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Cytochrome P450 Initiates Degradation of cis-Dichloroethene by
Polaromonas sp. Strain JS666

Shirley F. Nishino,® Kwanghee A. Shin,?* James M. Gossett,” Jim C. Spain?

School of Civil and Environmental Engineering, Georgia Institute of Technology, Atlanta, Georgia, USA?; School of Civil and Environmental Engineering, Cornell University,
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Polaromonas sp. strain JS666 grows on cis-1,2-dichoroethene (cDCE) as the sole carbon and energy source under aerobic condi-
tions, but the degradation mechanism and the enzymes involved are unknown. In this study, we established the complete path-
way for cDCE degradation through heterologous gene expression, inhibition studies, enzyme assays, and analysis of intermedi-
ates. Several lines of evidence indicate that a cytochrome P450 monooxygenase catalyzes the initial step of cDCE degradation.
Both the transient accumulation of dichloroacetaldehyde in cDCE-degrading cultures and dichloroacetaldehyde dehydrogenase
activities in cell extracts of JS666 support a pathway for degradation of cDCE through dichloroacetaldehyde. The mechanism
minimizes the formation of cDCE epoxide. The molecular phylogeny of the cytochrome P450 gene and the organization of
neighboring genes suggest that the cDCE degradation pathway recently evolved in a progenitor capable of degrading 1,2-dichlo-
roethane either by the recruitment of the cytochrome P450 monooxygenase gene from an alkane catabolic pathway or by selec-

tion for variants of the P450 in a preexisting 1,2-dichloroethane catabolic pathway. The results presented here add yet another
role to the broad array of productive reactions catalyzed by cytochrome P450 enzymes.

xtensive use of perchloroethene (PCE) and trichloroethene

(TCE) as industrial solvents has resulted in soil and ground-
water contamination throughout the world (1). Anaerobic bacte-
ria can detoxify PCE and TCE by converting the compounds to
ethene (2). Incomplete reduction, however, can lead to accumu-
lation of toxic (cis-1,2-dichoroethene [¢DCE]) and carcinogenic
(vinyl chloride [VC]) intermediates in the environment (3) when
contaminant plumes migrate into aerobic zones and reductive
dehalogenation ceases.

Aerobic bacteria that use VC as a growth substrate are readily
isolated from chloroethene-contaminated sites (4). VC (5) and
ethene (6) are both assimilated via epoxidation catalyzed by an
alkene monooxygenase, followed by conversion of the (chloro)ep-
oxide to a 2-hydroxyalkyl coenzyme M by epoxyalkane coenzyme
M transferase. The degradation mechanisms, biochemistry, and
genes that encode VC and ethene degradation are analogous for
the two compounds (5, 7, 8).

In contrast, Polaromonas sp. strain JS666 is the only isolate able
to grow with ¢cDCE as the sole carbon and energy source (9). cDCE
degradation is a rate-limiting step in natural attenuation processes
for the chlorinated ethenes at many contaminated sites (10, 11).
The pathway for cDCE biodegradation and the enzymes involved
are unknown. The genome of Polaromonas sp. strain JS666 con-
tains a number of genes related to metabolism of xenobiotic com-
pounds, but there is no obvious cluster of genes that encode the
¢DCE degradation pathway (12). Whole-genome expression mi-
croarrays and protein expression analysis (13) revealed upregula-
tion of genes for enzymes potentially involved in the initial
reactions of cDCE degradation. They included genes for cyclo-
hexanone monooxygenase, glutathione-S-transferase, and cyto-
chrome P450. Genes for (di)chloroacetaldehyde, (di)chloroacetic
acid, and (chloro)glycolate transformation were also upregulated
in a pattern expected for growth on ¢DCE or 1,2-dichloroethane
(DCA). The observations suggested that the cDCE and DCA path-
ways might converge.

Coleman et al. (9) suggested epoxidation as the first step in
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¢DCE degradation based on epoxidation of ethene by JS666 after
growth on cDCE. The epoxidation of chlorinated ethenes by oxy-
genases is a widespread reaction in bacteria (14-16), but the toxic
and highly reactive epoxide intermediates are not assimilated ex-
cept in the case of VC biodegradation (5). A series of Escherichia
coli strains with an engineered metabolic pathway for cDCE deg-
radation based on epoxide formation and degradation has been
constructed. The strains carry combinations of engineered tolu-
ene monooxygenase (17) and epoxide hydrolase (18) to catalyze
transformation of chloroethenes and up to 4 other engineered
proteins to overcome epoxide toxicity (19). Although the strains
mineralize cDCE, they do not grow on it, and the pathway must be
induced with isopropyl-f-D-thiogalactopyranoside.

Many oxygenases, such as the soluble methane monooxygen-
ase from Methylosinus trichosporium OB3b (15), produce mix-
tures of acetaldehydes and epoxides from halogenated ethenes via
an intramolecular halogen migration during oxidation. Similarly,
in mammalian systems, cytochrome P450 enzymes catalyze the
initial attack on chlorinated ethenes to produce a mixture of prod-
ucts. Nonconcerted reactions of human P450 2E1 or rat P450 2B1
oxidize TCE to the corresponding epoxide and 1,1,1-trichloroac-
etaldehyde (chloral), but the mechanisms controlling the parti-
tioning to the two different intermediates are not fully understood
(20).

