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Proteomics and targeted gene disruption were used to investigate the catabolism of benzene, styrene, biphenyl,
and ethylbenzene in Rhodococcus jostii RHA1, a well-studied soil bacterium whose potent polychlorinated biphenyl
(PCB)-transforming properties are partly due to the presence of the related Bph and Etb pathways. Of 151
identified proteins, 22 Bph/Etb proteins were among the most abundant in biphenyl-, ethylbenzene-, benzene-, and
styrene-grown cells. Cells grown on biphenyl, ethylbenzene, or benzene contained both Bph and Etb enzymes and
at least two sets of lower Bph pathway enzymes. By contrast, styrene-grown cells contained no Etb enzymes and only
one set of lower Bph pathway enzymes. Gene disruption established that biphenyl dioxygenase (BPDO) was
essential for growth of RHA1 on benzene or styrene but that ethylbenzene dioxygenase (EBDO) was not required
for growth on any of the tested substrates. Moreover, whole-cell assays of the AbphAa and etbAal::cmrA etbAa2::aphIl
mutants demonstrated that while both dioxygenases preferentially transformed biphenyl, only BPDO transformed
styrene. Deletion of pcaL of the (3-ketoadipate pathway disrupted growth on benzene but not other substrates. Thus,
styrene and benzene are degraded via mefa- and ortho-cleavage, respectively. Finally, catalases were more abundant
during growth on nonpolar aromatic compounds than on aromatic acids. This suggests that the relaxed specificities
of BPDO and EBDO that enable RHA1 to grow on a range of compounds come at the cost of increased uncoupling
during the latter’s initial transformation. The stress response may augment RHA1’s ability to degrade PCBs and

other pollutants that induce similar uncoupling.

Rhodococci are mycolic acid-producing actinomycetes that
degrade a wide variety of organic compounds (13). These cat-
abolic capabilities are of interest for a range of bioremediation
and biocatalytic applications (53). To better understand the
physiology and metabolism of this important genus, we have
conducted genomic studies of Rhodococcus jostii RHA1 (for-
merly Rhodococcus sp. strain RHALI, the species was recently
identified by A. L. Jones and M. Goodfellow [personal com-
munication]), a strain that possesses an exceptional ability to
aerobically degrade polychlorinated biphenyls (PCBs) (47).
Annotation of the 9.7-Mb RHAI1 genome (31; http://www
.rhodococcus.ca) predicted over 200 oxygenases and 30 path-
ways involved in the catabolism of aromatic compounds. Tran-
scriptomic and proteomic studies have revealed a number of
unique features of RHA1 metabolism, including a novel nitrile
hydratase (37) and multiple steroid-degrading pathways (54).

RHAT1 transforms PCBs using the homologous Bph and Etb
pathways (19), so named for their presumed respective specifici-
ties for biphenyl (47) and ethylbenzene (16, 57), respectively. The
pathways utilize a meta-cleavage strategy in which vicinal dihy-
droxylation of an aromatic ring enables oxygenolytic extradiol (or
meta) ring opening (Fig. 1). The upper Bph pathway aerobically
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transforms biphenyl to benzoate and 2-hydroxypenta-2,4-dieno-
ate (HPD), while the Etb pathway transforms ethylbenzene to
propionate and HPD. In RHAI, benzoate is further catabolized
via the Ben-Cat and Pca pathways (40). In the former, enzymes
encoded by benABCD transform benzoate to catechol, which is
then transformed by enzymes encoded by catABC to B-ketoadi-
pate enol-lactone via intradiol (or ortho) ring opening. The Pca
pathway, encoded by pcaHGBLIJF, transforms the resulting
B-ketoadipate enol-lactone to tricarboxylic acid cycle metabolites.
For its part, HPD is transformed by Hpd or the “lower Bph”
pathway encoded by bphEFG. The RHA1 genome contains eight
clusters of bphEFG homologues (31), of which three sets were
up-regulated during growth on biphenyl and ethylbenzene (12).
Despite their names, the physiological substrates of the Bph and
Etb pathways remain unclear. The involvement of the genes in
the degradation of various compounds is further complicated by
the occurrence of some of the efb genes in two nearly identical
copies. Recent transcriptomic studies demonstrated that both the
bph and etb genes (Fig. 2) are highly expressed in cells growing on
biphenyl and ethylbenzene (12). It was suggested that this simul-
taneous induction of multiple isozymes may reflect either an ad-
aptation to mixtures of compounds in natural environments or
the lack of tight genetic regulation. In either case, the presence of
both sets of genes appears to contribute to the potent PCB-
degrading capability of RHAI, as the two dioxygenases have
different preferences for PCB congeners (19).

The best-characterized enzymes of the Bph and Etb path-
ways are the first ones: biphenyl and ethylbenzene dioxygen-
ases (BPDO and EBDO). The catalytic subunits of these en-
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FIG. 1. The proposed pathways for the degradation of biphenyl (47), ethylbenzene (57), benzene, and styrene in R. jostii RHA1. The
compounds are initially transformed by the Bph and Etb pathways comprising homologous enzymes as indicated: BPDO and EBDO, ring-
hydroxylating dioxygenase; BphB1 and BphB2, cis-dihydrodiol dehydrogenase; BphC1 and EtbC, extradiol dioxygenase; BphD1, EtbD1, and
EtbD2, meta-cleavage product hydrolase. The resulting HPD is transformed by the Hpd or “lower Bph” pathway comprising the following: BphE,
HPD hydratase; BphF, 4-hydroxy-2-oxovalerate aldolase; and BphG, acetaldehyde dehydrogenase. Benzoate produced by biphenyl catabolism is
catabolized via the Ben-Cat and Pca pathways (40). Gene names correspond to the indicated enzyme names, except for BPDO and EBDO, which
are multicomponent enzymes encoded by each of the four bphA and etbA genes, respectively. #, Benzene is transformed to catechol by the first two
steps of the Bph/Etb pathways, and catechol is further transformed by the Cat-Pca pathway.

zymes share 37% amino acid sequence identity. The two
EBDO copies (large and small subunits) share 100% amino
acid sequence identity and are thus expected to have identical
catalytic properties. Phylogenetic analyses indicate that BPDO
of RHA1 is most similar to dioxygenases that preferentially
transform toluene and benzene (41). By contrast, EBDO is
most similar to those that transform naphthalene, and it trans-
forms this compound more efficiently than biphenyl (20).
Moreover, bphD1, whose encoded enzyme preferentially trans-
forms 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate (HOPDA),
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the meta-cleavage product of biphenyl (57), is clustered with
the etbAl1 genes on pRHL2 (31). Similarly, one of the etbD
genes is within 10 kb of the bphACB operon. The phylogenetic
analyses, gene organization, and available biochemical data
suggest that the optimal substrates of the Bph and Etb path-
ways in RHA1 may not have been identified. Other aromatic
compounds that might be degraded by these enzymes include
benzene and styrene.

