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Rhodococcus ruber (formerly Gordonia terrae) IFP 2001 is one of a few bacterial strains able to degrade ethyl
tert-butyl ether (ETBE), which is a major pollutant from gasoline. This strain was found to undergo a
spontaneous 14.3-kbp chromosomal deletion, which results in the loss of the ability to degrade ETBE. Sequence
analysis of the region corresponding to the deletion revealed the presence of a gene cluster, ethABCD, encoding
a ferredoxin reductase, a cytochrome P-450, a ferredoxin, and a 10-kDa protein of unknown function, respec-
tively. The EthB and EthD proteins could be easily detected by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis and were induced by ETBE in the wild-type strain. Upstream of ethABCD lies ethR, which codes
for a putative positive transcriptional regulator of the AraC/XylS family. Transformation of the ETBE-negative
mutant by a plasmid carrying the ethRABCD genes restored the ability to degrade ETBE. Complementation was
abolished if the plasmid carried ethRABC only. The eth genes are located in a DNA fragment flanked by two
identical direct repeats of 5.6 kbp. The ETBE-negative mutants carry a single copy of this 5.6-kbp repeat,
suggesting that the 14.3-kbp chromosomal deletion resulted from a recombination between the two identical
sequences. The 5.6-kbp repeat is a class II transposon carrying a TnpA transposase, a truncated form of the
recombinase TnpR, and a terminal inverted repeat of 38 bp. The truncated TnpR is encoded by an IS3-

interrupted tnpR gene.

Methyl tert-butyl ether (MTBE) and ethyl zers-butyl ether
(ETBE) are used as additives in unleaded gasoline. These
ethers enhance the octane number of gasoline and are thought
to improve combustion efficiency, thereby reducing emissions
of unburned hydrocarbons to the atmosphere. Typically, up to
15% (vol/vol) MTBE can be used in oxygenated gasoline, mak-
ing MTBE one of the main organic chemicals produced in the
United States (33). ETBE is used in some European countries,
and its interest resides in its potential to increase the market
for ethanol, as ETBE is manufactured from ethanol and
isobutene. ETBE has additional advantages over MTBE, in
terms of lower vapor pressure and higher octane number (M.
Iborra, J. F. Izquierdo, J. Tejero, and F. Cunill, Chemtech, p.
120-122, February 1988).

The widespread use of ethers in gasoline has resulted in
their introduction from leaky tanks and spills into groundwa-
ter, exposing the general public to low levels of ethers from
drinking water (4). Compared with other compounds in gaso-
line, ethers are relatively nontoxic. However, their unpleasant
taste and odor at very low concentrations render water unfit for
drinking, making these xenobiotic compounds important pol-
lutants.

To develop bioremediation of these compounds, studies on
the biodegradability of MTBE and ETBE have been under-
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taken (31). Bacteria capable of using MTBE as the sole carbon
and energy source have been isolated (15, 27). To date, the
enzymatic mechanism used by these bacteria to degrade
MTBE has not been elucidated. Several microorganisms which
cannot use MTBE as the sole carbon and energy source can
degrade MTBE during or after growth on an inducer substrate.
Using pentane as the source of carbon and energy, Pseudomo-
nas aeruginosa was shown to degrade MTBE (13). The fila-
mentous fungus Graphium sp. and Pseudomonas putida de-
grade MTBE after growth on n-butane and camphor,
respectively (16, 37). Propane-oxidizing bacteria, including My-
cobacterium vaccae JOBS, were shown to degrade MTBE or
ETBE after growth on propane (37). MTBE and ETBE were
oxidized to fert-butyl alcohol (TBA), which was further oxi-
dized to products not effective for growth of the propane oxi-
dizers. Oxidation of both MTBE and TBA involves a soluble
cytochrome P-450, which most likely corresponds to the pro-
pane monooxygenase. Comamonas testoteroni E1 and the
gram-positive bacterial strain E2 have been recently isolated as
ether fuel degraders (21). Metyrapone inhibition and spectro-
photometric analysis strongly suggested that degradation of
ETBE by both strains involves a cytochrome P-450.

The actinomycetes Rhodococcus ruber (formerly Gordonia
terrae) TFP 2001 and Rhodococcus zopfii (formerly Rhodococ-
cus equi) IFP 2002 are the first isolated bacteria capable of
using ETBE as the sole source of carbon and energy (10). Both
strains convert stoichiometrically ETBE into TBA, which ac-
cumulates in the culture medium. R. ruber is unable to use
MTBE or fert-amyl methyl ether (TAME) as the sole carbon
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and energy source but can degrade MTBE and TAME to TBA
and fert-amyl alcohol, respectively, after growth on ETBE (17).
One mole of oxygen is consumed per mole of ETBE degraded,
which suggests that scission of the ether bond proceeds
through hydroxylation by a monooxygenase, yielding a hemi-
acetal intermediate which spontaneously dismutates into TBA
and acetaldehyde. The most likely monooxygenase candidate is
an inducible cytochrome P-450, which was detected as a peak
at 447 nm in the carbon monoxide difference spectrum of
reduced crude extracts of R. ruber grown on ETBE (17).

