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A gram-positive strong polychlorinated biphenyl (PCB) degrader, Rhodococcus sp. strain RHA1, can degrade
PCBs by cometabolism with biphenyl or ethylbenzene. In RHA1, three sets of aromatic-ring-hydroxylating
dioxygenase genes are induced by biphenyl. The large and small subunits of their terminal dioxygenase
components are encoded by bphAl and bphA2, ethAl and ethbA2, and ebdAl and ebdA2, respectively, and the
deduced amino acid sequences of etbA1 and ethA2 are identical to those of ebd41 and ebdA2, respectively. In this
study, we examined the involvement of the respective subunit genes in biphenyl/PCB degradation by RHAL.
Reverse transcription-PCR and two-dimensional polyacrylamide gel electrophoresis analyses indicated the
induction of RNA and protein products of etbA1 and ebdA1 by biphenyl. Single- and double-disruption mutants
of ethbAl, ebdAl, and bphAl were constructed by insertional inactivation. The 4-chlorobiphenyl (4-CB) degra-
dation activities of all the mutants were lower than that of RHA1. The results indicated that all of these genes
are involved in biphenyl/PCB degradation. Furthermore, we constructed disruption mutants of ebd43 and
bphA3, encoding ferredoxin, and ethA4, encoding ferredoxin reductase components. The 4-CB degradation
activities of these mutants were also lower than that of RHA1, suggesting that all of these genes play a role in
biphenyl/PCB degradation. The substrate preferences of ethbA142/ebdA1A42- and bphA1A42-encoded dioxygenases
for PCB congeners were examined using the corresponding mutants. The results indicated that these dioxy-
genase isozymes have different substrate preferences and that the ethb4142/ebdA142-encoded isozyme is more

active on highly chlorinated congeners than the bph4142-encoded one.

Polychlorinated biphenyls (PCBs) are synthetic compounds
that have excellent chemical stability, insulation properties,
and resistance to combustion, and they have been used in a
wide range of industrial applications. However, since the rev-
elation that PCBs have strong toxicity and are recalcitrant in
the environment, environmental contamination by PCBs has
become a serious worldwide problem. Degradation of PCBs by
microorganisms has been regarded as an effective tool for
removal of PCBs from the environment, and many kinds of
bacteria which degrade PCBs aerobically have been isolated
and characterized (2, 4, 7, 11, 14). These bacteria degrade
PCBs by cometabolism, with PCBs being degraded via the
biphenyl catabolic pathway in the presence of biphenyl (5, 10).
In the initial step of the biphenyl catabolic pathway, biphenyl is
transformed to 2,3-dihydroxy-1-phenylcyclohexa-4,6-diene (di-
hydrodiol compound) by an aromatic-ring-hydroxylating dioxy-
genase (RHDO), biphenyl 2,3-dioxygenase (BDO) (Fig. 1A),
which consists of the large and small subunits of terminal
oxygenase, ferredoxin, and ferredoxin reductase. BDO is a key
enzyme that primarily determines the substrate specificity of
PCB degradation.