Rhodococcal pathways responsible for the catabolism of
benzene and styrene have been proposed based on metabolite
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FIG. 2. The genetic organization of key bph and etb genes in R. jostii RHA1. The numbers above the arrows indicate CDS (ro) numbers from
the RHA1 genome assembly (http://www.rhodococcus.ca). These gene clusters are located on pRHL1 and pRHL2. Striped arrows indicate genes
whose products were identified in this study, as listed in Table 4. Gene names correspond to enzyme names provided in Fig. 1, except for BPDO
and EBDO, which are multicomponent enzymes encoded by bphAaAbAcAd and etbAaAbAcAd, respectively.
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TABLE 1. Strains used in this study

Strain Relevant genotype/comments Source
RHA1 R. jostii RHA1; wild-type 30
HDT1 Derivative of RHAL; aphll gene insertion 19

mutant of etbAal; etbAal::aphll Km"

HDBI1 Derivative of RHAL; aphll gene insertion 19
mutant of etbAa2; etbAa2::aphll Km"

HDBT1 Derivative of HDB1; cmrA gene insertion 19
mutant of etbAal; aphll gene insertion
mutant of ethbAa2; etbAal:.cmrA
etbAa2::aphll Cm' Km"

RHA1_007 Derivative of RHAI1; AbphAa Apr* This study
RHA1_008 Derivative of HDBT1; AbphAa This study
etbAal::cmrA etbAa2::aphll Cm" Km"

Apr*
RHA1_005 Derivative of RHAIL; Apcal. Apr* 40

studies, but the enzymes have not yet been identified. In
Rhodococcus sp. strain 33, benzene is dihydroxylated and the
resulting catechol is degraded via intradiol cleavage and the
B-ketoadipate pathway, similar to what has been reported in
other bacteria (38). By contrast, the single styrene catabolic
pathway described in Rhodococcus differs from the pathway
described in all other bacteria investigated to date. In the
latter, styrene catabolism is initiated via oxidation of the vinyl
side chain to either styrene oxide (2, 14) or phenylethanediol,
which are further degraded via the phenylacetic acid and man-
delic acid pathways (44), respectively. This side chain transfor-
mation is catalyzed by enzymes encoded by the styABCD
operon. In Rhodococcus rhodochrous NCIMB 13259, styrene
catabolism is analogous to biphenyl catabolism, in which a
vinylcatechol is produced and subjected to meta-ring cleavage
(56). Annotation of the RHA1 genome revealed neither a
styABCD cluster nor genes dedicated to benzene catabolism
(31).

Here, we investigated the roles of the Bph and Etb enzymes
of RHAL1 in the catabolism of four nonpolar aromatic com-
pounds: biphenyl, ethylbenzene, benzene, and styrene. A quan-
titative proteomic approach was employed in combination with
targeted gene disruption and whole-cell biotransformation
studies to focus particularly on the two ring-hydroxylating di-
oxygenases and the role of the B-ketoadipate pathway in ben-
zene and styrene catabolism. The results provide new insights
into the physiological roles of the Bph and Etb pathways and
the role of oxidative stress response in this catabolism.

MATERIALS AND METHODS

Chemicals. Pharmalyte 3-10 and Immobiline Dry-Strips were purchased from
GE Healthcare (Baie d’Urfé, Canada). Iodacetamide and 3-[(3-cholamidopro-
pyl)dimethylamonio]-1-propanesulfonate (CHAPS) were from Acros Organics
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(New Jersey) and MP Biomedicals (Aurora, OH), respectively. Mini Complete
protease inhibitor cocktail was purchased from Roche (Laval, Canada). Sypro
Ruby was from Bio-Rad Laboratories Ltd. (Mississauga, Canada). Nucleotides
were purchased from Qiagen (Mississauga, Canada). All chemicals were of
analytical grade and were used without further purification.

Strains and media. The Rhodococcus strains used in this study are listed in Table
1. All strains were grown at 30°C on W medium (30) supplemented with one of the
following growth substrates: 20 mM pyruvate, 20 mM benzoate, 10 mM biphenyl,
ethylbenzene vapors, benzene vapors, or styrene vapors. For substrates provided in
the vapor phase, 2 ml of liquid was placed in a 6-ml glass tube suspended above the
liquid medium in the incubation flask. Wild-type (WT) RHA1 was precultured in
250-ml flasks to mid-log phase (determined by the optical density at 600 nm
[ODgg0)), used to inoculate fresh medium in 250- or 500-ml flasks, cultured to
mid-log phase, and harvested. Mutant strains were first grown on solid W medium
containing pyruvate as a carbon source. Colonies were used to inoculate W medium
supplemented with an appropriate carbon source contained in 250-ml flasks. Growth
rates were determined using exponentially growing cells and cultures inoculated with
normalized quantities of cells based on OD, and were based on three replicate
cultures. The genotypes of mutants were verified after each growth experiment using
PCR and the primers listed in Table 2.

Preparation of cell extracts. Cell extracts were prepared essentially as de-
scribed previously (40). Briefly, cell pellets were washed once with 0.14 M NaCl
and once with Tris-EDTA buffer (10 mM Tris/HCl, 1 mM EDTA, pH 8.0) and
then stored as aliquots at —80°C. The pelleted cells were suspended in lysis buffer
(4% CHAPS, 30 mM Tris, pH 7.5, Mini Complete protease inhibitor cocktail,
1:100 [vol/vol]) and disrupted using a bead beater. Cell debris was removed by
centrifugation, and the protein extract was either stored at —80°C or used
immediately. For enzyme assays, cell-free protein extracts were prepared in the
same manner except that the cell pellets were washed using 50 mM Tris-HCI, pH
7.0, and the extracts were used immediately. The protein concentration was
determined using the 2D Quant kit (GE Healthcare).

