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The DNA region encoding biphenyl dioxygenase, the first enzyme in the biphenyl-polychlorinated biphenyl
degradation pathway of Pseudomonas species strain LB400, was sequenced. Six open reading frames were
identified, four of which are homologous to the components of toluene dioxygenase from Pseudomonas putida
F1 and have been named bphA, bphE, bphF, and bphG. From this comparison, biphenyl dioxygenase was found
to be a multicomponent enzyme containing a two-subunit iron-sulfur protein, a ferredoxin, and a reductase.
Comparison of the large subunit of the iron-sulfur protein and the ferredoxin with other multicomponent
dioxygenases identified amino acid sequences similar to Rieske iron-sulfur proteins for binding a [2Fe-2S]
cluster. Sequences have also been identified in the reductase component that match the consensus sequence for
FAD or NAD binding. Transcription of the biphenyl dioxygenase region was examined, and three transcription
initiation sites were identified. Transcription initiating at the site furthest upstream is greatly increased when
the LB400 cells are grown on biphenyl as the sole carbon source.

Polychlorinated biphenyls (PCBs) are a group of man-
made compounds composed of biphenyl molecules contain-
ing from 1 to 10 chlorines. Depending on the number and
position of the chlorines, it is possible to produce 209
different PCB congeners. The vast majority of PCBs in the
environment are derived from commercial mixtures (e.g.,
Aroclors) which contain 60 to 80 different congeners (24).
Bacteria able to degrade PCBs are relatively common;
however, in most cases, these organisms have a narrow
substrate specificity which allows them to degrade only a
small number of lightly chlorinated PCBs (1, 3, 7, 10, 16, 26,
28). Such strains are of limited usefulness for bioremediation
as they are unable to degrade many of the congeners found
in commercial PCB mixtures. Pseudomonas sp. strain
LB400 is a potentially valuable organism as it is able to
oxidize a wide variety of PCB congeners up to and including
hexachlorobiphenyls (4).

The major pathway for PCB and biphenyl degradation by
strain LB400 is a four-step process initiated by the insertion
of two atoms of oxygen at carbon positions 2 and 3 by
biphenyl dioxygenase (a 2,3-dioxygenase). The resulting
2,3-dihydrodiol is then converted by dihydrodiol dehydroge-
nase to 2,3-dihydroxybiphenyl, which is transformed by
2,3-dihydroxybiphenyl dioxygenase to 2-hydroxy-6-oxo-6-
phenylhexa-2,4-dienoic acid via a meta-cleavage reaction. A
hydrase reaction converts this compound to the correspond-
ing benzoic acid (20).

Unlike nearly all other PCB-degrading bacteria, LB400
also has a 3,4-dioxygenase activity resulting in the insertion
of oxygen atoms at the 3 and 4 carbon positions. Thus far,
this ability has only been demonstrated against 2,5,2',5'-
tetrachlorobiphenyl, a congener with no unchlorinated 2,3
sites (20). Since mutations which inactivate the 2,3-dioxy-
genase also eliminate 3,4-dioxygenase activity, it is possible
that both originate from a single enzyme. Alternatively, it
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may be that these activities are due to different enzymes
which are coregulated or that share subunits.

It has been demonstrated that differences in PCB congener
specificity among bacteria reflect differences in the genes
encoding their PCB-degrading enzymes (the bph genes). In a
previous report, we have described the cloning and charac-
terization of the bph genes from strain LB400 (19). Southern
hybridization experiments were used to test a variety of
PCB-degrading bacteria for the presence of DNA sequences
similar to any of the LB400 bph genes. No significant
hybridization was detected to strains exhibiting congener
specificity different from that of LB400 (30). This suggests
the existence of at least two analogous 2,3-dioxygenase
pathways encoded by significantly different gene sets. A
bacterium (Alcaligenes eutrophus H850) with PCB-degrad-
ing ability very similar to that of LB400 contained bph genes
which hybridized strongly to those of LB400 (30).

Biphenyl/PCB dioxygenase plays a critical role in PCB
degradation by catalyzing the first step in the oxidative
pathway and hence determining congener specificity. The
exceptional activity of the biphenyl dioxygenase of strain
LB400 has led us to study the structure and function of the
genes encoding this enzyme. In this report, we describe the
nucleotide sequence of these genes and their relationship to
those of other dioxygenases. In addition, we used S1 nucle-
ase mapping to examine the transcription of the biphenyl
dioxygenase genes under a variety of conditions.

MATERIALS AND METHODS

Nucleotide sequencing. Two adjacent DNA fragments en-
compassing the biphenyl-PCB dioxygenase genes were sub-
mitted to LARK Sequencing Technologies, Dallas, Tex., for
nucleotide sequencing. These were the 2.85-kb EcoRI frag-
ment from pGEM453.1 and the 2.7-kb Xmal fragment of
pGEMA454 (19). The additional sequencing beyond the Xmal
(Smal) site was obtained bjy using a Sequenase kit (U.S.
Biochemical Corp.) and a->*S-dATP (Du Pont, NEN Re-
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1 GAATTCCGCGAAGAACACCAGTTGGCCGTGCGGCGTGGCCGCCGCACCTTCGTCCCAGCGCACGTGCATGCGCCCGCCCAGCGTGTCCACGATCTGEGEE 100
101 TGGACGGGCTCATGGCCTGCCCTTGGACGCGCCGCCAGCGCCTTGCGTCTTGCTTCACCCATCGGGTGAGTGTGCCAAAACCGCGCAAAGCCGCAACTGE 200
201 ACTGGCTCAGCGCCCGATCACGGTCGAGCAACTGCCGGATTTAGGATCATCCAAAACGATGTGGGAGCGGCTGAAACCCGTCAGGGATCGCCCGAACCGE 300
301 AAGTCGTGTCAAGTTCCACCTGTACCTGATCCTGGATTTGTACAGCCGCAAGATCGTGGGTGCCGAGGTGCACGACAGCGACGAATCTGTGCATGCCGTG 400

