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Abstract Sphingobium yanoikuyae Bl initiates the
catabolism of biphenyl by adding dioxygen to the aro-
matic nucleus to form (+)-cis-(2R, 3S)-dihydroxy-1-
phenylcyclohexa-4,6-diene. The present study focuses
on the biphenyl 2,3-dioxygenase system, which cata-
lyzes the dioxygenation reaction. This enzyme has
been shown to have a broad substrate range, catalyzing
the dioxygenation of not only biphenyl, but also three-
and four-ring polycyclic aromatic hydrocarbons.
Extracts prepared from biphenyl-grown B1 cells con-
tained three protein components that were required
for the oxidation of biphenyl. The genes encoding the
three components (bphA4, bphA3 and bphAlf,A2f)
were expressed in Escherichia coli. Biotransforma-
tions of biphenyl, naphthalene, phenanthrene, and
benzo[a]pyrene as substrates using the recombinant
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E. coli strain resulted in the formation of the expected
cis-dihydrodiol products previously shown to be
produced by biphenyl-induced strain B1. The three
protein components were purified to apparent homo-
geneity and characterized in detail. The reductase
component (bphA4), designated reductasegpyy.g;, was
a 43kD monomer containing one mol FAD/mol
reductasegpy.p;- The ferredoxin component (bphA3),
designated ferredoxingpy.p;, was a 12 kD monomer
containing approximately 2 g-atoms each of iron
and acid-labile sulfur. The oxygenase component
(bphAlf,A2f), designated oxygenasegppp;, Was a
217 kD heterotrimer consisting of o and B subunits
(approximately 51 and 21 kD, respectively). The iron
and acid-labile sulfur contents of oxygenasegpy.p; per
afy were 2.4 and 1.8 g-atom per mol, respectively.
Reduced ferredoxingpy.g; and oxygenasegpy.p; €ach
gave EPR signals typical of Rieske [2Fe-2S] proteins.
Crystals of reductasegpy.p;, ferredoxingp g, and oxy-
genaseppyy.p; diffracted to 2.5A, 2.0A and 1.75A,
respectively. The structures of the three proteins are
currently being determined.

Keywords Biphenyl - Dioxygenase - Biodegradation -
Protein purification - Rieske non-heme iron oxygenase

Introduction

Sphingobium yanoikuyae B1 [22] (formerly Beijerinc-
kia sp. strain B1 and Sphingomonas yanoikuyae B1[36,
60]) grows with biphenyl as its sole source of carbon
and energy. The first step in the degradation of biphe-
nyl by B1 is catalyzed by biphenyl 2,3-dioxygenase
(BPDO), which catalyzes the stereospecific addition
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of dioxygen to one of the aromatic rings to form
(+)-cis-(2R,35)-dihydroxy-1-phenylcyclohexa-4,6-diene
(biphenyl cis-dihydrodiol). This reaction was estab-
lished with S. yanoikuyae B8/36, a mutant lacking
biphenyl cis-dihydrodiol dehydrogenase [22]. Strain
B8&/36 oxidizes several aromatic substrates to cis-dihyd-
rodiols including the polycyclic aromatic hydrocarbons
naphthalene [16], anthracene [1, 34], phenanthrene [34],
chrysene [7], benz[a]anthracene [23, 35] and benzo[a]
pyrene [23]. The major cis-dihydrodiols formed from
these substrates are shown in Fig. 1. Interest in these
products stems from the fact that cis-dihydrodiols
formed from these aromatic hydrocarbons and related

o

Naphthalene 1,2-Diol
OH
OH

Anthracene 1,2-Diol

OH
Phenanthrene 3,4-Diol
Chrysene 3,4-Diol

OH

HO, I

Benzo[a]anthracene 1,2-Diol
HO// \\OH

Benzola]pyrene 9,10-Diol

Fig. 1 Major cis-dihydrodiols formed from polycyclic aromatic
hydrocarbons by S. yanoikuyae B1
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substrates [5, 6, 8, 11, 16, 50, 53] are usually single
enantiomers that are attractive intermediates for the
asymmetric synthesis of biologically active molecules
[29]. The above metabolic activities were observed in
induced cells of strains B1 and B8/36 after growth in
the presence of biphenyl, m-xylene, or salicylate [20],
which could result from the presence of either a single
inducible enzyme system with relaxed substrate speci-
ficity or multiple enzymes with overlapping substrate
specificities. The potential utility of an enzyme capable
of producing such a wide range of chiral cis-dihydrodi-
ols prompted the present studies to identify and char-
acterize the enzyme system responsible. However, the
situation in strain B1 is complicated by the presence of
multiple genes encoding different dioxygenase o and 3
subunits in its genome [64, 65]. The genes are located
in a large complex chromosomal gene cluster that
appears to encode enzymes for various steps in naph-
thalene, biphenyl, xylene, and toluate degradation.
Such a complex gene arrangement seems to be char-
acteristic of other related aromatic hydrocarbon
degrading sphingomonads such as Novosphingomoans
aromaticivorans F199 (formerly Sphingomonas aro-
maticivorans F199 [60]), and Sphingobium sp. strain P2
[48, 52]. One set of dioxygenase genes in Bl (xy/XY)
was shown to encode the oxygenase component of tol-
uate dioxygenase [64], and one gene pair (bphA2cAlc)
was recently shown to encode the oxygenase compo-
nent of salicylate 1-hydroxylase [12]. However, individ-
ual inactivation of each of the dioxygenase gene pairs
did not result in loss of the ability to oxidize biphenyl
[64]. Interestingly, only single ferredoxin (bphA3),
ferredoxin reductase (bphA4), and cis-dihydrodiol
dehydrogenase (bphB) genes were found in the 40-kb
region [37], a situation also seen for the plasmid-
encoded cluster in N. aromaticivorans F199 [52].
Several studies have demonstrated that BphA3 and
BphA4 are shared by multiple dioxygenase systems in
this strain [2, 12, 37]. The genes encoding BPDO were
finally identified following transposon mutagenesis of
strain B1 and identification of a mutant unable to
catalyze the oxidation of biphenyl or naphthalene. The
BPDO genes (bphA1fA2f) were located in a cluster of
putative aromatic compound degra-dation genes.
When bphAIfA2f was co-expressed in E. coli with
bphA3A4, the enzyme catalyzed the conversion of
indole to indigo and the production of cis-dihydrodiols
from naphthalene and biphenyl (G. J. Zylstra, unpub-
lished data). These results suggest that this single
oxygenase component (BphA1fA2f), together with
shared reductase and ferredoxin components, cata-
lyzes cis-dihydrodiol formation from polycyclic and
heterocyclic aromatic hydrocarbons. In this study we
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purified and characterized the three components of
BPDO from recombinant E. coli strains expressing
bphA3A4 and bphA1fA2f and show that this oxygenase
system oxidizes biphenyl, naphthalene, phenanthrene,
and benzo[a]pyrene to the same cis-dihydrodiols formed
by biphenyl-induced cells of S. yanoikuyae B1.