Proteomic analyses. The cytosolic proteome was resolved using two-dimen-
sional (2D) gel electrophoresis essentially as described previously (40). Briefly,
aliquots of cell extracts containing 90 g protein were separated in the first
dimension by isoelectric focusing using 24-cm nonlinear immobilized pH gradi-
ent (IPG) strips and a pH gradient of 3 to 7. Proteins were separated in the
second dimension using 12% sodium dodecyl sulfate-polyacrylamide gels and the
ETTAN DALTtwelve System (GE Healthcare). The gels were stained using
Sypro Ruby and digitally imaged using a Typhoon 9400 (GE Healthcare). Spot
detection and pattern matching were performed using Progenesis Workstation
software (Nonlinear Dynamics, Durham, NC). The pattern of each growth con-
dition was based on gels from three independent cultures. The relative abun-
dance of each protein was determined from the integrated signal intensity of
spots after subtraction of background values. The signal intensity of each spot
was normalized against the total signal intensity detected on a gel. Only spots
with a minimum normalized volume of 0.002 or greater were further analyzed.
For the proteins that appeared on a gel as a horizontal series of spots, likely due
to carbamylation, the pI and molecular weight (MW) of the major spot in the
series were recorded, and the summed signal intensities of all the spots in the
series were further compared. Protein spots of interest were identified using a
Voyager Destr matrix-assisted laser desorption ionization-time of flight mass
spectrometer (Applied Biosystems, Foster City, CA) based on peptide mass
fingerprint analysis combined with a MASCOT search engine and the RHA1
protein database at the Proteomics Centre, University of Victoria. Identified
proteins fulfilled four criteria: the MASCOT search score was above 55, a
minimum of four peptides were matched, the protein sequence coverage was at
least 20%, and the predicted MW and pl values were consistent with the exper-
imentally observed values.

Enzyme assays. Enzyme assays were performed using a Varian Cary IE UV-
Visible spectrophotometer equipped with a cuvette holder with a thermostat.

TABLE 2. PCR primers

Primer Sequence (5'-3") Comments
BphAafor CAACTTGGTGAGTGTGCC Internal bphAa primer, forward
BphAarev TGTAGAAGCCAGAACCATGC Internal bphAa primer, reverse
EtbAalfor CGATAGCGCATTGGCCATGACATT Internal etbAal primer, forward
EtbAalrev ATCAGATCCCAACGCTGGTAA Internal etbAal primer, reverse
EtbAa2for AGAGCGTGGGCCAGTTGTTTAGTA Internal etbAa2 primer, forward
EtbAa2rev ATCAGATCCCAACGCTGGTAA Internal etbAa2 primer, reverse
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TABLE 3. Characteristics of growth of WT and mutant RHA1 on different substrates

Strain (genotype)

Growth rate p (h™1)“

Biphenyl Ethylbenzene Benzene Styrene Benzoate Pyruvate

RHA1 WT 0.044 (0.004) 0.054 (0.003) 0.0264 (0.0004) 0.044 (0.006) 0.14 (0.06) 0.11 (0.01)
RHA1_005 (Apcal) 0.042 (0.005) NA? 0.04 (0.01)b 0.03 (0.009) 0.12 (0.04)”'3 0.10 (0.02)*
RHA1_007 (AbphAa) 0.032 (0.008) 0.049 (0.008) ND* ND 0.11 (0.02) +
HDT1 (etbAal::aphll) ND 0.04 (0.01) 0.016 (0.002) 0.018 (0.001) 0.14 (0.01) +
HDBI1 (etbAa2::aphll) 0.04 (0.01) 0.03 (0.01) 0.047 (0.004) 0.019 (0.006) 0.13 (0.05) +
HDBT1 (etbAal::cmrA etbAa2::aphll) ND 0.03 (0.01)° 0.033 (0.001)° 0.03 (0.01) 0.12 (0.01) +
RHA1_008 (etbAal::cmrA ND' ND/ ND ND 0.10 (0.02) +

etbAa2::aphll AbphAa)

“ Growth rates represent those calculated during exponential growth phase and are based on three biologically independent replicates. Standard errors of the mean

are indicated in parentheses.

® The lag phase was 70 h longer than that detected in comparable cultures of WT cells.
¢ The lag phase was 140 h longer than that detected in comparable cultures of WT cells.

4 NA, growth was not tested.
¢ ND, growth was not detected.

7 Growth was first detected 3 to 4 weeks after inoculation. PCR analyses confirmed the restoration of etbAal and/or etbAa2.

£ data taken from reference 40.
" 4, growth was detected, but the rate was not measured.

Catechol 1,2-dioxygenase (C120) activity was measured by monitoring the for-
mation of cis,cis-muconate at 260 nm (¢ = 16.0 mM~! cm"), and catechol
2,3-dioxygenase (C230) activity was determined by monitoring the formation of
2-hydroxymuconic semialdehyde at 375 nm (¢ = 12.0 mM~! cm™ ') in assay
mixtures containing 0.1 M phosphate, pH 7.0, and 100 pM catechol (28). The
activity of dihydroxybiphenyl dioxygenase (DHBD) was measured by monitoring
the formation of HOPDA at 434 nm (¢ = 11.3 mM™ ! cm™!) using an assay
mixture containing 0.1 M phosphate, pH 7.0, and 100 M DHB (8). One unit of
enzyme activity was defined as the amount of enzyme required to produce 1
pmol of product per minute at 25°C.