401 CATCTGGTGCGGCGCACCGCACTGGCCGAGGGCATCGCAGCGATGGACACCAAACCCGTACTAAGACCTTTCCTAGGGTTTTCACTCAGGTATGGATGTC 500

501 GAATGTCGATAATAATATCAACATTATGACGAGCCACTTGCTATCGAAGCCTGATTCAGTCCGCGCTGAAATGTGGGGAAATTTTCTGTAATGACCAGGT 600
.orf0 .

601 GAGAAATGCAATGAATGCGAGAACTCCAAACAGCCTCACCATGGGAGGCGACAAGTCATTTGCGGATGCGTCGCCGGTGCCCATCGCGAACGTGCGCAGE 700
M XNARTTPNSTLTMGGODTXKSTFADA ASTPEPVETIANTYTERS

701 CTGATTGAGGCGACGTTTCAGCGGTTGCGGGCGGACATCGTGGAGGGGCGACTCGCTGCTGECTCCAGACTCGCCATTGAAGATCTCAAGTCGCGCTATG 800
L1 IEATTFOQRTLTPRADTIVTETSGT RTELAALGSTPRTLATLITETDTELTEKSTST RYE

801 AGGTTAGCGGCGGGACCGTGCGGGAGGCGCTTTCCCTGCTGGTGGCCAATAACCT GGTGCAGACACAGGCCCAGCGTGGATTTCATGTGACCCCCATGTC 900
VSGGTVREA AL STLTLTVANNTLTYVO QTG QA QRTGEGTFTHVTTPMS

901 TCTGGATGACATGCGTGATCTGGCCGCCACGCGGATCGCGCTTGAGTGCGAAGCGCTGCGCCANAGTGTGCTGAATGGCGACGCCGAATGGGAGGCGCGE 1000
LDDMBRGDTILAATR RTIALTETCTEA ATLTP RS OSTVTELNTSGDA ATETMHEAR R

1001 GTTGTCAGTTCGTATCACCGGCTCTCGCTCCTCGACGAGCGCACGATGCGCGATCCGGTTCACTTGTTCAATCAGTGGGAGCAAGCCAACCGCGACTTTC 1100
VVSsSSYHRTLSTLTLDTETRTMRDTPVGHLTFTNTG GQMWETG A ANTERTDTFH

1101 ACGAAGCCCTGATCTCAGCCTGTTCATCCGCCTGGACCCAGCGGTTCCTGTCTATCCTGTATTTGCAAATGGAGCGCTACCGCCGATTGACGGCGATGCA 1200
EALTISACSSAWTGOQRTFTLSTITLYTLGOQMETERTYTRERLTAMEH

1201 CAACCGGCCTGCCAGAAACGTGCACGAGGAGCATCTGGCGCTTCGTGACAGCGCGCTCGCGCGTGATGCCGAGCGCTGTACTGAGTTGTTGCGGATGCAT 1300
NRPARNTYVTHTETETHTLALR RDTSALARTDABALETERTETETLTLTE RHMH

1301 ATTGAGTCATCAATTTCGGTGGTTCGGCAATTCGGTTTGTTGCGGTGACGCCAACATCGCAGGTATCTTT TTTGTGTGATGGAAGAGGTTGGTATTTTTT 1400
I ESSTISVVROQTFTGTLTELR®*

o - —— bphA . . . - . .
1401 CCGCCCTGCCAAGGGCATTTCAACGGAGACGTTAAATCATGAGTTCAGCAATCAAAGAAGTGCAGGGAGCCCCTGTGAAGTGGGTTACCAATTGGACGCC 1500
M S s A I KEVQGAZPVI KWVTNUWTFP

1501 GGAGGCGATCCGGGGGTTGGTCGATCAGGAAAAAGGGCTGCTTGATCCACGCATCTACGCCGATCAGAGTCT TTATGAGCTGGAGCTTGAGCGGGTTTTT 1600
EAIRGTLVDOGOTETKGE GTLTLTDTERTIZYADEGOSTLYETLTETLTETRTVYF

1601 GGTCGCTCTTGGCTGTTACTTGGGCACGAGAGTCATGTGCCTGAAACCGGGGACTTCCTGGCCACTTACATGGGCGAAGATCCGGTGGTTATGETGCGAC 1700
GRSWILLLGHTETSTHTVE PTETG GDTFTLATVYMGETDTEVVMUVEQ

1701 AGAAAGACAAGAGCATCAAGGTGTTCCTGAACCAGTGCCGGCACCGCGGCATGCGTATCTGCCECTCGGACGCCGGCARCGCCAAGGCTTTCACCTGCAG 1800
KDKSTITKVYVTFTLRNTO QT CRTEHTRTGMERTITCTERSDA ACGNA EATEKATFTTCS

1801 CTATCACGGCTGGGCCTACGACATCGCCGGCAAGCTGGTGAACGTGCCGTTCGAGAAGGAAGCCTTTTGCGACAAGAAAGAAGGCGACTGCGGCTTTGAC 1900
Y H GWAZYDTIAGTEKTLVNVEPTFTETKTEARANTFTCDTEKTEKTET GDTETGFD

1901 AAGGCCGAATGGGGCCCGCTCCAGGCACGCGTGGCAACCTACAAGGGCCTGGTCTTTGCCAACTGGGATGTGCAGGCGCCAGACCTGGAGACCTACCTCG 2000
K AEWGTPTLGOARVYVATSYKGTLTVTFA AN WDV OAPDTELTETZYTLSG

2001 GTGACGCCCGCCCCTATATGGACGTCATGCTGGATCGCACGCCGGCCGGGACTGTGGCCATCGGCGGCATGCAGAAGTGGGTGATTCCGTGCAACTGGAA 2100
DARPGYMDTVMTILDRTTPEPACGTVATILIGT GMOTEKTHWTVTITPCNWEK