Materials and methods
Bacterial strains and growth conditions

Recombinant E. coli strains carrying cloned genes
from strain B1 (G. J. Zylstra, unpublished data) were
used for the expression and purification of oxygen-
aseppy.p1, reductaseppyy g, and ferredoxingpyy g;. E. coli
BL21star (Invitrogen, Inc., Carlsbad, CA, USA) carry-
ing (pET101/D/bphA1fA2f), was used for the purifica-
tion of oxygenaseppp.p;- In this strain, the genes
bphAIfA2f encoding the large and small subunits of
oxygenasegpy.p; from strain B1 were cloned on the
expression vector pET101/D (Invitrogen, Inc.). E. coli
BL21(DE3)(pT7-7/bphA3A4) was used for the isol-
ation of ferredoxingpy g; and reductasegpy.p;. The
plasmid pAlter-Ex2/bphA3A4, and vector pT7-7 [58]
were digested with EcoRI and HindlIIl. Insertion of
bphA3A4 into pT7-7 gave plasmid pT7-7/bphA3A4,
in which bphA3A4 is under the control of the T7
promoter. E. coli BL21star(pET101D/bphA1fA2f) and
E. coli BL21(DE3)(pT7-7/bphA4A3) were maintained
on Luria-Bertani (LB) [15] plates containing 1.8%
Bacto agar (Becton Dickinson, Sparks, MD, USA) and
100 pg/mL ampicillin.

For oxygenasegpyp; purification, E. coli BL21star
(pET101D/bphA1fA2f) was grown at 28°C in 9 1 of 2x
LB medium (Life Technologies, Rockville, MD, USA)
containing 100 pg/ml ampicillin using a Biostat B-10
fermentor (B. Braun, Bethlehem, PA, USA). Air
was supplied at a rate of 1-2 I/min and agitation at
400 rpm. Cells were grown to early exponential
phase (ODgq, = 0.5-0.7), at which time isopropyl-f-
D-thiogalactopyranoside (IPTG) was added to the
medium (500 uM final concentration). Cells were incu-
bated for an additional 4 h at 25°C and then harvested
by centrifugation (14,000xg at 4°C for 15 min). For
reductasegpy.pg; and ferredoxingpy g, purification,
E. coli BL21(DE3)(pT7-7/bphA4A3) was grown in LB
medium containing 100 pg/ml ampicillin at 37°C with
air supplied at a rate of 1-21/min and agitation at
400 rpm. When the culture reached mid-exponential
phase (turbidity at 660 nm = 0.6-0.8), the temperature
was reduced to 28°C and IPTG was added to a final
concentration of 300 uM. After 4 h, cells were harvested

by centrifugation. Cell pellets were resuspended in an
equal volume of BTGD buffer (50 mM Bis-Tris [pH
6.8], 5% glycerol, 1 mM sodium dithio-threitol) and
stored at —70°C.

Preparation of cell extracts and initial fractionation

Purification procedures were performed at 4°C using
an automated FPLC system (Bio-Rad Laboratories,
Hercules, CA, USA). Chromatography columns and
column resins were from Amersham Biosciences, Pis-
cataway, NJ, except for the ceramic hydroxyapatite
(Bio-Rad Laboratories). DNase I (final concentration
0.01 mg/ml) was added to thawed cell suspensions of
recombinant E. coli cultures. The cell suspensions were
passed through a chilled French pressure cell, main-
taining an internal cell pressure of approximately
20,000 psi. Cell debris and membranes were removed
by centrifugation at 145,000xg for 60 min at 6°C. Cell
extracts were applied to a XK50/30 column containing
approximately 500 ml (bed volume) of a Q-Sepharose
FF, pre-equilibrated with 1,500 ml of BTGD. Unbound
proteins were eluted from the column with 500 ml of
the same buffer at a rate of 2.0 ml/min. Bound proteins
were eluted with a linear gradient from 0 to 0.6 M KCl
in BTGD bulffer at the same flow rate and 20 ml frac-
tions were collected.

Purification of oxygenasegpy.p;

Q-Sepharose fractions exhibiting oxygenasegppp;
activity were pooled and concentrated under nitrogen
by ultrafiltration with a 100 kDa-cut off membrane
(Amico, Danvers, Mass). The concentrated fraction
was adjusted to 0.8 M ammonium sulfate in BTGD
buffer. After 1 h, the precipitate was removed by cen-
trifugation at 14,000xg for 30 min. The supernatant
was applied to a XK26/40 chromatography column
containing 80 ml (bed volume) of butyl-sepharose that
had been pre-equilibrated with 0.8 M ammonium sul-
fate in BTGD buffer. Unbound proteins were eluted at
a flow rate of 1.0 ml/min with the same buffer. Bound
proteins were eluted with a linear gradient from 0.8—
0 M ammonium sulfate at the same flow rate. Fractions
exhibiting oxygenasegpy.p; activity were combined and
concentrated, and the buffer was exchanged to 5 mM
potassium phosphate buffer, pH 6.8, by ultrafiltration
under N, with a YM100 membrane. The concentrated
protein solution was applied to a XK16/70 column con-
taining 80 ml (bed volume) of hydroxyapatite that had
been pre-equilibrated with 5 mM phosphate buffer (pH
6.8). The column was washed with 100 ml of the same
buffer, and bound proteins were eluted from the
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column with a linear gradient of 5-200 mM phosphate
buffer, pH 6.8, at a flow rate of 1 ml/min. Fractions con-
taining oxygenasegpy.g; Were pooled and concentrated
by ultrafiltration as described above. Purified oxygen-
asegpp.p; Was frozen in liquid nitrogen and stored at
—70°C.

