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A gene responsible for the chlorothalonil biotransformation was cloned from the chromosomal DNA
of Ochrobactrum anthropi SH35B, capable of efficiently dissipating the chlorothalonil. The gene
encoding glutathione S-transferase (GST) of O. anthropi SH35B was expressed in Escherichia coli,
and the GST was subsequently purified by affinity chromatography. The fungicide chlorothalonil was
rapidly transformed by the GST in the presence of glutathione. LC-MS analysis supported the formation
of mono-, di-, and triglutathione conjugates of chlorothalonil by the GST. The monoglutathione
conjugate was observed as an intermediate in the enzymatic reaction. The triglutathione conjugate
has not been previously reported and seems to be the final metabolite in the biotransformation of
chlorothalonil. The glutathione-dependent biotransformation of chlorothalonil catalyzed by the bacterial
GST is reported.
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INTRODUCTION GST catalyzes the conjugation of the glutathione sulfur atom
Chlorothalonil (2,4,5,6-tetrachloroisophthalonitrile) is a broad- 1 & large variety of electrophilic compounds of both endobiotic

spectrum chlorinated fungicide, which is highly efficient against &nd xenobiotic origin, resulting in detoxificatiorLX, 12).
the pathogens that infect mainly vegetables, fruits, and c)therTherefor_e! the GST m|ght_be involved in the detoxification of
crops (1). Although chlorothalonil is not highly toxic to the fungicide chlorothalonil.

mammals, it is extremely toxic to fist2) and is classified in The experiment reported here was performed to investigate
the B2 group, which is considered as a probable human the mechanism of the biotransformation of chlorothalonil by

carcinogen, by the U.S. Environmental Protection Agency (U.S. ©O- anthropi SH35B. In this study, we report the glutathione-
EPA) due to the carcinogen hexachlorobenzene that is produced®Pendent biotransformation of chlorothalonil catalyzed by the
as a byproduct during synthesis of the active ingredigntTo bacterial GST, which was expressedBscherichia coliand
remove toxic organic compounds such as pesticides, bothPurified by affinity chromatography.

biological and chemical treatments have been suggested. A

biological treatment of the toxic organic compounds (bioreme- MATERIALS AND METHODS

diation), using microorganisms or enzymes produced from the  Chemicals.Chlorothalonil was purchased from Wako Pure Chemi-
microorganisms or plants, is often considered as an environ-cals (Osaka, Japan) and was prepared by dissolving it in dimethyl
mentally favorable methodi{-9). To date, however, there have sulfoxide (DMSO). All other reagents were of reagent grade and

been no unambiguous reports about the bioremediation of soil purchased from commercial sources.
contaminated by chlorothalonil. Expression and Purification of O. anthropi SH35B GST. To

Ochrobactrum anthropBH35B, capable of efficiently biotrans- ~ construct an expression plasmid for the GSTofanthropiSH358, a
forming the fungicide chlorothalonil, was isolated from soil. A Polymerase Chain Reaction (PCR) was carried out using two synthetic

gene responsible for the chlorothalonil biotransformation was oligonucleotides based on the ORF (GenBank accession no. AY378173)

. . to generate a uniqu&coRl and BamHI restriction enzyme site,
cloned from the strainlQ). The gene was det_ermlned to be an respectively: (forward) 5CGGAATTCATCGAAACTGATGGGAG-
open reading frame (ORF) for the glutathioSetransferase 3 and (reverse)’SGCGGATCCTTAGTTCAGGCCTTC-3The PCR
(GST) by the nucleotide sequence. It has been known that theproduct was digested bEcoRI—BamHI restriction enzyme and then
ligated into pTrc99A (Pharmacia Biotech, Uppsala, Sweden), which
* Corresponding author (telephone 82-53-950-5718; fax 82-53-953-7233; had been digested witBcoRI—BamHI. The resulting plasmid was

e-mail ikrhee@knu.ac kr). ) designated pTOaGSE. coli JM105 cells, transformed with pTOaGST,
T Institute of Agricultural Science and Technology, Kyungpook National were grown overnight at 37C in Luria—Bertani medium (LB)

