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The iron-sulfur protein of biphenyl 2,3-dioxygenase (ISPBPH) was purified from Pseudomonas sp. strain
LB400. The protein is composed of a 1:1 ratio of a large (a) subunit with an estimated molecular weight of
53,300 and a small (b) subunit with an estimated molecular weight of 27,300. The native molecular weight was
209,000, indicating that the protein adopts an a3b3 native conformation. Measurements of iron and acid-labile
sulfide gave 2 mol of each per mol of ab heterodimer. The absorbance spectrum showed peaks at 325 and 450
nm with a broad shoulder at 550 nm. The spectrum was bleached upon reduction of the protein with NADPH
in the presence of catalytic amounts of ferredoxinBPH and ferredoxinBPH oxidoreductase. The electron para-
magnetic resonance spectrum of the reduced protein showed three signals at gx 5 1.74, gy 5 1.92, and gz 5 2.01.
These properties are characteristic of proteins that contain a Rieske-type [2Fe-2S] center. Biphenyl was
oxidized to cis-(2R,3S)-dihydroxy-1-phenylcyclohexa-4,6-diene by ISPBPH in the presence of ferredoxinBPH,
ferredoxinBPH oxidoreductase, NADPH, and ferrous iron. Naphthalene was also oxidized to a cis-dihydrodiol,
but only 3% was converted to product under the same conditions that gave 92% oxidation of biphenyl. Benzene,
toluene, 2,5-dichlorotoluene, carbazole, and dibenzothiophene were not oxidized. ISPBPH is proposed to be the
terminal oxygenase component of biphenyl 2,3-dioxygenase where substrate binding and oxidation occur via
addition of molecular oxygen and two reducing equivalents.

Bacteria that utilize biphenyl for growth under aerobic con-
ditions oxidize the substrate to cis-2,3-dihydroxy-1-phenylcy-
clohexa-4,6-diene (cis-biphenyl 2,3-dihydrodiol) as the first
step of the catabolic pathway (21) (Fig. 1). The 2R,3S config-
uration of the hydroxyl groups, first reported for the dihydro-
diol produced by cells of Beijerinckia sp. strain B8/36 (48), has
recently been confirmed for whole cells of Pseudomonas sp.
strain LB400 (38). The reaction in strain LB400 is catalyzed by
biphenyl 2,3-dioxygenase, a multicomponent enzyme system
that adds both atoms of molecular oxygen at the 2,3-position of
one of the aromatic rings (27). Preliminary studies suggest that
component A is an NAD(P)H:ferredoxin oxidoreductase (re-
ductaseBPH) and component B is an electron transport protein
(ferredoxinBPH). Both proteins are required to reduce the ar-
tificial electron acceptor cytochrome c with NAD(P)H as a
source of electrons, suggesting that they form a short electron
transport chain that supplies electrons to component C (the
iron-sulfur protein of biphenyl 2,3-dioxygenase [ISPBPH]), the
putative oxygenase, which contains the active site.
Most biphenyl-oxidizing bacteria that have been isolated

from areas contaminated with polychlorinated biphenyls will
also oxidize some chlorinated biphenyl congeners (CBs) con-
taining a few chlorine substituents (7). Oxidation usually oc-
curs at the 2,3-position of the least chlorinated ring (5, 18).
Biphenyl-grown cells and cell extracts of strain LB400 oxidize
a broad range of CBs, including some with six chlorine sub-
stituents (7, 10, 15, 20). However, strain LB400 has been shown
to incorporate oxygen at the 3,4-position of 2,5,29,59-tetrachlo-
robiphenyl (35), indicating that the chlorine substituents might
block oxidative attack at the 2,3-position (7). This observation

indicated either that one dioxygenase in strain LB400 incor-
porates oxygen at the 2,3- and the 3,4-positions or that a
second dioxygenase is present that oxidizes the 3,4-position of
congeners blocked by chlorine substituents at the 2,3-position
(6). Recently, we reported that the biphenyl 2,3-dioxygenase
from strain LB400 catalyzes both reactions (26). Here, we
describe the purification and characterization of ISPBPH, the
catalytic oxygenase component of biphenyl 2,3-dioxygenase,
from strain LB400.
(A preliminary account of this study has been presented [25].)

