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The anaerobic bacterium Dehalococcoides ethenogenes is the only known organism that can completely
dechlorinate tetrachloroethene or trichloroethene (TCE) to ethene via dehalorespiration. One of two corrinoid-
containing enzymes responsible for this pathway, TCE reductive dehalogenase (TCE-RDase) catalyzes the
dechlorination of TCE to ethene. TCE-RDase dehalogenated 1,2-dichloroethane and 1,2-dibromoethane to
ethene at rates of 7.5 and 30 mmol/min/mg, respectively, similar to the rates for TCE, cis-dichloroethene (DCE),
and 1,1-DCE. A variety of other haloalkanes and haloalkenes containing three to five carbon atoms were
dehalogenated at lower rates. The gene encoding TCE-RDase, tceA, was cloned and sequenced via an inverse
PCR approach. Sequence comparisons of tceA to proteins in the public databases revealed weak sequence
similarity confined to the C-terminal region, which contains the eight-iron ferredoxin cluster binding motif,
(CXXCXXCXXXCP)2. Direct N-terminal sequencing of the mature enzyme indicated that the first 42 amino
acids constitute a signal sequence containing the twin-arginine motif, RRXFXK, associated with the Sec-
independent membrane translocation system. This information coupled with membrane localization studies
indicated that TCE-RDase is located on the exterior of the cytoplasmic membrane. Like the case for the two
other RDases that have been cloned and sequenced, a small open reading frame, tceB, is proposed to be
involved with membrane association of TCE-RDase and is predicted to be cotranscribed with tceA.

The toxic solvents tetrachloroethene (PCE) and trichlo-
roethene (TCE) have been widely used as degreasers and
chemical feedstocks. Because of leakage and poor disposal
practices, these solvents are now among the most common
groundwater contaminants (1). Fortunately, a variety of mi-
crobe-mediated processes can catalyze conversion of these
chlorinated solvents to harmless products. In aerobic environ-
ments, TCE, dichloroethenes (DCEs), and vinyl chloride (VC)
are cometabolized by bacteria containing oxygenases, such as
methane monooxygenase, toluene monooxygenase, and tolu-
ene dioxygenase, but PCE is not transformed (8, 17, 25). In
contrast, anaerobic bacterial degradation of PCE proceeds
readily via reductive dehalogenation to TCE, cis-1,2-DCE, VC,
and ethene. In contaminated anaerobic environments, dechlo-
rination often terminates at DCE or VC, but complete dechlo-
rination to ethene has been observed (34). Complete reductive
dechlorination of PCE and TCE to ethene or ethane has also
been observed in anaerobic enrichment cultures (6, 7). Thus
far, all but one of the pure cultures of anaerobic dechlorinating
bacteria that have been isolated reduce PCE or TCE only to
cis-DCE (9, 28). However, one organism, Dehalococcoides
ethenogenes, is able to completely dechlorinate PCE to ethene
(21).

The evolutionary history of dehalorespiring organisms is of
considerable interest. Many dehalorespirers are gram-positive
bacteria that cluster with the Clostridium-Bacillus subphylum,
while the others lie in the ε and g branches of the Proteobac-
teria (13). On the other hand, D. ethenogenes is more phyloge-
netically distant from the other dehalorespiring bacteria. D.
ethenogenes is a bacterium possessing a unique archaeon-like

cell wall, and its precise relationship to other bacteria is un-
certain (21), though a recent phylogenetic analysis suggests
that it lies within the green nonsulfur division of bacteria (14).
One of the most remarkable characteristics of this organism is
that the only known electron acceptors that support its growth
are certain chlorocarbons, i.e., PCE, TCE, cis-DCE, 1,1-DCE,
and 1,2-dichloroethane (20, 21).

The dehalogenation reactions unique to dehalorespiring
bacteria are catalyzed by reductive dehalogenases (RDases),
many of which have been purified and characterized (3, 4, 12,
18, 19, 21, 22, 23, 26, 31). The identified substrates of these
enzymes are either chlorinated ethenes or substituted chloro-
aromatics. Four of the five chloroethene RDases that have
been characterized to date are membrane bound, and the
other may be anchored to the membrane through an accessory
protein (24). All five enzymes have a subunit molecular mass of
50 to 65 kDa and contain cobalamin and iron-sulfur clusters
(13). Three of the four known PCE-RDases dechlorinate PCE
or TCE to cis-DCE, as would be expected from the metabolism
of their parent organisms, but the PCE-RDase from D. ethe-
nogenes accepts only PCE as a substrate, converting it to TCE
(19). D. ethenogenes also contains a second enzyme, TCE-
RDase, which is the only known RDase that is able to effect the
complete dechorination of TCE, DCEs, and VC to ethene
(19).

