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A new and efficient sulfide monooxygenase-producing strain, ECU0066, was isolated and identified as a
Rhodococcus sp. that could transform phenylmethyl sulfide (PMS) to (S)-sulfoxide with 99% enantiomeric
excess via two steps of enantioselective oxidations. Its enzyme activity could be effectively induced by adding
PMS or phenylmethyl sulfoxide (PMSO) directly to a rich medium at the early log phase (6 h) of fermentation,
resulting in over 10-times-higher production of the enzyme. This bacterial strain also displayed fairly good
activity and enantioselectivity toward seven other sulfides, indicating a good potential for practical application

in asymmetric synthesis of chiral sulfoxides.

Because of the high configurational stability of the sulfinyl
group as well as their synthetic versatility, chiral sulfoxides
are powerful stereodirecting groups (18), valuable asymmet-
ric starting materials (19), and chiral auxiliaries (7). The
value of chiral sulfoxide functionality is further illustrated
by their diverse biological activities and pharmaceutical uses
(17). In many cases, only one enantiomer of a sulfur-con-
taining drug exhibits the desired biological activity (10);
therefore, it is necessary and important to prepare enantio-
pure sulfoxides.

The asymmetric oxidation of a prochiral sulfide is undoubt-
edly a more direct and economical method for the synthesis of
enantiomerically pure sulfoxides than the kinetic resolution of
racemic sulfoxides. Asymmetric sulfoxidations mediated by ei-
ther metal catalysts or isolated enzymes have received consid-
erable attention over the past several years (1, 9, 14, 20, 24).
However, the transformations with metal catalysts or isolated
enzymes (such as peroxidases, haloperoxidases, and monooxy-
genases) are tedious and expensive, which are major disadvan-
tages for preparative applications. And only very few of the
enzymes used for sulfoxidation, such as the cyclohexanone
monooxygenase from Acinetobacter NCBI 9871, have been iso-
lated and characterized (8). By contrast, asymmetric sulfoxida-
tions catalyzed by whole-cell systems (e.g., fungi and bacteria)
are much cheaper and more convenient, avoiding the involve-
ment of expensive cofactors (NADH/NADPH). Although a
few microorganisms have so far been successfully used for such
a biocatalytic sulfoxidation, the most frequently used cultures
for this purpose were fungi (12, 21, 22). For the bacteria, there
have been only a few brief reports regarding the oxidation of
sulfides with whole cells (2, 15), but the results were unsatis-
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factory because of low enantioselectivity or poor substrate tol-
erance. Therefore, we decided to screen for new bacterial
strains with higher enzyme activity and better enantioselectiv-
ity for asymmetric oxidation of sulfides.

In this article, we report the catalytic performance of the
newly isolated bacterium Rhodococcus sp. strain ECU0066 for
asymmetric oxidation of sulfides. This bacterium displayed
pretty high activity and satisfactory enantioselectivity for most
of the sulfides examined, indicating that this bacterium is very
promising for synthetic application.

Enrichment and isolation of microbial strains for asymmet-
ric sulfoxidation. Bacteria with sulfide monooxygenase (SMO)
activity were isolated from soil samples through two rounds of
screening: the first round of screening for SMO activity and the
second round of screening for enantioselective SMO activity.
Soil samples used were collected from some coal gasification
sites of Shanghai, Jiangsu, and Shandong Provinces, China. A
tiny portion of each soil sample was suspended in a mineral
salts medium containing, per liter of tap water, 1.0 g of
(NH,),SO,, 6.0 g of K,HPO, - 3H,0, 3.0 g of KH,PO,, 0.5 g
of NaCl, 0.5 g of MgSO, - 7TH,0, and 0.05 g of CaCl,. The
suspension was supplemented with 40 pl of 0.5 M phenyl-
methyl sulfide (PMS) in methanol as the carbon source. The
enrichment culture was carried out at 30°C and 160 rpm for 5
to 6 days, with one transfer into fresh medium with the same
composition. After the enrichment culture, samples of the mix-
tures were withdrawn for a thin-layer chromatography (TLC)
assay using petroleum ether-ethyl acetate (EtOAc). (2:1, vol/
vol) as the elution solvent.