Here, we describe the initial steps of cDCE biodegradation and
genes that encode the enzymes involved. The understanding of the
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FIG 1 Map of region cloned into pET21a. Key: F, ferredoxin gene; Red, re-
ductase gene; and P450, cytochrome P450 gene. Clones also contain the native
ribosome binding site (RBS) and 562 bp of intergenic DNA. Gene loci are
indicated above the genes.

¢DCE degradation pathway will provide the basis to detect, pre-
dict, and enhance cDCE degradation at contaminated sites as well
as increase our understanding of bacterial evolution of catabolic
pathways for synthetic chemicals.

MATERIALS AND METHODS

Growth conditions. A 5-liter culture of Polaromonas sp. JS666 was rou-
tinely grown with cDCE as the sole carbon and energy source in a 7-liter
bioreactor at 22°C. Minimal salts broth (MSB) (21) was modified as fol-
lows: phosphate buffer was 10 mM, and all other nutrients were supplied
at half-strength. Neat cDCE was continuously supplied via syringe pump
(8 to 50 pl/h) to maintain ¢DCE in the culture at 50 to 500 wM. The pH
was maintained at 7.0 by the addition of NaOH. Oxygen addition was
controlled to maintain dissolved oxygen at 3.5 mg/liter (40% saturation).
The reactor was stirred at 400 rpm. Portions of the culture (1 to 2 liters)
were harvested by centrifugation and suspended in MSB for use in exper-
iments. Trypticase soy at one-quarter strength solidified with 18 g agar/
liter (1/4-TSA) was used to test for the presence of contaminating bacteria.
Strain JS666 was also grown in 160-ml serum bottles on half-strength
MSB (1/2-MSB) with cyclohexanone (5 mM), glycolate (10 mM), succi-
nate (10 mM), or DCA (0.25 mM) as the carbon source. Inocula were
prepared from single colonies grown on agar plates containing cyclo-
hexanone (5 mM) or from cells actively growing on ¢cDCE.

Substrate transformation by whole cells. Cells were suspended to an
appropriate density (optical densities at 600 nm [ODg,], =1 for JS666
and 10 to 60 for clones) in 50 ml of 1/2-MSB in 160-ml serum bottles
sealed with Teflon-coated butyl rubber stoppers. Reactions were initiated
by the addition of substrates, and cultures were incubated at 25°C with
shaking (150 rpm). Substrate disappearance and/or product formation
was monitored by gas chromatography (GC).

Respirometry. Cells grown on various substrates were harvested by
centrifugation, washed with potassium phosphate buffer (pH 7.2; 20
mM), and suspended in the same buffer. Oxygen uptake was measured
polarographically at 25°C with a Clark-type oxygen electrode connected
to a YSI model 5300 biological oxygen monitor.

Cloning and expression of putative cytochrome P450 monooxygen-
ase. Genomic DNA was extracted with a genomic DNA purification sys-
tem (Promega, Madison, WI). A 3.5-kb fragment (positions 52538 to
56017 on pPol338; GenBank accession number NC_007950) containing
genes encoding the putative cytochrome P450, ferredoxin reductase,
ferredoxin, and a 562-bp portion of the intergenic region between the
P450 and its upstream neighbor (Bpro_5302; Fig. 1) was amplified by PCR
using primers 017F (CACCACGCTGCACCGTGTTATGTTTCAC) and
017R (TCAGTGCTGGCCGAGCGGCG). The PCR mixture (20 pl) con-
tained genomic DNA (50 ng), primers (0.25 M each), deoxynucleoside
triphosphates (0.4 mM each), and Promega GoTaq Hot Start polymerase
(2 U) and 1X buffer (Madison, WI). Amplifications (30 cycles) were
carried out as follows: 95°C for 1 min, 56°C for 30 s, and 72°C for 1 min,
after initial denaturation at 95°C for 10 min. The PCR products were
treated with the Klenow fragment of DNA polymerase I (New England
BioLabs, MA) and then cloned into the pET101/D-TOPO vector (Nova-
gen, Gibbstown, NJ). The resulting plasmid, designated pJS593, was
transformed into E. coli BL21 Star(DE3) for expression to create strain
JS593.
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JS593 was grown in 30 ml of terrific broth medium (TB) containing
Overnight Express autoinduction system I (Novagen) at 37°C. When
the ODy, reached 0.8 to 0.9, the temperature was reduced to 23°C and
the cultures were incubated for an additional 14 to 20 h. Cells were
harvested by centrifugation, washed twice with phosphate buffer (20
mM, pH 7.5), and stored on ice until used. Improved expression of the
insert was obtained when pJS593 was moved into E. coli Rosetta 2; the
resulting strain was designated JS595. y-Aminolevulinic acid (0.5
mM) and FeSO, (0.1 mM) were added at the start of the room tem-
perature incubation (22).