Prior to this work, the genes for two RDases had been
cloned and sequenced: the PCE-RDase from Dehalospirillum
multivorans and the ortho-chlorophenol RDase (oCP-RDase)
from Desulfitobacterium dehalogenans. Both organisms contain
a single functional gene (pceA or cprA, respectively), which
encodes the dehalogenase, and a short open reading frame
(ORF) immediately downstream (pceB or cprB, respectively),
which may encode a small integral membrane protein involved
in the association of the dehalogenase with the cytoplasmic
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membrane. Both pceA and cprA contain the twin-arginine sig-
nal sequence characteristic of some redox cofactor-containing
proteins that must be translocated into or across the cytoplas-
mic membrane in their native state (2). The two structural
genes also contain the iron-sulfur cluster binding motif com-
mon to eight-iron ferredoxins. However, only seven of the
eight cysteine ligands are conserved, suggesting either the pres-
ence of one Fe4S4 cluster and one Fe3S4 cluster (24, 32) or
alternative ligation (24).

In this study, we report the cloning and sequencing of the
gene for TCE-RDase from D. ethenogenes, tceA. Comparisons
of tceA with the genes for the RDases from D. multivorans and
D. dehalogenans are discussed. Information about the mem-
brane localization of TCE-RDase is also presented. Finally,
alternative substrates for the TCE-RDase are examined.

MATERIALS AND METHODS

Chemicals. Inorganic chemicals of ACS reagent grade or better were obtained
from Aldrich (Milwaukee, Wis.), Sigma (St. Louis, Mo.), or Fisher (Pittsburgh,
Pa.). Seakem GTG agarose was from FMC Bioproducts (Rockland, Maine).
Restriction enzymes were from New England Biolabs (Beverly, Mass.) or Strat-
agene (La Jolla, Calif.). Phenol-chloroform-isopentanol (25:24:1) and ampicillin
were from Fisher. Proteinase K and kanamycin were from Roche Molecular
Biochemicals (Indianapolis, Ind.). Yeast extract and Bacto-tryptone were from
Difco Laboratories (Franklin Lakes, N.J.). Halogenated solvents, alkanes, alk-
enes, and dienes were obtained from Aldrich or Chem Service (West Chester,
Pa.). Tribromoethene was prepared by dehydrohalogenation of 1,1,2,2-tetrabro-
moethane with sodium hydroxide in methanol and twice distilled (33). Buffers,
methyl viologen, Triton X-100, and other enzymes were obtained from Sigma.

Enzyme assays. Membrane-bound TCE-RDase was purified from an anaero-
bic enrichment culture containing D. ethenogenes maintained on the electron
donor-acceptor pair of methanol-PCE, as previously described (19). Briefly,
PCE-RDase and TCE-RDase were solubilized from the membrane fraction (20
mg [wet weight] per ml) with 0.1% Triton X-100, applied to a POROS HP/M
column, and eluted with 0.25 M (NH4)2SO4. The enzymes were applied to a
POROS PH/M column, and the two dehalogenases were separated by a descend-
ing gradient of (NH4)2SO4. Enzyme assays were performed as previously de-
scribed with the following modifications. Halocarbons were prepared as 5 to 10%
(vol/vol) solutions in ethanol. Ten microliters (2 to 10 mmol) of halocarbon
solution was injected into parallel 15-ml vials containing 2.0 ml of 25 mM bis-Tris
propane (pH 7), 150 mM NaCl, 2 mM methyl viologen, 2 mM titanium(III)
citrate, and either 0.2 mg of TCE-RDase or no enzyme. Enzyme assay mixtures
were incubated at 30°C for between 10 min and 16 h. A 100-ml aliquot of the
headspace was analyzed on a Hewlett-Packard model 5890 gas chromatograph
(GC) equipped with a Carbopack SP-1000 column coupled to a flame ionization
detector (19) or on an Hewlett-Packard model 5890 GC equipped with a model
5971 quadrupole mass selective detector using a GSQ megabore column, or both.

Amino acid sequencing of TCE-RDase. TCE-RDase from the POROS HP/M
column was subjected to electrophoresis on a sodium dodecyl sulfate (SDS)–6%
polyacrylamide gel (16). TCE-RDase was electrotransferred to a polyvinylidene
difluoride membrane and subjected to Edman degradation in an ABI 477A
amino acid sequencer in order to determine the N-terminal sequence (Protein
Chemistry Facility, University of Florida, Gainesville). Approximately 15 mg of
partially purified TCE-RDase was further purified on an SDS–7.5% polyacryl-
amide gel, and the resulting band was excised. The protein was digested with
trypsin in the gel matrix, the peptides were separated by high-pressure liquid
chromatography, and one of the internal peptides was sequenced in an ABI 477A
sequencer (Protein Structure Core Facility, University of Nebraska, Omaha).