2101 GTTTGCCGCCGAGCAGTTCTGCAGTGACATGTACCACGCCGGCACCACGACGCACCTGTCCGECATCCTGGCGGGCATTCCGCCGEAMTGGACCTCTCE 2200
F AAEG QTFCSDMYHACGTTTHTELSTGTITLATEGTITP?TPEMTPDTL.S

2201 CAGGCGCAGATACCCACCAAGGGCAATCAGTTCCGGGCCGCTTGGGGCGEGCACGGCTCGGGCTGETATGTCGACGAGCCGGGCTCACTCCTGGCGETGA 2300
QAQTITPTZKGONTGOTFTRAARALMNSGTGTHTEGT ST GWYVDTETPGSTELTELATVHM

2301 TGGGCCCCAAGGTCACCCAGTACTGGACCGAGGGTCCGGCTGCCGAGCTTGCGGAACAGCGCCTGEGGCACACCGGCATGCCGETTCGACGCATEGTCGE 2400
G P KRVTOTYMWNTET G PAAMETLATET® T RTELTSGTHTT GMZPVTRRHMYVG

2401 CCAGCACATGACGATCTTCCCGACCTGTTCATTCCTGCCCACCTTCAACAACATCCGGATCTGGCACCCGCGTGGTCCCAATGAAATCGAGGTGTGEGCE 2500
Q HMTTIFTPTCSTFTLTPTTFNNTIR RTITMNHTEHTE?PRTGTP?PUNTETTETVHMWA

2501 TTCACCCTGGTCGATGCCGACGCCCCGGCGGAGATCAAGGAAGAATATCGCCGGCACAACATCCGCAACTTCTCCGCAGGCGGCGTGTTTGAGCAGGACG 2600
FTLVDATDA ATP®PA AETITZKTETETYRRTHEPNTITRNTETSACGE GV VTFTET QDD

2601 ATGGCGAGAACTGGGTGGAGATCCAGAAGGGGCTACGTGGGTACAAGGCCAAGAGCCAGCCGCTCAATGCCCAGATGGGCCTGGGTCGETCGCAGACCGE 2700
G ENWV E I Q K GLRGY KA AIKSOQZPTILNAOQMSGTL G R SOQTGG

2701 TCACCCTGATTTTCCTGGCAACGTCGGCTACGTCTACGCCGAAGAAGCGGCGCGGGETATGTATCACCACTGGATGCGCATGATGTCCGAGCCCAGCTGE 2800
HPDFTPGPNVEGTYVYAETEA MNAT RGMYHEHTHWMEBRMMSTETPSHW

2801 GCCACGCTCAAGCCCTGATCAAGACGCAATCGTTAGATCTGTCAACCGGAAGAATTCAACATGGTGGGCTGGACGTGCATGTGCAGACGGCGCGCCGAGE 2900
ATLKTEP *

FIG. 1. Nucleotide sequence of the biphenyl dioxygenase region from Pseudomonas species strain LB400 and predicted amino acid
sequences of the ORFs. The gene names are indicated above the initiation codons. Potential ribosome-binding sequences are indicated by
horizontal lines above the nucleotide sequence.

search Products), according to the manufacturer’s instruc- The programs used were SEQED for sequence loading,
tions. MAP and MAPSORT for restriction site identification, MAP

Sequence analysis. The nucleotide sequence was analyzed for open reading frame identification, TRANSLATE for
by using the GCG Sequence Analysis Software Package (6). amino acid sequence determination, WORDSEARCH and
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bphE.
2901 TTCCGTCCCCTGATATTTACTTGGAGATAACTGTTATGACAAATCCATCCCCGCATTTTTTCAAAACATTTGAATGGCCAAGCAAGGCGGCTGGCCTTGA 3000
M T NPSZPHTFTFTIKTTFTETWTPSIK KA AAGTLE

3001 GTTGCAGAACGAGATCGAGCAGTTCTACTACCGCGAAGCECAGTTGCTTGACCACCGGGCCTACGAGGCCTGGTTTGCCCTGCTGGACAAAGATATCCAC 3100
L oNETITEG QTFZYVYRTEA AGOQLTLTDTHTERATYTEA ATWTFA ATLTELTODTKTDTIH

3101 TACTTCATGCCGCTGCGCACCAATCGCATGATCCGGGAGGGCGAGCTGGAATATTCCGGCGACCAGGATTTAGCCCATTTCGATGAAACCCATGARACCA 3200
Y FMPLRTNTERMTIRETGTETLTETYTSGDO QDTLATHTFETDETTHTETHM

3201 TGTACGGGCGCATCCGCAAGGTGACCTCGGACGTEGGCTGGECGEAGAACCCGCCTTCCCGCACGCGCCACCTGGTCTCCAACGTCATCGTCARGGAGAC 3300
Y G R I RKVTSDTVGHWATETNTPETPSTRTRHTLVYVSNVTIVEKTEST

3301 GGCCACGCCGGATACCTTCGAGGTCAATTCCGCATTCATCCTGTACCGCAATCGGCTTGAGCGCCAGGTCGACATCTTCGCGGGCGAACGCCGGGACGTG 3400
AT PODTTFTETVQNTSATFTITLTYRNTR RTLTETRS GEVYVTDTITFAGTETRTERTDYUV

3401 CTGCGCCGCGCCGACAACAACCTTGGTTTCAGCATCGCCAAGCGCACCATCCTGCTCGACGCCAGTACCTTGCTGTCGAACAACCTGAGCATGTTCTTCT 3500
LRRADRNRNTELTGTFT STIATZKRTTITLTLTDARBASTTELTLSNNTLTSMTETF*
orfl
3501 AGCCCAGCACGCTGAACCGGCCTCAATGAGGATGCTGCCATGAARAATGCAAGACTGT TTTTGATCGCCATCGGCGTCTTCTACATCATCAACCTCATTG 3600
M K NARTLTFTLTIATILIGVTFZYTITINTLTIG