Purification of reductasegpyyp;

Q-Sepharose fractions exhibiting reductasegpyp; acti-
vity were pooled and concentrated using an Amicon
ultrafiltration system equipped with a YM30 mem-
brane. Ammonium sulfate was added to the protein
solution to a final concentration of 1.0 M, incubated
for 1 h, and centrifuged for 30 min at 14,000xg. The
supernatant was loaded (0.5 ml/min) onto a XK26/40
column containing 80 ml (bed volume) of butyl-sepha-
rose pre-equilibrated with 400 ml BTGD buffer con-
taining 0.85 M ammonium sulfate. Unbound protein
was eluted at a flow rate of 0.7 ml/min with 80 ml
BTGD buffer containing 0.85 M ammonium sulfate.
Bound protein was eluted with a linear gradient from
0.85-0 M ammonium sulfate at the same flow rate.
Fractions containing reductasegpyy.g; were pooled and
concentrated as described above. Ammonium sulfate
was removed by buffer exchange with 5 mM potassium
phosphate buffer, pH 6.8. The reductase preparation
was then loaded onto a XK16/70 column containing
100 ml (bed volume) of ceramic hydroxyapatite that
had been pre-equilibrated with 250 ml 5 mM potas-
sium phosphate buffer, pH 6.8. Unbound protein was
eluted with 100 ml of 5mM potassium phosphate
buffer, pH 6.8 at a flow rate of 1 ml/min. Bound proteins
were eluted with a linear gradient from 5-100 mM
potassium phosphate buffer, pH 6.8 at a flow rate of
1 ml/min. Fractions exhibiting reductasegpy.g; activ-
ity were pooled, and concentrated. Ammonium sul-
fate was added to a final concentration of 1.0 M, the
protein solution was incubated for 1 h, and was cen-
trifuged for 30 min at 14,000x g. The supernatant was
loaded (0.5 ml/min) onto a Phenyl-sepharose High
Performance column pre-equilibrated with 50 ml
5 mM potassium phosphate buffer containing 1.0 M
ammonium sulfate. Unbound protein was eluted at a
flow rate of 0.5 ml/min with 5 ml 5 mM potassium
phosphate buffer containing 1.0 M ammonium sul-
fate. Bound protein was eluted with a linear gradient
from 1.0-0 M ammonium sulfate at the same flow
rate. Fractions containing reductasegpy.p; Wwere
pooled, concentrated and exchanged into 10 mM
potassium phosphate buffer, pH 6.8. Purified reduc-
tasegpy.p; Was frozen in liquid nitrogen and stored at
—70°C.
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Purification of ferredoxingpy g,

Q-Sepharose fractions exhibiting ferredoxingpy g,
activity were pooled and concentrated under N, by
ultrafiltration with a YM10 membrane. Ammonium
sulfate was added to the concentrated protein solu-
tion to give a final concentration of 1.2 M. After one
hour, the solution was centrifuged for 30 min at
14,000x g. The supernatant solution was applied to a
XK26/40 column containing 100 ml (bed volume) of
octyl-sepharose that had been pre-equilibrated with
500 ml of BTGD buffer containing 1.2 M ammonium
sulfate. Unbound protein was eluted at a flow rate of
0.5 ml/min with 250 ml BTGD buffer containing 1.2 M
ammonium sulfate. Bound protein was eluted with a
linear gradient from 1.2-0 M ammonium sulfate at the
same flow rate. Fractions containing ferredoxXingpy.g;
were pooled, concentrated and exchanged into 5 mM
potassium phosphate buffer, pH 6.8, as described
above. Ammonium sulfate was removed by buffer
exchange with 5 mM potassium phosphate buffer, pH
6.8. The ferredoxin preparation was then loaded onto
a XK16/70 column containing 80 ml (bed volume) of
ceramic hydroxyapatite that had been pre-equili-
brated with 250 ml 5mM potassium phosphate
buffer, pH 6.8. Unbound protein was eluted with
100 ml of 5 mM potassium phosphate buffer, pH 6.8
at a flow rate of 1 ml/min. Bound proteins were
eluted with a linear gradient from 5 to 100 mM potas-
sium phosphate buffer, pH 6.8 at a flow rate of 1 ml/
min. Fractions containing ferredoxingpyp; were
pooled, concentrated and exchanged into 10 mM
potassium phosphate buffer, pH 6.8. Purified ferre-
doxingpp.p; Was frozen in liquid nitrogen and stored
at —70°C.

Enzyme assays

BPDO activity was determined by measuring the for-
mation of ['*C]biphenyl 2,3-dihydrodiol at room tem-
perature as described previously [25]. The reaction
mixture (0.25 ml) contained 50 mM MES buffer (pH
6.8), 400 pM NADH, 400 uM ferrous ammonium sul-
fate, 160 uM [U-'*C]biphenyl, 2 ug reductasegpy p;,
1 pg ferredoxingpy.p; and appropriate amounts of
crude cell extract, column fractions, or purified oxy-
genasegprp; (550 pg depend on the purity of
enzyme). The reaction was initiated by the addition of
[*C]biphenyl, which was dissolved in 2 pl dimethyl-
formamide. After incubation at room temperature for
an appropriate period (typically 0.5-20 min), 25 ul of
37% formaldehyde was added to terminate the reac-
tion. A 5 pl sample of each mixture was applied to the
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origin of a plastic-backed thin-layer silica gel 60 F,s,
plate (EM Science, Gibbstown, NJ, USA) and air-
dried. The plate was developed with 100% n-heptane
to remove unreacted biphenyl from the origin. The
origin, containing the reaction product, was then
excised, and the radioactivity present was measured
by liquid scintillation counting. The assay was opti-
mized for buffer type, concentration, pH, and incuba-
tion time. The activity of BPDO in cell extracts and
following each purification step was determined by
the same procedure. One unit of activity equals the
amount of protein that produces 1 nmol of product
per min.

Cytochrome c reductase activity

The NADH:cytochrome ¢ oxidoreductase assay [61] was
used to analyze reductasegpy.g; and ferredoxingpy g
activity. For assaying reductaseppy g, the reaction mix-
ture (1.0 ml total volume) contained 50 mM MES
buffer (pH 7.0), 300 uM NADH, 87 uM horse heart
cyctochrome c¢ (type III; Sigma) and appropriate
amounts of reductasegpy g (1-20 pg protein depend-
ing on the purity of the protein). For assaying ferre-
doxingpy_g;, the reaction mixture (1.0 ml total volume)
contained the same components as above, plus 1 pg of
purified reductasegpyyp; and appropriate amounts of
ferredoxingpy p; (1-10 pg protein depending on the
purity of the protein). The activity was determined by
monitoring the increase in absorbance at 550 nm. An
extinction coefficient of 21,000 M~ cm™! for reduced
minus oxidized cytochrome ¢ was used in calculating
the activity [61]. One unit of activity was defined as the
amount of protein that reduced 1 pmol of cyctochrome
¢ per min.