University. e L .
S Department of Agricultural Chemistry, Kyungpook National University. ~ containing 10Q«g/mL ampicillin. After overnight culture, the cells were
#National Agricultural Products Quality Management Service. diluted 50-fold into a fresh medium and grown to Agy of 0.6, at
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which point the GST expression was induced by the addition of 1 mM M 1 2
isopropyl-Ab-thiogalactopyranoside (IPTG) and incubated for an =
additional 6 h. After harvesting, the cells were resuspended in 100 mM kDa L
potassium phosphate buffer (pH 6.5) and disrupted by sonication. The
unbroken cells were removed by centrifugation at 10@X0® 10 min, 66.0 — | .
and the supernatant was taken for purification. Purification of the GST 50— 18
was carried out using GST Bind Kits according to the recommendations 550 — :
of the manufacturer (Novagen, Madison, WI). Protein purity was tested
by sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS- 53.3 — | -
PAGE) with Coomassie Brilliant Blue staining. GST activity was ' e | «— GST
measured as described previouslB), and the protein content was 201 — | o
determined according to the Bradford method (14).

Biotransformation of Chlorothalonil by the GST. To investigate 142 — [ '

the biotransformation of chlorothalonil by the purified GST, 0.5 mL
ggriati)rl:ifr:zr gzgnr?]r;ﬂ(lc%?ogmaﬁf;ﬁs\%;?iﬁ?&ggthe%teaf %f;eirﬁ ?EJA) fr(_)m O. anthropi SH35B. E. coli JM105/pTOaGST cells were induced
presence and absence of the purified GSfig/nL) and 5 mM reduced ~ With 1 MM IPTG for 6 h and harvested. Crude enzymes were prepared
glutathione. At a specific time, the enzymatic reaction was stopped by from the cells. GST was punfled as described under Materials and
the addition of 6QuL of 20% trichloroacetic acid. The mixture was  Methods. M, standard protein marker; lane 1, crude enzymes; lane 2,
extracted with the same volume of hexane for the detection of the purified GST.
remaining chlorothalonil and with the same volume of methanol for

Figure 1. Expression and purification of glutathione S-transferase (GST)

the metabolites that resulted from the enzymatic reaction. The extract 100
was filtered through a 0.45m membrane filter and analyzed by high- 9
performance liquid chromatography (HPLC). = 80
Analytical Methods. The content of the remaining chlorothalonil §
was determined using a Younglin-M930 HPLC (Younglin Co., Seoul, = 60
South Korea) equipped with a WaterBondapak Gs column (3.9x § 40
150 mm; Waters Co., Milford, MA). An elution of water/acetonitrile K}
(2:3) was used at a flow rate of 1 mL/min for 10 min. The eluate was S 20
monitored at 254 nm using a M720 WWisible absorbance detector 0 ®

(Younglin Co.). 0 10 20 30 40 50 60
To isolate and identify the metabolites that formed from the Time (min)

biotransformation of chlorothalonil, liquid chromatographyass ) ) ] ) ]

spectral (LC-MS) analyses were performed using an Agilent 1100 LC/ Figure 2. Biotransformation of chlorothalonil by glutathione S-transferase
MSD mass spectrometer equipped with an Agilent 1100 HPLC system (GST) in the presence of glutathione: (O) chlorothalonil alone; (@)
and a diode array detector (LC-DAD; Agilent Technologies, Palo Alto, chlorothalonil in the presence of 5 mM glutathione and purified GST. Half
CA). The mass spectrometer was operated in the positive atmospherea milliliter of reaction buffer (100 mM potassium phosphate buffer, pH
pressure ionization electrospray (API-ES) mode with the capillary exit 7.4) containing 0.37 mM chlorothalonil was incubated in the presence of
voltage at 100 V, the high-energy dynode at 10 kV, and the multiplier pyrified GST (1 ug/mL) and 5 mM glutathione. The reaction was performed
at 2.1 kV. Full scans were acquired framiz50 to 1200 at 1.67 scans/ 4 o5 o¢ gnd stopped by the addition of 20 uL of 20% trichloroacetic

s. Agilent chemstation software was used to collect concurrent LC- o4 ot the indicated times. The amount of chlorothalonil was analyzed
DAD and positive API-ES data. Chlorothalonil metabolites were : )
by HPLC as described under Materials and Methods.

purified using a Zorbax ¢ column (4.6 x 150 mm; i.d., 3.5um;
Agilent Technologies). For the isolation of chlorothalonil, metabolites ) ) ) )
A andB, a linear gradient elution of 60% water with 1% acetic acid/ group of glutathione, has been recognized as a major detoxi-
40% methanol (v/v) to 100% methanol was used at a flow rate of 0.7 fication pathway in plants. Recently, it was also reported that
mL/min for 45 min. For the isolation of metaboli® the mobile phase the drug-hypersensitive. coli KAM3 cells (17), into which

was changed to a flow rate of 0.4 mL/min. the GST gene was transferred, showed elevated levels of
resistance to chlorothalonil, suggesting that the GST may be
RESULTS AND DISCUSSION involved in the detoxification of the fungicide chlorothalonil