MATERIALS AND METHODS

Organism and growth conditions. Strain LB400 was isolated from a polychlo-
rinated biphenyl-contaminated site (10) and was provided by Herman L. Fink-
beiner, Research and Development Center, General Electric Company, Sche-
nectady, N.Y. The organism was cultured in a basal salts medium with biphenyl
as the carbon source, as previously described (27).
Preparation of cell extract. Cells (25 g [wet weight]) were suspended in 50 ml

of buffer composed of 50 mM bis(2-hydroxyethyl)imino-Tris (pH 7.0) containing
5% (vol/vol) each ethanol and glycerol (BEG buffer). The suspension was
amended with the following (final concentration): dithiothreitol (1 mM), phe-
nylmethylsulfonyl fluoride (0.2 mM), and DNase I and RNase A (0.01 mg/ml
each [Sigma Chemical Co., St. Louis, Mo.]). The cells were broken by passage
through a French pressure cell and centrifuged at 145,000 3 g at 48C for 1 h to
remove cell debris and membranes.
Protein purification. Cell extract (1.97 g of protein) was applied to a column

(5 cm by 16 cm) packed with Q-Sepharose Fast Flow (Pharmacia LKB Biotech-
nology, Piscataway, N.J.) and equilibrated with BEG buffer. Protein was eluted
with a linear salt gradient to 400 mM KCl (total gradient volume, 1.72 liters).
Fractions containing ISPBPH were pooled and concentrated by ultrafiltration
with a 100-kDa-cutoff membrane filter (Amicon, Danvers, Mass.). The concen-
trated protein solution was adjusted to 1.7 M ammonium sulfate and centrifuged
at 15,800 3 g. The supernatant was applied to a phenyl-Sepharose column (2.6
by 10 cm; Pharmacia) equilibrated with 1.7 M ammonium sulfate in BEG buffer.
Bound protein was eluted with a decreasing salt gradient from 1.7 to 0 M
ammonium sulfate (gradient volume, 1 liter). Fractions containing ISPBPH were
concentrated and exchanged into 10 mM potassium phosphate buffer (pH 7.0)
via ultrafiltration as described above. The concentrated protein solution was
applied to a hydroxyapatite column (2.6 by 34 cm; Bio-Rad Laboratories,
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Hercules, Calif.) equilibrated with 10 mM potassium phosphate buffer. The
column was washed with 0.16 liters of 100 mM phosphate buffer. ISPBPH was
then eluted with 250 mM phosphate. Fractions containing ISPBPH were concen-
trated and equilibrated with BEG buffer by ultrafiltration, as described above,
and stored at 2708C.
Fractions from the Q-Sepharose column step that contained ferredoxinBPH

were concentrated and equilibrated with BEG buffer on a 10-kDa-cutoff mem-
brane filter and used in assays for biphenyl 2,3-dioxygenase activity during pu-
rification of ISPBPH. FerredoxinBPH was further purified on an S300 gel filtration
column (2.6 by 67 cm; Pharmacia) prior to use in determinations of the substrate
specificity of biphenyl 2,3-dioxygenase.
Fractions from the Q-Sepharose column step that contained reductaseBPH

were concentrated with a 30-kDa-cutoff membrane filter and used without fur-
ther purification. Fractions containing reductaseBPH and ISPBPH previously
showed some overlap at this step when the buffer pH was 6.0 (27); however,
baseline separation was achieved with BEG buffer (pH 7.0).
Enzyme assays. Biphenyl 2,3-dioxygenase activity was determined by measur-

ing the amount of cis-[14C]biphenyl 2,3-dihydrodiol formed after incubation of
ISPBPH, partially purified reductaseBPH, and ferredoxinBPH with [14C]biphenyl
(Sigma), NADPH, and ferrous ammonium sulfate, as previously described (27).
The assay was optimized for buffer type, concentration, and pH; incubation time;
and the concentrations of biphenyl, NADPH, and ferrous ammonium sulfate.
The activity of ISPBPH in cell extract and following each purification step was
determined by the same procedure. In this case, 5-ml portions of extract or each
column fraction were incubated with partially purified reductaseBPH (88 mg) and
partially purified ferredoxinBPH (171 mg). One unit of activity equals the amount
of protein that produces 1 mmol of product per min.
Electrophoresis. Protein purity and subunit molecular weights were deter-

