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Abstract

A version of Rhodococcus erythropolis IGTS8 BKO-53, designed as a model system for the biodesulfurization of crude
oil with a high conversion activity of dibenzothiophenes to the corresponding sulfoxides has been used for oxidation of a
large number of simple sulfides. A large variety of sulfides were converted to chiral sulfoxides in good yield. Sulfoxide
stereoisomers were generally formed Bsdonfiguration in moderate stereochemical purity, but the sulfoxide diasteromers

of methionine amino acid derivatives were produced at >90% optical purity.

© 2003 Published by Elsevier Science B.V.
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1. Introduction

The microorganism Rhodococcus erythropolis
IGTS8 (ATCC 53968) has been studied extensively
for its ability to oxidize sulfur-containing compounds,
and used, in particular, in the biocatalytic desulfu-
rizaton of fossil fuels[1]. The metabolic pathway
for this reaction has focused on dibenzothiophene
as a substrat§?], one of the major components of
middle-distillate petroleunj3-5]. As a result, most
of the research witlR. erythropolis has been con-
cerned with the mechanism illustrateddig. 1, which
demonstrated its role as a biocatalyst of dibenzothio-
phene[6].

The dibenzothiophene desulfurizaticfs) operon
from R. erythropolis IGTS8 encodes three proteins,
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DscC, DscA, and DsaB, which have been isolated,
cloned, mutated, and overexpres§&d@—10] The en-
zymes operating ifrig. 1 show their specific role in
sulfur oxidation, withDscC of particular interest in
converting sulfide to sulfoxide and thence to sulfone:
studies on this role have demonstrated that the first
step, sufoxidation, is fast and that appreciable amounts
of sulfoxide are not further metabolized until the bulk
of sulfide is first consumed. Each of the key Dsc en-
zymes has been purified and characteriggd the
early step of the pathway which is tiisscC enzyme

is of significance as it can still work for the purpose of
some sulfide—sulfoxide—sulfone conversion in spite of
other desulfurization reactions whé&scA and DscB

are missing.

The use of biocatalysts for the formation of chiral
sulfoxides by oxidation of achiral sulfides is not un-
common, but the most frequently used cultures for this
role have been fundil1]. In the bacteria range, only
cyclohexanone monoogygenase frokainetohacter
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Fig. 1. Biocatalytic desulfurization of dibenzothiophene Ryerythropolis.

calcoacetic [12-15] and dioxygenases fronfPseu- reaction thus routinely carried a total of 0.4 mmol
domonas putida [16] have been frequently used. In  of sulfide. To check the amount of larger volume
this study, we have examined the use of a series of reactions, a number of biotransformations of up to
sulfides for their conversion to chiral sulfoxides, us- 11 of buffer containing 4 mmol of substrate in a 41

ing as a biocatalyst a version of the bacterial species flask were carried out with no appreciable change in
R. erythropolis which is missing the enzymd3scA yield.

andDscB, but which has high activity when carrying

The cells were then centrifuged (3000 rpm, 15 min),

out biocatalysis reactions by using multiple copies of the bacterial precipitate removed and autoclaved, and

its DscC enzyme[9].

the supernatant transferred for continuous extraction

by dichloromethane. After 2-3 days of continuous
extraction the solvent was removed by evaporation,

2. Experimental

followed by examined by tlc, using ether or 5%

methanol-ether as solvent, and then submitted to
The preparation of substrates and the analysis flash chromatography using a hexane—ethyl acetate

of their biotransformation products used the stan-

dard methods described previously jh3,17-29] Table 1

Tables 1-5The microorganisri. erythropolisIGTS8 Biotransformation of substituted methyl phenyl sulfides
BKO-53 was originally obtained as frozen cell paste - - -