Rhodococcus sp. strain RHA1 is a gram-positive strong PCB
degrader. RHA1 can degrade mono- to octachlorobiphenyls by
cometabolism with biphenyl (17). Various genes responsible
for biphenyl and PCB degradation in RHA1 have been iso-
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lated and characterized (8, 12, 13, 15, 19, 20). The
bphA1A243A44 genes encoding BDO were initially isolated
from and characterized for RHA1 (13). Based on results from
PCR amplification of RHDO genes using consensus primers
and Northern hybridization analysis with the amplified frag-
ments as probes, Kitagawa et al. indicated that three RHDO
large-subunit genes are induced by biphenyl in RHA1 (9).
These three genes are bphAI and two other genes. The latter
two genes share an identical nucleotide sequence except for a
single nucleotide, and their deduced amino acid sequences are
identical. These genes were expected to be involved in the PCB
degradation induced by ethylbenzene in RHA1 and RDALI,
which is a bphAl insertion mutant of RHA1 (16), and they
were designated etbAl and ebdAl (18). The nucleotide se-
quences of the flanking regions of these genes were deter-
mined, and it was revealed that the genes are included in the
gene clusters shown in Fig. 1B. Open reading frames (ORFs)
downstream of ethAI and ebdA1, which encode RHDO small
subunits, were designated etbA2 and ebdA2, respectively. Their
nucleotide sequences are completely identical. Furthermore,
an ORF which showed similarity to that for ferredoxin was
found downstream from ebdA1A42 and was designated ebdA3.
The ebdA1A2A3 cluster is located 6 kb downstream from
ethA1A2. In the region located 6 kb upstream from etbA1A42,
an ORF whose gene product exhibited 34.2% identity with that
of bphA4 was found and was designated etbA4. RHAI has
three linear plasmids, pRHL1 (1,100 kb), pRHL2 (450 kb),
and pRHL3 (330 kb). The bphA14243A44 gene cluster is lo-
cated on pRHLI1, and the etbA4, ethA1A2, and ebdA1A2A43
genes are located on pRHL2 (12, 18). Recently, Takeda et al.
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FIG. 1. Components and functions of BDO and proposed pathway
for aerobic degradation of biphenyl (A) and organization of the bph,
etb, and ebd genes (B) in Rhodococcus sp. strain RHA1L. (A) The
proposed electron transfer reactions and the conversion of biphenyl to
benzoate and 2-hydroxypenta-2,4-dienoate are indicated. The BDO
consists of three components, including a terminal oxygenase complex
of large and small subunits, a ferredoxin, and a ferredoxin reductase.
The complex catalyzes the dihydroxylation of biphenyl and is prefer-
entially involved in the determination of substrate specificity. Ferre-
doxin and ferredoxin reductase promote electron transfer from NADH
to the large- and small-subunit complex. Compounds: I, biphenyl; 1I,
cis-(2R,3S5)-dihydroxy-1-phenylcyclohexa-4,6-diene (dihydrodiol); III,
2,3-dihydroxybiphenyl (2,3-DHBP); IV, 2-hydroxy-6-oxo-6-phenyl-
hexa-2,4-dienoate (meta-cleavage compound [HOPD]); V, benzoate;
VI, 2-hydroxypenta-2,4-dienoate. Enzymes: BphB, dihydrodiol dehy-
drogenase; BphC, 2,3-DHBP 1,2-dioxygenase; BphD, HOPD hydro-
lase. (B) Arrows indicate ORFs. The filled arrows represent the ORFs
encoding BDO subunits. The names of the genes are indicated below
the arrows. The etbA4 gene is located 6.0 kb upstream from etbA1. The
bphAl, ebdAl, and ethA1 genes encode the large subunit of BDO, the
bphA2, ebdA2, and ethA2 genes encode the small subunit of BDO,
bphA3 and ebdA3 encode the ferredoxin, and bphA4 and etbA4 encode
the ferredoxin reductase. The plasmid location of each gene segment
is indicated on the right. Abbreviations: B, BamHI; E, EcoRI; H,
HindIII; M, Mlul; P, Pstl; S, Stul.

MULTIPLE BIPHENYL DIOXYGENASE GENES IN PCB DEGRADER 5397

indicated that the gene clusters including bphA1, etbAl, ebdAl,
and etbA4 are under the control of the bphST-encoded two-
component regulatory system and are inducibly transcribed in
the presence of biphenyl (18). The BphST system is also re-
sponsible for transcriptional induction by ethylbenzene, tolu-
ene, and other aromatic compounds (19).

In this paper, we examine the involvement of the RHDO
genes in the biphenyl/PCB degradation activity of RHA1. We
constructed single- and double-disruption mutants of RHDO
large-subunit genes and investigated the 4-chlorobiphenyl (4-
CB) degradation activities of these mutants. In addition, we
constructed insertion mutants of electron transfer component
genes. Our results revealed that all of these genes are involved
in biphenyl/PCB degradation activity in RHAL.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. Vector plasmids pFAJ2574 (3),
pK4 (6), and pBsRG6 (8) were used as sources for plasmid construction. Rhodo-
coccus strains were grown in Luria-Bertani (LB) medium, 1/5 LB medium (2 g of
Bacto tryptone, 1 g of Bacto yeast extract, 5 g of NaCl per liter), 1/3 LB medium
(3.33 g of Bacto tryptone, 1.66 g of Bacto yeast extract, 5 g of NaCl per liter), or
W minimal medium (13) with biphenyl or vapor of ethylbenzene at 30°C. Esch-
erichia coli JM109 was used as a host strain and was grown in LB medium
at 37°C.

