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kB \Ien..|plu|1-|.||mlh|.mrle which is mainly used in the robber indostry as a vulcanization accelerator, is very
toxic and is considered o be recalcitrant. We show here for the first time that it can be biotransformed and
partially mineralized by a pure-culture bacterial sirain of Rhodecoccns rhodechrons. Three metabolites, among

four detecred, were identified.

2-Mercaptobenzothiazole (MBT) is the most important and
most widely used member of the benzothiazole (BT) family.
MRBT is typically a rubber additive (16, 17), but it has also other
applications, such as inhibiting biocorrosion in cooling systems
or in paper manufacturing (4). The annual MBT production in
Western Europe is estimated to be excess of 40,000 tons.

Direct discharges of MBT occur in efluents from factories
producing and using MBT. Indirect sources of environmental
contamination are mainly leachates from landfills where MBT
is deposited and from rubber products (18). MBT can also be
found in tannery wastewater (20). Finally, BTs have been
found in wrban runoff, in residential and highway road dust,
and in urban particulate matter, most probably as a result of
vehicle tire wear (18). The U.S. Environmental Protection
Agency estimated that over 500 tons of MBT may be lost
annually to the environment (22). Its toxicity towards micro-
organisms (3, 6, 7, 9), its allergenicity, resulting in serious
dermatoses (11), and its potential mutagenic effects {12) make
its presence in the emwvironment of great concern.

Information on the environmental fate of BT in the litera-
ture is scarce, and information on its biodegradative pathways
is scarcer still. Several studies were first carried out in labora-
tories or in pilotscale activated sludge systems in order to
remove such a compound (5, 20, 21). These studies show that
MRBT is rather recalcitrant and is not completely mineralized
when its concentration reaches a certain threshold. The me-
tabolites observed under these conditions were benzothiazolyl-
sulfonate and 2-methylthiobenzothiazole (MTBT) (10, 20, the
disulfide derivative of MBT (5).

Only a few bacterial isolates have been shown to biotrans-
form MBT. Drotar et al. (10) observed MBT-methylating ac-
tivity in crude extracts of a variety of soil and water isolates,
including a Coryrebacterivem sp., a Pseudomonas sp., and Esche-
richia coli, vielding the more stable methylated product MTBT,
which accumulated in the medium.

This paper reports studies of the biotransformation of MBT
by Rhodococcus vhodochrows OBT18, isolated by De Wever
et al. (8) from activated sludge from a wastewater treatment
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plant of an MBT-producing factory {Bayer, Antwerp, Belgium).
This strain was previcusly shown to degrade BT, 2-hydroxy-
benzothiazole (OBT) (2, 8), and 2-aminobenzothiazole (ABT)
(13). The main objective of this work was to identify the struc-
ture of the metabolites formed in order to establish the met-
abolic pathway of MBT for this strain. Because BT structures
are difficult to analyze (due to the presence of N and 5 hetero-
atoms) and the metabolism of BT is almost unknown, various
powerful analytical tools must be used, such as two-dimen-
sional (2D} nuclear magnetic resonance (NMR) spectroscopies
(*H-"N gradient heteronuclear multiple-bond correlation
[eHMBC], 'H-'3C heteronuclear single-quantum coherence
[HSQC), 'H-*C heteronuclear multiple-bond correlations
[HMBC], and "H-'H total correlation spectroscopy [TOCSY])
and mass spectrometry (M3) methods (electrospray identifica-
tion [ESI]-MS and tandem MS [M5/MS]). Because of the
sensitivity limits of these techniques (especially 2D NMR),
rather high {i.e., millimolar) concentrations of metabolites are
needed. For this reason, Rhodococcus cells were grown in a
rich medium ({Trypticase soy broth) to get large amounts of
biomass, and then resting cells were used for the incubations.
Also, the experiment was performed with water instead of buff-
er (K;HPO,, 1 gliter; KH.PO,, 1 glliter; FeCly - 6H20, 4 gf
liter; and MgSOy, - TH;0, 40 giliter; pH 6.7) because salts {es-
pecially phosphates) are not convenient for some M3 analyses.
However, the same metabolites were detected when the kinet-
ics of MBT degradation were observed under both conditions.
Although growing cells might behave differently in the enwvi-
ronment, information about potential metabolites is impor-
tant, especially because they can accumulate and be toxic.
Trypticase soy broth-grown resting cells of B rhodochrous
were incubated in distilled water with 1.5 mM MBT as previ-
ously described (14). The kinetics of degradation were moni-
tored by in situ 'H NMR (2). '"H NMR signals corresponding
to MBT (& ppm, 7.32, 7.44, 7.55, and 7.69) decreased with time
(Fig. 1), and new signals in the aromatic region appeared: after
1 h of incubation, two new doublets (& ppm, 6.43 and 5.96)
were present (indicating metabolite 1). These signals increased
with time. A second metabolite, giving signals resonating at
6.95, 7.16, and 7.41 ppm, was detected after 3 h (metabolite 2).
These signals disappeared with time. At 2 h, other signals were
observed (indicating metabolite 3), resonating at 7.25 and 6.16
ppm as doublets. After 21 h, metabolites 1 to 3 disappeared,
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FIG. 1. In situ '"H NMR spectra of samples taken at 1, 2, 3, 4, and
128 h of incubation of 1.5 mM MBT with resting cells of B shode
chrous OBTI1S.