In order to identify the genes involved in the degradation of
ETBE, we characterized spontaneous mutants of R. ruber un-
able to use ETBE as the sole source of carbon and energy. Loss
of the ability to degrade ETBE was shown to result from a
chromosomal deletion secondary to a recombination between
direct repeats. The deletion led to the removal of a putative
operon encoding a cytochrome P-450 system whose expression
was induced by ETBE. Complementation of the mutant using
ethRABCD genes was successful, demonstrating the involve-
ment of the Eth cytochrome P-450 system in the degradation of
ETBE.

MATERIALS AND METHODS

Bacterial strains and culture conditions. Strain IFP 2001 (10), formerly iden-
tified as G. terrae, has been subjected to 16S RNA analysis. Since 100% identity
was observed with the type strain of R. ruber (GenBank X80625) (unpublished
data), G. terrae IFP 2001 has been renamed R. ruber IFP 2001. R. ruber was grown
at 30°C in Luria-Bertani (LB) medium (2) or in minimal medium MM1 which
contained 50 mM KH,PO,, 50 mM K,HPO,, 0.16 mM MgSO,, 1.9 mM
Na,HPO,, 28 mM NH,CI, 0.27 mM CaCl,, 4.4 uM FeCls, 200 pg of biotin per
liter, 50 wg of riboflavin per liter, 50 pg of nicotinic acid per liter, 50 wg of
calcium pantothenate per liter, 50 pg of p-aminobenzoic acid per liter, 20 pg of
folic acid per liter, 15 pg of thiamine hydrochloride per liter, and 1.5 pg of
cyanocobalamin per liter, with 10 mM ETBE (Aldrich Chemical Co.) or 0.5%
(vol/vol) ethanol as the sole carbon source. For cultivation on solid medium,
ETBE was supplied in the gas phase in sealed glass petri dishes containing MM1
medium with 1.5% (wt/vol) agar. Escherichia coli TG1 (14) was grown at 37°C in
LB medium. E. coli cells were transformed by electroporation using the conven-
tional procedure (2), with selection on LB agar plates containing either ticarcillin
(100 wg/ml) or kanamycin (20 pg/ml).

Transformation of R. ruber. R. ruber was grown in LB medium to a turbidity
(optical density at 600 nm [ODg]) of 1 to 2. Cells were washed twice in cold
water and once in cold 10% (vol/vol) glycerol. Cells were resuspended in cold
10% glycerol (1/1,000 volume of the culture) and kept at —80°C. Before use, cells
were washed and resuspended in cold 10% glycerol at an ODy, between 40 and
80. Electrocompetent cells (100 ul) were mixed with 1 g of plasmid in a 0.1-cm
gap cuvette. The electroporation conditions were 2.5 kV, 25 pF, and 800 .
Electroporated cells were recovered in 1 ml of SOC medium (2) and incubated
for 4 h at 30°C with shaking. Using the E. coli/R. equi shuttle vector pRE-7 (39),
transformants of R. ruber were selected on LB agar plates containing kanamycin
(100 pg/ml) and were obtained with an efficiency of 2 to 10 per pg. The presence
of plasmids pRE-7, pGT222, and pGT223 in R. ruber transformants was verified
by recovering these plasmids from E. coli TG1 transformed by an alkaline-
sodium dodecyl sulfate (SDS) lysate of R. ruber.

Isolation of spontaneous mutants unable to degrade ETBE. R. ruber was
plated on MM1 agar with ETBE vapor as the carbon source, and independent
clones were transferred to liquid LB medium. After growth to saturation, clones
were diluted into fresh LB medium and the procedure was repeated for 60
generations. Cultures were then plated on LB plates, and individual colonies
were patched on LB plates and ETBE-containing MM1 plates, including wild-
type controls. After 8 to 10 days, clones showing markedly reduced growth on
ETBE plates were selected. TBA production was assayed in cell-free culture
supernatants using a Peri-2000 gas chromatograph (Perichrom) fitted with a
3-m-long free fatty acid phase column (Perichrom).