3601 GCACGCTTCCCTTCAGCACGTTGGGCTTGTTTGGCAGGATGTATCCAGGCGTAGAACT GCACGTGGGTGCGCCGATTTTCACCCTGCTGCAGGATGCCTG 3700
T LPF STLGTLTFTGTRMYTPGVTETLTHTYGATPTITFTTELTELG QDA AW

3701 GGCGGTGGTCGGTCTCCAGTTGGGCGCCATCGGGGCCGTCGCTTTGTGGGGCGCCCGCGATCCGGGCCGTTATCGGGCCGTTATTCCAGTGGTCATCGCA 3800
AV V GLQULGA G A A L WG R DPGRYRAVIZPUVVIA

3801 ACGGAAGTGGTCGATGGCC’l‘CTGGGATTTTTACAGCATCGTGTGGAGCCACGAAGCCTTGTGG‘I‘TCGGGCTTGTCACGCTGGTGATCCATGTGCTG'I'GGA 3900
T EVVDGILWDTF Y S I VWS HEALWTFGTLVTTLVTIU HVILWI

3901 TTGGCTGGGECCTGCATGCCTGGCGTGCCCTGGCGTCGAAATCGCTGAGGACACTTTGAATTACTCTTCAGCCACCAACAGTGACTGTTCGCCCCAGGCG 4000
G WGTLHAMWRATLTATSTEKTSTELTRTTL?®*

. o cm— bphF . . . . . . .
4001 ATTTAACCCTTTTAACTAATTACAAGAAGCGTTATGAAATTTACCAGAGTTTGTGATCGAAGAGATGTGCCCGAAGGCGAAGCCCTGAAGGTCGAAAGTG 4100
M K F TRV CDRIRDVZPEGEA ALIKVESG

4101 GAGGCACCTCCGTCGCGATTTTCAATGTGGATGGCGAGCTGTTCGCAACACAGGACCGCTGCACCCACGGCGACTGGTCCCTGCTCGATGGCGGCTATCT 4200
G T SVATITFNVDGTETLTFA ATO QDT RCTHTGTDTWSTLTLELDEGGYTL

4201 TGAAGGTGACGTGGTGGAATGCTCACTGCACATGGGGAAGTTTTGCGTTCGCACGGGCAAGGTCARATCACCGCCGCCCTGTGAGGCACTGAAGATATTT 4300
EGDVVTETCTSTLEHMGTEKTFTCVRTTGTEKTVTEKTSTEPTPTPTCETA ATLTEKTIF
bphG
4301 CCGATCCGCATCGAAGACAATGACGTGCTGGTCGACTTCGAAGCCGGGTATCTGGCGCCATGATCGACACCATCGCCATCATCGGCGCCEGCCTGGECGE 4400
P I RIETDINTDTOVTELVDTFTETARBAT G YTLA ATE *
M IDTTIATILITIGA AT GTLAG
4401 TTCGACGGCTGCGCGCGCACTGCGCGCCCAGGGATACGAGGGGCGCATCCACCTGCTCGGGGATGAGTCGCATCAGGCCTATGACCGGACCACGCTGTCE 4500
s TAARATLTPRAOQG G YTET GRTITGHTLTELTEGDTESTSTHTO QAaZYDTRTTTLS

4501 AAGACGGTGCTGGCGGGCGAGCAGCCCGAGCCGCCTGCAATCCTGGACAGCGCCTGGTACGCATCGGCCCATGTGGATGTCCAGCTCGGGCGACGGGTGA 4600
KTVTILAGTETG QQEPTETPRTPATITLTDTSAMNWYA ASAHOYDVO QLS GTERTE RLYVYS

4601 GTTGCCTGGATCTGGCCAACCGCCAGATTCAGTTTGAATCGGGCGCCCCGCTGGCCTACGACCGGCTGCTGCTGGCCACCGECGCGCGCGCCCGGCGCAT 4700
c LDLANTPRSGOTIGQTPFTEST ST GA ATPTELATYDTRTLELTLTELGATTCGARATRTPEHM

4701 GGCGATTCGGGGTGGCGACCTGGCAGGCATCCATACCTTGCGAGACCTCGCCGACAGCCAGGCGCTGCGGCAGGCGCTGCAACCGGECCAGTCGCTGETC 4800
A IRGGTODTLAGTITHTTLTRDTILATDTGSG QALTRGOQALTG OQTPG GO QSTILUV

4801 ATCGTCGGCGGAGGCCTGATCGGTTGCGAGGTGGCGACCACCGCCCGCAAGCTGAGTGTCCATGTCACGATTCTGGAAGCCGGCGACGAGTTGCTGGTGE 4900
I1VGEGGLTIGCETVATTARTEKTLTSTYHVTITLTEA AGDTETLTELLVR

4901 GCGTGCTGGGTCACCGGACCGGGGCATGGTGTCGGGCCGAACTGGAACGCATGGGTGTCCGCGTGGAGCGCAATGCACAGGCCGCGCGCTTCGAAGGCCA 5000
VLGHRTTGAMWCRAETLTETPRMGTYVTRVETRTSNA AQA AATRTETET G.ZQ

5001 GGGGCAGGTGCGCGCCGTGATCTGCGCCGACGGGCGCCGEGTGCCCGCCEATGTGGTCTTGGTCAGCATTGGCGCCGAGCCGGCGGACGAGCTGGCCCET 5100
G QVRAVICADTSGRRVEPADTVVTLVSTITGA ATETF®A ADTETLAR

5101 GCCGCTGGCATCGCCTGCGCGCGCGRCGTGCTGGTCGACGCCACCGECGCCACCTCGTGTCCAGAGGTGTTCGCCECCGETGACGTCGCCGCCTEECCGE 5200
AAGTIACARG YVTILVDATGATSCTP PEVTFA MaAGTDTVA AATHWETL