and a new metabolite was detected (metabolite 4; indicated by
two doublets resonating at 6.68 and 7.09 ppm) and was still
present after 128 h (Fig. 1). This result showed that MBT was
biotransformed but not completely mineralized after 128 h.
The total organic carbon {TOC) measurement was used to
evaluate the formation of CO,, and the results showed that
about 30% of MBT was completely mineralized after 128 h.
The time course of this TOC measurement showed that this
mineralization process was not stopped after 128 h. Further
evidence of MBT mineralization was given by the release of
NH** and 50,7, After 48 h of incubation, these ions were
found in 0.2 and 0.7 M concentrations, respectively, per mols
of MBT. The stoichiometry was not fully balanced, which may
be due to the fact that the form in which N and 5 are released
is unknown, but at least it confirms that part of MBT was
mineralized.

The structures of these unknown metabolites were estab-
lished by using more sophisticated 2D NME experiments and
MS. In particular, 'H-'H TOCSY NMR experiments were
performed with a sample obtained after 4 h of incubation to
detect protons hidden by the presence of a massive amount of
H.0 in 1D NMR spectra. *"H-"*C HSQC and 'H-"*C HMBC
experiments were carried out as previously described (13, 14).
To perform these experiments, for which a higher metabolite
concentration is required, a quantitative assay was carried out.
R. vhodochrous (55 g [wet weight]) was incubated in each of 11
Erlenmeyer flasks containing 100 ml of water and 1.5 mM
MRBT. The biodegradation kinetics were monitored by NME in
order to stop the experiment at the times when the maximum
concentrations of the different metabolites were achieved
{4 h for metabolites 1 to 3, and 128 h for metabolite 4). The

incubation medium was centrifuged, and the supernatant was
freeze-dried and dissolved in D,0. Selected samples were an-
alyzed by liquid chromatography (LC)-ESI-MS according to a
method described elsewhere (19). Structure elucidation was
based on product ion spectra generated by collision-induced
dissociation in the negative-ion mode.

Metabolite 1. 'H and *C NMR data for metabolite 1 are
consistent with the structure of a cis-dihydrodiol of MBT (Ta-
ble 1) LC-M5/MS data for the major compound detected in
the sample taken after 3.5 h of incubation are also listed in
Table 1 and coincide with this structure. From the molecular
anion myfz 200, a loss of water {—18 atomic mass units) is
readily observed, as is the case for for all fragment ions gen-
erated from metabolite 2.