Pulsed-field gel electrophoresis. R. ruber was grown in 40 ml of LB medium to
an ODyq, of ~1. Plugs were prepared as described previously (30) and were
digested with 3 U of Xbal per ml. After digestion, plugs were loaded in a 1%
(wt/vol) agarose gel. Pulsed-field gel electrophoresis was performed in a contour-

J. BACTERIOL.

clamped homogeneous electric field apparatus (Bio-Rad, Munich, Germany) in
which the electrode distribution was such that the reorientation angle of DNA
molecules was 120°C. Large restriction fragments were separated at 14°C with a
pulse ramp of 1.6 to 21.3 s for 23 h.

Chromosomal DNA extraction. An R. ruber culture (400 ml) at an ODy, of
~1.3 was harvested for 15 min at 5,000 X g. Cells were resuspended in 15 ml of
0.1 M Tris-HCI (pH 8)-0.1 M EDTA-0.15 M NaCl supplemented with 150 pl of
Triton X-100 and 100 mg of lysozyme and incubated overnight at 37°C with
agitation. The lysate was further incubated for 1 h at 60°C in the presence of 1.3
mg of RNase A per ml, followed by treatment with 0.6 mg of proteinase K per
ml and 2% (wt/vol) SDS at 40°C for 2 h. Chromosomal DNA was extracted with
phenol and chloroform. Ethanol-precipitated DNA (about 800 ug) was recov-
ered by spooling on the tip of a Pasteur pipette.

Construction of genomic libraries and colony screening. Chromosomal DNA
was digested with BamHI and fragments of the appropriate size were cloned into
pUCI8. Colonies of transformed E. coli were transferred to nylon filters and
lysed by incubation on an absorbent filter paper soaked in 2X SSC (0.3 M NaCl,
0.03 M sodium citrate)-5% (wt/vol) SDS for 10 min. DNA fixation and dena-
turation were carried out by exposing the dried filters to 650-W microwaves for
2 min. Filters were washed in 5X SSC-0.1% SDS at 65°C for 30 min. Lysate left
on the surface of the filters was scratched up with a gloved finger. Membranes
were rinsed in 2X SSC and hybridized at 65°C in Rapid-Hyb buffer (Amersham
Pharmacia Biotech). Probes were obtained from purified DNA fragments la-
beled with [*P]dCTP using a random prime labeling system (Rediprime II;
Amersham Pharmacia Biotech). Unspecific hybridizations were removed by
washing the membranes twice in 1X SSC-0.1% SDS at 65°C for 30 min.

DNA sequencing. The pGT200 and pGT220 plasmids, containing 7.4- and
16.3-kbp inserts, respectively, were fragmented by nebulization, and gel-purified
fragments in the range of 1 to 2 kbp were cloned in the pcDNA2.1 vector using
the nonpalindromic cloning method as described before (11). The inserts of
randomly chosen clones were sequenced from both ends using a Perkin-Elmer
ABI 3700 automated sequencer. The sequences were assembled using the Phred,
Phrap, and Consed software tools (8, 9). A product overlapping the BamHI site
between the two contiguous sequences was amplified by PCR. The complete
sequence was obtained as a single contiguous sequence of 23,696 bases.

Plasmid construction. The 4,923-bp Nhel/Sacl fragment from pGT220 carry-
ing ethRABCD was subcloned between Xbal and Sacl sites of pRE-7 (39),
yielding the pGT222 plasmid. A deletion derivative of ethD was constructed by
first amplifying a 307-bp fragment through PCR using oligonucleotides Sacl
(5'-TTGGAGCTCGCTCGTGGTGAA-3") and StyI-2 (5'-CGACCGGCCAAG
GTGTGCGCGACGATGGGAAACATGCTGCACC-3"). This fragment, con-
taining the putative transcription terminator of the eth genes, was cloned into
pCR2.1-TOPO (TOPO TA cloning kit; Invitrogen). The nucleotide sequence of
the 307-bp insert was verified. In a second step, the 2,956-bp Styl/Sphl fragment
of pGT222, carrying ethABC, and the 7,190-bp Sphl/Sacl fragment of pGT222,
corresponding to the pRE-7 vector and the ethR gene, were purified. Syl is
located 8 nucleotides upstream of the open reading frame (ORF) of ethD.
Finally, the 297-bp Sacl/Styl fragment, carrying the eth terminator, the 2,956-bp
Styl/Sphl fragment, carrying ethABC, and the 7,190-bp Sphl/Sacl fragment of
pGT222 were ligated together to give the pGT223 plasmid.

Crude extract preparation and analysis. R. ruber cells in exponential growth
phase were harvested for 15 min at 5,000 X g. Pellets were resuspended in 50 mM
Tris (pH 7.5), and cells were disrupted three times through a prechilled French
pressure cell at 200 MPa (SLM-Aminco). Cell debris were removed by centrif-
ugation at 27,000 X g for 15 min. Total proteins of the supernatant were assayed
with the Coomassie blue reagent (Bio-Rad) and analyzed by denaturing 10-to-
15% (wt/vol) polyacrylamide gradient gel electrophoresis.