Preparation of genomic DNA. One liter of the PCE-methanol anaerobic en-
richment culture containing D. ethenogenes was harvested at 5,000 rpm in a
Beckman JA-10 rotor for 10 min, resulting in 1.1 g of cell paste. The cells were
suspended in 50 mM glucose–25 mM Tris-HCl (pH 8)–10 mM EDTA containing
lysozyme (100 mg/ml) and lysed with 1% SDS (27). The cell lysate was centri-
fuged for 10 min at 5,000 rpm in a JA-20 rotor to remove cell debris. Total DNA
was precipitated with ethanol, hooked with a thin glass rod, and dissolved in 4 ml
of TE buffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA). RNase A was added to
250 mg/ml and incubated at 37°C for 1.5 h, followed by digestion with proteinase
K (250 mg/ml) at 50°C for 2 h. The digested solution was extracted one time each
with phenol-chloroform-isopentanol (25:24:1) and chloroform. The DNA was
precipitated and washed in cold 70% ethanol. The DNA was dissolved in 10 ml
of TE buffer containing 0.1 M NaCl and 5% Triton X-100, and the genomic DNA
was purified by equilibrium centrifugation in CsCl (27).

Synthesis of degenerate oligonucleotides and PCR. The sequence of the N-
terminal peptide of TCE-RDase was used to design the 128-fold-degenerate
oligonucleotide TFOR (59-GCIAAYAARGTIAAYAAYCAYCCNTGGTGG
G-39). The internal peptide sequence was used to design the 256-fold degener-
ate oligonucleotide TREV (59-CCYTCCCAYTTIGGRTARTTNGTNGT-39).

These and all other oligonucleotides were synthesized by Genosys (The Wood-
lands, Tex.). PCR mixtures (50 ml) contained 140 ng of genomic DNA, 0.6 mM
each primer, 0.2 mM each deoxynucleoside triphosphate, and 2.5 U of Taq DNA
polymerase (Qiagen, Santa Clarita, Calif.) in 13 Qiagen reaction buffer (1.5 mM
MgCl2). PCR was carried out with a Techne Genius thermal cycler using the
following parameters: 3 min at 94°C; 28 cycles of 45 s at 94°C, 45 s at 60°C, and
60 s at 72°C; and 10 min at 72°C. The single 0.5-kb PCR product was cloned using
the Zero-Blunt TOPO PCR cloning kit (Invitrogen, Carlsbad, Calif.). Both
strands of the PCR product were sequenced by using an ABI Big-Dye Termi-
nator kit (PE Applied Biosystems, Foster City, Calif.) followed by analysis of the
products on an ABI 377 instrument (Amplicon Express, Pullman, Wash.).

Inverse PCR and sequencing of tceA coding region. A pair of primers for
inverse PCR (30), IF1 (59-TGCGGATCCAACCTGTAATATAG-39) and IR1
(59-TTGGGATCCTCATGATCACG-39), were designed from the sequence of
the 0.5-kb PCR product. Genomic DNA (140 ng) was digested with 5 U of PstI
or HindIII for 30 min at 37°C (25 ml), and the restriction endonucleases were
inactivated by heating to 80°C for 20 min. The digested solutions were diluted to
2.8 ng of DNA per ml (50 ml) and circularized with 2 U of T4 DNA ligase (New
England Biolabs) per ml in ligase buffer containing 1 mM ATP for 16 h at 16°C.
Inverse-PCR mixtures (100 ml) contained 28 ng of DNA, 0.5 mM primers, 125
mM each deoxynucleoside triphosphate, dNTP, 13 cloned Pfu polymerase
buffer, and 5 U of cloned Pfu DNA polymerase (Stratagene). Reagents were
mixed on ice, Pfu polymerase was added last, and the reaction mixtures were
transferred directly to a thermal cycler preheated to 94°C. Thermal cycler pa-
rameters were as follows: an initial denaturation step of 2 min at 94°C; 26 cycles
of 30 s at 94°C, 30 s at 58°C, and 3 min at 72°C; and a final extension step of 10
min at 72°C. Inverse-PCR products were purified by electrophoresis in a 1%
agarose–Tris-borate-EDTA gel and extracted using tha Qiaex II gel extraction
kit (Qiagen). PCR products were sequenced with the primers IF1 and IR1 and
then with IPF1 (59-TACTTCGGGGCTTCTTCC-39) and IPR1 (59-AATTAGA
TTGGGAGGGAC-39) (Iowa State University DNA Sequencing Facility). An-
other inverse-PCR product was prepared and purified as described above using
the primer set IF2 (59-TTGCAGGCCTTGGCTATAA-39) and IR2 (59-CTGA
ATGCGTGCCTCAACC-39). The second PstI inverse-PCR product was se-
quenced with IF2, IR2, and 2345F (59-TGCACAACTTGGTCAAGTCC). A
final PCR amplicon containing the entire tceA (for TCE-RDase functional gene)
coding sequence was prepared using primers 797F (59-ACGCCAAAGTGCGA
AAAGC) and 2490R (59-TAATCTATTCCATCCTTTCTC). Clustal W align-
ments of translated genes were performed with MacVector 6.5.1.

