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Dehalogenation of Dichloromethane by Dichloromethane
Dehalogenase/Glutathione S-Transferase Leads
to Formation of DNA Adducts
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Formation of DNA adducts following conversion of dichloromethane by bacterial dichloromethane dehalo-
genase/glutathione S-transferase was demonstrated. Adducts included dichloromethane carbon and glutathi-
one sulfur atoms. A reaction with DNA occurred preferentially at guanine bases. Increased DNA degradation
in a pol4 mutant of Methylobacterium dichloromethanicum DM4 grown with dichloromethane confirmed the
genotoxicity associated with dichloromethane degradation, suggesting an important role of DNA repair in the
metabolism of halogenated, DNA-alkylating compounds by bacteria.

Glutathione S-transferases (GSTs) are ubiquitous and ver-
satile enzymes promoting the degradation or the inactivation
of electrophilic compounds by their conjugation to glutathione
(GSH) (1, 18). Compared to eukaryotic representatives of this
enzyme family, bacterial GSTs are more diverse in sequence
and often appear to catalyze specific reactions in the catabo-
lism of compounds used as carbon sources for growth by the
host bacteria (17, 18). For example, dichloromethane dehalo-
genase/GST (20) allows growth of methylotrophic bacteria
with dichloromethane (DCM), a solvent and widespread envi-
ronmental contaminant (13), as the sole carbon and energy
source (19). Similar enzymes have been characterized in mam-
mals in the past decade (12). DCM dehalogenases represent a
special type of GSTs in that the GSH cofactor is not incorpo-
rated into the reaction product, but is regenerated after the
reaction CH,Cl, + GSH + H,0 — CH,O + 2 HCl + GSH.

The genotoxicity of DCM conversion by GSTs has been well
documented in both bacterial (7, 15) and mammalian (5, 8)
systems (reviewed in references 12 and 19), but its molecular
basis has not yet been fully elucidated. Mechanistic consider-
ations and indirect experimental evidence (e.g., see reference
10) have suggested that S-chloromethylglutathione, the pre-
sumed short-lived intermediate in the reaction catalyzed by
DCM dehalogenase/GST, may be involved in this process by
reacting with DNA. Transient formation of a compound with
an ""F-NMR (nuclear magnetic resonance) signal compatible
with S-fluoromethylglutathione was observed when DCM de-
halogenase from Methylophilus sp. strain DM11 was incubated
with GSH and chlorofluoromethane (3). The lesser reactive
fluorinated homolog of S-chloromethylglutathione was hydro-
lyzed with a half-life of 5.8 min at room temperature in D,O
(4). Chemically synthesized S-chloromethylglutathione was
shown to react with deoxyguanosine in vitro (4), and the prod-
uct of this reaction was identified as S-[1-N*-deoxyguanosinyl-
methyl|glutathione (4, 15). Direct evidence for enzymatic
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GST-catalyzed conversion of DCM resulting in DNA modifi-
cation, however, has not yet been obtained. The present report
documents the formation of GST-dependent DNA adduct for-
mation as a result of the degradation of DCM by bacterial
DCM dehalogenases.