Peptide sequencing of two ETBE-induced proteins. Crude extracts of ETBE-
induced R. ruber were centrifuged for 1 h at 100,000 X g, and the supernatant was
subjected to SDS-polyacrylamide gel electrophoresis. A major ETBE-induced
band of 43 kDa was cut from a Tris-glycine gel containing 7.5% polyacrylamide
(23), and a minor ETBE-induced band of 10 kDa was cut from a Tris-Tricine gel
containing 20% polyacrylamide (35). The bands were subsequently digested with
trypsin, and peptides were separated by DEAE-C, 4 reverse-phase chromatogra-
phy using an acetonitrile gradient in the presence of 0.1% (vol/vol) trifluoroace-
tic acid. Selected peptides were sequenced by the Edman method, using a model
473A sequencer (Applied Biosystems).

ETBE-degrading activity of resting cells of R. ruber. R. ruber was grown in
MMI1 medium containing either 18 mM ETBE or 18 mM ETBE plus 0.5%
(wt/vol) glucose. Transformants carrying pRE-7, pGT222, or pGT223 were
grown in the presence of 100 pg of kanamycin per ml. Cells in late exponential
phase were centrifuged and were washed once in 50 mM Tris-HCI, pH 7.5. The
pellet was recovered in 50 mM Tris-HCI (pH 7.5) to reach an ODy, of approx-
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FIG. 1. SDS-10-to-15% polyacrylamide gradient gel electrophore-
sis. R. ruber crude extracts of the wild type (IFP 2001) and the consti-
tutive mutant (IFP 2007) were analyzed after growth in the presence of
ethanol (EtOH) or ETBE as the sole source of carbon. The migration
of molecular size markers is indicated on the right.

imately 100. The cell suspension (0.4 ml) and 90 mM ETBE (0.1 ml) were
incubated at 30°C. Samples (100 pl) were mixed with 5 pl of 10% (vol/vol)
phosphoric acid to stop the reaction at different times. Cells were pelleted and
the TBA production was measured in the supernatant by gas chromatography
analysis.

Nucleotide sequence accession number. The nucleotide sequences presented
here have been assigned accession no. AF333761 by GenBank.

RESULTS

Identification of R. ruber proteins induced in the presence of
ETBE. Figure 1 shows an SDS-polyacrylamide gel analysis of
crude extracts prepared from R. ruber cells grown on ethanol
and on ETBE. Two polypeptides of 43 and 10 kDa are clearly
induced in the wild-type strain upon growth on ETBE. They
are also present, although less abundant, in cells of a previously
isolated mutant, IFP 2007, which constitutively produces ETBE-
degrading activity (17). Peptide microsequencing yielded the
partial sequences HALGDWQTFSSAQGI, FDSVAQWFTR,
and SVSNTEMIALWTELG for the 43-kDa protein and GQP
TDTEAFDTYYS for the 10-kDa protein. The first sequence,
HALGDWQTFSSAQGI, was 66% identical to a putative cy-
tochrome P-450 from Mycobacterium tuberculosis H37Rv
(Genpept Z177137_5), suggesting that the 43-kDa polypeptide
may be the inducible cytochrome P-450 observed in ETBE-
grown R. ruber cells by Hernandez-Perez et al. (17). The GQPT
DTEAFDTYYDS sequence was 47% identical to the orf4
product from Rhodococcus erythropolis (Genpept U17130_4).
The R. erythropolis orf4 gene is part of a cytochrome P-450
gene cluster, suggesting that the inducible 10-kDa polypeptide
is related to a cytochrome P-450 system. Neither of the two
other sequences showed significant similarity with any charac-
terized proteins in the databases.

Isolation of independent ETBE-negative mutants. In an at-
tempt to verify the stability of the ETBE-positive phenotype,
five independent clones of R. ruber were cultivated in LB broth
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FIG. 2. Pulsed-field gel electrophoresis of Xbal-digested chromo-
somal DNA from the wild type (IFP 2001) and ETBE-negative mu-
tants of R. ruber. The arrows designate the 125-kb band of the wild-
type (wt) strain and the 110-kb band of the mutants. The migration of
the 50-kb concatemers of lambda DNA (Biolabs) is indicated on the
left.