Membrane localization. The following experiments were performed using
anaerobic procedures. Membrane suspensions {20 mg/ml in 25 mM 1,3-bis-
[tris(hydroxymethyl)methylamino] propane (BTP), pH 7} were prepared from
the mixed culture, as described previously (19). Microfuge tubes containing 1.0
ml of the membrane suspension were incubated in an anaerobic glove box for 1 h
at 4°C with either 0.1% Triton X-100, 1.0 M NaCl, 10 mM EDTA, 1% (vol/vol)
n-butanol, 100 mM potassium phosphate at pH 9, or no added reagent. Soluble
protein was separated from membrane fragments by centrifugation at 16,000 3
g for 30 min. The supernatant and resuspended pellet were assayed for TCE-
RDase activity. The percent extraction was calculated relative to the activity in
the soluble fraction of the positive control, 0.1% Triton X-100.

Nucleotide sequence accession numbers. The coding sequence of tceA, tceB,
and orf1 has been deposited in GenBank under accession number AF228507.

RESULTS

Inverse PCR and assembly of the coding sequence of tceA. It
is difficult to grow pure cultures of D. ethenogenes strain 195
due to its undefined nutritional requirements (21). Further-
more, the pure culture fails to attain high cell densities, and
thus it is difficult to obtain sufficient biomass for the isolation
and purification of enzymes and DNA. The anaerobic enrich-
ment culture from which this organism was isolated is more
robust and yields high quantities of biomass (.1 g/liter), ap-
proximately one-third of which is D. ethenogenes (based on 16S
ribosomal DNA analysis [unpublished data]). Therefore, the
mixed culture was utilized for the isolation of TCE-RDase and
genomic DNA described in this work.

Analysis of the mature TCE-RDase and a peptide from the
trypsin-digested enzyme yielded amino acid sequences of the
N terminus (KDVDDLLSAGKALEGDHANKVNNHPWW)
and an internal peptide (TTNYPKWEGTPEENLLIM). These
sequences were used to design a pair of degenerate primers,
TFOR and TREV, for PCR amplification of DNA extracted
from the enrichment culture containing D. ethenogenes. A
491-bp PCR product resulted from this reaction. Subsequently,
a small sample of D. ethenogenes genomic DNA was obtained
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from S. H. Zinder and A. Carroll (Cornell University) and
subjected to PCR analysis using the same degenerate primer
pair. A single PCR product of identical size to the product
generated with DNA from the mixed culture was obtained.

A new pair of primers, IF1 and IR1, were designed from the
sequence of the PCR product. These were used in inverse
PCRs with PstI and HindIII-digested, ligated DNA as tem-
plates, resulting in 1.7-kb (Fig. 1B) and 1.0-kb (Fig. 1A) prod-
ucts, respectively. Both PCR products were sequenced directly
with IF1 and IR1. The PstI inverse-PCR product was subjected
to a second round of sequencing with the primer pair IPF1 and
IPR1 to complete the DNA sequence. The first round of in-
verse PCR resulted in sequence extending from position 1 (824
bp upstream of the start codon) to position 1960, thus covering
about two-thirds of the coding sequence of tceA. A second pair
of inverse PCR primers, IF2 and IR2, were designed to com-
plement the sequence between the 39 HindIII site at position
1721 and the 39 PstI site at position 1960. A 2.7-kb inverse-PCR
product (Fig. 1C) was generated with the PstI-digested, ligated
DNA serving as the template. Sequencing of the PCR product
with IF2 completed the 39 end of the tceA coding sequence.
Primers 797F and 2490R were used to amplify the entire tceA
coding sequence by PCR. This final PCR amplicon served as
the template for a primer-walking strategy to complete the
sequencing of the coding region (Fig. 1D).

Sequence analysis. The general organization of the region of
chromosomal DNA containing tceA is shown in Fig. 1D. Po-
tential s70 promoter regions upstream of the tceA coding se-
quence were identified by the neural network promoter pre-
diction tool (M. Reese, Promoter Prediction by Neural
Network [http://www.fruitfly.org/seq_tools/promoter.html]). A
putative ribosome binding site was identified 12 nucleotides
upstream of the second in-frame ATG in the tceA sequence,
suggesting that it is the start codon. The proposed coding

sequence of tceA is 1,662 nucleotides long, which translates
into a 554-amino-acid protein with a calculated molecular mass
of 62,128 Da. A second ORF was found 24 nucleotides down-
stream of the tceA stop codon. This ORF, tentatively named
tceB, encodes a hypothetical protein of 94 amino acids with a
calculated molecular mass of 10,905 Da. No termination sites
were found in the region between tceA and tceB, suggesting
they could be cotranscribed. A third ORF, orf1, is found on the
opposite strand upstream of the transcription start site of tceA.
orf1 encodes a hypothetical 177-amino-acid protein with a cal-
culated molecular mass of 20,604 Da.