mined by electrophoresis in sodium dodecyl sulfate-containing polyacrylamide
gels (12% total monomer) under reducing conditions (SDS-PAGE) by the
method of Laemmli (31). Migration distance and relative intensity of Coomassie
blue R250-stained protein bands were measured with a model 1313 gel scanner/
UA-5 absorbance detector (Isco, Inc., Lincoln, Nebr.). Protein standards used
for estimation of subunit molecular masses were phosphorylase b (97.4 kDa),
bovine serum albumin (66.2 kDa), and ovalbumin (45 kDa) for the large (a)
subunit of ISPBPH and ovalbumin, carbonic anhydrase (31 kDa), and soybean
trypsin inhibitor (21.5 kDa) for the small (b) subunit.
Molecular mass and Stokes’ radius. The native molecular mass and Stokes’

radius of ISPBPH were determined at two different salt concentrations, using a
Superose 12 column (1.6 by 50 cm; Pharmacia) equilibrated with buffer contain-
ing 100 or 500 mM KCl. The column was calibrated with thyroglobulin (724 kDa,
85 Å [8.5 nm]), ferritin (440 kDa, 61 Å [6.1 nm]), catalase (186 kDa, 52.2 Å [5.22
nm]), aldolase (158 kDa, 4.81 Å [0.48 nm]), bovine serum albumin (67 kDa, 35.5
Å [3.55 nm]), ovalbumin (43 kDa, 30.5 Å [3.05 nm]), chymotrypsinogen A (25
kDa, 20.9 Å [2.09 nm]), and RNase A (13.7 kDa, 16.4 Å [1.64 nm]).
Protein concentrations. Protein concentrations were determined by the

method of Bradford (11) with bovine serum albumin as the standard.
N-terminal amino acid sequencing. The a and b subunits of ISPBPH were

separated by SDS-PAGE and electroblotted onto a polyvinylidene difluoride
membrane. The N-terminal amino acid sequences were then determined by
Edman degradation and analysis on an automated sequencer (Applied Biosys-
tems, Foster City, Calif.).
UV-visible absorbance spectroscopy. The absorbance spectrum of ISPBPH was

recorded, as isolated and after reduction with NADPH, in the presence of
catalytic quantities of reductaseBPH and ferredoxinBPH under a N2 atmosphere.
EPR spectroscopy. Electron paramagnetic resonance (EPR) spectra of ISPBPH

were obtained at 77 K with purified protein, as isolated and after reduction with
sodium dithionite. Twenty-five spectra were recorded and averaged with a
Bruker model ESP 300 spectrometer with the following settings: 5-mW micro-
wave power, 3,650-G centerfield, 1,000-G scan range, 9.29-GHZ microwave
modulation frequency, 42-s sweep time, and 6.3 3 105 receiver gain.
Iron and acid-labile sulfide. Iron and acid-labile sulfide were determined by

the methods of Zabinski et al. (47) and Beinert (8), respectively.

Substrate specificity. The substrate specificity of biphenyl 2,3-dioxygenase was
examined by incubation of 645 mg of partially purified reductaseBPH, 25.5 mg of
ferredoxinBPH, and 520 mg of pure ISPBPH in 1-ml reaction mixtures containing
0.1% Triton X-100, 0.4 mM ferrous ammonium sulfate, 0.5 mM substrate, 5 mM
NADPH, and 50 mM 2-(N-morpholino)ethanesulfonate buffer (pH 6.0). The
reactions were carried out in 7.4-ml glass vials closed with foil-lined caps and
incubated at 308C with shaking at 250 rpm. Control reaction mixtures contained
ISPBPH alone or reductaseBPH plus ferredoxinBPH but otherwise were identical
to the experimental reaction mixtures described above. After 1 h, the reaction
mixtures were saturated with NaCl and extracted twice with 2 ml of ethyl acetate.
The combined extracts were dried with anhydrous sodium sulfate, and the sol-
vent was removed under a stream of N2. Biphenyl, benzene, toluene, 2,5-dichlo-
rotoluene, naphthalene, carbazole, and dibenzothiophene were tested as sub-
strates.
Gas chromatography-mass spectrometry. The extracted residue from half of