RT-PCR. Total RNA of RHA1 was prepared from cells grown on biphenyl,
ethylbenzene, or LB medium as described by Ausubel et al. (1). Reverse tran-
scription-PCR (RT-PCR) was carried out using a BcaBest RNA PCR kit, version
1.1 (Takara Shuzo, Kyoto, Japan), according to the manufacturer’s instructions.
Forward primers were designed using the sequences 32 to 55 bp and 29 to 46 bp
upstream from the etbA1 and ebdA1 start codons, respectively. These sequences
are located downstream from the transcriptional start site of each gene (18). The
etbAl forward, ebdAl forward, and common reverse primer sequences were
5'-CGTTCACAAATAGTCGCAATTACG-3', 5'-GACCATTTGCCGTGCTG
G-3', and 5'-CGATGCGGACAAGAATTCG-3', respectively. The expected
sizes of the PCR products for etbAl and ebdAl were 330 bp and 321 bp,
respectively. To check that the primer pair for etbA1 or ebdA1 did not amplify the
other gene, pETQ1 and pHXI11, carrying etbAl and ebdAI, respectively, were
used as template DNAs.

2-D PAGE. RHA1 was grown in 500 ml of 1/5 LB medium to an optical density
at 600 nm (ODg) of approximately 1.5. The cells were harvested by centrifu-
gation, washed twice with 5 ml of W minimal medium, and resuspended in W
minimal medium to give an ODy, of 1.5. The cell suspension was incubated for
16 h with biphenyl at 30°C. The cells were then harvested by centrifugation,
washed twice with 5 ml of 25 mM potassium phosphate buffer (pH 7.0), and
resuspended in 10 ml of 25 mM potassium phosphate buffer (pH 7.0). They were
disrupted by a single passage through a French press (SLM-Aminco, Rochester,
NY) at an operating pressure of 20,000 Ib/in>. Cell debris was removed by
centrifugation (30,000 X g, 4°C, 15 min). The clear supernatant fluid was used for
two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) as a protein
sample. The concentration of protein in a sample was determined by means of a
protein assay kit (Bio-Rad Laboratories, Hercules, Calif.), using bovine serum
albumin as a standard. 2-D PAGE was carried out using a Mini-PROTEAN II
2-D cell (Bio-Rad Laboratories) according to the instructions of the manufac-
turer. Proteins (0.06 to 0.255 mg) were separated in the first dimension by
isoelectric focusing on a pl gradient ranging from 4 to 7 and then further
separated in the second dimension by sodium dodecyl sulfate-PAGE with a 12%
polyacrylamide gel. After the second-dimension gel electrophoresis, the proteins
were stained with a Coomassie brilliant blue R250 or silver stain kit (ATTO,
Tokyo, Japan).

N-terminal amino acid sequencing. The gel pieces containing target proteins
were excised from the Coomassie brilliant blue-stained second-dimension gel
and subjected to sodium dodecyl sulfate-PAGE analysis. After electrophoresis,
the target proteins were blotted electrically onto a polyvinylidene difluoride
membrane at 20 V for 1 h using a Trans-Blot SD cell (Bio-Rad). The part of the
polyvinylidene difluoride membrane containing the target protein was excised
and applied directly to a PPSQ-23 protein sequencer (Shimadzu, Kyoto, Japan).

Gene disruption. The strategy for gene disruption in RHA1 was described
previously (8). To construct single-insertion mutants, the 761-bp Stul-Pvull,
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid Relevant characteristic(s)” Reference
Strains
Rhodococcus sp. strain RHA1 Wild type; BPH" ETB* 17
Rhodococcus sp. strain HDT1 Mutant derivative of RHAT; aphll gene insertion mutant of etbA1; Km" This study
Rhodococcus sp. strain HDB1 Mutant derivative of RHAL; aphll gene insertion mutant of ebdA1; Km* This study
Rhodococcus sp. strain HDA1 Mutant derivative of RHAT1; aphll gene insertion mutant of bphA1l; Km" This study
Rhodococcus sp. strain HDB3 Mutant derivative of RHAL; aphll gene insertion mutant of ebdA3; Km* This study
Rhodococcus sp. strain HDA3 Mutant derivative of RHAT1; aphll gene insertion mutant of bphA3; Km" This study
Rhodococcus sp. strain HDT4 Mutant derivative of RHAL; aphll gene insertion mutant of etbA4; Km* This study
Rhodococcus sp. strain HDAT1 Mutant derivative of HDA1; cmrA gene insertion mutant of etbA7; Km' Cm" This study
Rhodococcus sp. strain HDAB1 Mutant derivative of HDA1; cmrA gene insertion mutant of ebd41; Km" Cm* This study
Rhodococcus sp. strain HDBT1 Mutant derivative of HDB1; cmrA gene insertion mutant of etbA7; Km" Cm" This study
Rhodococcus sp. strain HDAB33 Mutant derivative of HDA3; cmrA gene insertion mutant of ebd43; Km" Cm* This study
Escherichia coli IM109 recAl endAl gyrA96 thi-1 hsdR17(ry my ) el4 (mcrA) supE44 relAl A(lac-proAB)
[F’ traD36 proAB lacI"ZAM15]
Plasmids