Resting cell assays. Cells grown on ethylbenzene at 30°C to mid-log phase
(ODggp = 2.0) were harvested, washed twice with 50 mM sodium phosphate, pH
7.5, supplemented with 1 g/liter glucose, and suspended in the same buffer at an
ODg of 2.0. One-milliliter portions of this suspension were distributed in 12-ml
glass vials sealed with Teflon caps. Each vial received one of the following
compounds to a final concentration of 50 wM: biphenyl, ethylbenzene, benzene,
styrene, chlorobenzene, toluene, or o-xylene. Assay mixtures were incubated for
0 (control) or 5 h at 30°C and 225 rpm, and then the substrate concentration was
determined. Since biphenyl was depleted faster than the other compounds, it was
assayed using only 1/10 of the biomass (ODgy, = 0.2) and a 1-hour incubation.
The reactions were stopped by adding a drop of 1 N HCI, and samples were
immediately frozen at —80°C. Each sample was extracted twice with 1 ml of
hexane. The pooled organic phases were dried over sodium sulfate and trans-
ferred to vials for further high-performance liquid chromatography (benzene) or
gas chromatography-mass spectrometry (GC-MS) (all other substrates) analyses.
Controls were performed using dead cells. Assays were performed at least in
duplicate.

High-performance liquid chromatography analyses were performed using a
Waters 2695 Separations Module equipped with a Waters 2996 Photodiode
Array Detector and a C;g Waters Nova-Pak column (3.9 X 150 mm) (Waters
Ltd., Mississauga, Ontario, Canada) operated at a flow rate of 1 ml/min. Benzene
was eluted using 100% methanol. Samples (20 wl) were injected, and benzene
was detected at 210 nm and quantified using a standard curve constructed using
known amounts of benzene (r > 0.99). GC-MS was performed using an HP-5MS
equipped with an Agilent column 19091S-433 (0.25 mm by 30 m by 0.25 pm)
(Agilent, Mississauga, Ontario, Canada) operated at a flow rate of 53.5 ml/min
and a pressure of 10.7 Ib/in?. During the run, the oven temperature was ramped
from 40 to 280°C. Samples (2 wl) were injected in splitless mode, and the amount
of substrate was determined from the area of the corresponding peak at the
appropriate m/z (standard curves had r values of >0.99). All standard samples
were treated in the same manner as the reaction mixtures to correct for losses of
substrates due to sample manipulation.

Gene replacement. All mutants used in this study are listed in Table 1. The
bphAa gene was deleted and replaced by an apramycin cassette using the \-RED-
based methodology as described previously (40). The ethAal and etbAa2 genes
were disrupted in single mutants using a single-crossover insertion of aphll,
encoding kanamycin resistance (19). In the double mutant, two genes were
disrupted using aphll and cmrA, encoding chloramphenicol resistance (19). The
triple mutant was constructed by deleting bphAa as summarized above in the

double-insertion mutant HDBT1 lacking functional ethAal and etbAa2 (19).
Genotypes were verified using PCR with the primers listed in Table 2. Disruption
mutants were further verified by confirming the loss of the encoded protein in the
proteomes of ethylbenzene-grown cells.

RESULTS

R. jostii RHA1 grew on biphenyl, ethylbenzene, benzene,
styrene, and pyruvate as sole growth substrates in liquid me-
dium at comparable rates (Table 3). RHAL also used the
following uncharged aromatic compounds as growth sub-
strates: toluene, o-xylene, and chlorobenzene. By contrast,
RHALI1 did not utilize naphthalene as a growth substrate.

Identification of catabolic enzymes. 2D gel electrophoresis
resolved approximately 1,400 protein spots in the cytosolic
proteomes of RHAI cells grown on each of the tested growth
substrates. Representative sections of average gels are shown
in Fig. 3. Pairwise comparison of the five averaged gels, includ-
ing quantitative comparison of spot intensities, revealed that
the proteomes of cells grown on the four aromatic compounds
were more similar to each other than to the proteome of
pyruvate-grown cells: any two of the former shared 68 to 73%
of their protein spots, whereas any one of the former shared 57
to 62% of its protein spots with the pyruvate proteome. For
each aromatic proteome, 40 to 47% of the detected proteins
were at least twofold more abundant than during growth on
pyruvate, in approximate agreement with the number of genes
up-regulated in biphenyl- and ethylbenzene-grown cells by mi-
croarray analysis (12). Among the protein spots that were at
least twofold more abundant in a given proteome, 41 to 59%
were unique to that proteome and 15% were common to the
four aromatic growth substrates (Fig. 4). Of the 15%, or 47
shared spots, 28 spots were not detected in pyruvate-grown
cells. Among the subsets of more abundant proteins, those
present in biphenyl- and benzene-grown cells showed the
greatest overlap (44%), while those present in styrene- and
benzene-grown cells showed the least (25%).

Overall, we identified 151 proteins that occurred in at least
one of the analyzed proteomes. The averaged normalized sig-
nal intensity of each identified protein for each condition, as
well as protein experimental and theoretical pI and MW, and
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FIG. 3. Sections of 2D gels showing parts of the cytosolic pro-
teomes of R. jostii RHA1 grown on biphenyl (a), ethylbenzene (b),
benzene (c), styrene (d), or pyruvate (i). The corresponding gel sec-
tions are shown for ethylbenzene-grown mutants: (e) RHA1_007
(AbphAa), (f) HDT1 (etbAal::aphll), (g) HDBI1 (etbAa2::aphll), and
(h) HDBT1 (etbAal:cmrA etbAa2::aphll). BphAa and EtbAal/
EtbAa2 protein spots are indicated with arrows and are located in the
left and right sides of the gel sections.

MS identification parameters are presented in Table S1 in the
supplemental material. The identified proteins include 22 of the
Bph and Etb pathways and 21 of the 47 proteins that were more
abundant in the four aromatic proteomes (Tables 4 and 5).
The identified proteins included three of the four polypeptides of
the two ring-hydroxylating dioxygenases (BPDO and EBDO),
two ring cleavage dioxygenases (BphCl and EtbC), and three
hydrolases (BphD1, EtbD1, and EtbD2).

The 22 identified Bph and Etb proteins of biphenyl- and
ethylbenzene-grown cells were among the most highly abun-
dant in these proteomes. Biphenyl-grown cells also contained
BenABD, CatAB, and PcaHGBLIJFR proteins responsible
for benzoate, catechol, and B-ketoadipate catabolism, respec-
tively, as previously established in benzoate-grown cells (40).
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FIG. 4. Venn diagram representation of the protein spots whose
normalized intensities were at least twofold higher in at least one of the
aromatic proteomes versus pyruvate proteome. The numbers in brack-
ets indicate the total numbers of more abundant protein spots detected
in the corresponding average gel.