Enzyme assays. Cell extracts were prepared by passing cells twice
through a French pressure cell at 20,000 Ib/in?, followed by centrifugation
at 160,000 X g. Cytochrome P450 monooxygenase activity was assayed by
monitoring substrate disappearance (cDCE, DCA) and/or product for-
mation by GC. Reaction mixtures (1 ml) consisted of cell extracts (1 to 4
mg protein) and substrates (80 to 160 nmol) in phosphate buffer (50 mM,
pH 7.2) in 4-ml bottles sealed with Teflon-coated butyl rubber stoppers.
Reactions were started by addition of NADH or NADPH (2.5 mM), and
the bottles were incubated at 25°C. At appropriate intervals, the reactions
were stopped by the addition of ZnSO, (30 mM), and the mixtures were
extracted with ethyl ether. Aldehyde dehydrogenase (23) was measured by
following the reduction of NAD to NADH at 340 nm in the presence of
(di)chloroacetaldehyde, cell extract (0.5 to 1 mg protein), and NAD (1
mM). Haloacid dehalogenase (24) was measured by chloride release in the
presence of (di)chloroacetate and cell extract (0.5 to 1 mg protein).

Analytical methods. cDCE and DCA in headspace samples were mon-
itored with an Agilent 6890N GC equipped with a flame ionization detec-
tor (FID) and a Supelco 1% SP-1000 on 60/80 Carbopack B column, 6 ft
by 1/8 in. (outer diameter) by 2.1 mm (inner diameter), as previously
described (25), with the following modifications. The oven temperature
was ramped at 20°C/min from 100°C to 150°C and then at 10°C/min to a
maximum of 175°C and held until all compounds eluted. Some samples
were spiked with TCE as an internal standard before extraction with ethyl
ether. The ether extracts were analyzed by GC or GC-mass spectrometry
(MS). Octane was measured in the headspace by GC-FID with a method
similar to that for cDCE but with a Supelco 10% OV-101 on 80/100 Chro-
mosorb W HP packed glass column, 6 ft by 1/4 in. (outer diameter) by 2
mm (inner diameter). cDCE epoxide, dichloroacetaldehyde, and chloro-
acetaldehyde in ether extracts were analyzed with an HP6890 GC
equipped with either an electron-capture detector (ECD) or a 5973 mass
detector. Compounds were separated on a DB-5MS column (30 m by 0.25
mm, 0.25-pm film thickness; J&W Scientific, CA). For GC-ECD, the oven
temperature was held at 60°C with an injection temperature of 200°C and
a detector temperature of 250°C. For GC-MS, the oven temperature was
initially held at 35°C for 10 min, ramped at 20°C/min to 175°C, and held
at the final temperature for 3 min. Absolute mass determination was per-
formed by the Georgia Institute of Technology Bioanalytical Mass Spec-
trometry Facility.

Protein was measured with a Pierce bicinchoninic acid protein
assay kit (Rockford, IL). Chloride was measured by the method of
Bergmann and Sanik (26). Glyoxal was derivatized with 2,4-dinitro-
phenylhydrazone (27) and then separated on a Phenomenex Synergi
Polar-RP column (4 wm; 2.0 mm by 150 mm) with a Varian high-
pressure liquid chromatography system equipped with a photodiode
array detector. Solid-phase extraction (SPE) was performed with a
MEPS Cg cartridge (SGE, Austin, TX).

Chemicals. cDCE (97%, preservative free) was from Sigma-Aldrich.
The major contaminant was trans-DCE, which was not metabolized by
the cultures. All other chemicals were reagent grade. Dichloroacetalde-
hyde hydrate was converted to dichloroacetaldehyde by the method of
Wakasugi (28). cDCE epoxide was synthesized chemically (29) and bio-
logically (15) by transformation of cDCE by JS593. Products from both
methods had the same GC retention times and parent masses [M ] at m/z
112, 114, and 116 which correspond to those of cDCE epoxide (30).
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FIG 2 Potential initial steps for cDCE degradation in JS666 include reduction
(I), hydration (II), glutathione addition (III), monooxygenation to an alde-
hyde (IV), monooxygenation to an epoxide (V), or reductive dehalogenation
(VI). GSH, reduced glutathione; SG, glutathione conjugated to the organic
compound, where the H (hydrogen) has been replaced by the organic com-
pound.

RESULTS

Hypothetical initial steps of cDCE degradation. We investigated
several possible reactions for the initial steps of cDCE biodeg-
radation (Fig. 2). A reductase (Fig. 2, pathway I) or hydratase
(pathway II) might channel ¢cDCE into the DCA degradation
pathway (24, 31). Glutathione-S-transferase might catalyze
formation of glutathione conjugates during cDCE biodegrada-
tion (pathway III) (13). Monooxygenase enzymes could pro-
duce various amounts of an aldehyde (pathway IV) and cDCE
epoxide (pathway V) (15, 32). Finally, although rare in aerobes,
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a reductive dehalogenase could catalyze removal of chlorine
(pathway VI) (33).

Stimulation of oxygen uptake by potential intermediates of
¢DCE degradation. Respirometry experiments do not provide
rigorous conclusions about pathways but allow hypotheses to be
made about enzyme induction and involvement of intermediates.
The rates reflect not only preferences for the initial substrates but
also stoichiometries and kinetics of subsequent reactions along
with transport limitations. cDCE, DCA, and intermediates of the
DCA degradation pathway stimulated oxygen uptake in ¢DCE-
and DCA-grown cells of strain JS666 (Table 1). The results indi-
cate (34) that cDCE is degraded via DCA or that the cDCE and
DCA pathways converge. Alternatively, a monooxygenase in-
duced by ¢DCE (13) could transform DCA into chloroacetalde-
hyde (31). Chloroacetaldehyde might then be degraded by an en-
zyme that has high constitutive activity but is also moderately
upregulated during growth on ¢DCE, DCA, or cyclohexanone
(Table 1). Cyclohexanone-grown cells did not oxidize ¢DCE,
DCA, or intermediates of the DCA degradation pathway other
than choroacetaldehyde, for which there was high constitutive
activity in all cells.