5201 TGCGTCAAGGGGGCCAGCGCTCGCTGGAGACCTACCTGAACAGCCAGATGGAGGCCGAAATCGCGGCCAGCGCCATGTTGAGTCAGCCCGTGCCGECGEE 5300
R QGGOQURT STLETTYTLNSGO QMETA ATETIA AA MSA AMLTSTG QTEPVEPATP

5301 CCAGGTGCCGACCTGCTGGACGGAGATTGCAGGCCACCGCATCCAGATGATTGGCGATGCCGAAGGGCCCGGCGAGATCGTCGTACGCGECGACGCCCAG 5400
QVPTCWTTETIA AGEHT RTIGOQMTIGTODA ATETGT PG GETLIVVRCGEDA RGO

5401 AGCGGCCAGCCAATCGTGTTGCTCAGGCTGCTTGATGGCTGCGTCGAGGCCGCGACGGCGATCAATGCCACCAGGGAATTTTCTGTGGCGACCCGACTGE 5500
S G QP IVLLRLTLDTGTCVTEA AATA ATINATRETFTSVATR RELYV

5501 TCGGCACCCGGGTTTCTGTTTCCGCCGAGCMCTGCAGGACGTCGGCTCGMCCTGCGGGATTTACTCMAGCCAMCCGMTTGATGCGCATGACCGGC 5600
G TRV SV S AEQLQDVG S NTULRDILTILIEKATIKTZPN

bphB
5601 GMTCGCTTTMCMTAMGGGGATTGGMMATGAMCTGAAAGGTGMGCGGTACTGATCACGGGGGGCGCCTCCGGATTAGGGCGCGCGCTCGTGGA 5700
M K L K G E A VL ITGSGA ASSG R ALV
FIG. 1—Continued.

STRINGS for data base searching, GAP and BESTFIT for prepared by the hot-phenol extraction method of Salser et al.
sequence alignments, and PRETTY and PUBLISH for se- (25). Cultures for the inoculum were grown to high density at
quence presentation. 30°C in pseudomonas minimal medium (18), with biphenyl as

S1 nuclease mapping. Whole-cell RNA for S1 mapping was the carbon source. Fresh cultures containing the appropriate
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TABLE 1. Characteristics and comparisons of biphenyl and toluene dioxygenase components

Protein component Gene Nucleotides Amino acids Mol wt Charge pl % 1:;‘:::?;'“ % ?z::?t;md

Iron-sulfur protein bphA 1,380 459 51,513 -8 6.4 67.6 65.6
large subunit todC1 1,353 450 50,930 -17 5.2 : :

Iron-sulfur protein bphE 567 188 22,085 -5 6.0 617 57.2
small subunit todC2 564 187 22,013 =5 5.5 : :

Ferredoxin bphF 330 109 11,981 =7 4.5 58.9 55.1
todB 324 107 11,900 -8 4.5 : :

Reductase bphG 1,227 408 42,970 -5 6.2 573 2.1
todA 1,233 410 42,942 -9 5.0 . y

carbon source were inoculated to a starting optical density at
600 nm of 0.05 and were grown at 30°C until harvesting at an
optical density at 600 nm of 0.5 to 0.8. RNA preparations
from 200 ml of culture medium yielded 1 to 3 mg of RNA.

S1 nuclease mapping was performed essentially as previ-
ously described (2, 5). Analysis was performed on 20 to 40
ng of RNA with the addition of yeast tRNA to a final
concentration of 100 pg of RNA per reaction. Probes were
prepared by digesting pGEM453.1 (pUC18 containing the
2.85-kb EcoRI fragment) with the indicated restriction en-
zyme and then treating with calf intestinal alkaline phos-
phatase (Boehringer Mannheim) and labeling with T4 poly-
nucleotide kinase (New England BioLabs) and crude
[v-3P]ATP (Du Pont, NEN Research Products). The probes
were then purified by electrophoresis on a 6% nondenaturing
acrylamide gel and eluted by usirig a UEA electroeluter
(International Biotechnologies, Inc.). Hybridizations were
done at 45 to 48°C for 3 to 4 h. Samples were then incubated
with 200 U of S1 nuclease (Boehringer Mannheim) for 30 min
at 37°C; this was followed by ethanol precipitation. After
precipitation, the samples were electrophoresed on a 5%
acrylamide-bisacrylamide (19:1)-8 M urea sequencing gel
and visualized by autoradiography.

Nucleotide sequence accession number. The nucleotide
sequence of a 5,700-bp region of Pseudomonas species strain
LB400 DNA containing the genes for biphenyl dioxygenase
has been deposited in GenBank under the accession number
M86348.

RESULTS

Nucleotide sequencing and sequence analysis of biphenyl
dioxygenase. The nucleotide sequence of a 5,700-bp region of
DNA encoding the 1. B400 biphenyl dioxygenase was deter-
mined. Computer analysis identified six complete open read-
ing frames (ORFs), whose nucleotide and predicted amino
acid sequences are shown in Fig. 1. The initiation codon of
each ORF was preceded by a putative ribosome-binding site,
suggesting that translation of these regions was possible. The
TGA stop and ATG start codons for ORFs 5 and 6 overlap,
which may indicate that these regions are translationally
coupled. Similar arrangements have been observed for other
multicomponent catabolic enzymes such as benzoate 1,2-
dioxygenase from Acinetobacter calcoaceticus (21) and the
toluene dioxygenase from Pseudomonas putida F1 (34).