for 60 generations. Then, cultures were screened for the pres-
ence of mutants unable to grow in the presence of ETBE as the
sole source of energy and carbon. Of the clones tested, 20 to
100% were unable to degrade ETBE. Five independent mu-
tants, derived from the five original wild-type clones, were
further characterized. When grown to saturation in minimal
medium containing 0.5% glucose and 18 mM ETBE, none of
the mutants converted more than 0.3 mM ETBE into TBA,
whereas under the same conditions, 10.6 mM TBA was pro-
duced by the wild-type strain. The reversion to the ETBE™
phenotype was not detectable (no positive colony out of at
least 3 X 107 viable cells plated), suggesting the occurrence of
an irreversible genetic rearrangement. Wild-type and mutant
strains were compared after growth in the presence of 0.5%
glucose plus 18 mM ETBE. Mutant resting cells grown in the
presence of 0.5% glucose plus 18 mM ETBE displayed less
than 1% of the ETBE-, MTBE-, and TAME-degrading activ-
ities observed with wild-type cells grown under the same con-
ditions. SDS-polyacrylamide gel analysis of crude extracts
showed that, in contrast to the wild type, none of the mutants
produced the induced 43- and 10-kDa proteins (results not
shown).

Evidence for a 15-kbp chromosomal deletion in ETBE-neg-
ative mutants. Xbal-genomic digests of wild-type and mutant
strains were analyzed by pulsed-field gel electrophoresis (Fig.
2). A 125-kbp fragment was present in the wild-type strain and
was absent in the ETBE-negative mutants. In addition, a 110-
kbp fragment was observed in the ETBE-negative mutants
only. Southern blot hybridization revealed that the wild-type
125-kbp fragment used as a probe hybridized with the mutant
110-kbp fragment (data not shown), showing that the 110-kbp
fragment was a deletion-containing form of the 125-kbp frag-
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FIG. 3. Wild-type genetic organization of the 23.7-kbp region carrying the genes involved in ETBE degradation (A) and restriction map of the
9.3-kbp BamHI fragment of the ETBE-negative mutant (B). The eth genes encode a putative transcriptional activator (ethR), a ferredoxin
reductase (ethA), the ETBE-inducible cytochrome P-450 (ethB), a ferredoxin (ethC), and an ETBE-inducible unknown protein (e2D). Based on
protein alignments, the other ORFs shown correspond to a resolvase (tnpR), transposase (tnpA), a two-component system response regulator
(truncated orfl’), integral membrane protein (orf2), sodium:solute symporter (orf3), membrane protein (truncated orf7’), and three unidentified

proteins (orf4, orf5, and orf6).

ment. This result indicated that ETBE-negative mutants re-
sulted from an ~15-kbp chromosomal deletion. Since all inde-
pendent mutants showed the same genotype, a single mutant,
termed IFP 2006, was used for further investigation.

Cloning of the wild-type DNA region corresponding to the
deletion. The wild-type Xbal-fragment of 125 kbp was purified
from a pulsed-field gel electrophoresis gel and was used as a
probe in Southern blot analysis. Hybridization of the 125-kb
Xbal probe with BamHI genomic digests showed that a 7.4-kbp
band and a 16.3-kbp band, present in the wild-type strain,
disappeared in the ETBE-negative mutant. Conversely, a new
9.3-kbp band, which was absent in the wild-type strain, was
detected in the ETBE-negative mutant (data not shown). This
demonstrated that the 15-kbp deletion identified by pulsed-
field gel electrophoresis involved the two BamHI fragments of
7.4 and 16.3 kbp, which were reshuffled into a new BamHI
fragment of 9.3 kbp. In order to determine the sequence of the
region corresponding to the deletion, the two wild-type
BamHI-fragments of 7.4 and 16.3 kbp were cloned. The 7.4-
kbp BamHI fragment was selected by colony hybridization
using the 125-kbp Xbal fragment as a probe. The cloned 7.4-
kbp fragment was then used as a probe in a Southern blot
hybridization. In addition to self hybridization, the 7.4-kb
BamHI probe also hybridized with the 16.3-kbp BamHI frag-
ment of the wild type and with the 9.3-kbp BamHI fragment of
the ETBE-negative mutant. This indicated that the wild-type

7.4-kbp fragment carried a sequence that was also present in
these two fragments. Thus, the wild-type 16.3-kbp BamHI frag-
ment and the mutant 9.3-kbp BamHI fragment were cloned by
colony hybridization using the 7.4-kb BamHI fragment as a
probe.

ethABCD code for a cytochrome P-450 system. The features
of the 23.7-kbp region covered by the two wild-type BamHI
fragments are shown in Fig. 3. A cluster of four ORFs with the
same orientation and named ethABCD was identified. Based
on protein alignments, ethABC could be assigned to individual
components of a P-450-containing monooxygenase system.