The soil culture samples with the obvious product phenyl-
methyl sulfoxide (PMSO) spot on the TLC plates were plated
onto a rich medium (RM) composed of, per liter of tap water,
15 g of glucose, 5.0 g of yeast extract, 5.0 g of peptone, 0.66 g
of K,HPO, - 3H,0, 0.5 g of KH,PO,, 1.0 g of NaCl, 0.2 g of
MgSO,, and 15 g of agar, pH 7.0. The sulfur-adapted micro-
organisms (800 strains) that developed on the RM agar plates
were picked and inoculated individually into 2 ml of liquid RM
without agar. After 24 h of incubation, 40 pl of 0.5 M PMS in
methanol was added, giving a final concentration of 10 mM.
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FIG. 1. Results of the secondary round of screening. The enanti-
oselective oxidation of PMS to PMSO by 100 strains with obvious SMO
activity is shown. Specific activity is in units per gram of wet cell weight.
@, ECU0066; O, other strains.

After 18 h of bioconversion, the product PMSO was quickly
examined by TLC. Subsequently, 100 strains of the isolates
with obvious SMO activity were chosen for further screening
on a larger scale. After culture in liquid RM, ca. 0.5 to 1.0 g
(wet weight) washed cells of each selected strain was sus-
pended in 9 ml of 50 mM potassium phosphate buffer (KPB;
pH 7.0), and 1 ml of 100 mM PMS in KPB containing 10%
(wt/vol) Tween 80 was added for bioconversion (30°C, 160
rpm, 24 h). Samples (0.5 ml each) of the reaction mixture were
withdrawn for measuring the substrate conversion and product
enantiomeric excess (ee,) by high-pressure liquid chromatog-
raphy (LC-10AT; Shimadzu, Japan) using a chiral column
(Chiralcel OD-H; Daicel Co., Japan; 250 mm by 4.6 mm [in-
side diameter]), which was eluted with hexane-isopropanol
(93:7, vol/vol; 1.0 ml/min). Detection was at 254 nm.

As shown in Fig. 1, 57 of the 100 strains could oxidize PMS
to (R)-PMSO. Among the strains preferentially producing the
R isomer, seven strains showed relatively higher enantioselec-
tivity (ee,, > 60%), and the highest ee,, values obtained were
83.0% and 88.6%, but the specific activities of the two most
selective strains were relatively low (<0.02 U/g). Among the 43
strains preferentially producing (S)-PMSO, only 2 showed sat-
isfactory ee,, (60% and 80%). Fortunately, the one with 80%
ee,, designated ECUO0066, showed the highest activity (0.08
U/g) among all 100 strains. Therefore, it was selected for fur-
ther study.

In order to obtain an effective biocatalyst from soil for this
purpose, an effective two-step screening procedure was
adopted in our screening system. It has greatly helped us in
efficiently isolating the target strains. The fact that more than
60% of isolated strains showed over 20% conversion of PMS
after 24 h of bioconversion further proves that the above-
mentioned measures can greatly enhance the efficiency of ob-
taining active strains.

Presumed mechanism for asymmetric oxidation of PMS. In
the subsequent experiments, it was surprisingly found that the
ee of (§)-PMSO could be improved to 99% when the initial
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FIG. 2. Pathway of strain ECU0066-catalyzed sulfoxidation of PMS
to PMSO and phenylmethyl sulfone.

PMS concentration was lowered. The reason for this pheno-
menon, which was revealed later, was the two steps of oxida-
tions involved in the biotransformation process. First, PMS was
sulfoxidized to sulfoxide with 80% ee for the S enantiomer, and
the formed (R)-PMSO was further enantioselectively oxidized
to achiral sulfone, resulting in 99% ee for the residual (S)-
PMSO. Furthermore, in order to confirm this presumed mech-
anism, racemic PMSO (rac-PMSO) was employed as the start-
ing material for bioconversion. It was found that the bacterium
could preferentially oxidize (R)-PMSO to achiral sulfone, af-
fording enantiopure (S)-PMSO with 99% ee. This indicates
that the second oxidation step is highly enantioselective, which
is different from the reaction catalyzed by a phenylacetone
monooxygenase from Thermobifida fusca, which has no enan-
tioselectivity for the second oxidation step (24). Therefore, it
also provides an alternative procedure for preparing enantio-
pure sulfoxides from racemates for practical application. Based
on the results mentioned above, a presumed pathway for the
biosulfoxidation of PMS to PMSO and bio-oxidation of PMSO
to phenylmethyl sulfone, which was mediated by whole cells of
the strain ECU0066, was proposed (Fig. 2).