Flavin determination

Identification and quantification of the flavin present
in reductasegpy g; Was carried out by high pressure
liquid chromatography (HPLC) as previously described
[54], and from the absorbance of the FAD (g4, =
11,300 M~em™1, [62]). After thermal denaturation of
the protein at 100°C for 5 min, protein was removed by
centrifugation at 10,000xg for 5 min at 4°C, and the
supernatant was analyzed. HPLC analyses were per-
formed with a Waters Associates HPLC system (600E
solvent delivery system, U—6 K injector, model 910
photodiode array detector, and Millennium Chroma-
tography Manager software). Separations were carried
out on a Beckman Ultrasphere reverse-phase column
(4.6 mm x 25 cm) with a mobile phase of methanol-
water (20:80) at a flow rate of 1 ml/min.

Spectroscopy

Electron paramagnetic resonance (EPR) spectra of
oxygensegpy.g; and ferredoxingpyy g; were recorded at
77 K in a Bruker model ESP 300 spectrometer (ESR
Facility, University of Iowa) as isolated (oxidized) and
following reduction with an excess of sodium dithio-
nite. The settings were as follows: 5 mW microwave
power, 3,650-G centerfield, 9.29-GHz microwave mod-
ulation frequency, 42-s sweep time ad 1.0 x 10°
receiver gain. The absorbance spectrum of each pro-
tein was recorded under an argon atmosphere on a
Beckman DU7500 or an Aminco DW-2000 spectro-
photometer as isolated and during reduction with
NADH and catalytic amounts of the required electron
transfer proteins.

Iron and acid-labile sulfide

Iron and acid-labile sulfide were determined by pub-
lished methods [3, 63].

Protein determinations

Protein concentrations were determined by the
method of Bradford [9] using bovine serum albumin as
the standard.

Molecular weight determinations

The native molecular weights of reductasegp g, and
ferredoxingpp.p; wWere determined by Matrix Assisted
Laser Desorption lonization (MALDI) mass spec-
trometry (Biflex III, Bruker Daltonics, Manning park
Billerica, MA). The native molecular weight of oxy-
genasegprg; in BTGD buffer was determined by
dynamic light scattering at 6°C [24] using a DYN-
APRO Instrument from Protein Solutions. The sub-
unit molecular weights were determined by MALDI
mass spectrometry and sodium dodecyl sulfate poly-
acrylamide electrophoresis (SDS-PAGE [39]) on 12.5%
gels with Low Molecular Weight standards (Bio-Rad
Laboratories). Samples were boiled for 6 min imme-
diately prior to loading gels.

N-terminal amino acid sequence analysis

The N-terminal amino acid sequences of reductasegpy.
g1» ferredoxingpy .y, and the o and B subunits of oxy-
genasegpy.p; Were determined by Edman degradation
on an automated sequencer (Applied Biosystems, Fos-
ter City, CA, USA) at the University of lowa Molecular
Analysis Facility after SDS-PAGE and electroblotting
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of the purified proteins onto a polyvinylidene difluo-
ride membrane (ProBlott; Applied Biosystems).

Protein crystallization

Initial crystallization screenings were carried out with
the Crystal Screen II, Crystal Screen, Crystal SaltRx
and PEG/Ion kits (Hampton Research, Riverside, CA,
USA) using the hanging drop vapor-diffusion method
[4]. The crystallization drops, containing 2 pl protein
solution and 2 pl precipitant solution, were equili-
brated against 0.75 ml of precipitant solution. Details
of crystallization conditions for each protein are given
in the Results and discussion.

Data collection and processing

X-ray diffraction data was collected on the IMCA-
CAT beamline 17-ID at the Advanced Photon Source
at Argonne National Laboratories. The data for reduc-
tasegpy.g; Were indexed and integrated using Mosflm
[49] and scaled using Scala [14]. The large cell edge
of ferredoxingpyp; required a synchrotron light source
to obtain high flux and small oscillation angle data
frames. The data for ferredoxingpy.g; and oxygen-
aseppy.g; Were processed and scaled with the software
packaged*TREK [46]. Initial phases were generated
by the program AMoRe [43] using ferredoxingsp.og16.4
and naphthalene dioxygenase (INDO.pdb) as the starting
models. Structural refinement is currently underway
for all three components.

Whole cell biotransformations

For biotransformation studies, E.coli BL21(DE3)
star(pT7-7/bphA4A3)(pET101D/bphA1fA2f) was grown
at 30°C in a Biostat B-10 fermentor as described above
for purification of oxygenasegpy p; and harvested by
centrifugation (14,000xg at 4°C for 15 min). The cells
(66 g) were washed twice with 50 mM KH,PO, buffer
(pH 7.5) (phosphate buffer). Biotransformations
were performed by resuspending cells to a final con-
centration of 4.5 g (wet weight) per 100 ml of phos-
phate buffer. Solid substrates (naphthalene, biphenyl,
or phenanthrene) were added to a final concentration
of 0.1% (wt/vol). Cultures (50 ml) were incubated at
30°C with shaking (150 rpm) for 36-48 h. Culture
supernatants were collected and extracted as previ-
ously described [51], and products were analyzed by
GC-MS following trimethylsilyl (TMS) derivatiza-
tion with N,O-bis(trimethylsilyl)trifluoroacetamide
(BSTFA) (Pierce, Rockford, IL) as described by the
manufacturer.
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Large scale biotransformations of benzo[a]pyrene
were performed in three 2.8-1 Fernbach flasks with
400 ml resuspended cells (18 g) in each flask. Benzo[a]
pyrene (30 mg in 2 ml of acetone) and 0.4 g sodium
pyruvate were added to 400 ml cell suspensions and
each flask was incubated on a rotary shaker (200 rpm)
at 30°C for 16 h.

Cultures were then extracted three times with an
equal volume of sodium hydroxide-washed ethyl ace-
tate [51]. The combined organic extracts were dried
over anhydrous Na,SO, and concentrated at 32°C
under reduced pressure prior to analysis.

Preparative thin layer chromatography (PLC) was
performed on 2 mm Silica Gel 60 F,s, plates (EM Sci-
ence), which were developed in solvent (chloroform:
acetone, 80:20, vol/vol). Fractions separated by PLC
were extracted with methanol.