EthA (412 amino acids) is similar to glutathione reductase-
like ferredoxin reductases. It contains amino acids typical of
two ADP-binding Baf folds which encompass the completely
conserved consensus motif GXGXXG (38). The N-terminal
ADP-binding site (Val-1 to Asp-31) may constitute the FAD-
binding site, and the centrally located ADP-binding site (Arg-
144 to Asp-172) may constitute the NAD *-binding site. The
ferredoxin reductase ThcD of R. erythropolis (Genpept
U17130_6) is the closest relative to EthA (47% identity).

EthB (400 amino acids) corresponds to the ETBE-induced
protein of 43 kDa, since it contains the three peptides that
were sequenced. In addition, EthB is similar to cytochromes
P-450, which suggests that EthB is the ETBE-induced cyto-
chrome P-450 (17) likely to catalyze the oxidation of ETBE.
EthB carries a cysteine residue at position 349, which is strictly
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conserved in all cytochromes P-450. This residue is part of the
consensus FGXGXHXCXG and possibly provides anchoring
of the heme in the active site of the cytochrome P-450. The
highest similarity score of EthB (33% identity) was found with
a putative cytochrome P-450 from the phenanthrene-degrad-
ing actinomycete Nocardioides sp. (20). Among the character-
ized cytochromes P-450, EthB shows highest similarity (25%
identity) to the Pseudomonas sp. cytochrome P-450terp, which
hydroxylates the monoterpene a-terpineol as a step in its cat-
abolic assimilation (29). Two actinomycetal cytochromes P-450
also show 25% identity to EthB: NikQ from the antibiotic
nikkomycin-producing Streptomyces tendae (24) and the orf3
product from the mitomycin C-producing Streptomyces laven-
dulae (25).

EthC (106 amino acids) is similar to putidaredoxin-type
[2Fe-2S] ferredoxins and probably serves as an electron carrier
between the NADH-dependent ferredoxin reductase (EthA)
and the cytochrome P-450 (EthB). The four cysteine residues
located at positions 40, 46, 49, and 76 of EthC correspond to
the perfectly conserved residues that are required for coordi-
nating the prosthetic group. The greatest extent of similarity
(48% identity) was found with the ferredoxin ThcC of R. eryth-
ropolis (Genpept U17130_5).

EthD (103 amino acids) corresponds to the ETBE-induced
protein of 10 kDa, since it carries the sequenced peptide. EthD
is similar to products of four ORFs of unknown function: orfY
product from Pseudonocardia sp. (Genpept AJ296087_1), an
ORF from Bacillus halodurans (Genpept AP001507_200), an
ORF from Mesorhizobium loti (Genpept AP002998_321), and
orf4 product from R. erythropolis (Genpept U17130_4), which
are 40, 34, 31, and 40% identical to EthD, respectively. R.
erythropolis orf4 belongs to the thc gene cluster, which encodes
a cytochrome P-450 system catalyzing the N-dealkylation of
thiocarbamates (28).

ethR encodes a transcriptional regulator of the AraC/XylS
family. The ethR gene lies 183 bp upstream of ethA (Fig. 3).
EthR (331 amino acids) is highly similar to positive transcrip-
tional regulators of the AraC/XylS family. The highly con-
served C-terminal domain encompassing the bipartite DNA-
binding domain (12, 22, 34) is located between amino acids 250
and 325 of EthR. The most closely related member is R. eryth-
ropolis ThcR (Genpept U17130_2), which is 31% identical to
EthR.

Transposon repeats flanking eth genes. Two directly identi-
cal sequences of 5.6 kbp flank the et genes (Fig. 3). The first
repeat ends 880 bp upstream of ethR, and the second repeat
starts 3,908 bp downstream of ethD. Three potential coding
regions (orf4, orf5, and orf6) were identified in the 3,908-bp
region using the heuristic approach of the GeneMark program
(3). Amino acid comparison of products of orf4, orf5, and orf6
using the Blast program (1) did not show any significant sim-
ilarity with the bacterial Genpept database.

The 5.6-kbp repeat consists of a class II transposon contain-
ing a terminal inverted repeat of 38 bp, a tnpA gene, encoding
a putative transposase, and an insertion sequence (IS)-inter-
rupted tnpR gene. Discounting the entire IS sequence, the
intact tnpR gene may encode a putative resolvase of 311 amino
acids. TnpA (1,008 amino acids) and TnpR (311 amino acids)
show very high amino acid similarity to TnpA and the orf5
product, respectively, of the Streptomyces fradiae Tn4556 trans-
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poson (36). The TnpA transposase of S. fradiae is the closest
relative of R. ruber TnpA, with 49% identity. The orf5 product
of S. fradiae Tn4556 is a potential resolvase of Tn4556 whose
similarity with the R. ruber TnpR extends into the upstream
region of this ORF, disregarding a TAG stop codon as men-
tioned by De Mot et al. (6). The deduced polypeptide of 324
residues is 31% identical to TnpR of R. ruber. The closest
relative of R. ruber TnpR is R. erythropolis PmrA (62% iden-
tity), which is a site-specific recombinase of the integrase fam-
ily and may be involved in stabilization of the cryptic plasmid
pFAJ2600 (6). Amino acid comparisons revealed that other
proteins related to R. ruber TnpR are almost exclusively site-
specific recombinases of the integrase family. This suggests
that, unlike most resolvases of class II transposons, TnpR be-
longs to the integrase family and not to the resolvase-invertase
family of site-specific recombinases.