The Ben, Cat, and Pca proteins were absent in ethylbenzene-
grown cells, with the exception of PcaL.JF, which were detected
in very small quantities. These results are consistent with the
well-established catabolism of biphenyl and ethylbenzene in
RHAL. None of the Bph, Etb, or Ben catabolic proteins were
detected in pyruvate-grown cells (Table 4 and Fig. 2).

The proteomes of benzene-grown cells contained 19 of the
22 identified Bph and Etb proteins. Proteins that were present
included the ring-hydroxylating enzymes (BphA and EtbA), a
dihydrodiol dehydrogenase (BphB1), two meta-cleavage dioxy-
genases (BphCl and EtbC), three hydrolases (BphD1 and
EtbD1D2), and two sets of the lower-pathway enzymes
(BphE2F2 and BphE4) (Table 4 and Fig. 2). The third set of
the last (BphF3G3E3) was not detected. These cells also con-
tained the Cat and Pca enzymes, but none of the benzoate
catabolic enzymes (BenABD). The Cat and Pca proteins were
present in quantities similar to those in biphenyl-grown cells
but at least twofold lower than in benzoate-grown cells (40).
These data suggest that in RHA1, benzene may be dihydroxy-
lated by BPDO and/or EBDO and that the resulting catechol
may be degraded via ortho-cleavage and the B-ketoadipate
pathway.

The proteome of styrene-grown cells was unique among the
studied aromatic proteomes in that no Etb proteins were de-
tected other than EtbD1. Significantly, etbD1 is clustered with
bphT1SIBCA, not with other etb genes. Moreover, styrene-
grown cells contained large amounts of the upper and lower
Bph pathway enzymes (Table 4). Other proteins that were
absent in these cells include the phenylacetate catabolic en-
zymes (36) and homologues of the StyABD enzymes. By con-
trast, styrene-grown cells contained significant quantities of the
ortho-cleavage enzymes CatAB and the B-ketoadipate pathway
enzymes PcaLIJF. Overall, these observations strongly suggest
that RHA1 utilizes the Bph pathway to degrade styrene via
3-vinylcatechol (Fig. 1). However, based on these data, it is
unclear whether the vinylcatechol is subject to meta- or ortho-
cleavage.
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TABLE 4. Identification of the proteins involved in the catabolism of biphenyl, ethylbenzene, benzene, and styrene

Basis of No. of peptides

Protein name

Sequence

Signal intensity”

identification matched coverage (%) Pyruvate Biphenyl Ethylbenzene Benzene Styrene
BphAa® MS 11 26 ND/ 1.9 3.4 6.5 9.1
BphAb® MS 12 78 ND 15 24 33 5.9
BphAd® MS 9 25 ND 0.47 0.50 0.90 1.1
BphB1 MS-MS 24 47 ND 2.02 33 32 5.8
BphB2 MS 8 46 ND 2.1 2.9 22 ND
BphCl MS 10 45 ND 13 1.3 2.7 4.7
BphD1 MS 13 56 ND 3.6 43 32 ND
BphE2 MS 4 30 ND 0.26 0.28 0.18 ND
BphE3 MS 8 36 ND 0.062 0.10 ND 0.14
BphE4 MS 6 34 ND 0.25 0.17 0.078 ND
BphF2 MS 5 28 ND 0.15 0.23 0.14 ND
BphF3 MS? 6 29 ND 0.28 0.35 ND 0.68
BphG3 MS 14 70 ND 0.27 0.34 ND 0.42
EtbAal/EtbAa2®< MS 12 35 ND 3.9 4.8 59 ND
EtbAb2/EtbAb2>¢ MS 4 31 ND 32 3.6 3.6 ND
EtbAd® MS 10 24 ND 15 1.6 1.7 ND
EtbC MS 12 44 ND 3.5 3.4 32 ND
EtbD1 Ms? 13 70 ND 1.5 2.5 2.2 2.9
EtbD2 MS 11 48 ND 0.99 1.6 1.2 ND
BenA Ms? 14 44 ND NA# ND NA ND
BenB Ms? 6 31 ND 0.23 ND ND ND
BenD Ms? 8 39 ND 0.14 ND ND ND
CatA MS 9 37 ND 1.5 ND 1.9 0.97
CatB Ms? 5 21 ND 0.15 ND 0.19 0.062
PcaH MS-MS 7 33 ND 0.035 ND 0.094 ND
PcaG MS 9 35 ND 0.062 ND 0.084 ND
PcaB MS-MS 5 12 0.025 0.044 ND 0.017 ND
PcalL MS 6 19 0.019 0.098 0.01 0.098 0.017
Pcal MS-MS 8 47 ND 0.065 ND 0.1 0.015
Pcal Ms? 4 23 ND 0.039 0.012 0.075 0.080
PcaF MS 13 41 0.10 0.13 0.045 0.14 0.057
PcaR Ms? 7 43 0.012 0.035 ND 0.034 0.008

“ Spot signal intensities were normalized and averaged over three replica gels (each from an independent experiment).
® BphAa, BphAb, BphAc, and BphAd comprise BPDO. EtbAa, EtbAb, EtbAc, and EtbAd comprise EBDO.
¢ The EtbAal/EtbAa2 and EtbAb1/EtbAb2 proteins are identical and therefore occupy the same spot on a 2D gel. The reported signal intensity value therefore

represents the total of those of the two corresponding proteins.
@ Protein identity was confirmed by tandem MS (MS-MS) analysis.

¢ BenA protein spot overlaps with EtbAa, and therefore, its signal intensity value cannot be estimated in the biphenyl, ethylbenzene, and benzene proteome.

/ND, not detected.
£ NA, not available.

The most abundant enzymes in the aromatic proteomes
were the large subunits of either the BPDO or EBDO, BphAa
and EtbAa. The relative abundance of BphAa was about five-
fold higher in styrene-grown cells than in biphenyl-grown cells,
with ethylbenzene- and benzene-grown cells carrying interme-
diate amounts (Table 4). The relative abundance of EtbAa was
only slightly higher in ethylbenzene- and benzene-grown cells
than in biphenyl-grown cells.

