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Abstract Thianthrene (TA) was desulfurized by an
isolated strain, Gordonia sp. IITR100. The reaction is
accompanied with the formation of TA-sulfoxide, TA-
sulfone and 2-phenylsulfanylphenol. The formed
2-phenylsulfanylphenol undergoes further oxidation
to o-hydroxyphenyl phenylsulfone that accumulates as
an end product. Metabolism of TA to TA-sulfone can
also occur by E. coli-DszC i.e. E. coli cells that were
harboring the gene coding for the enzyme dibenzo-
thiophene desulfurase C. When presented to E. coli-
DszC in a binary combination with dibenzothiophene,
TA metabolism was completely inhibited. Metabolism
of TA-TA-sulfone by E. coli-DszC, as well as the
nature of metabolites formed by IITR100, suggests
that the desulfurization pathway for TA is similar to
that of the thiophenic compounds. This is first report
on the desulfurization of thianthrene, and has
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implications on biodesulfurization when multiple
sulfur compounds are present together.
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Introduction

Sulfur compounds that are present in petroleum and its
fractions need to be removed to prevent toxic emis-
sions, generated after their combustion in different
engines (Van Hamme et al. 2003; Xu et al. 2009). For
this reason, bio-desulfurization of sulfur compounds
has been studied extensively (Gray et al. 2003; Xu
et al. 2009). Most of the studies have been done on the
model thiophenic compounds, dibenzothiophene
(DBT) and benzothiophene (Mohebali and Ball
2008). Briefly, the desulfurization is mediated by a
‘4S’ pathway (Piddington et al. 1995; Gray et al. 2003)
that includes serial activity of dibenzothiophene
desulfurases, DszC, DszA and DszB, leading to the
release of sulfur as sulfite ions and formation of
hydroxy-biphenyl as an end product. Intermediates
formed in the reaction, DBT-sulfoxide, DBT-sulfone
and DBT-sulfinate, were also characterized. Studies
on the desulfurization of non-thiophenic sulfur com-
pounds like 1,4-dithiane or thianthrene, however, are
scarce (Kirkwood et al. 2005; 2007). While Rhodo-
coccus erythropolis EPWF, Pseudomonas sp. K10A
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and Rhodococcus sp. KIbD can use 1, 4-dithiane as
sulfur source, no metabolites were detected in any of
the culture extracts (Kirkwood et al. 2005). The
desulfurization of 1, 4-dithiane by Rhodococcus sp.
K1bD was inhibited by >90 % in the presence of DBT
(Kirkwood et al. 2005), but results with other bacteria
are not available. Similarly, growth of an isolated
strain Rhodococcus sp. IGTS8 by using thianthrene
(TA) as sulfur source has been demonstrated (Kayser
et al. 1993) but, again, no information is available
about the formed metabolites. Oxidation of TA-TA-
monosulfoxide by the ligninase from Phanerochaete
chrysosporium has also been reported (Schreiner et al.
1988). In the present study, we describe the desulfur-
ization of TA by a strain of Gordona, when present
alone or together with DBT, and have also character-
ized the formed metabolites.

Materials and methods
Chemicals

Thiantherene, dibenzothiophene and acetonitrile were
from Sigma-Aldrich. All other chemicals were of
analytical grade.

Bacterium

Gordonia sp. IITR100 (16S ribosomal RNA accession
no; GU084407) was used. It was obtained by selective
enrichment on dimethyl-DBT from an oil-contami-
nated soil, present around a refinery in Gujarat, India,
(Singh et al. 2011). Nucleotide sequence of its dszABC
genes (accession no; KC693733.1) is >99 % identical
to the corresponding genes of Gordonia alkanivorans
1B (Alves et al. 2007).