(20). On the basis of the above results, it was hypothesized that
chlorothalonil will be detoxified via the mechanism of the

resulting in limited study of their physical/chemical properties. conjugation with glutathione catalyzed by the intracellular GST

Therefore, the first step is overproduction of the enzyme to study I O- anthropiin vivo. To verify our hypothesis, the biotrans-
the properties of the®. anthropiSH35B GST. The GST was formation of chlorothalon_ll by the GST was mvestlgated in the
overexpressed and purified as described under Materials andPrésence of glutathione in vitro. The chlorothalonil content in
Methods. An increase in the intensity of the band corresponding the reaction mixture rapidly decreased, and a negligible amount
to ~22 kDa, which corresponds to the molecular mass calculated©f chlorothalonil was observed at 30 min after the reaction
from its gene, was observedrigure 1, lane 1). The GST  (Figure 2). A control experiment was also performed to
purified by the GST Bind Kits also appeared at the same determine whether GST or glutathione affected the dissipation
molecular mass (Figure 1, lane 2). The specific activity of the of chlorothalonil. To some extent, chlorothalonil dissipation
purified protein increased 16-fold compared with that of the (10—15%) was observed due to the nonenzymatic conjugation
crude enzyme. A total of 0.12 mg of purified protein froni.2 with the thiol group (18) and the interaction (adsorption)
mg of crude extract was obtained. between the chlorothalonil and GST (active GST and denatured
Biotransformation of Chlorothalonil by the GST. In plants, GST by boiling) in the absence of glutathione. However, there
the GST activity is an important indicator for determining the was no significant difference in the chlorothalonil biotransfor-
resistance to various 2-chloroacetanilide herbicides).(The mation effect among thiol compounds tested (cysteine, reduced
conjugation with glutathione, to displace chlorine by the thiol glutathione, ang-mercaptoethanol; data not shown). Thus, the

Purification and Characterization of O. anthropi SH35B
GST. Bacterial GSTs are present in very low amourit§)(
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Figure 3. HPLC elution profile of chlorothalonil (TPN) and metabolites
A-C formed from the enzymatic reaction of glutathione S-transferase.
Metabolites A-C were isolated as described under Materials and Methods.
The enzymatic reaction was performed for 30 s (a), for 5 min (b), and for
30 min (c).

chlorothalonil was mainly dissipated by a mechanism of the
conjugation with glutathione catalyzed by the GST.
Identification of Chlorothalonil Metabolites. HPLC analy-
sis showed that chlorothalonil was metabolized to three me-
tabolites A—C) by the GST in the presence of glutathione m/=807.5
(Figure 3). The formation of the metabolites was dependent
upon the presence of glutathione, incubation time, and the GST
concentration (data not shown). After short incubation periods
(<30 s), metabolitesA and B were observed as major
metabolites (Figure 3a). After 5 min of the reaction, a negligible
content of metabolitéd\ was detected and mainly metabolge
was formed Figure 3b), suggesting that metaboli# is an
intermediate in the biotransformation of chlorothalonil. After = =
30 min of reaction, only metabolitds andC were detected as
major products in the enzymatic reactioRiqure 3c). The
content of metabolit€ was apt to enhance with an increase of d
the reaction time; however, metaboliBedid not completely
convert to metaboliteC under the current conditions, even
though the reaction time was increased to 24 h (data not shown).
The retention time of metabolitB was at~6 min in Figure
3a,b and at~14 min in Figure 3c due to the use of different mz=1078.5
HPLC condition as described under Materials and Methods. No |

odid ML

i i

other HPLC peak was detected. : i

It was proposed that metabolites—C are glutathione ; i‘ﬂﬂ 3 i :
conjugates because they originated from the reaction catalyzec -JJLhLm-.-mlalLJL bbbt it adic ok oo D
by the purified GST in the presence of glutathione. Considering ' B
the different elution times of the metabolitefidure 3), Figure 4. Mass spectra of chlorothalonil (a) and its metabolites formed

metabolites may differ in the number of glutathione conjuga- from the enzymatic reaction of glutathione S-transferase: (b) metabolite

tions, because hydrophathy changes with increasing conjugationA; (c) metabolite B; (d) metabolite C.