DNA adduct formation by GST-mediated conversion of
DCM. Purified DCM dehalogenase from Methylophilus sp.
strain DM11 overexpressed in Escherichia coli (21) was incu-
bated with 50 mM [**C]DCM (Sigma) (Fig. 1A) and 1 mM
GSH in the presence of calf thymus DNA (Sigma). Radioac-
tivity incorporation into DNA recovered after alcohol precip-
itation demonstrated the formation of DNA adducts. Recovery
of radiolabel in the DNA fraction increased with the amount of
DCM dehalogenase added (data not shown), and both DCM
dehalogenase and GSH were required for this process to oc-
cur. The same experiment, but performed with [>**SJGSH
(Moravek Biochemicals, Brea, Calif.) and unlabeled DCM,
also led to incorporation of radioactive label into DNA (Fig.
1B). No significant *>S labeling of DNA was observed in the
absence of DCM. Thus, the carbon atom of DCM and at least
the sulfur atom of GSH were incorporated into DNA following
DCM dehalogenase-mediated turnover of DCM, a finding
compatible with S-chloromethylglutathione being the causative
agent of DNA adduct formation. Furthermore, incubation of
formaldehyde in excess of that produced by DCM dehaloge-
nation in the presence of radiolabeled GSH (Fig. 1B) did not
result in DNA labeling. In other words, no DNA adduct for-
mation was observed with the product of the DCM dehaloge-
nase reaction or its GSH conjugate, which in the presence of
GSH is the predominant form of formaldehyde in solution
(16). This is in agreement with previous evidence that formal-
dehyde does not play a major role in DCM genotoxicity (see
reference 19 for review and discussion). For instance, the spec-
trum of mutations induced by formaldehyde and by DCM are
clearly different (5, 8). Moreover, a pol4 mutant of the DCM-
degrading strain Methylobacterium dichloromethanicum DM4
lacking DNA polymerase I, whose role in DNA repair is well
known (6), was unable to grow with DCM as the sole carbon
source but still grew with formaldehyde (11). The DNA ad-
ducts detected here, however, could not be further character-
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FIG. 1. DNA adduct formation following DCM conversion by DCM dehalogenase/GST. Purified DCM dehalogenase (DcmA) (60 pg, 1 to
2 pmol/min/mg) was incubated with calf thymus DNA (0.5 mg/ml), 1 mM GSH and 50 mM DCM in 0.2 ml of 0.1 M phosphate buffer (pH 8.0)
at 30°C for an hour. Experiments were performed at least twice with either [**C]DCM (0.58 mCi/mmol) (A) or [**S]GSH (20 Ci/mmol) (B).
Reactions were stopped by addition of 0.3 M sodium acetate, and the DNA was precipitated by addition of 0.6 volumes of isopropanol and
centrifugation (15,000 rpm, 1 h, 4°C). The DNA pellet was reprecipitated twice, washed with 70% ethanol, redissolved in 0.1 M phosphate (pH
8.0). The DNA was quantified spectrophotometrically at 260 nm, and DNA-associated radioactivity was measured by scintillation spectrometry
(Beckman LS5801) and expressed as the percentage of DCM conversion during the experiment. Solid bars, all reaction components added
(complete); grey bars, no GSH (A) or DCM (B) added; open bars, no DCM dehalogenase added (A) or no DCM added, but incubated with 50

mM formaldehyde (HCHO) (B).

ized because of the low yield in which they were produced
relative to the extent of DCM conversion (~0.05%) (Fig. 1),
despite the use of a large excess of DNA (approximately 1
adduct was formed per 200,000 bp). Nevertheless, this obser-
vation further substantiates the idea that a reactive, short-lived
compound such as S-chloromethylglutathione is responsible
for DNA adduct formation.

Base specificity of DNA adduct formation and stability of
DNA adducts. In keeping with previous suggestions of a higher
reactivity of guanine and cytosine bases with GST-activated
DCM (4, 5, 15), incorporation of radiolabel into synthetic
20-mer homo-oligonucleotides (Microsynth, Balgach, Switzer-
land) as DNA substrates followed the order G,, > C,, >
A,y > T, (Fig. 2). Also, single-stranded oligonucleotides were
better substrates than double-stranded complementary oligo-
nucleotides (Fig. 2). The stability of the formed DNA adducts
was estimated by incubating aqueous solutions of **S-labeled
DNA preparations recovered after DCM conversion by DCM
dehalogenase/GST for various times before alcohol precip-
itation. Interestingly, heterogeneity of the DNA adducts was
apparent from the multiphasic behavior of the decrease in
DNA-associated radioactivity (data not shown). The half-lives
(in hours) of the initial major phase of DNA adduct decay
(Gups 1.7 = 0.3; Cyp, 2.4 = 045 Ay, 2.0 = 0.2; T, 3.2 = 0.5;
G,/Cyg, 3.3 = 0.5; A/T, 5.7 = 0.7; calf thymus DNA, 1.6 = 0.2)
were of the same order of magnitude as those determined
earlier for model single-base adducts obtained by chemical
synthesis (4, 15). In contrast, the rate and magnitude of the
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FIG. 2. Base specificity of DNA adduct formation. Synthetic homo-
oligonucleotides (20-mers; 0.1 mg) were incubated with DCM deha-
logenase and [*>S]GSH and processed and analyzed exactly as de-
scribed in the legend to Fig. 1. Double-stranded DNA was obtained by
denaturation of pairs of complementary oligonucleotides at 100°C for
5 min followed by incubation at 50°C for 30 min, and the resulting
preparation was checked by acridine orange staining.
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FIG. 3. Labeling of DNA 3’ ends with terminal deoxynucleoside
transferase. Cultures of M. dichloromethanicum DM4 wild type and its
polA mutant were grown in mineral minimal medium (11) with 40 mM
methanol (MeOH) with or without addition of 10 mM DCM for 12 h,
and total DNA was isolated by a standard cetyltetramethylammonium
bromide-based method (2). DNA samples (5 pg) were treated with
terminal deoxyribonucleotide transferase (15 U) and 30 mCi of
[a-**P]dATP (3,000 Ci/mmol) in 0.1 ml of 0.2 M cacodylate-25 mM
Tris buffer (pH 6.6) at 37°C for 1 h. DNA was precipitated as described
in the legend to Fig. 1 and purified by gel filtration with disposable
NAP-10 columns (Amersham Pharmacia Biotech). (A) Terminal
transferase-treated DNA samples recovered by precipitation were re-
suspended in 40 pl of 0.1 M Tris-HC1 buffer (pH 8.0), and the radio-
activity associated with the DNA was quantified by scintillation spec-
trometry (Beckman LS5801) and expressed as the percentage of the
total radiolabel used. (B) Corresponding autoradiograph of
[«*?P]dAMP-labeled samples of total DNA (2.5 pg of DNA/lane) size
separated by agarose gel electrophoresis. M, marker (1:1 mixture of
HindIII- and EcoRI/HindIlI-digested lambda DNA) (Fermentas).

