conversion could be
achieved, and with more glucose added, the sulWde conver-
sion did not increase (data not shown).

EVect of diVerent amount of sulWde substrate 
on sulfoxidation

With the recombinant E. coli BL21 (pET28a-P450SMO-
GDH) whole cell as biocatalyst, varying concentrations of
substrate (1–10 mM) on sulfoxidation were evaluated. As
shown in Fig. 7, when sulWde concentration was above
2 mM, the S-sulfoxide formation rate was evidently
decreased. This result showed that high substrate concen-
trations (>2 mM) led to marked inhibition of the recombi-
nant strain sulfoxidation.

Fig. 4 Time courses of sulWde bioconversion. The reaction mixture
(10 mL) was comprised of 50 mg/mL of E. coli cells in 0.05 M sodium
phosphate buVer (pH 7.5). a 2 mM substrate, 50 mM D-glucose;
b 5 mM substrate, 100 mM D-glucose. Samples were incubated at
30°C. (Wlled diamond) BL21 (pET28a-P450SMO-GDH); (Wlled
square) BL21 (pET28a-P450SMO); (Wlled triangle): BL21 (pET28a-
P450SMO) without D-glucose. All experiments were performed in
duplicate
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Fig. 6 Time courses of sulWde conversion with BL21 (pET28a-
P450SMO-GDH) in the presence of diVerent amounts of D-glucose.
The reaction mixture (10 mL) comprised 2 mM substrate, 0–30 mM
D-glucose and 50 mg/mL of E. coli cells in 0.05 M sodium phosphate
buVer (pH 7.5). (open circle) 30 mM D-glucose; (Wlled circle) 20 mM
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D-glucose; (Wlled diamond) 0 mM D-glucose. All experiments were
performed in duplicate
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In addition, the product inhibition was also studied when
a Wxed concentration of sulfoxide (0–10 mM) was added in
advance, and the results showed that the initial velocity of
sulfoxide formation with each initial concentration of sulf-
oxide did not change (data not shown). Therefore, product
inhibition did not seem to occur.

Discussion

Enantiopure sulfoxides are important building blocks in the
organic synthesis of natural products because of their pow-
erful stereodirecting ability in the carbon–carbon bond for-
mation [23]. The activity of the sulWnyl group in the
synthesis of drugs is exempliWed by omeprazole, an antiul-
cer compound, and sulindac, a nonsteroidal antiinXamma-
tory drug as well as an inhibitor of tumoral cell growth.
Previous study has shown that P450SMO can accept a
number of sulWde substrates, and has been applied for a
wide variety of selective oxidation reactions resulting in
formation of optically active sulfoxides [10]. However, the
enzyme activity toward sulWde substrate was very low in in
vitro biotransformation, and was also dependent upon the
expensive cofactor, NADPH.

NADPH is an essential reducing agent in the P450
monooxygenase system. P450-catalyzed monooxygenation
is initiated by electron transfer from NADPH to cyto-
chrome P450 reductase; catalytic substrate oxidation will
be terminated when NADPH in the reaction system is com-
pletely consumed. The use of E. coli whole cell biocatalysts
coupled with a cofactor regeneration system was demon-
strated to be a powerful strategy for enhancing the catalytic
eYciency of oxidoreductases [24, 25]. In this study, three
recombinant E. coli systems for co-expression of P450SMO
and GDH gene were successfully established. The reaction

seems to be substantially limited by the P450SMO activity,
and an excess of P450SMO must be available, whereas an
excess of GDH did not aVect the total reaction rate. The
results were similar to Weckbecker [26], who constructed
two plasmid coexpression genes encoding alcohol dehydro-
genase (ADH) and GDH. With the recombinant strain
BL21 (pET28a-P450SMO-GDH) as biocatalyst, NADPH
regeneration coupled with the coexpressed GDH resulted in
a signiWcant enhancement of sulfoxidation. However, like
other monooxygenases [27, 28], the substrate inhibition
was still a major drawback for P450SMO reaction. Fur-
ther study on the two phase systems where substrate and
product are stored in an organic layer, from which only
small substrate quantities get into the enzyme-containing
reaction buVer, may be a good choice to resolve this
problem.
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