Involvement of oxygen in the initial steps of cDCE biodegra-
dation. cDCE-grown cells required oxygen to metabolize cDCE
(Fig. 3) and DCA (Fig. 3B). Cell suspensions rapidly transformed
¢DCE and DCA in the presence of oxygen, but no transformation
was detected in the absence of oxygen. The result is not consistent
with reductase- or hydratase-catalyzed conversion of ¢cDCE to
DCA. ¢cDCE degradation resumed immediately upon addition of
air. The results suggest but do not prove that an oxygenase enzyme
catalyzes the initial steps in ¢(DCE and DCA degradation. The re-
quirement for molecular oxygen also precludes involvement of a
reductive dehalogenase.

Metyrapone and phenylhydrazine inhibition of ¢cDCE bio-
degradation. Many cytochrome P450 enzymes are inhibited by
metyrapone and phenylhydrazine (35, 36). Both ¢cDCE and DCA
degradation were inhibited over 90% in intact cells 0of JS666 by 200
uM metyrapone or phenylhydrazine (Fig. 4A), as measured by
either GC or stimulation of oxygen uptake. The oxygen uptake
rates with chloroacetaldehyde and cyclohexanone were un-
changed. The degree of inhibition of the initial rates of cDCE and
DCA degradation was proportional to the concentration of me-
tyrapone (Fig. 4B). The results indicate that a cytochrome P450
catalyzes early steps in both ¢DCE and DCA biodegradation in
]S666.

¢DCE degradation kinetics. Strain JS666 grows on cDCE with
stoichiometric accumulation of chloride (9). Chloride release was
slightly delayed during the early stages of growth of JS666, which
suggested a transient accumulation of degradation intermediates.
During ¢DCE degradation by JS666 in the present study, small
amounts of dichloroacetaldehyde transiently accumulated and
then disappeared (data not shown), which suggested strongly that
dichloroacetaldehyde is an intermediate of ¢cDCE degradation.
Trace amounts of ¢DCE epoxide also accumulated in the cDCE-
degrading cultures. The detection of dichloroacetaldehyde and
¢DCE epoxide in cDCE-degrading cultures is consistent with the
involvement of the cytochrome P450 monooxygenase, here called
¢DCE monooxygenase, in the initial steps of cDCE degradation in
1S666.

Cloning and expression of cDCE monooxygenase. Four genes
are annotated as cytochrome P450 in the genome of JS666.

aem.asm.org 2265


http://aem.asm.org

Nishino et al.

TABLE 1 Oxygen uptake by resting cells of JS666"

Oxygen uptake (nmol min~' mg™" protein) after growth on:

Test substrate (concn [mM]) ¢DCE DCA Cyclohexanone Glycolate Succinate
¢DCE (1.0) 130 6*2 <1 <1 <1
1,2-DCA (1.0) 110 23+6 <1 <1 <1
2-Chloroethanol (1.0) 7+2 13+£0 <1 <1 <1
Chloroacetaldehyde hydrate (0.5) 55=*1 47 =0 81 *6 392 27 *5
Dichloroacetaldehyde hydrate (0.5) 18+2 12+0 6+4 7*+1 3+0
Cyclohexanone (0.5) 10*+1 1+£2 276 * 36 <1 <1
Chloroacetate (1.0) 2*0 26 8 <1 7x2 2=*1
Dichloroacetate (1.0) ND 10 £ 3
Glycolate (1.0) 7%2 142 <1 95 +1 6+2
7*1 32+1 41 £ 1

Succinate (1.0)

“ Oxygen uptake by resting cells of JS666 grown with various substrates. Reaction mixtures contained substrate, cells (0.29 to 0.31 mg of protein), and air-saturated phosphate
buffer (20 mM, pH 7.2) to a final volume of 1.85 ml. ¢DCE, 1,2-DCA, and cyclohexanone were added from a 1.0 M stock in acetone, and the other substrates were dissolved in
water. Acetone did not affect the rates of oxygen uptake. Data represent means and standard deviations from at least two measurements. ND, not determined; blank cell, not tested.