HPLC was performed with a Hewlett Packard LC/
ESI System, consisting of a VYDAC C-18 column
(4.6 mm by 25 cm) with a solvent program composed
of a methanol-water linear gradient (40-90%, vol/vol,
20 min, 90% methanol, 20 min). The flow rate was
0.7 ml/min. The absorbance spectra of a major compo-
nent (95%) and a minor component (5%) separated by
HPLC were determined using Beckman DU7500 spec-
trophotometer. The elemental composition of the
major component was determined by high resolution
mass spectrometry.

Results and discussion

Reductasegpp; and ferredoxingp g, were resolved
by ion exchange chromatography of cell extracts pre-
pared from E. coli BL21(DE3)(pT7-7/bphA3A4). This
procedure yielded a yellow fraction (reductasegpiipi),
which eluted at 0.3 M KCl and a brown fraction (ferre-
doxingpy_g;) eluting at 0.43 M KClL.

Reductasegpy.p;

Purified reductasegpy;g; Was obtained by a four-step
procedure utilizing ion-exchange and hydrophobic
interaction chromatography (Table 1). The purified
enzyme gave a single band when analyzed by SDS-
PAGE (Fig. 2). Properties of the protein are summa-
rized in Table2 and are similar to the properties
reported for the flavoprotein reductase components of
the BPDOs from Burkholderia xenovorans LB400 [10]
and Comamonas testosteroni B-356 [30, 31]. The
molecular weight of reductasegpy.g; as determined by
Matrix Assisted Laser Desorption Ionization (MALDI)
mass spectrometry was 43,173, which is consistent with
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Table 1 Purification of BPDO gpy; g, components from recombinant E. coli strains®

Purification step Amount of Activity® Yield (%) Purification
protein (mg) Units/mg Units (fold)

Reductasegpy p;

Crude cell extract 3,230 0.6° 2,040 100

Q-Sepharose 703 2.0 1,410 69 3
Butyl-Sepharose 97 10.8 1,050 52 17
Hydroxyapatite 42 16.4 686 34 26
Phenyl-Sepharose 5.8 62.3 361 18 99

high performance
Ferredoxingpy.p;

Crude cell extract 3,790 0.8° 3,000 100

Q-Sepharose 734 33 2,410 80 4
Octyl-Sepharose 318 9.4 2,050 68 12
Hydroxyapatite 80 17.2 1,370 46 22
Oxygenaseppy p;

Crude cell extract 3,980 28.94 115,000 100

Q-Sepharose 461 149 68,600 60 5
Butyl-Sepharose 231 162 37,500 33 6
Hydroxyapatite 82 294 24,000 20 10

? Reductasegpy.p; and ferredoxingpy.g; were purified from E. coli BL21(DE3)(pT7-7/bphA3A4), and oxygenasegpy.p; Was purified

from E. coli BL21star(pET101D/bphAlfA2f)

® One unit of reductasegpy g activity is defined as the amount of enzyme required to reduce one umol of cytochrome ¢ per min in the

presence of excess ferredoxingpy p;

¢ One unit of ferredoxingpy_g; activity is defined as the amount of enzyme required to reduce one pmol of cytochrome ¢ per min in the

presence of excess reductasegpy i

4 One unit of oxygenaseppyy.p; activity is defined as the amount of enzyme required to produce

the value (43,447) predicted from the nucleotide
sequence of the bphA4 gene (G. J. Zylstra, unpub-
lished data). The results indicate that reductasegpy_p;
consists of a single subunit. The N-terminal amino acid
sequence of purified reductasegpy.p; (Table2) was

kDa 1 2 3 4 5

97.0
66.0

45.0

31.0

25.5

14.4

Fig. 2 SDS-PAGE of purified BPDO system components. Lanes
1 and 5, molecular weight standards; lane 2, reductasegpy.p; (4 1g
of protein); lane 3, ferredoxingpy (8 pg of protein); lane 4,
oxygenaseppy g; (5 g of protein). Proteins were stained with
Coomassie brilliant blue R250

identical to the sequence deduced for bphA4 (G. J.
Zylstra, unpublished data). The absorbance spectrum
of the purified protein had absorbance maxima at
378 nm and 450 nm with a shoulder at 475nm
(Fig. 3a). The extinction coefficient at 450 nm was
9.82 mM~'cm™!. This peak was bleached when anaero-
bically titrated with NADH. A linear decrease in
absorbance was observed to terminate when 10 nmol
NADH had been added to 9.3 nmol of reductasegpy g
(Fig. 3a). Addition of FAD or FMN to assay mixtures
did not stimulate activity, and the FAD (0.93 mol of
FAD/mol) content of reductasegpy p; indicated that
the flavin site was almost fully occupied in the purified
preparation. No iron or acid-labile sulfur was detected
from the purified protein.

Cytochrome ¢ reductase activity of reductasegpy.g;
was dependent on the presence of ferredoxin, but it
was not specific for ferredoxingpy.g;- Similar activities
were obtained in the presence of ferredoxingpy.p; or
ferredoxinyg g [57]. With ferredoxin,yr jgs, (from the
2-nitrotoluene dioxygenase system of Acidovorax sp.
strain JS42 [45]), ferredoxingap.ggie.4 (from the naph-
thalene dioxygenase system of Pseudomonas sp. strain
NCIB 9816-4 [28]), and ferredoXingpp.ipago (from
the BPDO system of B. xenovorans LB400 [26]),
activities were 65, 46, and 21% of the activity with
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Table 2 Properties of BPDO gppyy 5, components

Properties Reductasegpy.p;

Ferredoxin gppy.p; Oxygenase gpp.p1

Molecular mass (kDa)? 432

Subunit molecular mass (kDa)® 44.1, (43.447)
(from deduced amino acid sequence®)

Subunit structure Monomer

Iron (g-atoms per mol)? -

Acid labile sulfur (g-atoms per mol)? -

FAD (mol per mol)? 0.93

Absorption spectra, A, (nm) 378, 450

Extinction coefficients 8.65 (378), 9.82 (450)
(mM~"em™")(,) (nm)

115 217
10.8, (11.657) % 47.8, (50.917)
B21.9, (20.653)

Monomer Heterotrimer
2.10 2.43/ap
1.86 1.81/af

332,457,550 (shoulder)
12.3/ap (332), 7.22/0B (457)

326, 463, 570 (shoulder)
15.3 (326), 7.62 (463)

EPR? (reduced), g, g, g, NA 2.02,1.90,1.82 2.02,1.91,1.73
Gene designation bphA4 bphA3 bphAIfA2f
N-terminal amino acid sequence?® MRSIAIVGANLAGGRAV- SNKLRLCQVA- o, SSDATLVDTVN-

B, SSEQIPVTPDD-

The molecular mass determined from the deduced amino acid sequence was used in all calculations

NA not applicable

? Determined as described in Materials and methods
b Determined by SDS-PAGE

¢ G.J. Zylstra, unpublished data

4 None detected

ferredoxingpy p;, respectively. Reductasegpyp; was
also capable of substituting for the native reductase
components of toluene dioxygenase [56], naphthalene
dioxygenase [27], BPDO (from LB400 [10]), 2-nitrotol-
uene dioxygenase, and nitrobenzene dioxygenase [45]
systems in assays with the native substrates (data not
shown). NADH was the preferred electron donor for
reductasegp.p;- The cytochrome ¢ reduction and
BPDO activities were reduced to 2 and 9%, respec-
tively, when NADH was substituted by NADPH.