pBluescript II SK(+) Cloning vector; Ap" Stratagene
pETQ1 pUCI119 with 10.0-kb HindIII fragment of RHAI carrying etbA1A2C and bphDI This study
pHX11 pUC119 with 3.8-kb Xhol fragment of RHA1 carrying ebdA142A43 This study
pKdtsr pK4 with insertion of tsr gene from pBsRG6; Km" Ts" This study
pBlueKm pBluescript II SK(+) with insertion of aphll gene; Ap" Km" This study
pBKE2 pBlueKm containing a 761-bp Stul-Pvull etbA1 internal fragment This study
pBAK1 pBlueKm containing a 1,099-bp Eco52I bphAI internal fragment This study
pBKEA3 pBlueKm containing a 330-bp AatlI-Narl ebdA3 internal fragment This study
pBKBA3 pBlueKm containing a 302-bp PCR-amplified bphA3 internal fragment This study
pBKA4-2 pBlueKm containing a 731-bp Mlul-Smal etbA4 internal fragment This study
pBlueCm pBluescript II SK(+) with insertion of cmr4 gene; Ap" Cm" This study
pBCEA1 pBlueCm containing a 761-bp Stul-Pvull etbAI internal fragment This study
pBCEB3 pBlueCm containing a 330-bp AatlI-Narl ebdA3 internal fragment This study
pK4TEB1 pKétsr with 2.3-kb BamHI-MIul fragment of RHA1 carrying ebdA1 This study
pK4TEB3 pKdtsr with 1.0-kb EcoRV-Kpnl fragment of RHAL1 carrying ebdA3 This study
pK4TBA21 pKdtsr with 2.7-kb EcoRI-NspV fragment of RHAI carrying bphAI This study
pK4TBA3 pKdtsr with 0.5-kb NspV-Stul fragment of RHA1 carrying bphA3 This study
pK4TBA4-2 pK4tsr with 2.0-kb BglII-HindIII fragment of RHA1 carrying etbA4 This study

“BPH™, growth on biphenyl; ETB*, growth on ethylbenzene; Ap’, ampicillin resistance; Cm", chloramphenicol resistance; Km’, kanamycin resistance; Ts",

thiostrepton resistance.

1,099-bp Eco521, 330-bp AatlI-Narl, and 731-bp Mlul-Smal fragments contain-
ing the internal segments of ethbA1, bphAIl, ebdA3, and etbA4, respectively, were
inserted into pBlueKm, which is a pBluescript IT SK(+) derivative harboring the
aphll gene. The internal segment of bphA3 was amplified using the bphA3-F
(5'-CCTCACAAAGATATGCAGCTCCGG-3') and bphA3-Rs (5'-CCTCTGC
TGCAAGAGCACCTGGAGATC-3") primer pair and was inserted into
pBlueKm. The resulting plasmids, pBKE2, pBAK1, pBKEA3, pBKA4-2, and
pBKBAZ3, respectively, were introduced independently into RHAT cells by elec-
troporation. Transformants were selected on 1/3 LB agar plates containing 50 mg
of kanamycin per liter and were subjected to Southern hybridization analysis in
order to examine the insertion of pBKE2, pBAKI1, pBKEA3, pBKA4-2, and
pBKBAS3 into ethbAl, bphAl, ebdA3, etbA4, and bphA3, respectively, by single
crossovers. Because ebdA1 is identical to etbAl, an ebdA1 insertion was selected
along with an etbA1I insertion. In an insertion mutant, a pBlueKm segment is
expected to be sandwiched between a pair of genes inactivated by terminal
deletions.

To construct double-insertion mutants, the 761-bp Stul-Pvull and 330-bp
AatII-Narl fragments containing the internal segments of ethAl and ebdA3,
respectively, were inserted into pBlueCm, which is a pBluescript II SK(+) de-
rivative harboring the cmrA gene (3). The resulting plasmids, pPBCEA1 and
pBCEBS3, respectively, were introduced independently into the cells of a single-
insertion mutant by electroporation. Transformants were selected on 1/3 LB agar
plates containing 50 mg of kanamycin and 15 mg of chloramphenicol per liter
and were subjected to Southern hybridization analysis to examine the insertion of
pBCEA1 and pBCEBS3 into etbAI or ebdAl1 and ebdA3 by single crossover.