In addition to the Bph and Etb catabolic enzymes, we iden-
tified 31 other proteins that were at least twofold more abun-
dant in one or more of the aromatic proteomes. Of particular
note, proteins that were more abundant in all four aromatic
proteomes are predicted to belong to oxidative-stress response,
catabolism, and coenzyme A metabolism (Table 5). Interest-
ingly, all of the catabolic proteins are encoded by genes located
within the bph and etb gene clusters, and their abundance
profiles were similar to the abundance profiles of the Bph and
Etb proteins. Other important functional groups to which
more abundant proteins belong include regulation and central
metabolism (including gluconeogenesis and tricarboxylic acid
cycle nucleoside metabolism, as well as the biosynthesis of

branched amino acids, coenzymes, and polysaccharides) (see
Table S1 in the supplemental material).

Analysis of gene disruption mutants. To further investigate
the physiological roles of the Bph and Etb pathways, we inves-
tigated the growth phenotypes and substrate-transforming ca-
pabilities of gene disruption mutants lacking one or more of
bphAa, etbAal, and etbAa2, which encode the large subunits of
the initial dioxygenases (Table 1). Among the single gene dis-
ruption mutants, the clearest phenotype was observed in the
AbphAa strain RHA1_007: this strain was unable to grow on
either benzene or styrene (Table 3). By contrast, the strain
grew at rates close to WT on either biphenyl or ethylbenzene.
Disruption of ethAal and/or etbAa2 (strains with the single
mutation HDT1 and HDBI1 and a double mutant, HDBT1) did
not affect growth on ethylbenzene, styrene, or benzene. Al-
though disruption of etbAal resulted in loss of the ability to
grow on biphenyl, this was likely due to a polar effect, as
described below. Finally, disruption of all three genes encoding
the large subunits of biphenyl or EBDO in RHA1_008 abol-
ished the ability to grow on any of the four aromatic substrates.
By contrast, growth on either benzoate or pyruvate was not
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TABLE 5. Selected proteins induced at least twofold during RHA1 growth on biphenyl, ethylbenzene, benzene, and styrene

Signal intensity®

Functional class Protein name® Gene ro no. Best hit in NCBI”
Pyruvate  Biphenyl — Ethylbenzene  Benzene  Styrene  Benzoate?  Phenylacetate®
Stress response Catalase 04309 2i:2645461, 59, Micrococcus 0.008 0.053 0.092 0.38 0.045 0.020 0.014
luteus (33)
Stress response Alkyl hydroxyperoxide 03275 gi:75765541, 73, Salmonella ND 0.062 0.19 0.89 0.009 0.009 0.099
reductase, AhpC typhimurium 602 (39)
Stress response ATP-dependent Clp protease, 01371 gi:17373662, 65, Streptomyces ND 0.10 0.097 0.13 0.16 0.20 0.19
proteolytic subunit, Hsp100 coelicolor A3(2) (5)
family
Stress response Fatty acid desaturase 02258 £i:8919145, 23, 0.045 0.016 0.14 0.021 0.022 0.018 0.083
Mycobacterium avium
subsp. paratuberculosis (3)
Stress response RNA  rRNA small subunit 07164 gi:4210751, 27, Lactococcus ND 0.52 0.77 0.51 ND ND ND
metabolism methyltransferase lactis subsp. lactis (23)
Catabolic Quinone oxidoreductase 08046 gi:84617341, 35, Streptomyces ND 0.24 0.36 0.52 0.57 ND ND
achromogenes subsp.
Rubradiris (49)
Catabolic 6-Oxohexanoate 10127 2i:40787207, 99.7, ND 0.037 0.12 0.12 0.043 ND ND
dehydrogenase Rhodococcus sp.
strainDK17 (21)
Catabolic Medium-chain acyl-coenzyme 08050 2i:40787201, 99.6, ND 0.60 0.81 0.66 0.48 ND ND
A ligase Rhodococcus sp. strain
DKI17 (21)
Catabolic Oxidoreductase 10140 2i:40787219, 99.6, 0.016 0.25 0.33 0.26 0.008 0.019 0.040

Rhodococcus sp. strain
DK17 (21)

“ Protein names are probable, as they are based on amino acid sequence identities, not demonstrated activities.
® Accession number, percent identity, organism.

¢ Spot signal intensities were normalized and averaged over three replica gels (each from independent experiment).

4 Data taken from reference 40.
¢ Data taken from reference 36.
/Boldface denotes products whose genes were up-regulated in biphenyl- and/or ethylbenzene-grown cells (12) (microarray data, NCBI GSE5280).
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TABLE 6. Substrate preferences of the biphenyl and ethylbenzene
dioxygenases
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TABLE 7. Enzyme activities in cell lysates of RHA1 cells grown on
different substrates

Substrate depletion (%)“

Substrate RHA1_007 HDBTI (etbAal::cmiA
(AbphAa) etbAa2::aphll)

Biphenyl” 95(2) 85(2)
Ethylbenzene <10 20 (5)
Benzene 37 (1) 40 (1)
Styrene ND <10
Chlorobenzene 32(1) 22 (6)
Toluene 51(8) 86 (14)
o-Xylene 25(7) 12(5)

“ RHA1_007 contains EBDO, and HDBT1 contains BPDO. The assays were
performed at least in duplicate. Standard deviations are shown in parentheses.
ND, not detected.

® The biphenyl depletion assays were performed using 1/10 of the biomass used
for all other substrates and an incubation time of only 1 hour (see Materials and
Methods for details).

affected. Overall, these results indicate that only biphenyl di-
oxygenase supports the growth of RHA1 on benzene and sty-
rene, while both this enzyme and EBDO can support growth
on ethylbenzene.