each substrate transformation reaction was derivatized with 100 mg of n-butyl-
boronic acid and analyzed by gas chromatography-mass spectrometry as previ-
ously described (26).
HPLC. The extracted residue from the second half of each substrate transfor-

mation reaction was dissolved in 100 ml of methanol, and 10 ml was analyzed by
reverse-phase high-pressure liquid chromatography (HPLC) as previously de-
scribed (26). Products eluting from the column were detected at 254 and 210 nm
with a Waters model 990-MS photodiode array detector which recorded the 200-
to 400-nm spectrum of each compound. Authentic cis-biphenyl 2,3-dihydrodiol
and cis-naphthalene 1,2-dihydrodiol were also analyzed for comparison of reten-
tion times and spectra with those of the unknowns. The absolute stereochemistry
of cis-biphenyl 2,3-dihydrodiol produced by ISPBPH was established by compar-
ison of the retention time with those of authentic (1) and (2) enantiomers on
a Chiralcel OB column (4.6 mm by 25 cm; Daicel Chemical Industries, Ltd., Los
Angeles, Calif.) with isopropanol-hexane (10:90) as the mobile phase at a flow
rate of 0.75 ml/min.

RESULTS

Isolation and characterization of ISPBPH. ISPBPH was puri-
fied to apparent homogeneity from the soluble fraction of
crude cell extract of strain LB400 that had been grown with
biphenyl as the carbon and energy source (Fig. 2). The purified
protein consists of a large (a) subunit and a small (b) subunit
that are highly expressed in the soluble fraction of cell extract.
The yield of pure protein and dioxygenase activity for the final
purification step were 118 mg and 18%, respectively (Table 1).
The latter value is based on activity of cell extract that was
assayed by addition of reductaseBPH and ferredoxinBPH to the
reaction mixture (see Materials and Methods). The specific
activity of cell extract without addition of the electron trans-
port components was sixfold lower, an indication that their
concentrations in unamended cell extract are limiting. The

FIG. 1. Reaction catalyzed by biphenyl 2,3-dioxygenase.

FIG. 2. SDS-PAGE analysis of samples taken during the purification of
ISPBPH. Lanes: 1, molecular weight markers; 2, cell extract (15 mg of protein); 3,
Q-Sepharose column fractions containing ISPBPH (3.0 mg of protein); 4, phenyl-
Sepharose column fractions containing ISPBPH (3.4 mg of protein); 5, hydroxy-
apatite column fractions containing ISPBPH (3.0 mg of protein). The arrowhead
denotes the dye front.

VOL. 177, 1995 IRON-SULFUR PROTEIN OF BIPHENYL 2,3-DIOXYGENASE 5835



specific activity of the cell extract is also dependent on the total
protein concentration in the reaction mixture (27). As the
measurements of activity are dependent on protein concentra-
tion and the relative amounts of the individual protein com-
ponents present, the values reported in Table 1 represent only
the trends in the progress of the purification procedure. Hy-
drophobic interaction chromatography with the phenyl-Sepha-
rose column enhanced purity as judged by SDS-PAGE (Fig. 2);
however, this step may have denatured a portion of ISPBPH, or
residual ammonium sulfate in the preparation may have inhib-
ited activity in the assays.
The estimated molecular weight of the a subunit was 53,000

6 1,830 (mean6 1 standard deviation, n5 3), which compares
favorably with the value of 51,500 predicted from the deduced
amino acid sequence of the bphA gene (14). The estimated
molecular weight of the b subunit, however, was 27,300 6
1,070, which is notably higher than that predicted from the
bphE gene sequence (14). Similar results were obtained when
the iron-sulfur proteins of toluene dioxygenase (ISPTOL) from
Pseudomonas putida F1 and naphthalene dioxygenase (ISPNAP)
from Pseudomonas sp. strain 9816-4 were electrophoresed
alongside ISPBPH. This result suggests that the electrophoretic
migration rates of the b subunits of the three dioxygenases
were retarded relative to the standard proteins used to pro-
duce the molecular weight calibration curve and that the values
obtained may be overestimated by this method. A scan of the
lane containing pure ISPBPH gave a value of 1.9 for the ratio of
the integrated peak areas that corresponded to the a and b
protein bands. Therefore, the two subunits are most probably
present in a 1:1 ratio. Gel filtration chromatography gave a
molecular weight of 209,000 and a Stokes’ radius of 47 Å (4.7
nm). The data indicate that the native conformation of ISPBPH
is a3b3. The N-terminal amino acid sequence of the a subunit
is SSAIKEVQGA-, and that of the b subunit is TNPSPH
FFKTF-. These sequences are identical to those predicted
from the deduced amino acid sequences of the bphA and bphE
genes (14), with the exception that methionine was not de-
tected as the first residue of either subunit.
The absorbance spectrum of oxidized ISPBPH showed a