Desulfurization by IITR100

For TA desulfurization, 15 flasks, each containing
20 ml medium (no.1) [Na,HPO, 2 g; KH,POy, 1 g;
MgC126H20, 04 g5 (NH4)2C204, 4.25 g; AI(OH)3,
0.1 g; SnCl,.2H,0, 0.5 g; KI, 0.05 g; LiCl, 0.01 g;
MnCl,.4H,0, 0.8 g; H3BO3, 0.05 g; ZnCl,, 0.1 g;
CoCl,.6H,0, 0.1 g; NiCl,.6H,0, 0.1 g;BaCl, 0.05 g;
(NH4)6M07,0,4.4H,0, 0.05 g, and sucrose, 17.1 g/1],
along with 0.25 uM TA as sulfur source, were
inoculated with IITR100. Three flasks for each time
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point were removed after 0, 2, 4, 6, and 8 days of
incubation. After estimation of growth (ODgqg), the
reaction was stopped by acidification to pH < 2 by
HCI, and levels of residual TA and the formed
metabolites were analyzed. Uninoculated flasks were
run in parallel and were processed similarly. A similar
experiment was set up for studying the desulfurization
of DBT, except that 0.25 uM DBT was used as sulfur
source. For experiments, where desulfurization of TA
and DBT was to be evaluated, when these were present
together, similar set up was used except that 0.25 uM
each of TA and DBT was used as sulfur source.

Oxidation by recombinant E. coli-dszC cells

Recombinant E. coli (E. coli-DszC) that was express-
ing DszC (dibenzothiophene desulfurase C), was
prepared by ligation of the amplified dszC gene, with
pET28a vector, and was followed by their cloning in
E. coli-BL21 as described earlier (Macwan et al.
2012). After induction by IPTG, the cells from one
liter culture were harvested by centrifugation at
3,500x g, washed with 50 ml medium (no. 1) and
suspended in 100 ml of the same medium. For
evaluation of the activity of DszC with the substrates,
0.25 uM TA, or DBT, or mixture of TA and DBT
(0.25 pM each) were incubated with 10 ml suspension
of the E. coli-DszC. After incubation at 30 °C for
different times, the reaction was stopped by acidifi-
cation and residual substrate along with the formed
metabolites was analyzed, as described below.

Analytical methods

The acidified culture medium was extracted three times
with equal volume of ethyl acetate. The residue
obtained after complete evaporation of the solvent
was dissolved in 1 ml ethyl acetate. Suitable aliquots
were analyzed by using Trace GC Ultra coupled with
TSQ Quantum XLS mass spectrometer, equipped with
a Triplus Auto Sampler (Thermo Scientific, USA) and
a TG-5MS capillary column (30 m x 0.25 mm
I.D. x 0.25 pm film thickness). GC conditions were
oven temperature at 100 °C (1 min), then increased to
250 at 10 °C min~! (15 min). The other conditions
were: injector; 250 °C, CT split; 20:1, mass range;
50-600 amu, source; 220 °C and transfer line; 290 °C.

Helium was used as carrier gas at I ml min~".



Biotechnol Lett (2014) 36:2209-2214

2211

Fig. 1 a Growth of
IITR100 on thianthrene
(TA; triangles), DBT
(squares) and in absence of
any sulfur compound
(diamonds), after different
days of incubation.

b Corresponding decrease in
the HPLC-peak area of TA
(triangles), and formation of
metabolites M1 (diamonds)
and M2 (squares)
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Fig. 2 Total ion chromatograms depicting desulfurization of thianthrene (TA) by IITR100 after 0, 4, 6, and 8 days of incubation, and
corresponding formation of the metabolites M1 (11.16) and M2 (13.44). Mass spectrum of M1 and M2 is also shown
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Fig. 3 Total ion chromatograms after incubation of thianthrene (TA) with recombinant E. coli-DszC, for 0, 2 and 12 h. Mass spectra of
the formed metabolites M3 (16.05) and M4 (17.85) are also shown

All the experiments were carried out at least twice
and three samples for each time point were analysed
on each occasion.

Results and discussion

Desulfurization of thianthrene by IITR100
and E. coli-DszC

The isolated strain, Gordonia IITR100, inoculated in
the liquid medium that contained either DBT or TA as
sulfur source, exhibited growth after a lag-phase of
3 days. The growth was highest on the sixth day but
leveled off thereafter (Fig. 1a). The growth with TA
was higher, compared to DBT, possibly because TA
and its subsequent metabolites are accepted more
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readily by enzymes of the degradative pathway. GC—
MS analysis of the culture extract revealed that the
growth on TA was accompanied with a progressive
fall in the levels of TA and formation of two
metabolites M1 (Rt 11.16 min) & M2 (13.44 min;
Figs. 1b, 2).