Resting cell assay. RHA1 and its insertion mutants were grown on 1/5 LB
medium at 30°C to give an ODy, of 0.2, and then the degradation genes were
induced by incubation with vapor of ethylbenzene for another 16 h. Cells were
collected by centrifugation, washed twice with 2 ml of W minimal medium, and
resuspended in W minimal medium to give an ODy, of 1.0. One milliliter of cell

suspension was preincubated for 5 min at 30°C and was incubated in a sealed
4.5-ml glass vial with shaking at 30°C after the addition of 50 nmol of 4-CB or 1
ppm each of PCB congeners. The cell suspensions of single- and double-disrup-
tion mutants were incubated for 60 and 120 min, respectively, with 4-CB and for
24 h with PCB congeners. Control cells were inactivated by being autoclaved at
121°C for 15 min prior to the addition of substrate. To stop the reaction, 0.1 ml
of 6 N HCI was added to the mix, and 50 nmol of phenanthrene or 5 nmol of
4-chlorobiphenyl was added as an internal standard. After the addition of NaCl
to saturation, 3 ml of ethyl acetate was added to the mixture, which was then
mixed on a vortex mixer for 1 min. The supernatant was recovered, dehydrated
with sodium sulfate, evaporated, and dissolved in 0.1 ml of ethyl acetate. One
microliter of extract was analyzed by gas chromatography-mass spectrometry
(GC-MS) (model 5971A; Agilent Technologies Co., Palo Alto, Calif.), using an
Ultra-2 capillary column (50 m by 0.2 mm; Agilent Technologies Co.) as de-
scribed previously (17).

RESULTS AND DISCUSSION

Expression of ethbAl and ebdAl1 in RHA1L. To discriminate
between the etbAIl and ebdAl transcripts, RT-PCR analysis
was performed with RNAs from RHA1 cells grown on biphe-
nyl, ethylbenzene, or LB, using the sequences upstream from
ethAl and ebdAl as one of the primers, since the sequences
upstream from these two genes are different. The etb47 and
ebdAl forward primers were designed using the sequences
downstream from the transcriptional start site of each gene, as
determined by Takeda et al. (18). The primer pair for etbA1



VoL. 72, 2006

A
KDa 5.1 pl 5.5
66.0 Y
[
46.04 N :’ Etba1 V@
W * EbdA1
EtbC
_ EtbA4 i E
30.0 1 ¥ e
B
kDa 5;1 pl 5;5
66.0 4 - g
I—S S w—
46.0 4 ~®- e EpaI ¥ e
EthC --—,\, - EbdA1
: + I%A4 -
30.0 1 - s .
- =

FIG. 2. Two-dimensional polyacrylamide gel electrophoresis anal-
ysis of soluble proteins from RHAL cells before (A) and after (B) in-
cubation in the presence of biphenyl for 16 h. Proteins were separated
in an isoelectric point (pI) gradient from 4 to 7 and then in a 12%
polyacrylamide gel, after which they were stained with Coomassie
brilliant blue R250. The area of the pI gradient from 5.1 to 5.5 and of
molecular mass from 30.0 to 66.0 kDa is shown. The pI and molecular
mass scales are indicated at the top and left of each panel, respectively.

did not produce any PCR product with ebdA1 plasmid DNA as
the template, and that for ebd41 produced no PCR product
with etbA1 plasmid DNA as the template (data not shown).
When total RNAs of the cells grown on biphenyl or ethylben-
zene were used as templates, PCR products with the expected
sizes for etbA1 and ebdA1 were obtained. No PCR product was
obtained from the cells grown in LB medium (data not shown).
Takeda et al. indicated the induction of bphAI gene transcrip-
tion in the presence of biphenyl or ethylbenzene by RT-PCR
(19) and suggested that transcription from five adjacent pro-
moters upstream from the degradation gene clusters contain-
ing etbAl, ebdAl1, and bphAl is coordinately controlled by the
BphST system (18). The BphST system induced transcription
beginning with each of the five promoters in response to ethyl-
benzene and other aromatic compounds as well as biphenyl
(19). Our results indicated that ethAl and ebdAl as well as
bphAI are inducibly transcribed in the presence of biphenyl or
ethylbenzene.