minor second, slower phase of DNA adduct degradation was
similar (half-life, 50 to 100 h) for all DNA preparations.
DNA damage associated with DCM conversion in vivo. The
data presented above suggested that methylotrophic bacteria
are confronted with severe problems of genotoxicity while
growing with DCM by virtue of DCM dehalogenase. To ex-
plore the extent of DNA damage caused by GST-mediated
DCM turnover in Methylobacterium in vivo, Methylobacterium
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dichloromethanicum DM4 and its polA mutant (11), which was
expected to be impaired in the repair of DNA lesions occurring
upon GST-mediated DNA adduct formation, were grown with
40 mM methanol or with a mixture of 40 mM methanol and 10
mM DCM as carbon sources, after which total DNA was iso-
lated from the cultures (Fig. 3). Both strains expressed DCM
dehalogenase at similar levels during growth in the presence of
DCM as judged by the chloride released into the medium (5
and 4.2 mM chloride for the wild-type and the pol4 mutant
strains, respectively) (data not shown). Repair of damaged
DNA typically involves the formation of DNA strand breaks at
the site of DNA lesions (9, 22). Therefore, equal amounts of
isolated total DNA were treated with terminal deoxyribonu-
cleotide transferase (Roche Diagnostics) and [a->?P]dATP
(Moravek Biochemicals). DNA was recovered by alcohol pre-
cipitation, and the radioactivity in the DNA pellet was quan-
tified (Fig. 3A). In addition, gel-filtered samples of 3'-labeled
total DNA were separated by agarose gel electrophoresis and
autoradiographed (Fig. 3B). Increased labeling, indicating a
more frequent occurrence of DNA strand breaks (14), was
apparent in DNA from the pol4 mutant grown in the presence
of DCM.

Thus, both in vitro and in vivo data reported here provide
direct evidence for DNA damage following DCM dehaloge-
nase/GST-mediated conversion of DCM. As an aside, these
experiments also provided new evidence that the formaldehyde
product of the enzymatic dehalogenation reaction is most
likely not involved in this process. To conclude, it appears
increasingly clear that efficient mechanisms to cope with the
genotoxicity of products arising from the metabolism of DCM
are an asset for bacteria growing with this compound by means
of a GST-dependent pathway. This raises the question as to
whether methylotrophic bacteria growing with DCM as the
sole carbon source are more resistant to the toxic effects of
DCM than other bacteria (19). Indeed, preliminary experi-
ments suggest that Methylobacterium extorquens AM1, the ge-
nome of which is currently being sequenced, is unable to grow
with DCM as the sole carbon source when provided with a
plasmid-expressed DCM dehalogenase/GST (our unpublished
data). A search for accessory genes and proteins that allow
methylotrophic bacteria to grow with DCM may reveal new
perspectives on the degradation of halogenated compounds by
bacteria.
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ADDENDUM IN PROOF

A characterization of the adducts formed by the reaction of
chemically synthesized S-(1-acetoxymethyl)glutathione (a
mimick for the glutathione conjugate of dichloromethane)
with nucleosides and DNA was reported after this paper was
submitted (G. A. Marsch et al., Chem. Res. Toxicol. 14:600-608,
2001).
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