The region coding for TnpR is interrupted by an insertion of
1,409 bp at codon 180, introducing a stop codon at position
181. This 1,409-bp insertion displays all structural characteris-
tics of mobile elements of the IS3 family. Imperfect 45-bp
inverted repeats flank a single ORF with a translational frame-
shift. The predicted protein is 420 amino acids long and shows
extended similarity to several transposases of the IS3 family.
The most closely related is the transposase of Mycobacterium
avium 18999 (Genpept AF232829_2), which is 40% identical to
the IS3-type transposase of R. ruber. The region coding for the
R. ruber transposase of 420 amino acids overlaps two ORFs in
phase 0 and —1 encoding, respectively, the N-terminal (108
amino acids) and the C-terminal (312 amino acids) regions of
the potential transposase. As in other members of IS3 family,
the translational frameshift may be a means of producing sev-
eral proteins using the same coding region (5).

Genetic rearrangement generating ETBE-negative mutants.
To elucidate the molecular mechanism responsible for the
14.3-kbp deletion, we cloned the 9.3-kbp BamHI fragment
which is specific for ETBE-negative mutants. The genetic or-
ganization of the 9.3-kbp BamHI fragment was determined by
sequencing each end of the fragment (68 and 452 nucleotides,
respectively) and by restriction analysis (Fig. 3). The 9.3-kbp
BamHI fragment corresponds to the wild-type 23.7 kbp region
with one copy of the 5.6-kbp transposon and the intergenic
region between the two copies of the transposon deleted. This
deletion encompasses the eth gene cluster, which is involved in
ETBE degradation. Thus, the genetic organizations of the wild
type and ETBE-negative mutants suggest that spontaneous
loss of the ability to degrade ETBE results from a homologous
recombination between the two identical direct repeats of the
5.6-kbp transposon.

Complementation of the ETBE-negative mutant of R. ruber.
The Nhel/Sacl fragment carrying ethRABCD (Fig. 3A) was
subcloned into the pRE-7 vector, yielding the pGT222 plasmid.
The ETBE-negative mutant IFP 2006(pGT222) had the same
doubling time as the wild-type strain IFP 2001 on a minimal
medium containing ETBE as the sole source of carbon and
energy (Table 1). In addition, strains IFP 2001 and IFP
2006(pGT222) produced similar amounts of TBA using resting
cells incubated in the presence of ETBE. Together, these re-
sults demonstrate that the ethRABCD genes are sufficient to
complement the ETBE-negative mutant of R. ruber. In con-
trast, complementation was almost totally abolished in the
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TABLE 1. Complementation of the ETBE-negative mutant IFP
2006 by the pGT222 and pGT223 plasmids carrying the ethRABCD
genes and the ethRABC genes, respectively

ETBE-degrading activity
(pmol min~! ODgq, ') of
resting cells grown on:

Doubling time on

R. ruber strain minimal medium

+ ETBE (h)
ETBE Glucose + ETBE
TFP 2001 10 1,930 372
IFP 2006(pRE-7) =150 ND¢ <1
TFP 2006(pGT222) 10 1,341 140
IFP 2006(pGT223) =150 ND 12

“ ND, not done.

absence of the ethD gene: plasmid pGT223, which carries the
ethRABC genes only, failed to restore the ability to grow on a
minimal medium containing ETBE as the sole source of car-
bon and energy (Table 1). Production of TBA by resting cells
of R. ruber IFP 2006(pGT223) grown on minimal medium
containing glucose and ETBE was detectable but severely de-
creased compared to that of wild-type cells and mutant cells
complemented by pGT222. Mutant cells harboring the control
plasmid pRE-7 showed no detectable activity.