broad peak at 450 nm, ε 5 10.1 mM21 cm21 (based on ab 5
73,600 Da [14]), with a shoulder around 550 nm and a larger
peak at 325 nm (Fig. 3). The spectrum was partially bleached
upon reduction with NADPH in the presence of catalytic
amounts of reductaseBPH and ferredoxinBPH. The EPR spec-
trum showed no significant signals for the oxidized protein, but
following reduction with sodium dithionite, three signals (gx 5
1.74, gy 5 1.92, and gz 5 2.01) with an average g value of 1.89
were found (Fig. 4). The content of iron and acid-labile sulfide
was 2.1 and 2.3 mol, respectively, per mol of ab heterodimer.
These data indicate the presence of a Rieske-type [2Fe-2S]
redox center (16).
Omission of ferrous ammonium sulfate from assays for

dioxygenase activity reduced the specific activity of purified
ISPBPH by 7.4-fold compared with only a slight reduction pre-

viously reported for cell extract (27). Ferrous iron, other than
iron contained in the iron-sulfur center, may be a dissociable
cofactor that is required for activity but lost during protein
purification.
Substrate specificity and oxidation products. ISPBPH oxi-

dized biphenyl to cis-biphenyl 2,3-dihydrodiol in the presence
of reductaseBPH, ferredoxinBPH, NADPH, and ferrous ammo-
nium sulfate, as previously reported (26). One product peak
was detected when the extracted residue from the biphenyl
transformation was injected onto a chiral HPLC column capa-
ble of resolving the (1) and (2) enantiomers of cis-biphenyl
2,3-dihydrodiol. The retention time was identical to that of
(1)-cis-biphenyl (2R,3S)-dihydrodiol produced by Beijerinckia
sp. strain B8/36, showing that the configuration of the hydroxyl
groups is 2R, 3S (48).
Naphthalene was a poor substrate, with only 3% of the

substrate being oxidized after 1 h of incubation while 92% of
biphenyl was oxidized under the same conditions. The n-bu-

TABLE 1. Purification of ISPBPH from strain LB400

Step
Amt of
protein
(mg)

Activitya Yield
(%)

Purification
(fold)mU mU/mg

Cell extract 1,970 60,700 30.8 100 1
Q-Sepharose 480 19,000 39.6 31 1.3
Phenyl-Sepharose 160 5,440 34.0 9 1.1
Hydroxyapatite 118 10,800 91.5 18 3.0

a 1 U 5 1 mmol/min.

FIG. 3. Absorption spectra of ISPBPH (2.08 mg of protein per ml in a 1-ml
total volume). (A) Oxidized; (B) reduced with NADPH in the presence of
catalytic amounts (50 mg each) of reductaseBPH and ferredoxinBPH.

FIG. 4. EPR spectra of ISPBPH (1.2 mg of protein; 7.8 mg/ml). (A) Reduced
with sodium dithionite; (B) oxidized.
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tylboronate derivative of the product derived from naphtha-
lene gave a gas-chromatographic retention time (19.9 min) and
mass spectrum (M1, 228 m/z) that matched those of the n-
butylboronate derivative of cis-naphthalene 1,2-dihydrodiol
produced by Pseudomonas sp. strain 9816 (30). The HPLC
retention time (5.6 min) and absorbance spectrum (lmax 5 264
nm) of the enzymatic product also matched those given by
cis-naphthalene 1,2-dihydrodiol formed by strain 9816.
No products were detected when benzene, toluene, 2,5-dichlo-

rotoluene, carbazole, or dibenzothiophene was the substrate.