BLASTP analysis revealed that the PCE-RDase of D. mul-
tivorans (AF022812) and the oCP-RDase of Desulfitobacterium
dehalogenans (AF115542) share limited homology with the
TCE-RDase of D. ethenogenes (AF228507). Clustal W pairwise
alignments of the complete amino acid sequences of TCE-
RDase, PCE-RDase, and oCP-RDase (Fig. 2) showed that
TCE-RDase shared 24% identity with PCE-RDase and 22%
identity with oCP-RDase. The regions of similarity are con-
fined to the C-terminal domains of these proteins, which con-
tain the twin Fe4S4 cluster binding motif, (CXXCXXCXXXC
P)2, characteristic of Fe8S8 ferredoxins (29), and the N-
terminal leader sequence (discussed below).

The difference between the putative start codon and the
N-terminal sequence of the mature protein determined by
Edman degradation (KDVDD. . .) indicated the presence of a
42-amino-acid leader sequence. It contains the twin-arginine
motif RRXFXK followed by a stretch of predominantly hydro-
phobic amino acid residues, from position 17 to 37, predicted
by the dense-alignment surface (DAS) method to form a mem-
brane-spanning region (5). These primary and secondary pro-
tein structural features are characteristic of periplasmic or
membrane-bound enzymes containing complex redox cofac-
tors that are translocated across the membrane in their native

FIG. 1. Inverse-PCR products and arrangement of sequenced genes. (A to C) Amplicons prepared using HindIII-digested ligated genomic DNA as the template
with primers IF1 and IR1 (A), using PstI-digested ligated genomic DNA as the template with primers IF1 and IR1 (B), and using PstI-digested ligated genomic DNA
as the template with primers IF2 and IR2. Numbers indicate the nucleotide position starting from the first PstI site 59 to tceA; the tceA start position is 825. The position
of the tceA coding sequence is indicated by the boxed areas. (D) Arrangement of the orf1, tceA, and tceB genes. Arrows indicate the direction of transcription. The
dotted line represents DNA from position 2831 to approximately 3400, for which the sequence is incomplete. P: PstI site; H: HindIII site.
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state by the Sec-independent transport system (2). The iden-
tification of this leader sequence in TceA is consistent with
TCE-RDase being a membrane-bound enzyme containing a
corrinoid cofactor and Fe4S4 clusters. The calculated molecu-
lar mass for the 512-amino-acid processed protein is 57,658
Da, which is in reasonable agreement with the size of the
mature enzyme, 61 kDa, determined by SDS-polyacrylamide
gel electrophoresis (19).

BLAST analyses of tceB and orf1 against GenBank failed to
reveal any homologous sequences. A DAS analysis of the
amino acid sequence encoded by tceB indicated the existence
of three potential membrane-spanning regions from amino
acid residues 6 to 22, 39 to 50, and 70 to 86 in the 94-amino-
acid protein. This suggests that tceB encodes an integral mem-
brane protein. DAS analysis of orf1 predicts one membrane-
spanning helix from residue 28 to 42. With the exception of this
15-amino-acid helix, the predicted gene product of orf1 is very
hydrophilic, rich in polar and charged residues.

Location of TCE-RDase in the membrane. It was previously
suggested that TCE-RDase is a membrane protein, as all of the
activity was associated with the membrane fraction of lysed
cells (19). The sequence analysis and experiments presented
below indicate that TCE-RDase is a peripheral membrane
protein. A DAS analysis of the TCE-RDase sequence pre-
dicted only one transmembrane helix with certainty, located in
the signal sequence, as noted above (5). Similarly, the Kyte-
Doolittle hydrophilicity profile of TCE-RDase showed only
short hydrophobic regions (fewer than 10 amino acids), with
the exception of the signal sequence (15). This is unlike the
case for an integral membrane protein, which would be ex-
pected to possess membrane-spanning regions. Solubilization

of a protein without the use of detergent is also diagnostic of
a peripheral membrane protein (11). Membrane suspensions
were extracted with 0.1% Triton X-100, 1.0 M NaCl, 10 mM
EDTA, 1% (vol/vol) n-butanol, 100 mM potassium phosphate
at pH 9, or no added reagent (negative control). The treatment
with 1.0 M NaCl released 66% of the TCE-RDase activity into
the soluble fraction, and 0.1 M potassium phosphate (pH 9)
released 12% of the activity, relative to the positive control
containing 0.1% Triton X-100. The negative control and all
other reagents contained less than 2% of the total TCE-RDase
activity in the supernatant. Furthermore, TCE-RDase re-
mained soluble in the absence of detergent after dissociation
from the membrane and throughout the liquid chromatogra-
phy steps during the routine purification procedure. The cu-
mulative data are consistent with the classification of TCE-
RDase as a peripheral membrane protein. The presence of the
twin-arginine motif in the translated sequence of tceA suggests
that TCE-RDase is located on the outer face of the cytoplas-
mic membrane.