Mass spectrum of M1 consisted of major ions m/z
201.9, 170.3, 95.87, & 76.84 and was tentatively
identified as 2-phenylsulfanyl-phenol. Similarly, mass
spectrum of M2 consisted of major ions m/z 234, 200,
169, 141, 113 and 76.94, which being similar to the
spectrum of hydroxyphenyl phenylsulfone, was iden-
tified as o-hydroxyphenyl phenylsulfone (Fig. 2).
Incubation of TA with recombinant E. coli-DszC led
to the formation of another two metabolites M3
(16.05 min) and M4 (17.85 min), whose Ilevels
increased progressively up to 12 h of incubation
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Fig. 4 Possible mechanism for desulfurization of thianthrene
by IITR100

(Fig. 3). The mass spectrum of M3 consisted of major
ions (m/z) 231.9,202.9, 183.9, 170.9, 138.9 and 107.8
(Fig. 3) which tentatively identified it as TA-

Fig. 5 a Desulfurization of
thianthrene (triangles) and
DBT (squares) with
IITR100, when present
separately (closed) or
together (open), and b their
metabolism with
recombinant E. coli-DszC
under same conditions

0.3 - (a)
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sulfoxide. Similarly, major ions 247.9, 199.9, 183.9
and 138.9 in the mass spectrum of M4 identify it as
TA-sulfone (Fig. 3).

Based on the metabolites formed, desulfurization of
TA is proposed to undergo desulfurization to 2-phen-
ylsulfanyl-phenol via the intermediary metabolites
TA-sulfoxide and TA-sulfone (Fig. 4), which is sim-
ilar to the ‘4S’ pathway for the metabolism of the
thiophenic compounds. The formed 2-phenylsulfanyl-
phenol undergoes further oxidation into o-hydroxy-
phenyl phenylsulfone, which accumulated as the end
product.

While some of the DBT desulfurizing organisms
can grow on thianthrene as a sulfur source (Kayser
et al. 1993), others cannot (Izumi et al. 1994).
Although the pathway for metabolism of TA is similar
to ‘4S’ and the enzyme, DszC, can mediate the
oxidation of TA (Fig. 3), the enzymes for downstream
reactions might be different. It is possible that
additional presence of the downstream enzymes might
confer the ability to the DBT-desulfurizers to grow on
thianthrene also.

Metabolism of thianthrene and DBT, when present
together

The desulfurization of TA and DBT by IITR100 was
studied when the two chemicals were present sepa-
rately, or together, in the reaction medium. When
present separately, the desulfurization of TA was
faster than DBT, and 10 % of TA & 60 % of DBT,
remained in the medium after 6 days of incubation
(Fig. 5a). However, when the two chemicals were
present together, desulfurization of TA and DBT
occurred at comparable rates, and ~60 % of each

(b)
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chemical remained in the medium after the same
period of incubation (Fig. 5a). Similarly, the oxidation
of TA by E. coli-DszC was faster than DBT, when the
two chemicals were studied separately (Fig. 5b). But
the oxidation of TA was almost completely inhibited
when DBT was present along with it (Fig. 5b). There
is a possibility that the DBT-sulfone, formed by the
activity of DszC might be inhibitory to the oxidation of
TA into TA-sulfone by this enzyme. With IITR100, on
the other hand, the formed DBT-sulfone undergoes
further metabolism by the activity of DszA and is,
therefore, not available to inhibit the oxidation of TA.
These results are similar to earlier study where
desulfurization of 1,4-dithiane is inhibited in presence
of DBT (Kirkwood et al. 2005). Competition between
two substrates for their metabolism by E. coli DszC,
however, has not been studied before. Overall, the
results presented here underscore the importance of
competition between various compounds and have an
important bearing on the desulfurization of petroleum
fractions, where several sulfur compounds are present
together.
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