DISCUSSION

Biphenyl 2,3-dioxygenase is a member of a growing number
of known bacterial enzymes that oxidize aromatic compounds
by addition of both atoms of molecular oxygen to the ring.
These enzyme systems are multicomponent proteins that con-
tain redox centers consisting of flavins and iron-sulfur clusters
arranged as short electron transport chains that transfer reduc-
ing equivalents from NAD(P)H to the active site of the dioxy-
genase component. Products of these reactions are cis-dihy-
drodiols which have both hydroxyl groups oriented on the
same side of the ring.
Two-component dioxygenase systems, composed of a reduc-

tase and an oxygenase, are most often associated with oxida-
tion of aromatic acids such as benzoate (45), phthalate (4),
2-halobenzoate (17), 4-chlorophenylacetate (33), and 4-sulfo-
benzoate (32). The reductase components are flavoproteins
containing flavin adenine dinucleotide or flavin mononucle-
otide and a plant-type [2Fe-2S] center, coordinated by four
conserved cysteines (3), which transfer electrons from NADH
to the oxygenase component. The oxygenase contains a
Rieske-type [2Fe-2S] center coordinated by two cysteines and
two histidines (23). The subunit composition of the oxygenase
component is variable among the different two-component sys-
tems. Some oxygenases contain only an a protein of approxi-
mately 50,000 Da arranged as dimers (32), trimers (33), or
tetramers (4). Other oxygenases contain a second protein sub-
unit with unknown function of about 20,000 Da and adopt an
a3b3 configuration (17, 45).
Biphenyl 2,3-dioxygenase is a three-component enzyme sys-

tem that is similar to dioxygenases that oxidize toluene (46)
and benzene (2). o-Halobenzoate 1,2-dioxygenase from P.
aeruginosa 142 is a similar three-component system that oxi-
dizes aromatic acids rather than hydrocarbons (39). These
enzyme systems consist of a flavoprotein reductase, a ferre-
doxin containing a Rieske-type [2Fe-2S], center and an ISP
which also contains a Rieske-type [2Fe-2S] center. The re-
quirement of reductaseBPH and ferredoxinBPH for reduction of
ISPBPH and for dioxygenase activity is consistent with the as-
signment of their function as electron transport components
(27). The electron transport chains of bacterial dioxygenases
have been classified on the basis of the number, location, and
type of iron-sulfur centers they contain (3). The electron trans-
port chain of biphenyl 2,3-dioxygenase is likely to be classified
with those of toluene and benzene dioxygenases (class IIB).
Pyrazon dioxygenase (40) and dibenzofuran 4,4a-dioxygenase
(12) have a class IIA electron transport chain which contains a
ferredoxin component with a plant-type [2Fe-2S] center. Re-
ductaseBPH (14, 43), reductaseTOL (50), and reductaseBNZ (29)
lack four conserved cysteine residues found in reductaseNAP
(41) that are thought to coordinate a plant-type [2Fe-2S] cen-
ter present in the class III electron transport chain of naph-
thalene dioxygenase (37). This classification scheme is sup-
ported by comparison of the deduced amino acid sequences of
the ISP components (36). Thus, the arrangement of the three

components of biphenyl 2,3-dioxygenase (Fig. 5) is proposed to
be the same as that of the toluene (22), benzene (2), and
possibly o-halobenzoate (39) dioxygenases.
The absorbance and EPR spectra of ISPBPH are character-

istic of those of proteins containing a Rieske-type [2Fe-2S]
iron-sulfur center (34). Partial bleaching of the absorbance
spectrum and appearance of EPR signals upon reduction with
NADPH and dithionite, respectively, indicate reduction of one
of the antiferromagnetically coupled high-spin ferric atoms to
the ferrous oxidation state (34). The spectral evidence for the
presence of a Rieske-type iron-sulfur center is supported by
the finding of conserved cysteine and histidine residues in the
deduced amino acid sequence of the large subunit of ISPBPH
(1, 14, 43) that are thought to be ligands of the center (37).
Analyses for iron and acid-labile sulfide of purified ISPBPH
confirmed the presence of 2 mol of each per mol of ab het-
erodimer.
A mononuclear iron center, present in the ISP of bacterial