Identification of the new bacterial isolate ECU0066. Cell
morphology of the bacterial strain ECU0066 was observed
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FIG. 3. Phylogenetic dendrogram for strain ECUQ0066-related
strains based on the 16S rRNA gene sequence. Numbers after the
names of organisms are accession numbers of published sequences.
Bootstrap values were based on 1,000 replicates. Nocardia arthritidis
was used as the outgroup.
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FIG. 4. Profiles of cell growth and SMO production of Rhodococ-
cus sp. strain ECU0066. @, SMO activity; B, biomass; A, pH. DCW,
dry cell weight.

using an optical microscope. The bacterial cells were sphere
shaped and were gram positive. The 16S rRNA gene sequenc-
ing and taxonomic analyses revealed that this stain belongs to
the genus Rhodococcus and is closely related to Rhodococcus
sp. strain CHNTR42 (Fig. 3). Therefore, strain ECU0066 was
marked as Rhodococcus sp. strain ECU0066. This strain was
deposited in the China General Microbiological Culture Col-
lection Center, with an accession number of CGMCC 2547. To
the best of our knowledge, it is the first time that a Rhodococ-
cus sp. was intentionally investigated for asymmetric oxidation
of sulfides. In the past, more attention was focused on biode-
sulfurization using Rhodococcus species (11, 16), and only one
report concerning the use of a reconstructed dibenzothiophene
degradation bacterium, Rhodococcus erythropolis, for enantio-
selective oxidation of sulfides was available (13), though the
results were unsatisfactory: the ee value was only 2% for the
standard substrate PMS. The observed sense of the enantio-
selectivity of the SMO produced by Rhodococcus sp. strain
ECU0066 was also opposite to that of the SMO produced by
Rhodococcus erythropolis, suggesting that the SMO discovered
in this work may be a novel enzyme.

Fermentation and induction of SMO. To further character-
ize the new bacterial isolate, the time course of SMO produc-
tion was monitored by cultivating Rhodococcus sp. strain
ECU0066 in 250-ml flasks with 50 ml of RM. The sterilized
RM was inoculated with 5% (vol/vol) of a preculture in flasks
for 12 h. Periodically, two flasks were withdrawn for determi-
nation of the enzyme activity, dry cell weight, and pH. The cells
harvested from 2 ml of the culture broth by centrifuge were
resuspended in 0.49 ml of 50 mM KPB (pH 8.0) and used for
the assay of SMO activity on a minishaker (Thermomixer
Compact; Eppendorf, Germany) at 30°C and 1,100 rpm. The
reaction was started by adding 10 pl methanol solution con-
taining 500 mM PMS (final concentration: 10 mM) and
stopped after 10 min of incubation by addition of 0.3 ml EtOAc
with 6 mM 4-nitroacetophenone as an internal standard. The
EtOAc phase was subjected to gas chromatography analysis
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FIG. 5. Bioconversion course for enantioselective oxidation of
PMS (10 mM). @, concentration of (R,S)-PMSO; A, concentration of
(8)-PMSO; [, concentration of (R)-PMSO; #, ee of (S)-PMSO.

(GC-14C; Shimadzu, Japan) at an injector temperature of
280°C, a detector temperature of 350°C, and an oven temper-
ature of 180°C, with a column (AT®SE-54; 30 m by 0.25 mm by
0.33 pm) and a flame ionization detector to determine the
quantity of PMSO formed. One unit of SMO activity is defined
as the amount of the enzyme catalyzing the formation of 1.0
pmol PMSO per minute under the above conditions.

As shown in Fig. 4, the SMO activity increased in parallel
with the cell growth during the first 30 h and began to decrease
after 30 h, while the cell growth continued till 50 h. The max-
imum SMO activity (3.4 U/liter) was observed at about 30 h.
The change of pH during the cultivation was small, with a trend
of slight decline. However, the maximum activity observed was
relatively low. Therefore, to improve the SMO production,
some potential inducers were examined. PMS (0.1 mM) and
rac-PMSO (0.1 mM) were tested as potential inducers in the
early log phase (6 h) of fermentation. As a result, it was found
that the effects of PMS and rac-PMSO as inducers on cell
growth and SMO production of the bacterium were similar.
The specific activities of resting cells with induction by PMS or
rac-PMSO were 0.76 U/g and 0.73 U/g, respectively, which are
markedly higher than that without induction (0.064 U/g), lead-
ing to more than a 10-fold enhancement of enzyme production.
And the biomass obtained with induction was also slightly
higher than that of the control (data not shown). Such a
method of SMO induction has never been reported before. We
added inducer directly to RM during the early log phase (at
6 h) of fermentation, whereas previous researchers employed
camphor (2) or cyclohexanone (15) as the sole carbon source in
a minimum medium for the cultivation of monooxygenase-
producing bacteria. The obvious disadvantage of the latter
method is the poor growth of cells, producing a much lower
biomass than our method.