A partial ORF preceded by a ribosome-binding site is
located 43 bp downstream of the termination codon of ORF
6. The partial nucleotide sequence of this region is virtually
identical to that of the bphB gene (encoding biphenyl 2,3-
dihydrodiol dehydrogenase) from Pseudomonas pseudoal-
caligenes KF707 (8). These data suggest that the 3’ end of
the biphenyl dioxygenase sequence is complete and that the

sequence presented extends into the LB400 gene for dihy-
drodiol dehydrogenase. In addition, a sequence fragment
from the biphenyl dioxygenase region of KF707 (9) matches
the beginning of ORF 2 of LB400, with 58 of 60 nucleotides
and 19 of 20 amino acids identical.

The GenBank and EMBL sequence data banks were
searched for sequences similar to those of the biphenyl
dioxygenase ORFs. This search identified the sequences for
toluene dioxygenase from P. putida F1 (34) and benzene
dioxygenase from a P. putida isolate (14). The reported
toluene and benzene dioxygenase sequences are essentially
identical, with the exception of several frameshifts that may
be the result of sequencing errors. Four of the ORFs from
the biphenyl dioxygenase region showed striking similarity
to the genes encoding toluene dioxygenase subunits when
the nucleotide and amino acid sequences were compared.
Characteristics of the genes and gene products and the
percent identities of the amino acid and nucleotide compar-
isons of the biphenyl and toluene dioxygenase components
are shown in Table 1. Toluene dioxygenase in P. putida F1
has a relatively broad substrate specificity and is able to
oxidize a wide variety of aromatic hydrocarbons (11, 33).
The enzyme has been well characterized and consists of a
reductase, a ferredoxin, and a tetrameric iron-sulfur protein
with two large and two small subunits (,8,) (27, 31). The
coding regions of LB400 that correspond with the toluene
dioxygenase components have been named bphA, bphE,
bphF, and bphG. On the strength of the sequence compari-
sons, we propose that bphA and bphE are homologous to
todClI and todC2 and encode the large and small subunits of
the iron-sulfur component of biphenyl dioxygenase, respec-
tively. bphF encodes the ferredoxin and bphG encodes the
reductase, and they are homologous to fodB and todA,
respectively. The amino acid identities vary from 65.5% for
the large iron-sulfur subunits to 52.1% for the reductases.
Most of the predicted characteristics for these two enzymes
are very similar, except for the charge and pl of the large
iron-sulfur protein subunits and the reductases.

The alignment and comparison of the bph and fod amino
acid sequences are shown in Fig. 2. The amino acid identities
are not distributed randomly throughout the sequence but
show distinct clustering. For the BphA-TodC1 comparison,
the first 35 residues at the amino terminus and several
internal regions show little sequence conservation. In con-
trast, there are highly conserved regions at residues 100 to
128 (28 of 29), 212 to 246 (34 of 35), and 378 to 396 (19 of 19).
The BphE-TodC2 comparison again shows poor sequence
conservation in the amino terminus, while several clusters at
residues 46 to 59 (12 of 14), 97 to 177 (18 of 21), and 132 to
158 (24 of 27) are more highly conserved. BphF and TodB
show little sequence identity in the amino or carboxyl
termini, but the middle of the protein from residues 31 to 78
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FIG. 2. Comparison of the proposed components of Pseudomonas species strain LB400 biphenyl dioxygenase with the components of
toluene dioxygenase from Pseudomonas putida F1 (34). Program parameters were adjusted to suppress the labeling of similar amino acid

residues. Identical residues are indicated by vertical bars.

has 38 of 48 (47 in TodB) residues conserved. Sequence
conservation is lowest for BphG and TodA, and the amino
acid identities are spread more evenly across the sequences.
The most conserved region is from amino acids 148 to 184,
with stretches of 18 and 16 identical residues separated by
three nonidentical residues.

Figure 3 is a representation of the similarities in the
biphenyl and toluene dioxygenase DNA regions, with the
shaded areas connecting homologous coding areas. The
arrangements of the genes encoding the subunits of both
dioxygenases are identical except for the presence of orf0
upstream of bphA and orfl between bphE and bphF. The

nucleotide sequences of orf0 and orfl do not correspond
with other toluene dioxygenase sequences, although these
regions are transcribed (see below). It is possible that one or
both of these reading frames encode additional components
of biphenyl dioxygenase, but this has yet to be demon-
strated.

Transcription of biphenyl dioxygenase genes. S1 nuclease
mapping studies were used to determine which ORFs were
transcribed, to locate the RNA initiation sites, and to exam-
ine the effect of growth substrates on transcription. The
RNA used in these experiments was extracted from L.B400
cultures that had been grown on biphenyl or succinate as the
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FIG. 3. Comparison of the DNA regions that contain the genes
for biphenyl and toluene degradation. Open boxes indicate the genes
and are labeled with the gene letter. Shaded regions connect
homologous sequences. Dark shading represents comparisons of the
tod sequences with LB400 bph sequences, while light shading
represents comparisons with P. pseudoalcaligenes KF707 bphBC.
Restriction sites relevant to the fragments for sequencing are
labeled.

sole carbon source or on a medium containing both biphenyl
and succinate.

DNA upstream of the bphA coding region was probed with
a series of 5'-radiolabeled fragments. The highest-resolution
results were obtained with Hinfl and Mspl fragments of 263
and 295 bp, respectively. These fragments overlap and cover
the region from within the 5’ end of the bphA structural gene
up to 150 to 250 bp upstream of the initiation codon. S1
nuclease mapping with the Hinfl probe produced several
signals (Fig. 4). Two major clusters of shortened protected
fragments of approximately 175 and 200 nucleotides were
seen. This suggests the existence of two potential transcrip-
tion start sites located approximately 45 bp (p1) and 70 bp
(p2) upstream of the bphA initiation codon. In addition,
full-length protection of the Hinfl probe was seen, indicating
transcription coming from a third location (p3) further up-
stream. Experiments with the Mspl probe showed corre-
sponding bands. The protected bands in the Hinfl experi-
ment that are slightly shorter than full length are probably
artifactual, as the corresponding bands in the Mspl experi-
ment were barely visible.