Bpro_5301, which was upregulated 3.5-fold by growth on cDCE
(13), is located on pPol338, the smaller of two megaplasmids in
JS666. Bpro_5301 is adjacent to genes annotated as flavin adenine
dinucleotide-dependent pyridine nucleotide disulfide oxidoreduc-
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FIG 3 Dependence of ¢DCE and DCA degradation by JS666 on oxygen. (A)
cDCE-grown cells were added to N,-sparged ([J) and unsparged (®) serum bot-
tles. Reactions were initiated by addition of cDCE to the bottles. Arrow, addition of
5ml of air. (B) cDCE and DCA were added as neat solutions to N,-sparged serum
bottles. Reactions were initiated by adding 1 ml of cDCE-grown sparged cells to
bottles. Arrow, addition of 1 ml of O,. Error bars indicate 1 standard deviation.
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tase (Bpro_5300) and ferredoxin (Bpro_5299). The amino acid
sequence of the cytochrome P450 is 76% identical to that of alkane
hydroxylase (AphG) from Mycobacterium sp. strain HXN-1500,
while the amino acid sequences of the oxidoreductase (AphH) and
ferredoxin (Aphl) are each 66% identical to the sequences from
HXN-1500 (12, 37). AphH and Aphl of HXN-1500 are the most
closely related to the proteins of JS666 of any currently entered in
GenBank. The three genes from JS666 were cloned together into E.
coli (Fig. 1), and the expression of each component was confirmed
by SDS-PAGE (Fig. 5).]S593 catalyzed the transformation of DCA
and ¢DCE at 1.0 and 0.2 nmol/min/mg protein, respectively. No
transformation of cDCE or DCA was observed in the absence of
oxygen, but transformation was immediate upon the addition of
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FIG 4 Effect of cytochrome P450 inhibitors on JS666. (A) Time course of
cDCE degradation with no inhibitor (@), 200 uM metyrapone (O), or 200 uM
phenylhydrazine ([J). (B) Concentration-dependent effect of metyrapone on
cDCE (®) and DCA (M) degradation by JS666. cDCE and DCA were provided
at 100 wM.
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FIG 5 Expression of cytochrome P450. Lane 1, uninduced clone; lane 2, in-
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Bpro_5299 (11.29 kDa); lane 3, clone expressing Bpro_5301 with a 6 X His tag

(48.32 kDa); lane 4, clone expressing Bpro_5299 with a 6X His tag (12.12
kDa); lane 5, clone expressing LacZ (120 kDa).

oxygen. E. coli containing the pET vector alone did not catalyze
transformation of any of the substrates.

Products of transformation of cDCE by cDCE monooxygen-
ase. Resting cells of E. coli JS595 catalyzed the transformation of
¢DCE to 2,2-dichloroacetaldehyde (up to 88%; mean = 61% =
12%, n = 12), accompanied by the appearance of an unidentified
metabolite in the headspace. In preliminary experiments (Fig. 6),
the recovery of 2,2-dichloroacetaldehyde was modest because the
compound partitioned to the cells. In subsequent experiments
that included multiple extractions with the cells included in the
extraction, recovery of dichloroacetaldehyde improved. The rate
of transformation of cDCE by JS593 or JS595 rapidly diminished
so that it was only a fraction of the initial rate after 30 to 60 min.
The production of dichloroacetaldehyde also diminished rap-
idly, while the unidentified metabolite continued to accumu-
late, which suggested that it resulted from abiotic transforma-
tion of 2,2-dichloroacetaldehyde. When JS666 was grown on
¢DCE, no dichloroacetaldehyde accumulated and only traces
of the unknown metabolite were detected in the headspace
(Fig. 6). The unidentified metabolite was never found in ex-
tracts of the aqueous phase, nor was it metabolized by JS666.
The unidentified metabolite appeared as a major peak by GC-
ECD but was undetectable by GC-FID and was barely detect-
able by GC-mass selection detector (MSD). The mass spectrum
(Fig. 6B) did not match that of any of the known metabolites of
chloroethenes/ethanes, although the exact mass was 112. Be-
cause the mass balance with JS595 cells and cell extracts of
JS593 and JS595 indicated that cDCE is predominantly trans-
formed into dichloroacetaldehyde and the wild type accumu-
lates only traces of the unknown metabolite, attempts to iden-
tify the unknown were discontinued.

Traces of cDCE epoxide occasionally accumulated in ¢cDCE-
degrading cultures, but lack of a published extinction coefficient
prevented quantitation of the epoxide. The results indicate that
¢DCE monooxygenase specifically transforms cDCE mainly to di-
chloroacetaldehyde rather than to epoxide. They also indicate that
other enzymes in JS666 but not in E. coli prevent the accumulation
of dichloroacetaldehyde and the unknown metabolite.
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FIG 7 Biotransformation of ¢cDCE in cell extracts of JS595 expressing cDCE
monooxygenase. Complete mixtures contained cDCE, phosphate buffer, cell
extract, and NADH. Controls lacked either NADH or cell extract. Results are
for ¢DCE in complete mixtures (®), cDCE in controls (M), final dichloroacet-
aldehyde in complete mixtures (O), and final dichloroacetaldehyde in controls
(O). ¢DCE was allowed to equilibrate for 5 min, and then reactions were
initiated by adding NADH.

Dichloroacetaldehyde production in cell extracts of JS593
and JS595. Dichloroacetaldehyde was produced during ¢cDCE
transformation by extracts prepared from cells of JS593 or JS595
(Fig. 7). With dialyzed extracts, the reaction took place only when
NADH was present in the reaction mixture. When DCA was the
substrate, chloroacetaldehyde was produced. The enzyme activity
was modest and unstable, but the results were reproducible. The
results indicate that the cDCE monooxygenase catalyzes the trans-
formation of both ¢cDCE and DCA to chloroacetaldehydes that can
be further degraded in JS666.