Based on the results above, we finally adopted the following
fermentation conditions: the fermentation time was controlled
at around 30 h, and PMS (0.1 mM) as an inducer was added at
the 6-h point of the fermentation process.



554 LI ET AL.

APPL. ENVIRON. MICROBIOL.

TABLE 1. Enantioselective oxidation of sulfides Ia to Ih to sulfoxides Ila to ITh with the resting cells of Rhodococcus sp. strain ECU0066“

Yield

Entry Substrate (%)

% ee Specific rotation (previously determined
(config.)® value [reference])

S\
1 442
Ia
S\
2 85.7
Ib
S\
3 61.2
Me Ic
S\
4 69.6
Id
S\
5 60.0
Cl Ie
S

~

6 81.8
If
S S
™~
7 &Y 200
N Ig
S S

g @/ \m 137

99.0 (S) [l — 134.5; ¢ 0.7, acetone ([a]d — 136.2 [25])
97.3(S) [ald — 135.4; ¢ 1.03, acetone ([a]p, — 142.0 [3])
382 (R) [o]¥ + 61.4; ¢ 1.0, CHCl, ([l + 165.9 [6])
91.7 (S) [a]% — 139.4; ¢ 1.05, CHCL; ([o]2 — 120.0 [4])
98.8 (S) [o]% — 1363 (c 1.04, CHCL) ([o]? — 154.0 [4])
17.4(S) (o8 — 34.6; ¢ 1.0, CHCL, ([o¥[e] + 200 [23])
90.3 (—9) [ + 198; ¢ 0.75, CHCl,

713 (S) [o]¥ — 51.8; ¢ 0.005, CHCl (o] + 72 [5])

“ 1, sulfide; II, sulfoxide.
b Isolated yield of product.

¢ The enantioselectivity was determined by HPLC. The formula for ee is ([S] — [R][S] + [R]) X 100%, where [S] and [R] denote the concentrations of (§)- and
(R)-PMSO, respectively. Absolute configurations (config.) were assigned by comparison of the specific rotations with the literature values.

4 no configuration specified.

Investigation of reaction conditions and substrate tolerance
of the whole-cell transformation. Into 0.49 ml of 50 mM KPB
(pH 8.0) were added 50 mg wet cells with PMS induction and
10 .l methanol solution containing 500 mM PMS. The mixture
was incubated for 10 min at different temperatures (25°C to
50°C), and the SMO activity was assayed by gas chromatogra-
phy as described above. The enzyme showed the maximum
activity at 35°C, and at higher temperatures the activity began
to decrease significantly. The activity at 45°C was only 12% of
that at 35°C. The pH optimum was determined at 30°C in
buffers of various pHs (pH 4 to 6, citrate buffer; pH 7.0 to 8.5,
phosphate buffer; pH 9 to 10, glycine-NaOH buffer). The op-

timum pH for activity of resting cells was 8.0. When the pH was
over 8.0, the enzyme activity decreased dramatically, and when
the pH was below pH 6.0, the activity became very low and
could not be measured accurately. However, the stability of
resting cell activity at 35°C was relatively poor compared with
that at 30°C (data not shown). Therefore, pH 8.0 and 30°C
were chosen as the optimal conditions for asymmetric oxida-
tion of PMS with resting cells of Rhodococcus sp. strain
ECU0066.