dioxygenases, has been hypothesized to be the electron accep-
tor of the reduced iron-sulfur center during catalysis (9, 19),
although it is labile and often lost during purification of various
ISPs. Iron in excess of that contained in the iron-sulfur center
was not detected for purified ISPBPH, but addition of exoge-
nous ferrous iron was required for maximal activity. Therefore,
mononuclear iron may be a component of ISPBPH that was lost
during purification. Conserved histidine and tyrosine residues
in the amino acid sequence of the large subunit of ISPs may
coordinate the mononuclear iron of these proteins (1, 20, 37).
The N-terminal amino acid sequences of the a and b protein

subunits of ISPBPH were identical to those predicted from the
nucleotide sequences of the bphA and bphE genes from strain
LB400 (14) and the bphA1 and bphA2 genes from P. pseudoal-
caligenes KF707 (43). The molecular weight determined by gel
filtration chromatography of the protein from strain LB400
indicates that the native conformation may be a3b3. Both ab
and a2b2 conformations were detected by native PAGE anal-
ysis of ISPBPH from strain KF707 expressed in Escherichia coli
(28), while native PAGE analysis of ISPBPH purified from

FIG. 5. Proposed arrangement of the protein components of biphenyl 2,3-
dioxygenase. Abbreviations: Fd, ferredoxinBPH; Rd, reductaseBPH; red., reduced;
ox., oxidized. A, B, and C are designations given to the three components
following resolution by anion-exchange column chromatography (27).
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strain LB400 showed only one band with an estimated molec-
ular weight that was consistent with the results obtained by gel
filtration chromatography (24). The ISP components of tolu-
ene (42), naphthalene (13), and benzene (2) dioxygenases are
composed of an a subunit and a b subunit of similar size to
those of ISPBPH. However, these proteins adopt an a2b2 native
conformation. The significance of the native conformation is
not apparent for these enzymes, because the number and na-
ture of the substrate binding sites are unknown.
Biphenyl 2,3-dioxygenase showed a narrow specificity for its

substrate, because naphthalene and biphenyl were the only aro-
matic hydrocarbons, of those tested, that were oxidized by the
enzyme. Two aromatic rings may be a requirement for binding of
the substrate to the enzyme. The biphenyl dioxygenase of strain
KF707 expressed inE. coli also showed no activity toward toluene
or benzene (28), but Tan and Cheong (44) have reported indirect
evidence for low levels of activity toward benzene.
The cis-biphenyl 2,3-dihydrodiol produced by ISPBPH of

strain LB400 was enantiomerically pure, indicating that the
oxygenation reaction is highly specific with biphenyl as the
substrate. However, the enzyme shows a remarkable tolerance
for chlorine substituents on both of the biphenyl rings, and the
regiospecificity for the position of oxygenation of certain CB
substrates is less specific (26). This effect was shown by the
formation of more than one cis-dihydrodiol product for CBs
with chlorine substituents at the 2- or 2,5-ring positions. Elec-
tronic or steric effects of particular chlorine substitution pat-
terns are probably important determinants of the suitability of
a particular CB as a substrate and for activation of the position
of oxygenation of the substrate. Toluene dioxygenase, on the
other hand, oxidizes a broader range of aromatic substrates
including biphenyl, benzene, and naphthalene (22, 51), yet the
enzyme tolerates only two chlorine substituents on biphenyl
and they must be confined to one ring (49). Structural features
of dioxygenases that determine substrate specificity are poorly
understood, but some evidence has been obtained from site-
directed mutagenesis and construction of hybrid ISPs. Erick-
son andMondello (15) showed that the amino acid sequence of
a small region of the large subunit of ISPBPH affects the ability
of the enzyme to oxidize CBs such as 4,49-dichlorobiphenyl,
which has a double-para-substitution pattern. Hirose et al. (28)
showed that the b subunit influenced the native conformation
of ISP and that the a and b subunits influenced substrate
specificity, while Tan and Cheong (44) have suggested a
greater role for the a subunit.
The availability of large amounts of pure ISPBPH from strain

LB400 will promote mechanistic and structural studies of the
enzyme that may elucidate the basis for PCB congener specificity.
Comparison of different classes of biphenyl 2,3-dioxygenases that
attack CBs with different substitution patterns (5) should also
enhance our understanding of the degradation of this important
class of environmental pollutants.
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