Dichloroacetaldehyde transformation in cell extracts of
JS666. Dichloroacetaldehyde was degraded at a rate of 15.6 nmol
min~' mg~' protein in extracts of cells grown on ¢DCE (Table 2),
which is consistent with the rate of ¢DCE degradation by whole
cells (17 nmol min~' mg™" protein). The apparent K,, of the
dichloroacetaldehyde dehydrogenase was 120 *= 12 wM. Genes
that encode dichloroacetaldehyde dehydrogenase were not iden-
tified experimentally. There are several potential candidates for
the genes that encode chloroacetaldehyde dehydrogenase and di-
chloroacetaldehyde dehydrogenase, but we do not have sufficient
evidence from microarray data to establish which ones encode the
activities that we measured in cells and cell extracts. The haloacid
dehalogenase upregulated by cDCE catalyzes transformation of
(di)chloroaceticacid (13, 64), and (di)chloroacetic acid was trans-

TABLE 2 Enzyme activities measured in cell extract of Polaromonas sp.
J5666

Sp act® (nmol min ™!

Enzyme assayed Substrate mg ' protein)

Aldehyde dehydrogenase ~ Dichloroacetaldehyde 15.6 £ 0.1
Chloroacetaldehyde 24.8 £52

Haloacid dehalogenase Dichloroacetate 15.0 £ 2.8
Chloroacetate 10.3 + 1.6

“ Data represent means and standard deviations from at least two measurements.
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TABLE 3 Transformation of alkanes by cytochrome P450°

Sp act (nmol min !
mg ™ protein)

Substrate Product(s) Replicate 1 ~ Replicate 2
c¢DCE Dichloroacetaldehyde 0.39 0.26
Hexane 1-Hexanol 0.005 0.01
Cyclohexane Cyclohexanol 0.07 0.10
Octane 1-Octanol, 2-octanol, 2-octanone  0.07 0.06
Limonene Perillyl alcohol, 2 unidentified 0.06 0.08

peaks

“ E. coli J$595 was provided with ¢DCE or alkane. Products were extracted and analyzed
by GC-MS.

formed in cell extracts of JS666 (Table 2). The results indicate that
¢DCE degradation via dichloroacetaldehyde is the productive
pathway in JS666.

Transformation of alkanes by cDCE monooxygenase. Bpro_
5301 is most closely related to a gene encoding a medium-chain
alkane hydroxylase and was previously shown to enable the catal-
ysis of n-alkanes to primary alcohols (38). Various alkanes were
transformed by E. coli JS595 (Table 3). The rate of transformation
of cDCE was an order of magnitude faster than the rates of trans-
formation of the alkanes. The primary alcohols expected as the
products of the alkane transformation (38, 39) were detected in
SPE extracts of all cultures by GC-MS and were the only products
of hexane and cyclohexane transformation. 2-Octanol and 2-oc-
tanone were detected in octane transformations along with the
major 1-octanol peak. Perillyl alcohol was the major product of
limonene transformation but was accompanied by two other un-
identified peaks. The results indicate that although ¢DCE mono-
oxygenase can still transform n-alkanes, it appears to be special-
ized for cDCE.

DISCUSSION

Several lines of evidence indicate that cDCE monooxygenase is
responsible for the initial steps in cDCE biodegradation in JS666.
cDCE was degraded only in the presence of oxygen, degradation
was inhibited by cytochrome P450-specific inhibitors, heterolo-
gously expressed cytochrome P450 monooxygenase catalyzes the
transformation of cDCE to dichloroacetaldehyde, and Bpro_5301
is upregulated by ¢cDCE (13). The transient accumulation of di-
chloroacetaldehyde in ¢DCE-degrading cultures and the dichlo-
roacetaldehyde dehydrogenase activities in cell extracts of JS666
support the proposed pathway (Fig. 8). Transformation of dichlo-
roacetaldehyde and dichloroacetate in cell extracts of JS666 (Table
2) supports a downstream pathway of cDCE degradation similar
to that of 1,2-dichloroethane (Fig. 8). Chloroglycolate would be
expected to spontaneously dechlorinate to glyoxalate (40). The
ability of JS666 to metabolize glyoxalate is inferred from the
growth of JS666 on glycolate and the presence of putative glyox-
alate pathway genes encoding isocitrate lyase (Bpro_2101) and
malate synthase (Bpro_4517).

¢DCE monooxygenase is also responsible for initiation of DCA
degradation. Genes that encode the enzymes of the DCA degrada-
tion pathway are expressed in cells of JS666 grown on ¢DCE (13,
24), and clones that catalyzed the transformation of ¢cDCE also
catalyzed the transformation of DCA. The inhibition of DCA deg-
radation by metyrapone in cells grown on DCA, the transforma-
tion of DCA to chloroacetaldehyde by cDCE monooxygenase, and
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Monooxygenase

P450 Degradation of ¢cDCE

Chloroacetaldehyde Chloroacetic acid

Spontaneous dehydrogenase dehalogenase
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FIG 8 Proposed cDCE and DCA degradation pathways. Solid arrows, major pathways supported by the results of this study; dashed arrows, potential minor

pathways.

the failure to transform DCA in the absence of oxygen support the
hypothesis that strain JS666 degrades DCA by an oxidative path-
way (Fig. 8).

JS666 could grow only on low concentrations of DCA (100 to
200 wM), which is consistent with previous studies indicating that
JS666 could not grow on 200 M to 10 mM DCA (9, 12). Al-
though the same genes are responsible for cDCE and DCA degra-
dation, growth on DCA is limited to concentrations an order of
magnitude less than concentrations that support growth on
¢DCE. A contributing factor possibly lies in the greater solubility
of DCA in the aqueous phase. It is also possible that chloroacetal-
dehyde is more toxic to JS666 than dichloroacetaldehyde.