To verify the protein products of etbA1 and ebdAI in RHA1
induced during incubation with biphenyl, we performed 2-D
PAGE (Fig. 2). The results for protein samples from the cells
grown on biphenyl revealed the identity of a protein spot
whose molecular mass and isoelectric point (pI) were 51 kDa
and 5.5, respectively (Fig. 2B). These values were very close to
those of 51.7 kDa and 5.2, respectively, which were estimated
from the amino acid sequence of EtbA1/EbdA1l. The N-termi-
nal amino acid sequence of the protein from this spot was
determined, and the obtained sequence, MLXSEXFSPG (X is
an unknown), was correspondent with the sequence of EtbAl
and EbdAl (MLRSERFSPG). These results indicated that
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either etbA1, ebdA1, or both are inducibly expressed as a pro-
tein product in RHA1 grown on biphenyl. In addition to
EtbA1/EbdAl, 15 protein spots were unique to the cells grown
on biphenyl in comparison to those grown in LB medium. One
spot with a molecular mass of 34 kDa and a pl of 4.8 was
assigned as the EtbC dioxygenase protein based on its deduced
molecular mass, pl, and N-terminal amino acid sequence,
AKVTELGYL. Another spot with a molecular mass of 45 kDa
and a pI of 5.1 was estimated to be EtbA4, whose deduced
molecular mass and pl are 44 kDa and 4.9, respectively (Fig. 2B).

Disruption of genes encoding RHDO large subunits. To
examine whether the etbA and ebdA genes are really involved
in biphenyl/PCB degradation, etbA1 and ebdAI were indepen-
dently disrupted by insertional inactivation using homologous
recombination as described in Materials and Methods. The
bphAI gene, which was proved to be involved in biphenyl/PCB
degradation in RHA1 (13, 16), was also disrupted by the same
method. The ethA1, ebdAl1, and bphA1 insertion mutants were
designated HDT1, HDBI, and HDALI, respectively.

The degradation activity toward 4-CB of each insertion mu-
tant was investigated by GC-MS. Autoclaved cells were used as
a negative control. The degradation activities of HDB1 and
HDA1 were diminished, and the reduction of 4-CB by either of
these insertion mutants was half that by RHA1 after 30 min
(Fig. 3A). The activity of HDT1 was only slightly lower than
that of RHAL1 (Fig. 3A). Taking into account the polar effect
exerted on the activities of genes downstream from the inac-
tivated gene, these results suggested that the ethA41, ebdA1, and
bphAl genes and/or the genes downstream from them are
involved in biphenyl/PCB degradation.

To examine whether the reduction of 4-CB degradation ac-
tivity was caused by the inactivated gene, a wild-type gene was
introduced into the mutant to complement each mutation. A
plasmid, pK4TEBI, containing ebdA! and its promoter region
was introduced into the etbA1 mutant, HDT1, and the ebdA1
mutant, HDBI1, by electroporation. pK4TBA21, containing
bphAI and its promoter region, was introduced into the bphA1
mutant, HDA1. The degradation activity of each recombinant
was then examined. However, none of the 4-CB degradation
activities of the insertion mutants were restored (Fig. 3A). In
the case of HDAI, the introduction of pK4TBA21 resulted in
a further reduction of degradation activity. Excluding the case
of HDALI, these results suggested that the expression of
RHDO subunit genes located downstream from etbAI and
ebdA1 was suppressed by a polar effect. In the case of HDAI,
containing the bphAI plasmid, the impaired high-level expres-
sion of a terminal dioxygenase subunit appears to have resulted
in the formation of an inactive heterologous complex between
BphAl and EtbA2/EbdA2.

Double disruption of three RHDO large-subunit genes. Be-
cause the insertion mutants mentioned above did not provide
sufficient evidence that RHDO terminal oxygenase component
genes play a role in biphenyl/PCB degradation in RHAI, we
performed double-disruption experiments. The double-inser-
tion ethbA1 bphA1 and ebdA1 bphAI mutants were constructed
by using the bphA1 mutant, HDAI, as the parent strain and
were designated HDAT1 and HDABI, respectively. The dou-
ble-insertion ethA1 ebdA1 mutant, designated HDBT1, was
constructed from the ebd41 mutant, HDB1.

After examining the ability of the single-disruption mutants
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FIG. 3. 4-Chlorobiphenyl degradation activities of RHA1 and
RHDO large-subunit mutants. The results for single-insertion mutants
(A) and double-insertion mutants (B) are presented. The remaining
amount of 4-chlorobiphenyl was determined by gas chromatography-
mass spectrometry. The degradation activities of the derivatives har-
boring plasmids containing wild-type genes are also shown. Each value
is the mean of triplicate independent experiments, with the standard
deviation indicated by error bars. Symbols are explained to the right of
the panels. Plasmids are indicated in parentheses, and the mutation
genotype of a strain and the wild-type gene in a plasmid are indicated
in square brackets.