Ferredoxingpy g,

Ferredoxingpy_g; Was purified to apparent homogene-
ity by a three-step procedure utilizing ion exchange
and hydrophobic interaction chromatography (Table 1).
The purified protein gave a single band when analyzed
by SDS-PAGE (Fig. 2). The molecular mass of ferre-
doxingpy.p; determined by MALDI-TOF was consis-
tent with the deduced molecular mass derived from the
sequence of the bphA3 gene (Table 2). The N-terminal
amino acid sequence of ferredoxingpy z; (Table 2) was
identical to the amino acid sequence predicted from
the nucleotide sequence of bphA3 (G. J. Zylstra,
unpublished data).

The absorbance spectrum of purified ferredoxingpyy g
was typical of a Rieske-type iron-sulfur protein with
absorbance maxima at 326 nm and 463 nm with a
broad shoulder in the region of 570 nm. The absor-
bance at 463 nm (g, 7.62 mM 'em™!) was bleached
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under anaerobic conditions in the presence of NADH
and catalytic amounts of reductasegpy g, (Fig. 3b) with
the appearance of new peaks at 435 nm and 520 nm.
Full reduction of 1 mol of ferredoxingpy g; occurred
with the uptake of 0.5 mol of NADH (Fig. 3b, inset),
indicating that ferredoxingpy.p; accepts single elec-
trons. Oxidized ferredoxingpy g, did not give an EPR
spectrum. However, signals with g-values of 2.02, 1.90
and 1.82 were observed after reduction with sodium
dithionite. The absorbance and EPR spectra are char-
acteristic of a Rieske [2Fe-2S] center and this was con-
firmed by the presence of approximately 2 g atoms
each of iron and acid-labile sulfur in the isolated pro-
tein. The properties of ferredoxingpy g, are similar to
those reported for the ferredoxin components of the
B. xenovorans LB400 [26] and C. testosteroni B-356
[31] BPDO systems and the toluene dioxygenase
system from Pseudomonas putida F1 [55].

Oxygenaseppp.p;

Oxygenasegpyp; Was purified 10-fold with 20% recov-
ery of the activity present in the crude cell extract
(Table 1). Hydrophobic interaction with a Butyl-Sepha-
rose column enhanced the purity as shown by SDS-
PAGE, although almost half the original dioxygenase
activity was lost in this step (Table 1). The enzyme con-
sisted of large (o) and small () subunits (Fig. 2) with
molecular masses of 50,643 (o subunit) and 20,556 (P
subunit), which were determined by MALDI mass
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spectrometry. A molecular mass of 217,600 was obtained
for the native enzyme, indicating an osfB; subunit
conformation. These values and the N-terminal amino
acid sequences of the oxygenasegpy.g; ® and § subunits
(Table 2) were consistent with the deduced amino acid
sequences for bphAIfA2f (G. J. Zylstra, unpublished
data). The oxygenasegpy.p; o subunit reacted with a
monoclonal antibody specific for the toluene dioxygenase
o subunit from P. putida F1, but did not react with anti-
F1 B subunit antibody [40] or antibodies [44] specific for
naphthalene dioxygenase from Pseudomonas sp. NCIB
9816-4 (data not shown). These results suggest that oxy-
genasegpy.p; 1S @ member of the Toluene/Biphenyl fam-
ily of dioxygenases [21], although the N-terminal
sequence analysis indicates that it is quite different in

<Fig. 3 Oxidized and reduced spectra of purified BPDO compo-

nents. a Anaerobic reduction of reductase gpjy.p; by NADH. The
cuvet contained, in a final volume of 1.0 ml of 50 mM MES buffer,
pH 7.0, reductase gpy_g; (9.3 nmol). Curve 1 shows the absorption
spectrum of oxidized reductase gpp.p; under anaerobic condi-
tions. The remaining curves show spectra obtained after separate
2.1 nmol or 1.05 nmol additions of NADH. The inset shows the
decrease in absorption at 450 nm after successive additions of
NADH. b Anaerobic reduction of ferredoxin gpy.g; by NADH in
the presence of reductase ppy.g;- The cuvet contained, in a final
volume of 1.0 ml of 50 mM MES buffer, pH 7.0, ferredoxin gpyy_p;
(29.7 nmol) and catalytic amounts of reductase gpyy.g; (1.9 nmol).
Curve 1 shows the absorption spectrum of oxidized ferredoxin
ppH.p1 Under anaerobic conditions. The remaining curves show
spectra obtained after separate 2.1 nmol additions of NADH.
The inset shows the decrease in absorption at 463 nmol after suc-
cessive additions of NADH. ¢ Anaerobic reduction of oxygenase
sra.g1 Y NADH in the presence of reductasegpy.g; and ferre-
doxingpy.p;- The cuvet contained, in a final volume of 1.0 ml of
50 mM MES buffer, pH 7.0, oxygenasegpyy.g; (84.7 nmol), and cat-
alytic amounts of reductasegpy.g; (2.8 nmol) and ferredoxingpy.
g1 (2.9 nmol). Curve 1 shows the absorption spectrum of oxidized
oxygenasegpy.g; under anaerobic conditions. The remaining
curves show spectra obtained after separate 4.3 nmol additions
of NADH. The inset shows the decrease in absorption at 457 nm
after successive additions of NADH

sequence from BPDOs from B. xenovorans LB400 [25],
Pseudomonas pseudoalcaligenes KF707 [59] and
C. testosteroni B-356 BPDOs [30].