The degradation of DCA has been most extensively studied in
Xanthobacter autotrophicus GJ10 (24). The strain constitutively
expresses two different dehalogenases; however, the hydrolytic
pathway (Fig. 2, pathway II) in strain GJ10 is inconsistent with the
results from JS666. Pseudomonas sp. strain DE2 (41) and Pseu-
domonas sp. strain DCAL1 (31) degrade DCA by the oxidative path-
way proposed for degradation of DCA by JS666 (Fig. 8). The
monooxygenase from DE2 and DCA1 has not been identified. It
seems likely that the reaction might be catalyzed by a P450 mono-
oxygenase similar to the cDCE monooxygenase. Sequence infor-
mation is not available for strain DE2 or DCA1, so the relatedness
of the enzymes is unknown. It is known, however, that strain
DCAL transforms cDCE after growth on DCA (31).

Monooxygenation of cDCE and DCA by the same enzyme in
JS666 thus accounts for the results of the simultaneous adaptation
studies as well as for why ¢cDCE degradation is induced in DCA-
grown cells. The regulation of the metabolic pathway, however, is
not understood. It seems likely that the regulation is in the early
stages of evolution, as evidenced by long and unpredictable accli-
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mation periods when cells are switched from more favored sub-
strates to cDCE.

Cytochrome P450-catalyzed oxidation of chlorinated ethenes
can yield multiple products. The formation of chloroacetalde-
hydes during the oxidation of 1,1-dichloroethene (42) and tri-
chloroethene (32) by cytochromes P450 from rat liver micro-
somes has been reported. A transient chloroethene intermediate
bound in the cytochrome P450 can be partitioned to epoxide, a
chloroacetaldehyde via chloride migration, and a dead-end prod-
uct due to an irreversible porphyrin N-alkylation (32, 43, 44).
Theoretical studies on terminal olefin oxidation by cytochrome
P450 suggest that different environments in the protein pocket of
the enzyme may lead to different product ratios of epoxides, alde-
hydes, and suicide products (44). The mass balance derived from
the studies with intact cells of JS595 suggests that cDCE monoox-
ygenase in JS666 is specialized to favor dichloroacetaldehyde
rather than epoxide production from ¢DCE.

Chloroacetaldehyde and dichloroacetaldehyde react with
DNA (45), tRNA (46), and proteins (47), forming adducts of un-
certain toxicity (48). Neither dichloroacetaldehyde nor epoxide
was detected in JS666 cultures that were grown continuously on
¢DCE. Dichloroacetaldehyde was transiently detected only during
the brief lag phase following transfer and dilution of cDCE-grown
cultures into fresh medium. The simultaneous induction studies
showed that dichloroacetaldehyde and/or chloroacetaldehyde de-
hydrogenase has high constitutive activity that is upregulated to
higher activities by growth on ¢DCE and DCA (Table 1). High
activity of the dehydrogenase would protect the cells from the
effects of toxic intermediates (49) and channel the carbon into a
productive pathway. To our knowledge, this is the first report of a
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productive pathway resulting from the P450-catalyzed conversion
of an alkene to an aldehyde rather than an epoxide.

The rapid loss of activity in E. coli clones expressing the P450
complex is reminiscent of product toxicity to methane monoox-
ygenase when oxygenated compounds are produced during trans-
formation of TCE (epoxide) and chloroform (phosgene) (15, 50).
For JS593 and JS595, the result is probably due to the toxicity of
dichloroacetaldehyde. Chloroacetaldehyde (51) and dichloroac-
etaldehyde (52) react with free sulthydryl groups, particularly with
cysteine and glutathione. Cytochromes P450 have a critical cys-
teine ligand in the active site that binds and orients the heme
moiety in the Cys pocket (53). Four cysteines act as the ligands that
bind iron to ferredoxin/rubredoxin (54). When JS666 is grown on
¢DCE, a glutathione-S-transferase is upregulated over 100-fold
(13). This, in addition to the high constitutive activity of chloro-
acetaldehyde/dichloroacetaldehyde dehydrogenase, would help
to protect the cytochrome P450 complex from damage by dichlo-
roacetaldehyde (55), but neither protection is available to the het-
erologously expressed proteins. Because dichloroacetaldehyde
and chloroacetaldehyde are converted to hydrates in aqueous so-
lutions (56), it was not possible to test the inactivation of the P450
enzyme with exogenous (di)chloroacetaldehyde. Addition of the
hydrates had no effect on enzyme activity.

Conflicting carbon isotope fractionation results during cDCE
degradation by JS666 suggested two different initial steps of cDCE
degradation. Abe et al. (57) suggested the epoxidation of cDCE as
the initial step of cDCE degradation by JS666 on the basis of the
typical carbon isotope fractionation (—8.5%o0) for epoxidation
and a small chlorine isotope fractionation (—0.3%o). In contrast,
the cleavage of a C—Cl bond was suggested by Jennings (58) to be
the initial step of cDCE degradation by JS666 on the basis of the
large carbon isotope fractionation (—17.4 to —22.4%o) during
¢DCE degradation. The cytochrome P450-catalyzed mechanism
proposed here would be consistent with the latter results. Future
clarification of the reaction mechanism and the factors controlling
fractionation with purified enzymes will enable application of iso-
tope fractionation to monitor aerobic cDCE degradation in the
environment (59).