Substrate range of TCE-RDase. A suite of halocarbons were
used to qualitatively assess the substrate range of TCE-RDase
in order to elicit information about the mechanism of the
enzymatic reductive dehalogenation reaction and to assess the
utility of TCE-RDase for the dehalogenation of other prob-
lematic environmental pollutants. Parallel assays of each halo-
carbon were conducted with and without TCE-RDase to con-
trol for chemical reduction of the substrate by titanium(III)
citrate and methyl viologen. Vials containing pentachloroeth-
ane or 1,1,2,2-tetrachloroethane produced PCE or TCE, re-
spectively, regardless of whether or not TCE-RDase was in-
cluded. All other controls were negative with regard to

FIG. 2. Clustal W alignment of the N-terminal leader sequence and C-terminal regions of D. ethenogenes (De) TCE-RDase (AF228507), D. multivorans (Dm)
PCE-RDase (AF022812), and D. dehalogenans (Dd) oCP-RDase (AF115542). Numbers correspond to the amino acid positions of the preproteins. Predicted Fe4S4
cluster binding motifs are underlined.

5144 MAGNUSON ET AL. APPL. ENVIRON. MICROBIOL.



chemical alteration of the substrate. Table 1 shows the results
with substrates categorized by the number of carbons or
branching of the carbon chain. Quantitative rates were not
determined for all of the halocarbons due to the large number
of substrates and products and the fact that some of the prod-
ucts were not commercially available. However, qualitative
rates based on comparison of peak areas of slow substrates
versus peak areas obtained with TCE as the substrate are
included, as they are useful for assessing trends in reactivity.
Potential products that were commercially available were ac-
quired and used to identify unknown products by comparison
of elution times on the GC flame ionization detector. If any
ambiguities existed, the unknown was subjected to GC-mass
spectrometry to obtain a clear identification. The identities of
products that were unavailable in neat form were determined
by comparison of their mass spectra to a library of mass spec-
tra. Exceptions were the cis-trans isomers, many of which were
unavailable as pure conformers and were indistinguishable by
GC-mass spectrometry.

DISCUSSION

TCE-RDase is a peripheral membrane-bound protein of the
cytoplasmic membrane which serves as one of two identified
terminal reductases in the dehalorespiratory electron transport
chain of D. ethenogenes. TCE-RDase accepts electrons from an
unknown electron donor or donors (probably located in the
membrane), which in turn receive electrons from a membrane-
bound hydrogenase. Previous characterization of TCE-RDase
coupled with sequence analysis of tceA from D. ethenogenes
suggests that TCE-RDase is a member of the recently discov-
ered class of halocarbon RDases, which contain cobalamin and
iron-sulfur clusters.

The sequence of the translated TCE-RDase gene (tceA) is
unique, sharing limited amino acid homology with the PCE-
RDase of D. multivorans (pceA) and the oCP-RDase of D.
dehalogenans (cprA). The homology in the N-terminal regions
of the three RDases is confined to the short twin-arginine
motif, a signal sequence found in other periplasmic or cyto-
plasmic membrane proteins containing complex redox cofac-

TABLE 1. Substrates and products of TCE-RDase

Halocarbon substratea Product(s) Rate (mmol/min/mg
or relativeb)

Two carbons
TCE DCEs, VC, ethene 5.2
Tribromoethene Dibromoethenes, vinyl bromide, ethene NDc

cis-1,2-DCE VC, ethene 12.1
trans-1,2-DCE VC, ethene 0.45
1,1-DCE VC, ethene 8.7
cis- and trans-1,2-Dibromoethene Vinyl bromide, ethene ND
VC Ethene 0.036
Vinyl bromide Ethene 0.18
1,2-Dichloroethane Ethene, VC (,1%) 7.5
1,2-Dibromoethane Ethene, vinyl bromide (,1%) 30

Three carbons
3-Chloro-1-propene Propene Moderate
1,3-Dichloropropene An isomer of 1-chloropropene, propene Moderate
cis-1-Bromo-1-propene Propene Low
trans-1-Bromo-1-propene Propene Very low
1,1-Dichloropropene cis- and trans-1-Chloropropene, propene (trace) Very low
1,2-Dibromopropane Propene Moderate
1,2-Dichloropropane Propene Very low
1,2,3-Trichloropropane 2-Chloropropene, propene Low
1,3-Dichloropropane Propene Very low