The properties of oxygenaseppy.p; (Table 2) indi-
cate that it contains a Rieske [2Fe-2S] cluster. The iron
and acid-labile sulfide contents of oxygenasegppp;
were 2.43 and 1.81 mol each per mol off heterodimer.
Addition of exogenous ferrous iron was required for
maximal activity (data not shown), suggesting that iron
was lost during the purification and may explain why
the oxygenase component contained less iron than
expected for a heterotrimer. The absorbance spectrum
of oxidized oxygenasegpy p; showed peaks at 332 nm
(e, 12.29) and 457nm (g, 7.22 mM~lem™!) with a
broad shoulder at 550 nm (Fig. 3c). When reduced
anaerobically with NADH in the presence of cata-
lytic amounts of reductasegpy.g; and ferredoxingpy gy,
0.5 mol of NADH was required to reduce each of
heterodimer of oxygenasegp.; (Fig. 3c). The EPR
spectrum of reduced oxygenasegp g gave g values of
2.01, 1.91 and 1.73, further confirming the presence of a
Rieske center.

The results in Fig. 3c show that electrons are trans-
ferred from NADH to oxygenasegpy.p; via reduc-
tasegpy.p; and ferredoxingpy ;. In addition, biphenyl
2,3-dihydrodiol was the only product detected by auto-
radiography when oxygenasegpy_g; Was combined with
reductasegpy.p; and ferredoxingpy ;. No products
were detected in the absence of added NADH or elec-
tron transfer components. It is of interest to note that a
His-tagged BPDO purified from C. testosteroni B-356
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oxidizes biphenyl to dihydrodiols at the 2,3- and 3,4-
positions [30].

The effects of substituting various reductases and
ferredoxins from other dioxygenase systems on the
biphenyl oxidizing activity of oxygenasegpy.g; are shown
in Table 3. The results show that none of the alterna-
tive ferredoxin components transferred electrons to
oxygenasegpp.p;- However, reductaseppp.p; could be
replaced by all four of the other tested reductases
(Table 3). Together, ferredoxingpyy g; and reductasegpyy p;
were capable of transferring electrons to the oxygenase
components of the naphthalene dioxygenase, 2-nitro-
toluene dioxygenase, and nitrobenzene dioxygenase
systems, but not BPDO (from LB400) or toluene dioxy-
genase (data not shown). These results indicate that
both reductaseppy p; and ferredoxingpy g, are quite
flexible in their redox partner interactions, but that
oxygenasegpp.p; 1 highly selective: only ferredoxingpy g,
could transfer electrons to oxygenasegpy.pi-

Table 3 BPDO gpy p; activity: oxygenasegpy g in the presence
of various reductase and ferredoxin components

Reductase? Ferredoxin® Relative
activity (%)°
Rdgpy.p1 Fdgpy.p 100
droL-Fi droLF1 0
Rdyap.9s164 Fdxap.osis-4 0
Rdonroysa Fdonrysa 0
Rdgph.LB400 Fdgpr.r400 0
RdroLpi Fdgpy.p 120
Rdyap.os164 Fdgpy.p 84
RdNroysar Fdgpr.p 54
Rdgph.LB400 Fdgpy.p 100
dgph.B1 droL-F1 0
dgpu-B1 dNAP.9816-4 0
Rdgpy.p1 Fdonroysa 0
Rdgpy.p1 Fdgpr.400 0

? Reductase components: Rdpg; g, toluene dioxygenase reduc-
tase from P. putida F1[56], Rdyap.og16.4- Naphthalene dioxygenase
reductase from Pseudomonas sp. strain NCIB 9816-4 [27], Rdyyr.
1s42» 2-nitrotoluene dioxygenase reductase from Acidovorax sp.
strain JS42 [45], Rdgpy. gages BPDO reductase from B. xenovo-
rans strain LB400 [10]

® Ferredoxin components: Fdyo; p;, toluene dioxygenase ferre-
doxin from P. putida F1 [57], Fdyp.9s164- Daphthalene dioxygen-
ase ferredoxin from Pseudomonas sp. strain NCIB9816-4 [28],
Fd,nt.5542, 2-nitrotoluene dioxygenase ferredoxin from Acido-
vorax sp. strain JS42 [45], Fdgpyy.r gagyp, BPDO ferredoxin from
B. xenovorans strain LB400 [26]

¢ Reaction mixtures (0.25 ml) contained 58 pg oxygenasegpy.p;
and excess amounts of reductase and ferredoxin components in
50 mM MES buffer (pH 6.9), with the addition of 400 ptM NADH,
400 uM ferrous ammonium sulfate, 1 uM FAD, and 160 uM
['* C]biphenyl. Activity was determined by the standard assay
with a 4 min incubation time and is reported relative to activity in
the presence of purified reductasegpy.g; and ferredoxingpyy g;
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Substrate preference

The activity of oxygenasegpy.g; With toluene and naph-
thalene as substrates was detected by the formation of
['*C]naphthalene 1,2-dihydrodiol and ['*C]toluene 2,3-
dihydrodiol from '4C-labeled substrates. The activity
with ["*C]biphenyl was 189 U/mg protein, while those
with [**C] naphthalene and [*C] toluene were 17.6 U/
mg protein (9.3% of the activity with biphenyl) and
31.1 U/mg protein (16.5% of the activity with biphe-
nyl), respectively, indicating that naphthalene and tolu-
ene are poor substrates for oxygenasegpy.g; compared
to biphenyl.

E. coli expressing the bphA3A4AIfA2f genes
oxidized biphenyl and naphthalene to their respective
cis-2,3- and 1,2-dihydrodiols, which were identical to
authentic compounds previously isolated from S. yan-
oikuyae B1 [22] and P. putida strain 119 [33]. Phenan-
threne was oxidized to two cis-dihydrodiol isomers
corresponding to the cis-1,2- and 3,4-dihydrodiols,
which is also consistent with previous results with
S. yanoikuyae B1 [34]. When the recombinant E. coli
was incubated with benzo[a]pyrene, less than two per-
cent of the substrate was converted to a major (com-
pound 1) and a minor (compound 2) dihydrodiol with
the absorption spectra shown in Fig. 4. The spectra are
identical to the cis-benzo[a]pyrene 9,10-dihydrodiol
and cis-benzo[a]pyrene 7,8-dihydrodiol formed by
S. yanoikuyae B1 [41]. A recombinant BPDO formed by
DNA shuffling of the oxygenase genes from P. pseud-
oalcaligenes KF707 and B. xenovorans LB400 oxidizes
a variety of heterocyclic aromatic substrates to cis-
dihydrodiols [42]. However, this strain has not been
reported to oxidize polycyclic aromatic hydrocarbons.
Based on the results reported here, the recombinant
BPDO encoded by bphA3A4AIfA2f has a substrate
preference that is comparable to the biphenyl-induced
BPDO from S. yanoikuyae, with biphenyl as the pre-
ferred substrate.