The presence of multiple pathways for cDCE degradation was
suggested by two distinguishable modes of cDCE degradation by
JS666 (13). One is faster and supports growth of JS666, whereas
the other is slower, seems to be cometabolic, and probably in-
volves some misrouting of intermediates. It seems likely that both
pathways operate simultaneously in growing cells. Transcriptom-
ics and proteomics indicate that cDCE causes upregulation of sev-
eral genes that are candidates for encoding the competing initial
reactions (13). Transcriptomics previously indicated that cyclo-
hexanone monooxygenase is upregulated in JS666 grown on
¢DCE (13), and there is modest consumption of cyclohexanone by
cDCE-grown cells (Table 1); however, the enzyme does not appear
to be directly involved in ¢cDCE degradation (65). Three lines of
evidence support this conclusion. (i) There is no detectable oxy-
gen uptake when DCA or ¢DCE is provided to cyclohexanone-
grown cells, (ii) there is a 2- to 3-day lag period before resumption
of growth upon switching between ¢DCE and cyclohexanone (in
either direction) as growth substrates, and (iii) the simultaneous
presence of cDCE and cyclohexanone in cultures of JS666 grown
on cDCE reduces the rate of consumption of cDCE. cDCE degra-
dation via dichloroacetaldehyde seems to be the major pathway,
on the basis of the results presented here. The roles of cyclo-
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hexanone monooxygenase and other genes upregulated during
growth on ¢DCE are under investigation.

The reductase and ferredoxin that constitute the electron
transport chain for the cDCE monooxygenase are most closely
related to the corresponding proteins involved in hexane and lim-
onene monooxygenation in Mycobacterium sp. strain HXN-1500
(37). The cytochrome P450 from JS666 is slightly more closely
related to a cytochrome P450 from Mycobacterium austroafrica-
num IFP 2173 that is upregulated in the presence of the branched
alkane 2-ethyl hexyl nitrate. The HXN-1500 and IFP 2173 cyto-
chrome P450 amino acid sequences are identical in 418/420 sites.
The genes in JS666 are in the same orientation and order as those
in HXN-1500. The context of the cytochrome P450 gene from M.
austroafricanum is unknown. Cytochrome P450 alkane hydroxy-
lases are among several alkane degradation systems (60) that cat-
alyze the transformation of medium-chain-length alkanes (Cq to
C,,) to alkanols, which are further degraded to fatty acids by alco-
hol dehydrogenase (Alk]), aldehyde dehydrogenase (AlkH), and
acyl coenzyme A synthetase (AIkK). In JS666, putative alkKJH
and pyrroloquinolinequinone (PQQ)-dependent dehydrogenase
genes are located upstream of the cytochrome P450 monooxygen-
ase genes, which is consistent with the growth of JS666 on heptane
and octane (12). Mattes et al. suggest that the gene cluster was
recently recruited from alkane-assimilating bacteria on the basis
of the high G+ C content, the association with several transposase
genes, and the gene organization (12). Mattes et al. reported about
10-fold faster growth of JS666 on ¢DCE than on octane and JS595
transformed ¢cDCE and DCA 4 to 6 times faster than octane (12).
Purified enzymes catalyzed the transformation of octane to 1-oc-
tanol at a rate of 0.6 nmol min~' mg~ ' protein (38), only 10-fold
faster than cells of JS595 (Table 3). The evidence suggests that
although JS666 can still grow on n-alkanes, the enzymes and or-
ganism appear to be better adapted for growth on chlorinated
alkenes/alkanes than on n-alkanes.

Instability and loss by JS666 of the ability to degrade cDCE
under nonselective conditions (13), along with the lack of a clear
organization of the genes involved, suggest that the system was
recently assembled and sustained at the field site in response to
contamination by cDCE. The most likely scenario for the assembly
of the pathway would involve the recruitment and expression of
the genes encoding the cytochrome P450 monooxygenase, which
would allow the relatively common 1,2-dichloroethane-degrad-
ing bacteria (24, 31) to grow with ¢cDCE as the sole source of
carbon and energy. Genes of a 1,2-dichloroethane catabolic path-
way might have been recruited for dichloroacetaldehyde degrada-
tion. Homologs of the cytochrome P450 monooxygenase seem to
be readily available in soil, considering the widespread distribu-
tion of CYP153A alkane hydroxylases (61). Similar scenarios for
assembly of chlorobenzene (62) and diphenylamine (63) degrada-
tion pathways by recruitment of genes from disparate pathways
were strongly supported. Alternatively, a preexisting pathway for
DCA degradation might employ a cytochrome P450 monooxy-
genase to catalyze the initial step. The presence of ¢cDCE might
then select for variants of the P450 that could catalyze the conver-
sion of ¢DCE to dichloroacetaldehyde. Screening for cytochrome
P450 monooxygenase genes in 1,2-dichloroethane-degrading
bacteria will provide more insight about the evolution of the cDCE
degradation pathway.

Uncertainty about the cDCE degradation pathway and inter-
mediates has been a deterrent to the use of strain JS666 to reme-
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diate sites contaminated with ¢DCE and to the assessment of
¢DCE degradation in the environment. The determination of the
catabolic pathway and genes that encode the enzymes involved
provides the basis to detect, predict, and enhance cDCE degrada-
tion in the environment as well as increase our understanding of
bacterial evolution of catabolic pathways for synthetic chemicals.
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