Previous work indicated that PCB degradation by LB400
was enhanced when the cells were grown with biphenyl as
the sole carbon source (19). This may be the result of
increased transcription of the bph genes under these condi-
tions. Transcription from p3 was significantly reduced in
LB400 cells grown with succinate, as shown by the reduced
intensity of the band representing full-length protection of
the probe. No decrease was observed in the intensity of the
bands corresponding to shortened protected fragments,
demonstrating that these conditions did not significantly
reduce transcription from the two sites proximal to the bphA4
start codon. RNA obtained from the culture grown on
succinate and biphenyl gave an intermediate level of full-
length signal (Fig. 4).

To determine the location of the transcription start site p3,
we probed RNA preparations with radiolabeled Ddel and
BgllI-EcoRI fragments of 629 and 778 bp, respectively. An
intense band corresponding to a protected fragment of

J. BACTERIOL.

approximately 600 nucleotides was obtained when the Ddel
probe was hybridized with RNA extracted from biphenyl-
grown LB400 cells. A much weaker band of the same size
was observed with RNA from LB400 grown on succinate.
Similar results were obtained with the BglII-EcoRI probe.
The band intensity for a 260-nucleotide protected fragment
was much greater when using RNA from biphenyl-grown
versus succinate-grown cells. These data suggest that p3 is
located approximately 95 bp upstream of the orf0 initiation
codon. Transcription from this promoter is induced (or
derepressed) in the presence of biphenyl, since significant
transcription from this site occurs only when LB400 is grown
under these conditions.

In addition to the signal from p3, Fig. 4 shows apparent
full-length protection of the Ddel and BglII-EcoRI probes,
suggesting RNA transcripts originating outside of the se-
quenced region. The difference in relative intensity of the
full-length and cut-down signals for the two probes suggests
that this is an artifact of the S1 mapping technique. One such
artifact, the formation of triplex structures (5), involves the
rehybridization of the displaced probe strand to the RNA-
DNA hybrid molecule, causing full-length protection. In-
creasing the hybridization temperature to 50°C greatly de-
creased this full-length protection. In addition, S1 mapping
experiments with a 255-bp Ddel probe fragment located
within the sequenced region upstream of the 629-bp Ddel
fragment showed no protection of the probe (data not
shown). This indicates that there is no transcription coming
into the bph region from upstream of the sequenced DNA.

S1 nuclease mapping with 5’-labeled probes identifies the
5' ends of RNA molecules. These ends generally are the
result of transcription initiation but can arise from posttran-
scriptional processing. To confirm that the RNA 5’ ends at
pl and p2 (bphA proximal) were due to promoter activity, we
cloned the 263-bp Hinfl fragment and the 295-bp Mspl
fragment into a promoter-probe vector. The vector used was
a modified pKO1 plasmid (17) which contains the promoter-
less galK gene encoding galactokinase. Both fragments
showed promoter activity when cloned into the promoter-
probe vector by complementing a galK mutation in the
Escherichia coli host (data not shown). To confirm that the
fragments have promoter activity in Pseudomonas species,
they will be cloned into broad-host-range promoter probe
vectors and tested in strain LB400.

DISCUSSION

The nucleotide sequence of the DNA region encoding the
biphenyl dioxygenase of Pseudomonas species strain LB400
was determined. Six ORFs were identified, four of which
were very similar to those encoding the components of
toluene dioxygenase of P. putida F1. The corresponding bph
and rod subunits showed amino acid identities ranging from
52.1 to 65.5% and nucleotide identities ranging from 57.3 to
67.6%. These data suggest that, like toluene dioxygenase,
the LB400 biphenyl-PCB dioxygenase is a multicomponent
enzyme made up of at least four different proteins. Based on
the sequence comparison, the genes for these proteins have
been designated bphA and bphE (large and small subunits of
the iron-sulfur protein, respectively), bphF (ferredoxin), and
bphG (reductase).

The enzymatic pathway for toluene and benzene degrada-
tion in P. putida F1 is similar to that for biphenyl and PCBs
in LB400 (Fig. 5). Additional similarities in other bph and tod
genes suggest that these degradation pathways are evolu-
tionarily related. Dihydrodiol dehydrogenase and catechol
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FIG. 4. S1 nuclease mapping of the transcription start sites in the bph region of LB400. (A) Autoradiograms of S1 nuclease reactions. The
probe used in each reaction is listed at the top of each frame. Probe and tRNA control lanes are labeled appropriately. The remaining lanes
are experimental reactions and are identified by the carbon source used to grow the LB400 prior to the RNA preparation. Protected fragments
representing transcription start sites are indicated by arrows. Size marker positions are labeled (in base pairs). (B) Schematic diagram of the
S1 mapping experiments. The locations of promoters and relevant restriction sites are indicated above the diagram of the DNA region. The
arrows represent RNA transcripts and are identified with the carbon source(s) present when the transcripts are visible. DNA fragments used
as S1 nuclease probes as described in the text or used in panel A are shown. Asterisks represent the radiolabeled termini of the probe
fragments. Bands protected from S1 nuclease digestion in panel A are indicated at the bottom.

dioxygenase in LB400 are encoded by the bphB and bphC
genes. Portions of these genes have been sequenced (Fig. 1;
data not shown) and found to be nearly identical to the bphB
and bphC genes in P. pseudoalcaligenes KF707 (8). KF707
BphB and BphC show 58.1 and 54.6% amino acid identity
with the corresponding TodD and TodE proteins. The struc-
tural homologies between bph and tod gene products are
reflected in a limited functional similarity, as the toluene
degradation enzymes are capable of degrading biphenyl and
some mono- and dichlorobiphenyls to the corresponding
dihydrodiols and catechols (11, 33). It has yet to be deter-
mined whether the biphenyl/PCB degradation pathway is
active against toluene or chlorotoluenes.