The BPDO induced during growth of S. yanoikuyae
with biphenyl has been purified (C. L. Yu and D. T.
Gibson, unpublished) and the N-terminal amino acid
sequences of its o and B subunits are identical to the
sequences shown in Table 2 for the o and B subunits of
the dioxygenase purified from the recombinant strain.
These results show that the bphAIfA2f genes encode a
BPDO with specificity for polycyclic aromatic hydro-
carbons. However, they do not rule out the possibility
that other bphAIA2 genes in the Bl genome may
encode dioxygenases with similar overlapping sub-
strate specificities. The presence of four different of
pairs encoding Rieske non-heme iron oxygenases has
recently been reported for Mycobacterium vanbaalenii
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Fig. 4 Absorption spectra of
a cis- 9,10-dihydroxy-di-
hydrobenzo[a]pyrene;

b cis- 7,8-dihydroxy-di-
hydrobenzo[a]pyrene formed
from benzo[a]pyrene by

E. coli BL21(DE3)star
(pAlter-Ex2/
bphA3A4)(pET101D/
bphAIfA2f)

0.61A

04 4

Absorbance

0.03 1

330
Wavelength (nm)

230 280

PYR-1. One of these, nidA3B3, encodes an enzyme
with a similar substrate preference to the B1 BPDO
[38].

Protein crystallization

Reductasegpy g, (20 mg/ml) in 50 mM potassium phos-
phate buffer (pH 6.8) was crystallized in 0.1 M HEPES
(pH 7.0), 2.2 M ammonium sulfate. Small crystals of
the reductasegpy.p; grew after several weeks at 6°C.
Diffraction-grade crystals (Fig. 5a) were obtained after
macroseeding under the same conditions. The crystals
initially diffracted beyond 2 A; however they quickly
degraded due to radiation damage in the beam. A com-
plete data set to 2.5 A was obtained. Indexing and
analysis of the space group indicated that the crystal
lattice is of the 1422 space group. Cell dimensions were
calculated to be a=b =121.2 A and ¢ = 136.5 A.

Ferredoxingpy g; (33 mg/ml) in 50 mM potassium
phosphate buffer (pH 6.8), was crystallized in 0.1 M
citric acid (pH 4.2), 1.6 M ammonium sulfate. Oval
shaped crystals with a strong red-brown color formed
after 2 weeks at 6°C (Fig. 5b). The ferredoxingpy.p;
crystals diffracted to 2.0 A and were in the hexagonal
space group P6s22. The cell dimensions were a=>b =
62.1 and ¢ =238.4 A and o= =90° y = 120°. The crystal
structure of the ferredoxin component of BPDO from
LB400 has been determined [13]. The results show that
the histidine ligands of the [2Fe-2S] cluster are exposed
near the surface of the protein. The structure of ferre-
doxingpp.p; 1s currently being determined and it will
be interesting to see if the B1 component has similar
properties.

Oxygenasegpy.p; (20 mg/ml) crystallized in 20% (w/v)
polyethylene glycol 3350, 1 M NaCl and 0.1 M ZnCl, at
6°C. Reddish hexagonal crystals formed after several
weeks at 6°C (Fig. 5c). The oxygenasegpy.p; crystals
diffracted to 1.75 A and were members of the space
group P3,21 with cell dimensions of a=5b=134.95
c=219.88 A and o= = 90° y = 120°. A detailed study
of the kinetic properties and crystallization of a recom-

380 280 30 380

Wavelength (nm)

Fig. 5 Diffraction-grade crystals of reductasegpy.p, (a) ferre-
doxingpy g; (b) Oxygenasegpy g (¢)

binant oxygenase from C. testosteroni B-356 BPDO has
been reported [32]. Although kinetic properties were
not determined in the present study, the structure of
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oxygenasegpy.g; has been determined [18]. The active
site of the enzyme has a large enough pocket to accom-
modate polycyclic aromatic hydrocarbons as large as
benzo[a]pyrene. A review of the known structures of
Rieske dioxygenases has been published [17]. Most of the
published work on BPDOs from other organisms has
focused on their ability to oxidize polychlorinated biphe-
nyls (reviewed in [19, 47]), and at this time the ability of
these enzymes to oxidize polycyclic aromatic hydrocar-
bons larger than phenanthrene has not been reported.

Conclusions

The results reported in this study indicate that the
BPDO components purified from E. coli expressing
bphA3A4 and bphAIfA2f are the same as the compo-
nents induced during the growth of S. yanoikuyae B1
with biphenyl. The substrate range of the cloned
dioxygenase has not been fully explored. However
the formation of the benzo[a]pyrene cis-9,10- and
7,8-dihydrodiols is consistent with this view.

The properties of reductasegpyyp;, ferredoxingpyp;
and oxygenasegpy.p; are remarkably similar to the
Rieske dioxygenase systems purified from B. xenovo-
rans LB400 [10, 25, 26] and C. testosteroni B-356 [30,
31]. However, biphenyl-grown cells of these organisms
have not been reported to oxidize the wide range of
substrates demonstrated for B1. The crystal structure
of oxygenasegpy.p; provides further confirmation of
the ability of the enzyme to accommodate large PAHs
in the active site [17, 18].

The single known ferredoxin-reductase pair from
strain B1 functioned as an effective electron shuttle sys-
tem for the dioxygenase, which lends further support to
the proposed use of one set of redox partners for the six
known dioxygenases in this strain [2, 12, 37]. However,
based on results presented here, oxygenaseppyyg; is quite
specific in its interaction with ferredoxingpy g;. Ferre-
doxins from the toluene, naphthalene, and 2-nitrotoluene
dioxygenase systems as well as ferredoxingpp.1ga00
were incapable of productive interaction with oxygen-
asegppp; (Table 3). Taken together, these results
suggest that that there will be a conserved ferredoxin
docking site on the surface of the six diverse dioxy-
genases in strain B1 that will allow specific binding of
ferredoxingpp.p;- In contrast, the choice of reductase
partner for ferredoxingpy.p; Was much less specific
(Table 3). The crystal structures of the protein
components will provide the basis for future protein-
protein interaction studies to address these questions.
This study paves the way for a wide range of structure-
function studies of this versatile and useful enzyme.
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