Four or five carbons
1,4-Dichlorobutane 4-Chloro-1-butene, 1,3-butadiene Very low
1,4-Dibromobutane 4-Bromo-1-butene, 1,3-butadiene Very low
1,5-Dichloropentane 5-Chloro-1-pentene, 1,4-pentadiene Very low
1,5-Dibromopentane 5-Bromo-1-pentene, 1,4-pentadiene Very low
5-Bromo-1-pentene 1,4-Pentadiene Very low

Branched
1-Bromo-2-methylpropane 2-Methylpropene Low
2-Bromo-2-methylpropane None
1-Bromo-3-methylbutane 3-Methyl-1-butene Very low
2-Chloro-2-methylbutane None
3-Chloro-2-methylpropene 2-Methylpropene Moderate

a No reaction was observed with carbon tetrachloride, chloroform, bromoform, dichloromethane, 1,1,1-trichloroethane, 1,1,2,2-tetrachloroethane, pentachloroeth-
ane, or PCE.

b Relative rates are based on qualitative comparison of peak areas of products to product peak areas obtained with TCE as the substrate. Due to expected variation
in the response of different compounds in the flame ionization detector and differences in partitioning between the gas and liquid phases, the data are presented
qualitatively.

c ND, not determined.
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tors (2). The region of greatest homology between the three
RDases is in the C-terminal domain of the protein, which
contains the twin Fe4S4 cluster binding motif, (CXXCXXC
XXXCP)2, characteristic of eight-iron ferredoxins (Fig. 2).
Both PCE-RDase and oCP-RDase are missing the first cys-
teine of the second group in the eight-iron ferredoxin motif,
suggesting either alternative ligation to one of the Fe4S4 clus-
ters or the presence of one Fe4S4 cluster and one Fe3S4 cluster.
Electron paramagnetic resonance (EPR) spectroscopy of oCP-
RDase demonstrated that it contains an Fe4S4 cluster and an
Fe3S4 cluster (32). Based on sequence similarity with oCP-
RDase, the PCE-RDase of D. multivorans probably has the
same complement of iron-sulfur clusters, although no spectro-
scopic information is available (24). In contrast, EPR studies of
the PCE-RDase from Dehalobacter restrictus indicated the
presence of two Fe4S4 clusters. Therefore, this enzyme prob-
ably has eight cysteine ligands, but this cannot be confirmed, as
the sequence has not been reported. Since the sequence of
TCE-RDase has all eight cysteines of the motif, it probably
contains two Fe4S4 clusters, although in this case no EPR
spectroscopy has been performed, due to difficulties in purify-
ing a sufficient mass of the enzyme.

The two other ORFs near tceA (tceB and orf1) showed no
homology to proteins in GenBank. tceB, like pceB of D. mul-
tivorans and cprB of D. dehalogenans, encodes a small protein
with predicted membrane-spanning helices. In analogy to the
proposed functions of the other genes, the tceB gene product
may serve as a membrane anchor for the TCE-RDase. If the
membrane anchor function of these proteins is correct, they
would likely tolerate a high degree of divergence in primary
sequence, as long as the secondary structure homology and an
affinity for their respective dehalogenase were retained.

The extent of divergence of the sequences of RDase genes
may indicate that they are ancient enzymes. Perhaps the nat-
ural substrates of the various RDases simply have not been
discovered. On the other hand, since many halocarbons, in-
cluding PCE and TCE, are produced naturally (10), it is pos-
sible that higher concentrations of halocarbons were present
on earth during previous biogeochemical conditions, e.g., dur-
ing periods of high volcanism. These conditions could have
driven the evolution of dehalorespiration and the associated
dehalogenases. Alternatively, the ability to detoxify halocar-
bons may have been a sufficient selective advantage to direct
the evolution of the dehalogenases, while dehalorespiration
may have evolved recently as the substrates became plentiful
due to production by humans. Another possibility is that the
ability to dehalogenate halocarbons evolved recently based on
an ancient reductive-type enzyme scaffold, which originally did
not act upon halocarbons. If this is the case, the appearance of
RDases may be an instance of convergent evolution, given the
wide species distribution of these enzymes and the observed
sequence dissimilarity.