. Substrat Yield Configurat .. Ref
from The Energy BioSystems, The Woodlands, TX ubstrate (%')e ontigtration (;0)8 elerence
[2]. Qoncentrqted frozen paste was resuspended N phsch 67 ) 2 [17]
dibasic potassium phosphate/basic dipotassium phos- 2 p.cHphscH 72 R 62 [17]
phate buffer (pH 7, 100 mmol) supplemented with 3 mCHsPhSCH 60 R 10 [18]
glucose (2% (w/v) final concentration) to form a 4 0-CHsPhSCH 95 /=) 4 [18]
whole cell preparation of the biocatalyst at a wet 5 p-CHsOPhSCH 68 R 22 [17]

eight concentration of 2 g cells per 100 ml of buffer 6 PFPhSCH >2 R 63 117l
weig : gcellsp utler. 7z pciphsch 70 R 72 [17]
The substrate was added with 95% ethanol to the g pprPhsch 65 R 76 [17]
cells to give a final concentration of 0.4 mmol sulfide 9 p-NO,PhsSCH 83 R >98 [17]
in 1% (v/v) ethanol, and the reaction shaken in a 10 p-CNPhSCH 43 R 85 [17]
250 ml orbital shaker at 180rpm, 3@, for 15h. In 11 1-NaphthylSCH 88 R 25 [18]

2 2-NaphthylSCH 79 R 62 [18]

a standard 100 ml of buffer as described above, the
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Table 2
Biotransformation of substituted benzyl sulfides
Substrate Yield (%) Configuration e.e. (%) Reference

13 PhCHSCH; 73 R 26 [19]
14 PhCHSGH7 58 R 66 [21]
15 PhCHSnGH13 48 R 35 [21]
16 PhCHScycloGH1s 85 R 24 [21]
17 p-CH3PhCHSCH; 70 +/-) 2 [19]
18 p-CoHsPhCNSCH; 72 R 53 [19]
19 p-i-C3H;PhCHSCH; 60 R 49 [19]
20 p-t-C4HgPhCHSCH; 58 /=) 3 [19]
21 p-CH3OPhCHSCH; 51 R 27 [20]
22 m-CHzOPhCHSCH; 54 /=) 4 [22]
23 0-CU3OPhCHSCH; 82 R 44 [22]
24 p-CHsOCH,PhCHSCHs 91 R 61 [20]
25 p-CH3COPhCHSCH; 43 R 22 [20]
26 p-CHzOCOPhCHSCH; 43 R 42 [20]
27 p-FPhCHSCH; 61 R 62 [20]
28 p-CRPhCHSCH; 84 R 85 [20]
29 p-CIPhCHSCH; 61 R 65 [20]
30 p-BrPhCHSCH; 60 R 76 [20]
31 p-NO2PhCHSCH; 58 R 76 [20]
32 m-NO,PhCHSCH; 15 R 52 [22]
33 0-NO,PhCHSCHs 41 R 70 [22]
34 p-CNPhCHSCH; 47 R 72 [20]
35 p-CH3CONHPhCHSCH; 63 R 39 [20]
36 PhGH4SCH; 73 R 14 [23]
37 PhGHsSCHs 81 (/=) 3 [23]
38 PhSCHCN 50 S 13 [13]
39 p-CHzOPhSCHCN 91 R 88 [13]
40 p-BrPhSCHCN 92 R 94 [13]

or benzene—ether 10% stepwise gradient, followed by and MS spectra were also undertakjdri]. Chiral

an ethyl acetate—methanol or ether-methanol in 5% HPLC was employed for analysis using a Chiro-

stepwise gradient if necessary.
The stereochemical analysis of products was per- acid:triethylamine 545:454:6:1 solvent system at a

formed with 1H NMR combined with chiral shift

reagents, usingR)-(—)-N-(3,5-dinitrobenzoyl}x-me-
thylbenzylamine (Kagan reagef80]) or (9-(+)-a-
methoxyphenyl acetic acid (MPA/31]). 13C NMR

Table 3
Biotransformation of dibenzyl sulfides
Substrate Yield Configuration e.e. Reference
(%) (%)

41 PhCHSPh 65 R >08 [21]

42 PhCHSCHPh 55  — - [24]

43 PhCHSGH4Ph 50 R 78 [21]

44 PhCHSGHgPh 54 R 58 [21]

45 p-CHzPhCHSPh 62 R 82 [25]

biotic T column with methanol:acetonitrile:acetic

flow rate of 0.5 ml/min.

3. Results and discussion

A common trend in the results summarized in
Tables 1-5is the use of a wide range of substrates
for the oxidation of sulfide, without the formation of
appreciable amounts of sulfone. With very few ex-
ceptions, the yield of sulfoxide was high; these num-
bers given in the tables refer to isolated and purified
products.