Metabolite 2. Both the multiplicity of the 'H signals and the
3C chemical shifts of metabolite 2 (Table 1) are in accordance
with an aromatic ring structure substituted in position 5 or 6,
similar to those previously observed for 6-0OH derivatives of
OBT and ABT (2, 13). To confirm this structure, metabolite 2
was isolated and purified as previously described for 6-0H-
OBT (2). The mass spectrum {chemical ionization, CH,) of the
isolated compound presented a peak at mjr 182 (M+H)",
confirming that the metabolite formed was a hydroxylated de-
rivative. The proposed structure was also confirmed by LC-
MS/MS experiments performed with the sample taken at 5.5 h
All fragment ions generated from the molecular anion (m/r
182) correspond to those found for MBT (19), except for the
presence of 18 additional atomic mass units in the hydroxyl
moiety. The fragment anion m/z 58 confirms that the het-
eroaromatic ring system was unaltered. Finally, the 'H-*N
gHMBC spectrum of the purified metabolite 2, recorded as
previously described (2), showed only one correlation be-
tween the endocyclic **N (—206 ppm) and the doublet at 7.16
ppm, clearly indicating that the OH substituent was on the
benzene ring at position & of MBT (Fig. 2 and Table 1).

Metabolite 3. Unfortunately, no **C data could be obtained
for metabolite 3, because this metabolite was lost during the
freeze-drying process necessary to get a concentrated sample
for the 2D *H-*C NMR experiment. Nevertheless, '"H NMR
data (Table 1) recall the pattern obtained for the diacid deriv-
ative of BT (14). This hypothetical structure was confirmed by
the detection of the anion sz 230 (M-H)™ when ESI-MS5 was
performed with samples taken after 4 h of incubation and
directly injected into the source (Table 1).

Metabolite 4. Only partial structural information could be
obtained for metabolite 4 {Table 1). These data showed that
this metabolite contains two protons and at least six carbons
that are likely to belong to the initial aromatic part of MET. In
addition, 'H-"N gHMBC experiments clearly showed the
presence of a nitrogen atom resonating at —323 ppm that
could correspond to the nitrogen of the thiazole ring. It can be
concluded that part of the MBT structure is conserved.

Wery few cases of MBT transformation by pure-culture bac-
terial strains have been reported to date (10); Corvrebacrerium
spp., Pseudomonas spp., and E. coli isolates were shown to
transform MBT into MTBT, but this methylated metabolite
accumulated in the medium without further transformation.
We describe here a new case of MBT transformation by an
isolate from the genus Rhodecoccus. Both the type of bacteria
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TABLE 1. NMR and LC-ESI-MS data for metabolites 1 to 4 resulting from MBT transformation by B vhodocknous

Proton Counlin Carbon | Nitrogen Fragments from
. chemical PUNE | Chemical | chemical ESI- MS/MS
Metabolite structure - constant A &
shifts (Hz) shifts shifts
e (ppm) (ppm) (ppm)
Metabolite 1 (201 g/mol) (M-HJ = m/z 200
e |
El 4,65 Cx=14941 182 | 200 - 18 (-H:0)
Hyo,  LCila N Ho=d 69 3 C=122.56 149 | 182 - 33 (-5H)
b | Tusue=10.1 | Cs=131.8 122 | 149 - 27 (-HCN)
| \>_SH Hy=6.44 (643 | 3 .
H ""(:! H=5.91(5.96)" Jhsns=2.0 Ca=71.84 — 118 | 182 -64 (-28) |
TS T Cr=67.79 52 | NeC=g
HO & W | Cry=128.37
H; OH
'Metabolite 2 (183 g/mol) - (M-H) = mz 152
— .
' ff‘* Cy,=148.6 149 | 182-33(-8H)
stc Las N H=742(741)"| E*‘jﬁ“‘_&ﬁ‘ :fg ;:3’2:*;‘;“3’
5 % He=6.91 (695" Tpope= 8.5 5=116.33 | B2 - 64(-25)
l SR e |y | GEls463 | 2206 | 5B |N=C=S
Hofﬂa,.c/;a g T TS C=108.61
i C7=139.31
H,
Metabolite 3 (231 g/mol) ' (M-H} = myz 2307
IFI,1
Heo | Cai N (He=6.16)" |.
il I\}—SII (Hy=125)% | Twens= 132 - _
=C
| 0"}* . s
HO x[..‘n.
0
i . .
Metabolite 4 (777 g/mol) Cel16.7
Cy=115.25
H,=6.66 (6.68)" | 1) =;57 u.:b 1389 | _44q
[H=7.05 (T.00)7 | “HeET C=146.2 - ;
Unknown ' C=164.4 |
. Ce169.6