DISCUSSION

R. ruber easily loses the ability to degrade ETBE. This loss
coincides with the deletion of a chromosomal DNA segment
carrying ethRABCD. The ethABC genes encode a ferredoxin
reductase, a cytochrome P-450, and a ferredoxin, respectively,
which are typical of bacterial cytochrome P-450 systems. The
deletion mutant also lost the ability to cleave MTBE and
TAME, indicating that the same system also accounts for the
degradation of these compounds. Complementation with
pGT222 demonstrated that the ethRABCD genes were suffi-
cient to restore the ability to degrade ETBE. Further evidence
that the eth cluster is involved in ether fuel degradation was
provided by demonstrating that the synthesis of the proteins
EthB and EthD was induced by ETBE.

ETBE, MTBE, and TAME are xenobiotics, which raises the
issue of the origin of the enzyme systems that degrade them.
Although the primary substrate of the Eth system is unknown
at this stage, its original function may be related to ether
metabolism, since ethB and ethD are induced by ether fuels.
This contrasts with the cytochromes P-450 presumably in-
volved in the degradation of MTBE by the fungus Graphium,
M. vaccae JOBS, and P. putida (16, 37). In these cases, the
system is induced by n-butane, propane, and camphor, respec-
tively. Furthermore, although cytochrome P-450 systems often
show a broad specificity, cleavage of ether fuels is not a uni-
versal feature of cytochrome P-450 monooxygenases. As re-
ported by Steffan et al. (37), Rhodococcus rhodochrous, which
produces two P-450 monooxygenases, does not oxidize MTBE.

The Eth cytochrome P-450 system of R. ruber displays re-
markable similarity, in terms of genetic organization and pri-
mary structure of the individual components, to the Thc system
of R. erythropolis. The Thc system was proposed to catalyze the
N-dealkylation of the thiocarbamate herbicide S-ethyl dipro-
pylthiocarbamate (EPTC) to propionaldehyde and N-dipropyl
EPTC (28), which represents a reaction similar to the O-deal-
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FIG. 4. Genetic organization of R. ruber (A) and R. erythropolis (B)
(28) cytochrome P-450 systems. Transcriptional activators (H), cyto-
chromes P-450 (@), ferredoxin reductases (E), ferredoxins (&) and
unknown proteins () are 31, 24, 47, 48, and 40% identical, respec-
tively.

kylation of ETBE by the Eth system. Each eth gene has a
homologue in the the cluster (Fig. 4). The electron-supplying
system shows the highest degree of conservation (47 and 48%
amino acid identities). Most strikingly, both the R. ruber eth
and R. erythropolis thc cytochrome P-450 clusters contain a
gene (ethD and orf4, respectively) encoding a similar 10-kDa
protein. Such proteins have not been detected in the numerous
other cytochrome P-450 systems studied so far, and their exact
function is unknown. However, EthD clearly participates in the
degradation of ETBE, since it was induced by ETBE and since
the deleted mutant was poorly complemented by pGT223,
which carries ethRABC but not ethD. The similarity between
the R. ruber eth and R. erythropolis the clusters extends to the
putative regulatory gene. In both bacteria, the first gene of the
cluster codes for a putative positive transcriptional regulator of
the AraC/XylS family (12). The amino acid similarity between
EthR and ThcR is remarkable, since ThcR is the only member
of the AraC/XylS family which shows significant similarity with
EthR outside the conserved C-terminal domain of the family.

Two identical copies of a class II transposon were found to
flank the ethRABCD genes. This may result from the formation
of a cointegrate that could not be resolved, since the resolvase
gene tmpR was inactivated by the IS3 insertion. No additional
copies of the 5.6-kbp transposon were found in the R. ruber
genome, as shown by Southern blot hybridization using a trans-
poson-containing fragment as a probe (data not shown).

The eth gene cluster can be lost by spontaneous chromo-
somal deletion of a specific 14.3-kbp fragment. This deletion
most probably occurs by homologous recombination between
the two identical direct repeats of the 5.6-kbp transposon.
Similar events were previously reported for the loss of the
ability to utilize other sources of carbon such as toluene in P.
putida (26, 32), citrate in E. coli (18, 19), and isopropylbenzene
in P. putida (7). In the process of the 14.3-kbp deletion by
homologous recombination, a circular element carrying the eth
gene cluster is believed to be generated in R. ruber cells. Since
this element would possess a transposase gene, it could poten-
tially be integrated into other replicons and, therefore, be
involved in the horizontal transfer of eth genes.

The identification of R. ruber eth genes provides new insights
into the biodegradation of gasoline ethers, offering new oppor-
tunities for effective bioremediation strategies for these recal-
citrant pollutants. Probes may be developed to monitor sur-
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vival and spreading of strains harboring eth genes and to assess
the biodegradation potential of contaminated soils. Prelimi-
nary experiments suggest that highly similar cytochrome P-450
systems account for the degradation of ETBE by other actino-
mycetes (unpublished data). Finally, cloning of et/ genes offers
the opportunity to generate new strains able to degrade ETBE.
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