Quantitative proteomic comparison of ethylbenzene-grown
mutants and WT cells (Fig. 3) revealed three additional prop-
erties of the mutants. First, the results corroborated PCR anal-
yses verifying that the genotypes of the mutants were stable
throughout the experiments. Second, these analyses revealed
that both etbAal and etbAa2 were expressed in ethylbenzene-
grown WT RHAL cells. More specifically, the large subunit of
the EBDO was detected in each of the etbAal:aphll and
etbAa2::aphll mutants, presumably arising from etbA4a2 and
etbAal, respectively. Assuming that the abundance of the large
subunit in the mutants reflects the relative expression of the
genes in WT RHALI, the ratio of expression of etb4al and
etbAa2 is approximately 4:1. Finally, these analyses revealed
that the single-crossover insertion used to delete etbAal and
ethAa2 exerted a polar effect on the downstream genes,
etbAb1C, bphDI1E2F2, and etbAb2D2, respectively, resulting in
a 6- to 20-fold-decreased abundance of the encoded proteins
(data not shown). This confirms the polar effect suggested
previously (19). The decreased abundance of BphD1 in the
etbAal::aphll and etbAal::cmrA etbAa2::aphll mutants likely
explains the failure of these mutants to grow on biphenyl, as
BphDl1 is essential for this growth in RHA1 (48).

To investigate the catabolism of benzene and styrene by an
ortho-cleavage pathway, we studied the growth of a Apcal
strain on these compounds. The pcal gene encodes a bifunc-
tional enzyme that is responsible for the transformation of
carboxymuconolactone to B-ketoadipate, impairing growth on
benzoate (40). The deletion of pcal impaired the ability of
RHAT1 to grow on benzene in a manner similar to that ob-
served on benzoate (Table 3). More specifically, no growth was
observed for 70 h. Growth on benzoate after this time was due
to induction of a homologue that compensated for loss of
PcaL. Deletion of pcal did not affect growth on either styrene
or biphenyl. Overall, these results indicate that benzene is
catabolized via the B-ketoadipate pathway, whereas styrene is
transformed via meta-cleavage of 3-vinylcatechol. The latter
is corroborated by our failure to detect the accumulation of

Sp act (U mg ™) on growth substrate”:

Enzyme

Biphenyl Benzene Styrene Pyruvate
C120 100 (9) 800 (50) 1000 (70) 10 (1)
C230 800 (6) 3000 (200) 8600 (200) 40 (7)
DHBD 700 (10) 1000 (200) 3600 (300) 30 (5)

“Data are based on three replicates (standard errors of the mean are in
parentheses). C120 and C230 activities were measured by monitoring the for-
mation of cis,cis-muconate and 2-hydroxymuconic semialdehyde, respectively,
from catechol. The activity of DHBD was measured by monitoring the formation
of HOPDA from DHB.

vinyl-cis,cis-muconate, B-ketoadipate, or other metabolites
arising from the ortho-cleavage of vinylcatechol in styrene-
grown cells of WT RHAI1 (data not shown).

Substrate preference of the ring-hydroxylating dioxygenases
BPDO and EBDO. To further investigate the catabolic ac-
tivities of BPDO and EBDO, we performed resting-cell as-
says using two mutants: HDBT1 lacking the identical large
subunits of EBDO and RHA1_007 lacking the large subunit
of BPDO. Based on substrate depletion assays (Table 6),
BPDO transformed substrates in the following order of
preference: biphenyl = toluene > benzene > chloroben-
zene ~ ethylbenzene > o-xylene > styrene. By contrast,
EBDO transformed substrates in the following order of
preference: biphenyl >> toluene > benzene > chloroben-
zene ~ o-xylene > ethylbenzene. The most significant dif-
ferences between the mutants concerned toluene, ethylben-
zene, and styrene, all of which were depleted significantly
faster by the BPDO-containing mutant. Moreover, only this
mutant detectably depleted styrene. Nevertheless, both mu-
tants depleted biphenyl at significantly higher rates than any
of the other tested compounds: the biphenyl depletion as-
says were performed using 1/10 of the cells used for the
other assays, and 85 to 95% substrate depletion was de-
tected after 1 h. However, the EBDO-containing mutant
(RHA1_007) depleted biphenyl to a slightly greater extent.

Enzyme activity. To investigate the roles of ortho- and meta-
cleavage in the catabolism of the nonpolar aromatic com-
pounds, we measured the activities of C120, C230, and
DHBD in extracts of cells grown on styrene, benzene, biphe-
nyl, and pyruvate. As summarized in Table 7, all three ring
cleavage activities were more abundant in cells grown on the
aromatic substrates than on pyruvate. Moreover, the meta-
cleavage activities (C230 and DHBD) were higher than the
ortho-cleavage activity (C120). All three activities were highest
in styrene-grown cells: these activities were almost an order of
magnitude higher than in biphenyl-grown cells. The meta- and
ortho-cleavage activities were closest to parity in benzene-
grown cells and agreed with the abundances of BphCl, EtbC,
and CatA, respectively (Table 4).

DISCUSSION

This study establishes that RHAI, a potent degrader of
aromatic compounds, utilizes the Bph and Etb pathways to
degrade a surprisingly broad range of compounds. Proteomic
analyses revealed that one or both of these pathways were
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highly abundant during growth on biphenyl, ethylbenzene,
benzene, and styrene. Targeted gene disruption established
that BPDO catalyzes the initial transformation of all four com-
pounds in vivo and that EBDO does not transform styrene.
Whole-cell assays further substantiated that both enzymes are
able to efficiently transform biphenyl and that BPDO is better
able to transform certain smaller substrates, including toluene,
ethylbenzene, and styrene, than EBDO.

The current proteomic analysis is highly congruent with a
previous transcriptomic analysis (12). The latter established
gene expression ratios for RHA1 grown on biphenyl and ethyl-
benzene versus pyruvate. The protein signal intensity values in
Table 4 are highly correlated with the corresponding gene
expression ratios, with correlation coefficients of 0.74 and 0.77
for biphenyl and ethylbenzene, respectively. All of the proteins
that were detected in cells grown on one of these two aromatic
substrates, but not pyruvate, had a large corresponding gene
expression ratio—in nearly every case a ratio greater than 10.
The proteomic data further demonstrate that etbD1 and etbD2
are simultaneously expressed during growth on biphenyl and
ethylbenzene, which was not clear from the transcriptomic
analysis. The only Bph and Etb proteins that were not detected
as differentially expressed proteins were the bphAc- and etbAc-
encoded ferredoxins of BPDO and EBDO, respectively. These
genes were up-regulated in both biphenyl- and ethylbenzene-
grown cells. Presumably, the proteins were not identified due
to their small size.