In a bioconversion process, substrate concentration is an-
other important parameter worthy of careful investigation.
One gram of resting cells with PMS induction was suspended
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in 9.8 ml of 50 mM KPB (pH 8.0), and the bioconversion was
carried out at 30°C and 160 rpm after addition of 200 ul
methanol solution containing various concentrations of PMS.
As a result, the asymmetric oxidation of PMS could be suc-
cessfully carried out with substrate of up to 10 mM. Figure 5
displayed the whole process of bioconversion at an initial sub-
strate concentration of 10 mM. After 6 h, concentrations of the
R and S enantiomers of sulfoxide increased from 0 to their
maximum values. The ee was maintained around 80% all the
time. During the whole process of bioconversion, almost no
sulfone was detected. But when a lower concentration of sub-
strate (5 mM) was used for transformation, the ee of the prod-
uct could be improved to 99% and sulfone was also detected as
the reaction proceeded. The reason for this phenomenon has
been discussed above. Because of the toxicity and hydropho-
bicity of sulfide substrates, the substrate inhibition of enzyme
activity appeared when the initial substrate concentration was
higher than or equal to 10 mM, resulting in incomplete trans-
formation of the substrate even if the reaction time was ex-
tended. However, to the best of our knowledge, such a con-
centration (10 mM) still represents the highest level that has
been reported so far for whole-cell-mediated sulfoxidation
(15).

Preparation of enantiopure sulfoxides with resting cells of
the Rhodococcus sp. In this study, the asymmetric oxidation of
a broad spectrum of sulfides was examined. The general pro-
cedure for asymmetric oxidation of sulfides to sulfoxides is as
follows. About 12 g of resting cells with sulfide induction was
suspended in 100 ml of 50 mM KPB (pH 8.0), and then 2.5 ml
of 200 mM sulfide (analytical grade; purchased from Shou &
Fu Chemical Co., Ltd. [Zhejiang, China], Sigma-Aldrich
[Taufkirchen, Germany]|, or Lancaster [Morecambe, United
Kingdom]) in methanol was added, giving a final concentration
of 5 mM. The reaction mixture was incubated at 30°C and 160
rpm for about 4 h. After the mixture was centrifuged, the cells
were soaked with EtOAc (20 ml; twice) and the supernatant
was extracted with EtOAc (50 ml; three times). The two parts
of EtOAc were combined, washed twice with saturated NaCl
(10 ml), dried over anhydrous Na,SO,, and finally evaporated
under reduced pressure. The residue was purified by silica gel
column chromatography with petroleum ether-EtOAc (2:1,
vol/vol) as the elution solvent, yielding pure products of sul-
foxides. The products were identified by "H nuclear magnetic
resonance analysis (for details, see the supplemental material)
with Varian Mercury 300 (300 MHz). Optical rotations were
measured with a Jasco P-1030 polarimeter (Japan).

As listed in Table 1, the bacterium Rhodococcus sp. strain
ECU0066 displayed pretty high activity and stereoselectivity
for the majority of the sulfides examined. As a standard sub-
strate, Ia was enzymatically sulfoxidized to (S)-IIa, affording an
excellent ee (99%) and a moderate yield (44.2%), with only a
trace amount of sulfone. In the case of para substitution (en-
tries 2 to 5), essentially high yields and almost enantiopure
(8)-sulfoxides were obtained except in the case of methoxy
group substitution, where the R enantiomer was formed (entry
3). Interestingly, the enantioselectivity of sulfoxidization is in-
dependent of the electronic properties of the para substituents,
since for either electron-withdrawing groups (F~, C17) or an
electron-donating one (methyl ), excellent enantiomeric dif-
ferentiation by the bacterium was achieved. The reason why
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the R enantiomer, instead of the S antipode, is formed in the
case of methoxy substitution has not been clarified so far and
needs further investigation. As to the effect of the alkyl side
chain, when the methyl group was changed to ethyl, the highest
yield (81.8%) was obtained, while the stereoselectivity de-
creased significantly (17.4% ee, entry 6). In contrast, the sul-
fides with a heterocycle produced a lower substrate acceptance
of the bacterial cells. Low yields of sulfoxides were obtained
and an unknown by-product also appeared for substrate Ih,
though the stereoselectivity was still very excellent (entries 7
and 8).

In summary, because of the encouraging results described
above, our future work will focus on purification and char-
acterization of the responsible SMO enzyme and the exten-
sive utilization of this bacterium for large-scale application
in asymmetric sulfoxidation and other oxidative biotransfor-
mations.

Nucleotide sequence accession number. The 16S rRNA gene
sequence of strain ECU0066 was deposited in the GenBank da-
tabase with an accession number of EU139166.
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