Homologous proteins generally show sequence conserva-
tion in regions necessary for structure or function. Since
toluene dioxygenase is a well-characterized enzyme, it may
be possible to identify areas involved in substrate oxidation.

Several regions with likely structure-function roles are
shown in Fig. 6. Recently, Neidle et al. (21) have reported
the conservation of two cysteine-histidine pairs in TodC1
and the large iron-sulfur protein subunits from a variety of
other multicomponent dioxygenases. These cysteine-histi-
dine pairs are also conserved in the BphA subunit and may
bind a [2Fe-2S] center similar to the Rieske iron-sulfur
proteins (12, 21, 23). A similar cysteine-histidine arrange-
ment, conserved in the ferredoxin components of TodB,
NdoA, and the proposed ferredoxin component of toluene-
4-monooxygenase, TmoC (32), was also found in BphF.
The reductase component of toluene dioxygenase is a
flavoprotein whose function is to catalyze the transfer of
electrons from NADH to the ferredoxin. The binding of
NAD and FAD involves protein sequences capable of fold-
ing into a Bap structure. Wierenga et al. (29) have identified
an 1l-amino-acid fingerprint sequence for regions forming
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FIG. 5. Degradation pathways of biphenyl-PCBs in Pseudomonas species strain LB400 and toluene-benzene in P. putida F1. The gene

names for each step are listed beneath the arrows.

these structures, and Hanukoglu and Gutfinger (13) have
aligned multiple sequences to a proposed consensus se-
quence for NAD-FAD binding. The reductase subunits of
biphenyl and toluene dioxygenase (BphG and TodA, respec-
tively), as well as putidaredoxin reductase (CamA) (22), each
contain two regions matching the consensus sequence (Fig.

ron-Sulfur Protein Large Subunits
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FIG. 6. Comparison of specitic regions of multicomponent diox-
ygenase subunits. The sequences are separated by dioxygenase
component and identified by name and amino acid range shown. In
the Iron-Sulfur Protein and Ferredoxins sections, highly conserved
C and H residues thought to be involved in the interaction of the
peptide chain with the [2Fe-2S] center are boxed. The lines labeled
Consensus show the residues conserved in all the sequences listed.
In the Reductases section, the NAD-FAD consensus binding se-
quence (13) is given with the conserved amino acid residues indi-
cated as follows: +, positively charged residue; ¢, hydrophobic
residue; *, charged residue. The most highly conserved residues in
the known NAD-FAD-binding proteins are boxed. Asterisks indi-
cate locations where both ranges of the BphG sequence match the
consensus sequence. The proteins used for the comparisons are
BphA, BphF, and BphG (this study); TodC1, TodB, and TodA (34);
NdoB and NdoA (15); BenA and XylX (21); and CamA (22).

6). These may represent the site of interaction of both the
flavin moiety and the NADH electron donor.

S1 nuclease mapping was used to identify transcription
start sites in the region encoding biphenyl dioxygenase.
Three such sites were identified, suggesting that biphenyl
dioxygenase is transcribed from multiple promoters. Two of
the sites, pl and p2, are located approximately 45 and 70
nucleotides upstream of the bphA start codon, respectively.
The third 5" RNA end maps to approximately 95 bp upstream
of the orfU start codon at a site designated p3. While none of
these sites strongly match the consensus sequences for E.
coli promoters, the pl-p2 region shows promoter activity in
E. coli.

It has previously been reported that PCB degradation by
strain LB400 is greatest when the cells are grown with
biphenyl as the sole source of carbon and energy. Growth of
LB400 on succinate or a combination of succinate and
biphenyl reduces PCB-degrading ability in general and com-
pletely eliminates activity against double-para-substituted
congeners (19). Our data indicate that transcription site p3 is
much more active in biphenyl-grown cells than in those
grown on succinate. The increased transcription of the bph
genes from this site may account for the greater PCB-
degrading ability of biphenyl-grown cells. Another possibil-
ity is that in the absence of biphenyl, little or no orf0 gene
product is formed because of a lack of transcription from p3.
This product may affect the activity or congener specificity
of biphenyl dioxygenase, allowing the enzyme to attack
double-para-substituted PCBs.

We have no clear indication of a specific function for the
orfl gene product, although the location of this gene within
the bph cluster suggests that it is involved in PCB degrada-
tion. This is also supported by evidence that orfl is present
in the bph cluster of A. eutrophus H850, an organism which
is similar to LB400 in PCB-degrading ability. Previous
studies with DNA-DNA hybridization showed a strong
conservation of restriction sites (16 of 16) between the bph
regions of LB400 and H850 (30). One of these corresponds to
a PstI site located within orfl, showing that this region has
been retained by both strains and may therefore have a
function. Future studies will be directed toward examining
the roles of Orf0 and Orfl in the degradation of PCBs.

DNA sequence analysis clearly shows that the LB400
biphenyl dioxygenase is one of a family of homologous
multicomponent oxygenases. This family includes systems
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FIG. 7. Proposed electron transport chain for the LB400 biphenyl dioxygenase. The enzyme components in the chain are indicated, as are
the genes encoding each protein. The redox state of each component is labeled (ox., oxidized; red., reduced).

with three components such as toluene, benzene, and naph-
thalene dioxygenase and those with two components such as
the benzoate and toluate 1,2-dioxygenases. In the three-
component systems, reducing equivalents are transported
from NAD(P)H through a reductase and a ferredoxin to the
terminal oxygenase, while in two-component enzymes, the
reductase and ferredoxin activities are contained within a
single polypeptide. It is apparent from the sequence compar-
isons that biphenyl dioxygenase is a three-component en-
zyme system, and we propose that its electron transport
proceeds as shown in Fig. 7. The high degree of sequence
identity between the genes involved in biphenyl and toluene
degradation shows that these pathways are closely related
and illustrates how bacteria are developing systems capable
of degrading xenobiotic compounds such as PCBs through
modification of existing degradative pathways.
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