The low degree of homology between the TCE-RDase from
D. ethenogenes and the PCE-RDase from D. multivorans is also
surprising given the similarity of the reactions they catalyze.
Both enzymes dechlorinate TCE to cis-DCE, but this is the
only known substrate that they have in common. Although the
RDases lack homology in their primary sequences, they may
share greater homology at the secondary and tertiary levels
that will not become apparent until their three-dimensional
structures are analyzed. The reactions that the RDases cata-
lyze fail to fit into either the rearrangement or methyl transfer
categories, thus, they appear to represent a new type of cobal-
amin-dependent enzyme in the oxidoreductase class of en-
zymes. In addition, the RDases are responsible for the termi-
nal step in the recently discovered energy-generating process

termed dehalorespiration. Given these novel and notable fea-
tures, determining the mechanism of the RDases is an impor-
tant task.

The study of various substrates of TCE-RDase has led to an
increased understanding of the relationship between structural
features of the substrates and their reactivity. No reaction
was detected with one-carbon compounds. Two-carbon com-
pounds are the preferred substrates of TCE-RDase, and the
reaction rate decreases dramatically as the number of carbons
in the substrate increases from two to five. This effect may be
due in part to steric hindrance; in other words, the active site
is unable to accommodate the longer molecules. The de-
creased reactivity is also likely related to the lack of halide
substituents on the intervening carbons. Note that halocarbons
containing a single halogen atom, e.g., VC or iodoethane, are
rather slow substrates or reversible inhibitors of the enzyme.
The four- and five-carbon a-v-dihaloalkanes may react in a
similar manner; in other words, the second halogen substituent
is too distant from the first to affect reactivity. Thus, the ends
of these substrates behave as if they are two independent
monohaloalkanes. The release of the monohalogenated prod-
uct (e.g., 5-bromo-1-pentene from 1,5-dibromopentane) is con-
sistent with this assessment.

The number, arrangement, and type of halogen substituents
are also very important. Geminal or vicinal dihalides exhibit
high reaction rates, but the cis conformation is greatly pre-
ferred to the trans conformation for the vicinal dihaloalkenes.
The failure of TCE-RDase to effect observable dechlorination
of 1,1,1-trichloroethane, 1,1,2,2-tetrachloroethane, pentachlo-
roethane, and PCE may reflect steric constraints within the
active site; in other words, there may be a limit to the number
of bulky halogen atoms which can be accommodated, or the
compounds with multiple halogen atoms on sp3 carbons may fit
poorly into the active site. Among homologous series of halo-
carbons, the brominated substrate is dehalogenated faster than
the chlorinated homologue (compare vinyl bromide to VC and
1,2-dibromoethane to 1,2-dichloroethane), indicating that car-
bon halide bond cleavage is rate limiting. The sum of these
observations can be used to construct preferred substrate mod-
els for TCE-RDase. The ideal haloalkene substrate of TCE-
RDase has two carbons and two to three halogen atoms, pref-
erably arranged in a gem or cis conformation. Similarly, for
haloalkanes, the preferred substrate has two carbons and two
vicinal halogen atoms but no more than one halogen atom per
carbon.

This information about the substrates of TCE-RDase may
be used to predict the degree of reactivity and the products of
other halocarbons of environmental or industrial significance.
Some of the compounds that were examined are problematic
pollutants. For example, 1,2-dichloroethane and 1,2-dibromo-
ethane are common pollutants, due to their use as solvents, soil
fumigants, and components of leaded gasoline and the major
role of 1,2-dichloroethane as a chemical feedstock. The struc-
ture-activity relationships could be used to predict the biore-
mediation potential of TCE-RDase (or the dehalogenating
organisms expressing it) for different halocarbon pollutants,
although the predictions would still need to be empirically
verified. An important consideration is whether alternative
substrates will be used to support dehalorespiration by D.
ethenogenes or simply be cometabolically degraded. Such pre-
dictions cannot be made from the current data set, although
chlororespiration of 1,2-dichloroethane has already been dem-
onstrated (20). Industrially, the TCE-RDase may have utility
in chemical syntheses, given its preference for utilizing and
producing the thermodynamically less favored cis conformer of
dihaloalkenes.
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TCE-RDase is the first enzyme isolated which can completely
dechlorinate TCE to the environmentally benign product ethene.
This membrane-bound enzyme catalyzes the terminal step in the
electron transport pathway for dehalorespiration of TCE by D.
ethenogenes. TCE-RDase, along with PCE-RDases and oCP-
RDase, appears to be a member of a new subclass of oxidoreduc-
tases containing cobalamin and iron-sulfur clusters as cofactors.
Systematic classification of these enzymes awaits characterization
of their physiological electron donors.

The substrate specificity of TCE-RDase is broad, and the
range of rates is similarly broad. This suggests that TCE-
RDase might be amenable to a directed evolution approach for
increasing the rate of degradation of problematic halocarbons
that are currently poor substrates of the enzyme, for example,
VC. Future kinetic and structural studies will provide addi-
tional insights into the enzyme mechanism that would facilitate
a rational enzyme design approach to the same problem.
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