to degrade 4-CB, we investigated the 4-CB degradation activity
of each double-insertion mutant. The degradation activity of
HDAT1 was lower than that of its parent strain, HDA1, and
was one-quarter that of RHA1 (Fig. 3B). This degradation
activity was estimated to depend solely on the ebdA1A42-en-
coded terminal oxygenase component (EbdA1A2 component),
suggesting that the EbdA1A2 component plays a part in bi-
phenyl/PCB degradation in RHA1L. Because HDAT1 was con-
structed with the etbA1 inactivation of HDAI, the reduction of
degradation activity appears to have originated from the inac-
tivation of etbAI. Thus, the terminal oxygenase component
encoded by etbA142 (EtbA1A2 component) appears to play an
important role in biphenyl/PCB degradation in RHA1. On the
other hand, the 4-CB degradation activity of HDABI was
approximately equal to that of the negative control, irrespec-
tive of the presence of intact etbA142 (Fig. 3B). For HDABI,
it was suggested that the expression of both bphA3 and ebdA3
was inhibited by the polar effect caused by the respective in-
sertions into bphAI and ebdAl, respectively. Because of the
absence of the electron transfer component, the EtbA1A2
component, which is intact in HDABI, appears to have lost its
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activity. This notion was supported by the introduction of plas-
mid pK4TEB3, containing ebdA3, into HDABI. The degrada-
tion activity of HDABI1 was restored by the introduction of
pK4TEB3 to a level approximately equal to that of HDAT1
(Fig. 3B). These results again indicated that the EtbA1A2
component is involved in biphenyl/PCB degradation in RHAIL.
For HDABI, we conjectured that not only the bphA3 gene but
also the adjacent bphA4 gene is inhibited by the polar effect.
However, the introduction of the sole ebdA3 gene restored the
activity of HDABI. These results suggested that another ferre-
doxin reductase gene, probably etbA4, plays a role in biphenyl/
PCB degradation.

The degradation activity of HDBT1 was estimated to de-
pend solely on bphA1A2, which confirmed that the bphA1A42-
encoded terminal oxygenase component is functional in biphe-
nyl/PCB degradation in RHA1. HDBT1 exhibited almost the
same activity as its parent strain, HDB1 (Fig. 3B), although
intact ethA1A2 existed in HDBI1. These results may suggest
that the sole electron transfer components in HDB1 encoded
by bphA3 and bphA4 are not sufficient to account for the
obvious activity of the etb4142-encoded dioxygenase.

Disruption of two RHDO ferredoxin genes and a ferredoxin
reductase gene. As previously mentioned, ebdA43 and ethbA4,
which encode a ferredoxin and a ferredoxin reductase, respec-
tively, are thought to be involved in biphenyl/PCB degradation
in RHA1. To confirm this involvement, we disrupted these
genes by the same method used for the disruption of the
RHDO large subunits. The bphA3 gene was also disrupted by
the same method. The ebdA3, etbA4, and bphA3 insertion
mutants were designated HDB3, HDT4, and HDA3, respec-
tively. We also made repeated attempts to construct a corre-
sponding insertion mutant of bphA4, but these failed.

The ability of each insertion mutant to degrade 4-CB was
investigated by GC-MS. The degradation activities of the ferre-
doxin gene mutants were diminished, with HDB3 and HDA3
realizing one-third and one-half of the 4-CB reduction
achieved by RHAL, respectively (Fig. 4). To examine whether
the reduction of 4-CB degradation activity was caused by the
inactivated gene, a wild-type gene was inserted next to the
bphAI promoter in vector pK4tsr, which was introduced into
the mutant to complement each mutation. Plasmid pK4TEB3,
containing ebdA3, and pK4TBA3, containing bphA3, were in-
dependently introduced into HDB3 and HDA3, respectively,
by electroporation. The 4-CB degradation activities of both
HDB3 and HDA3 were restored by the introduction of either
ebdA3 or bphA3 (Fig. 4A and B). These results indicated that
both ferredoxin genes, bphA3 and ebdA3, are involved in bi-
phenyl/PCB degradation. A double-insertion ebdA3 bphA3
mutant was also constructed by using HDA3 as the parent
strain and was designated HDAB33. The 4-CB degradation
activity of HDAB33 was approximately equal to that of the
negative control (Fig. 4B), suggesting that EbdA3 and BphA3
are the only dominant ferredoxin components involved in bi-
phenyl/PCB degradation in RHAL.