The products listed ifTable lare all of R) con-
figuration, but are of substantial variation in enan-
tiomeric purity. In general, products with substitution
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Table 4
Biotransformations of heterocyclics
Substrate Yield (%) Configuration e.e. (%) Reference
46 2-PyridylSCH 69 R 19 [26]
47 2-PyridylCH;SCHs 39 R 24 [26]
48 4-PyridylCHSCHs 15 R 54 [26]
49 2-PyridylSCHPh 70 R 43 [26]
50 4-PyridylSCHPh 51 R 23 [26]
51 2-PyridylCH;SPh 62 S 45 [26]
52 4-PyridylCHSPh <5 [26]
53 2-ThiopheneSCkl 90 R 17 [26]
54 2-ThiopheneCHSCH; 90 R 11 [26]
55 2-ThiopheneCHSph 85 R 49 [26]
56 3-ThiopheneCHSph 80 R 34 [26]
57 2-ThiopheneSChkPh 62 S 70 [26]
58 2-FurfurylCHSPh 46 R 43 [26]
in thepara position are higher thaortho or meta posi- Table 3deals with a small collection of benzyl sul-

tion, and products with higher electronic withdrawing fides and related compounds as substrates. Not surpris-
groups (e.gp-NO2, andp-CN) are also higher than ingly, the best substrate was obtained from the ideal
those with the lower electronic withdrawing groups, substrate, benzyl thioaromatic ethddy.
e.g.p-CH30. The heterocyclic sulfides listed ifable 4did not
Table 2shows a trend similar for sulfoxidation to lead to the formation of chiral sulfoxides in high enan-
that observed fofable 1 but with additional informa- ~ tomeric purity, but the results of the biotransformation
tion on the size of substituent. Again, the highest e.e. in this series gave an indication of the flexibility of
values for simple substituted sulfoxides were obtained the substrate range that this enzyme can handle.

for more polamara substituted materialg{F, p-CFs, Even more unusual, however, is the ability for the
p-Cl, p-Br, p-NOy, p-CN, nos.27-31 and 34). Large enzyme ofR. erythropolis to carry out sulfide oxi-
alkyl or aryl substituents such as Ph&¥{alkyl)GH13 dations of amino acids such as methionine for the
or p-t-C4HgPhCHSCH; were produced in low e.e.  production of sulfoxides. These biotransformation
value, as were PhEI4SCH; and PhGHgSCHs. No- products are in the form of anR§) stereochem-
tably, the products of highest e.e. values came from istry in all cases, independent of the(natural) or
substituted cyanomethyl substrates (n8&.and 40) p-(unnatural, product§8 and 63) amino acid stere-
with polar para substituents in place, but surprisingly ochemistry: this similarity of the stereochemistry
with both OCH; and Br in a similar role. of amino acid sulfide oxidation to produce thes)
Table 5
Biotransformations of amino acid sulfides

Substrate Yield (%) Configuration e.e. (%) Reference
59 N-Phthaloyli.-methionine methyl ester 49 R 88 [27]
60 N-MOC-L-methionine methyl ester 54 R 83 [28]
61 N-MOC-p-methionine methyl ester 53 R >95 [28]
62 N-MOC-L-methionine propyl ester 56 R 90 [28]
63 N-MOC-L-methionine pentyl ester 59 R 93 [28]
64 N-MOC-L-methionine heptylester 35 R >95 [28]
65 N-t-Boc-p-methionine ethyl ester 69 R >95 [28]
66 N-t-Boc-b-methionine pentyl ester 17 R >95 [28]
67 N-MOC-S-methyl1.-cysteine methyl ester 12 R 34 [29]
68 N-MOC-S-methyl1-cysteine propyl ester 22 R 52 [29]
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stereochemistry is identical to that observed during
the sulfide-oxidation of similar amino acid conver-
sions by chloroperoxidase dealing with substituted
methionine[28] and cysteing29] derivatives.

4. Conclusions

The use oR. erythropolis IGTS8 BKO-53 as a cat-
alyst for the oxidation of sulfides to sulfoxides carries
a wide range of structures. The chemical purity of sul-
foxide products is generally high, and although the op-
tical purity of sulfoxide is not uniformly high, accept-
able levels are generally obtained by crystallization of
levels over >80% e.e., leaving purified products with
levels of >95% e.e.
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