A compound with more conjugations generally elutes more

quickly than a less conjugated compound due to increasedmolecules aim/z538 [M — GS + 2H]* (Figure 4b), which

hydrophilicity under the HPLC separation conditions. were consistent with the structure of the one-glutathione
To clarify this hypothesis, a LC-MS analysis was performed conjugated to chlorothalonil after the loss of chlorine. The mass

as described under Materials and Methods. The metabolites werespectrum of metabolit® consisted of molecules ah/z 807

identified by comparing the electron impact mass fragmentation [M — 2GS] and protonated moleculesratz809 [M — 2GS+

patterns with those of the expected reaction molecules. The masH]" (Figure 4c), suggesting that metaboliBeis the structure

spectrum of chlorothalonil showed sodiated moleculesat of the two-glutathione conjugated to chlorothalonil after the loss

289 [M + Na] ™ (Figure 4a). The mass spectrum of metabolite of two chlorines. The ion detected at/z831 was consistent

A consisted of molecules ai/z536 [M — GS] and protonated  with the sodiated molecules at/z807 (Figure 4c). The mass
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Figure 5. Proposed pathway of glutathione-dependent biotransformation
of chlorothalonil catalyzed by glutathione S-transferase. GSH indicates
glutathione.

spectrum of metabolit€ showed a peak an/z 1078 corre-
sponding to the structure of the triglutathione conjugate-fM
3GS] and a peak ah/z1080 corresponding to the protonated
molecular ion [M— 3GS+ 2H]" (Figure 4d). However, the
major peak was detected at/z 540 (Figure 4d), not atm/z
1078 or 1080 in the mass spectrum of metabollte We
attributed this to cleavage of the protonated molecule ion at
m/z1080. Considering the results from the HPLC elution and
the mass spectrum profiles, metabol@ewas proposed to be
the structure of the three-glutathione conjugated to chlorotha-
lonil. No other conceivable metabolites of chlorothalonil were
detected.

Although identification of the reaction products in this study

was tentative, it appeared to be reasonable. On the basis of the ©)

results obtained in this study, a reaction pathway for the
glutathione-dependent biotransformation of chlorothalonil cata-
lyzed by the GST is proposedrifure 5). In the enzymatic

reaction, the one-glutathione conjugate was formed initially, but
it seems to be a substrate for the GST, resulting in the
substitution of a second chlorine atom to give the two-

glutathione conjugate. The two-glutathione conjugate also seems

to be a substrate for the enzymatic reaction to produce the three
glutathione conjugate, which appears to be the final metabolite
in the glutathione-dependent biotransformation of chlorothalonil.
A similar mechanism has been discussed for the biotrans-
formation of chlorothalonil in the rat liver cytosol, and two
metabolites, 4-(glutathio8-yl)-2,5,6-trichloroisophthalonitrile
and 4,6-bis(glutathiois-yl)-2,5-dichloroisophthalonitrile, were
reported {9). MetaboliteB reported here showed the same UV
spectrum profiles, absorption maxima at 264, 309, and 340 nm,
as 4,6-bis(glutathios-yl)-2,5-dichloroisophthalonitrile. Indeed,
4-(glutathionS-yl)-2,5,6-trichloroisophthalonitrile was also re-
ported as an intermediate (19) such as metabaAliteported in
this study. Thus, the structures of metabolitAs and B
correspond to 4-(glutathio8yl)-2,5,6-trichloroisophthalonitrile
and 4,6-bis(glutathiors-yl)-2,5-dichloroisophthalonitrile, re-
spectively. To our knowledge, the triglutathione conjugate
(metaboliteC) has not been previously reported.
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In general, the formation of glutathione conjugates is associ-
ated with the detoxification of xenobioticsly, 12). The
glutathione conjugates represent the biotransformation pathway
for chlorothalonil inO. anthropi, resulting in the detoxification
of chlorothalonil. Thus, we believe the results reported in this
study are the first evidence on the glutathione-dependent bio-
transformation of chlorothalonil catalyzed by the bacterial GST.
Several questions, however, are still unanswered: Which
compound is the final metabolite in the biotransformation of
chlorothalonil, and how is the final glutathione conjugate
excreted from the cells? It has been reported that glutathione
conjugates formed in the liver are efficiently excreted in the
bile due to a high-affinity transport for glutathione conjugates
in the canalicular membran@). The glutathione conjugate
reported in this study is also likely excreted by a specific
transporter after several enzymatic reactions sughglatamyl
transpeptidase in viva2(). To address these issues, it will be
necessary to confirm a structure that results from the conjugation
with glutathione in the bacterial medium.
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