The degradation activity of the ferredoxin reductase mutant
HDT4 was diminished to about half that of RHA1 (Fig. 4C).
To complement the etbA4 gene deficiency, pK4TBA4-2, con-
taining ethA4 and its promoter region, was introduced into
HDT4 by electroporation. The 4-CB degradation activity of
HDT4 was restored by introduction of the ethA4 gene (Fig.
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FIG. 4. 4-Chlorobiphenyl degradation activities of mutant strains
with insertion mutations in RHDO electron transfer components. The
results for HDB3 (A), HDA3 (B), and HDT4 (C), with insertion
mutations in ebdA3, bphA3, and etbA4, respectively, are presented. The
remaining amount of 4-chlorobiphenyl was determined by gas chro-
matography-mass spectrometry. The degradation activities of the
strains harboring plasmids for complementation are also shown. Each
value is the mean of triplicate independent experiments, with the
standard deviation indicated by error bars. Symbols are explained to
the right of the panels. Plasmids are indicated in parentheses, and the
mutation genotype of a strain and the wild-type gene in a plasmid are
indicated in square brackets.

4C). These results indicated that a ferredoxin reductase gene
of RHDO, etbA4, is involved in biphenyl/PCB degradation in
RHAL.

Transformation of PCB congeners by insertion mutants. It
is known that the large subunits of terminal oxygenase com-
ponents are major determinants of the substrate preference of
the RHDO. In consideration of the low sequence similarity
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FIG. 5. Degradation of PCB congeners by RHA1 (black bars), by
the bphA1 mutant, HDA1 (gray bars), and by the etbA1 ebdA1 double
knockout, HDBT1 (white bars). Solution A consisted of five mainly
ortho-substituted PCB congeners, 2,2'-dichlorobiphenyl, 2,3-dichloro-
biphenyl, 2,5,2'-trichlorobiphenyl, 2,5,2’,5'-tetrachlorobiphenyl, and
2,4,5,2',5"-pentachlorobiphenyl. Solution B consisted of five mainly
para-substituted PCB congeners, 4,4'-dichlorobiphenyl, 2,4,2" 4’-tetra-
chlorobiphenyl, 2,4,3’,4'-tetrachlorobiphenyl, 3,4,3’,4’-tetrachlorobi-
phenyl, and 2,4,5,2,4",5'-hexachlorobiphenyl. Each value is the mean
of triplicate independent experiments, with the standard deviation
indicated by error bars.

between EtbA1A2/EbdA1A2 and BphA1A2, it was expected
that the substrate preferences would differ between EtbA/
EbdA and BphA dioxygenase species. Therefore, the substrate
preferences of EtbA/EbdA and BphA for PCB congeners were
investigated by using the insertion mutants. The bphAI mutant,
HDAI, and the ethA1 ebdA1 mutant, HDBT1, were employed
as EtbA/EbdA- and BphA-expressing strains, respectively. A
mixture of five ortho-substituted PCB congeners that consisted
of 2,2'-,2,3-, 2,5,2"-, 2,52',5"-, and 2,4,5,2',5"-chlorobiphenyl
(solution A) and a mixture of five para-substituted PCB con-
geners that consisted of 4,4'-, 2,42 4'- 243" 4"- 343" 4'-,
and 2,4,5,2',4',5'-chlorobiphenyl (solution B) were used as
substrates. The results are shown in Fig. 5. Although the deg-
radation activity of HDA1 was lower than that of RHAI, the
substrate preference of EtbA/EbdA-expressing HDA1 was al-
most identical to that of RHA1. On the other hand, BphA-
expressing HDBT1 showed extremely low degradation activities
toward 2,4,2' 4'-, 2,4,3'4'-,2,52',5'-, and 2,4,5,2',5'-chlorobi-
phenyls. The results for HDBT1 were almost correspondent
with those obtained by using Rhodococcus erythropolis
IAM1399 expressing bphA1424A3A44 (16). These results indi-
cated that EtbA/EbdA and BphA have different substrate pref-
erences for PCB congeners and suggested that EtbA/EbdA
plays an important role in the degradation of highly chlori-
nated biphenyls. BphA appears to play a role in the degrada-
tion of PCBs to some extent, because HDBT1 showed good
activities toward 2,2'-, 2,3-, and 2,5,2’-chlorobiphenyls in addi-
tion to 4-CB (Fig. 3 shows the data for 4-CB).

Multiple isozyme genes for biphenyl/PCB degradation in
Rhodococcus strains have been reported (9, 11, 18). However,
the potential involvement of these isozyme genes in degrada-
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tion has not been investigated. To our knowledge, this is the
first report to demonstrate the cooperative involvement of
multiple RHDO isozymes encoded by the bphA, etbA, and
ebdA genes in a single PCB-degrading bacterium. These genes
were indicated to be under the control of the bphST regulatory
system, which has a broad substrate spectrum for transcription
induction (18, 19). Thus, these isozymes might be simulta-
neously involved in the catabolism of substrates other than
biphenyl.
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