The respective substrate preferences of BPDO and EBDO,
while somewhat inconsistent with their names, are consistent
with their phylogeny and other known properties. In phyloge-
netic analyses, BPDO clustered with enzymes that degrade
compounds containing a single aromatic nucleus, such as ha-
logenated and alkylated benzenes (41). Among characterized
enzymes, BPDO shares the greatest amino acid sequence iden-
tity (98 to 99%) with toluene, isopropylbenzene, and benzene
dioxygenases (34, 43, 50). Moreover, the substrate-binding
pocket of the RHA1 enzyme (9) is not as large as that of other
BPDOs, such as that of Pandoraea pnomenusa B-356 (11). By
contrast, EBDO clusters with enzymes transforming larger
substrates, such as phenanthrene dioxygenase from Burkhold-
eria sp. strain RP007 (25) and tetralin dioxygenase from Sphin-
gopyxis macrogoltabida strain TFA (32). The current results are
also consistent with two recent studies of substrate preference
in the RHA1 dioxygenases. First, EBDO preferentially trans-
forms more highly chlorinated PCB congeners than BPDO
(19). Second, EBDO transforms naphthalene, phenanthrene,
dibenzofuran, and dibenzo-p-dioxin more efficiently than
BPDO (20). Overall, these results complement the current
results, demonstrating that while both BPDO and EBDO ef-
ficiently transform biphenyl, BPDO transforms monocyclic
aromatic hydrocarbons, such as toluene, o-xylene, and chloro-
benzene, more effectively than EBDO.

Although the best substrates of BPDO and EBDO may not
yet be identified, it is nonetheless remarkable that these two
particular homologues have such a broad range of physiolog-
ical substrates. Such dioxygenases are known to be subject to
uncoupling in the presence of suboptimal substrates, resulting
in the futile consumption of NADH and the production of
H,O0,. Benzene and PCBs cause uncoupling in naphthalene
dioxygenase and BPDO, respectively (17, 26). The presence of
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a predicted catalase and alkyl hydroperoxide reductase (small
subunit; AhpC) in the aromatic proteomes suggests that reac-
tive oxygen species are produced under these growth condi-
tions, consistent with the occurrence of uncoupling during the
initial ring-hydroxylating reaction. More specifically, the pre-
dicted catalase was 2- to 25-fold more abundant under these
growth conditions than during growth on either benzoate or
phenylacetate (Table 5) (36, 40). The increased levels of cata-
lases are substantiated by transcriptomic data, which revealed
that the genes encoding each of RHA1’s three predicted cata-
lases (ro04309, ro05275, and ro05938) were two to six times
more highly up-regulated during growth on biphenyl or ethyl-
benzene than on benzoate (12; microarray data, NCBI
GSES5280). Further studies using purified BPDO and EBDO are
required to determine the substrate specificities of these en-
zymes, as well as the coupling of the different substrate trans-
formations to O, and NADH consumption. More generally,
our data contribute to the growing evidence that oxidative
stress is associated with the aerobic catabolism of aromatic
compounds (1, 4, 6, 27, 58).

The current study provides the first evidence of the inde-
pendent regulation of bph and etb genes. In all studies con-
ducted to date, the bph and etb genes of RHAI1 have been
coexpressed. These include transcriptomic studies of cells
grown on ethylbenzene and biphenyl (12) and reports on coin-
duction of multiple isozymes of BphABCDEFG in the pres-
ence of a variety of aromatics, including biphenyl, ethylben-
zene, benzene, toluene, and o-xylene (15, 19, 29, 45, 57). The
current study indicates that during growth on styrene, only the
bphABC genes are induced. The expression of the bph and eth
genes is regulated by two-component regulatory systems in
which BphS phosphorylates BphT in response to the presence
of a range of aromatic compounds (51, 52). Phosphorylated
BphT promotes transcription from at least five bph and etb
promoters. RHAL1 contains two copies of the BphST system, in
which BphS and BphT share 92% and 97% amino acid iden-
tity, respectively. A third BphS paralog shares 65% sequence
identity with the other two. All of the bphST genes are clus-
tered with either the bph or etb catabolic genes. Although the
BphS homologues have different effector specificities, their
effects on the bph and etb promoters are similar (M. Fukuda,
unpublished data). Thus, the mechanism responsible for the
differential regulation of the bph and etb genes by styrene
remains unclear and may involve another regulatory system.

The current study substantiates the previously proposed
pathways for benzene and styrene, respectively, in rhodococci
(38, 56). More specifically, our data indicate that benzene is
transformed to catechol and is then subjected to ortho-cleavage
and that styrene is transformed via direct oxidation of the
aromatic ring to 3-vinylcatechol, which is transformed via
meta-cleavage. The meta-cleavage activity present during
growth on benzene presumably reflects the expression of the
bph- and etb-encoded extradiol dioxygenases coproduced with
BPDO and EBDO. The relative level of ortho-cleavage activity
may be higher at physiologically relevant catechol concentra-
tions, which are expected to be lower than those used in the
assays. Regardless, our data distinguish benzene and styrene
catabolism in rhodococci from that in pseudomonads and
corynebacteria in two respects. First, the latter strains contain
specific Ben and Sty pathways to catabolize these compounds
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(7, 18, 46, 55). Second, these strains initiate the degradation of
styrene via the side chain. It is nevertheless unclear whether
this mode of styrene catabolism is specific to rhodococci or
actinomycetes.

Overall, this study expands our knowledge of the catabolic
capabilities of Bph and Etb pathways in a model Rhodococcus
strain. The simultaneous presence of multiple homologues of
the Bph and Etb enzymes with overlapping, broad substrate
preferences may facilitate the growth of the bacterium on
mixtures of nonpolar aromatic compounds that are normally
present in the environment. While this may lead to oxidative
stress on the organism, it is not clear whether such stress is
significantly higher than that which would occur were the cells
to utilize a higher number of isozymes of narrower substrate
specificity to grow on a mixture of compounds, each present at
low levels. RHAT’s response to the oxidative stress apparently
associated with the broad-specificity ring-hydroxylating dioxy-
genases may contribute to the bacterium’s potent PCB-degrad-
ing properties, as these pollutants cause uncoupling in BPDOs

17).
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