* Chemical shifts determined from *H-"H TOCSY, "H-*C HSQC, and HMBC experiments performed with freere-dried samples resus-

pended in Dy0L —, not measured.
E1H chemical shifts measured from in sitn 1D *H NME spectra.

¢ Chemical shifts determined from *H-""W gHMBC performed with samples dissolved in methancl. —, not measured.
4 Dietermined by ESI-MS with samples (at 4 h) directly introduced into the scurce (MS engine 59 987 A 10 wlimin, negative-ion mosde, 4.5

kW, 2207, quadropole analywzer; Hewlett-Fackard Co

and the type of metabolism are very different from previously
described cases.

In thiswork, we found the following information about MBT
metabolism. First, we showed that, although MBT is known to
be extremely recalcitrant, it can be biotransformed into four
metabolites and that 30% of MBT was completely mineralized
under our experimental conditions. The transformation of
MRBT clearly results from enzymatic processes, as no degrada-
tion of MBT was observed in control experiments in which no
cells, either live or heat-killed, were used. Although the exper-
iments reported here were not performed with growing cells,

the results may give indications about processes that could
occur in the environment. To our knowledge, this is the first
report showing that MBT is potentially degradable by a pure
culture and that the enzymatic equipment of R. rhodochrous
OBT18 could operate under some environmental conditions.
Also, it was shown that 6-0OH-MBT is less toxic than MBT,
according to the standardized Microtox test performed as pre-
viously described (15). For an exposure time of 15 min, the
50%% effective concentrations were 9.5 pM for 6-0H-MBT and
1.5 pM for MBT.

Second, the identification of metabolites 1 to 3 allows a
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FIG. 2. '*H-¥N gHMBC spectrum of purified A-hydrosy-MBT re-
corded in methanol; the experiment was set up for assumed *J (delay,
B0 ms) long-range coupling. The spots visihle on the 21 spectrum
correspond to the correlations between N, and H, (*TH,MN,). The
presence of a proton at position 5 of the benzene ring demonstrates
that the hydroxyl group is at position 6.

85N

more detailed description of the metabolic pathway of MBT
in R. vhodochrows (Fig. 3). These metabolite structures are

completely different than those previously described (5, 10, 20,
21). Metabaolite 1, a cis-dihydrodiol derivative of MBT, results
from the activity of a hydroxylating dioxygenase (1). This is the
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FIG. 3. Proposed metabolic pathway of MET in B rhodochrous
OBTIE.

first report of such an enzyme in BT metabolism. Although a
catechol structure could not be detected under our experimen-
tal conditions, the presence of the diacid derivative of MBT
(metabolite 3) indicates the activity of a catechol 1,2-dioxyge-
nase. We have already shown the imvolvement of such an
enzyme in Rhodococcus pwidinivorgns PA in the degradation
of BT (14). As the structure of metabolite 4 was not fully
identified, we could not integrate it into a plausible metabolic
pathway.

Finally, the formation of 6-0H-MBT {metabolite 2) shows
that the hydroxylation of the benzene ring at position 6 is a
general mechanism involved in the biotransformation of BT
derivatives. 6-OH-MBT could be formed by the action of a
moncoxygenase (Fig 3). This hydroxylation was previously
shown to operate in ABT in R rhodochrous (13), in BT and
OBT in Rhodococcus eryhropolis, R, rhodochrous, and R. pyri-
dinivorans PA (2, 14), and on N-[2-benzothiazolyl]-N.N'-di-
methylurea {methabenzthiazuron) in.4spergillus miger (15) and
Cunninghamella echinulata (23).
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