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In this work, we examined the profile of metabolites produced from the doubly para-substituted biphenyl analogs 4,4=-dihy-
droxybiphenyl, 4-hydroxy-4=-chlorobiphenyl, 3-hydroxy-4,4=-dichlorobiphenyl, and 3,3=-dihydroxy-4,4=-chlorobiphenyl by
biphenyl-induced Pandoraea pnomenusa B356 and by its biphenyl dioxygenase (BPDO). 4-Hydroxy-4=-chlorobiphenyl was hy-
droxylated principally through a 2,3-dioxygenation of the hydroxylated ring to generate 2,3-dihydro-2,3,4-trihydroxy-4=-chloro-
biphenyl and 3,4-dihydroxy-4=-chlorobiphenyl after the removal of water. The former was further oxidized by the biphenyl di-
oxygenase to produce ultimately 3,4,5-trihydroxy-4=-chlorobiphenyl, a dead-end metabolite. 3-Hydroxy-4,4=-dichlorobiphenyl
was oxygenated on both rings. Hydroxylation of the nonhydroxylated ring generated 2,3,3=-trihydroxy-4=-chlorobiphenyl with
concomitant dechlorination, and 2,3,3=-trihydroxy-4=-chlorobiphenyl was ultimately metabolized to 2-hydroxy-4-chlorobenzo-
ate, but hydroxylation of the hydroxylated ring generated dead-end metabolites. 3,3=-Dihydroxy-4,4=-dichlorobiphenyl was princi-
pally metabolized through a 2,3-dioxygenation to generate 2,3-dihydro-2,3,3=-trihydroxy-4,4=-dichlorobiphenyl, which was ultimately
converted to 3-hydroxy-4-chlorobenzoate. Similar metabolites were produced when the biphenyl dioxygenase of Burkholderia xeno-
vorans LB400 was used to catalyze the reactions, except that for the three substrates used, the BPDO of LB400 was less efficient
than that of B356, and unlike that of B356, it was unable to further oxidize the initial reaction products. Together the data show
that BPDO oxidation of doubly para-substituted hydroxychlorobiphenyls may generate nonnegligible amounts of dead-end
metabolites. Therefore, biphenyl dioxygenase could produce metabolites other than those expected, corresponding to dihydro-
dihydroxy metabolites from initial doubly para-substituted substrates. This finding shows that a clear picture of the fate of poly-
chlorinated biphenyls in contaminated sites will require more insights into the bacterial metabolism of hydroxychlorobiphenyls
and the chemistry of the dihydrodihydroxylated metabolites derived from them.

The toxicity of hydroxybiphenyls in antimicrobial preparations
used as biocides has been exploited for many years (1). In

addition, hydroxybiphenyls are key intermediates produced from
multiple sources. For example, they are produced from the micro-
bial metabolism of dibenzofuran, fluorene, and carbazole (2, 3).
In polychlorinated biphenyl (PCB)-contaminated sites, hydroxy-
chlorobiphenyls are generated by the bacterial biphenyl catabolic
enzymes (4) and by plant enzymatic systems (5, 6). In addition,
hydroxychlorobiphenyls may be produced in significant amounts
by abiotic processes (7). The presence of these hydroxylated me-
tabolites in the environment may impact the ecosystems in which
they are generated since they are toxic to living organisms, includ-
ing bacteria (8). Among their toxicological effects toward mam-
mals, certain congeners are recognized endocrine disrupters (7).
Because of the numerous concerns about their environmental im-
pacts, hydroxychlorobiphenyls are increasingly considered a new
class of environmental contaminants (for a complete review about
the sources of production and the toxicity of hydroxychlorobi-
phenyls, see the report by Tehrani and Van Aken [9]). However,
their fate in the environment has been scarcely investigated. The
pathway used by aerobic bacteria to degrade biphenyl is also used
to metabolize or cometabolize several hydroxy- and hydroxychlo-
robiphenyls with an initial attack by the biphenyl dioxygenase
(BPDO) (9). However, the profile of the metabolites generated by
this pathway has been determined for only a few of these biphenyl
analogs (8, 10, 11). The metabolism of an ortho-hydroxylated bi-
phenyl by a monooxygenase has also been reported. The hydroxy-
biphenyl-degrading Pseudomonas sp. strain HBP1 and its 2-hy-

droxybiphenyl 3-monooxygenase have been well characterized
(12).

The biphenyl catabolic pathway is composed of the four enzy-
matic steps shown in Fig. 1. The oxygenase component (BphAE)
of the biphenyl dioxygenase initiates the metabolism by inser-
tion of molecular oxygen onto vicinal ortho-meta carbons to
generate the cis-2,3-dihydro-2,3-dihydroxybiphenyl, which is
then oxidized to a catechol and cleaved. The encoding genes in
Pandoraea pnomenusa B356 are bphAE for the oxygenase compo-
nent and bphFG for the ferredoxin (BphF) and reductase (BphG)
components of the biphenyl dioxygenase and bphBCD for the 2,3-
dihydro-2,3-dihydroxybiphenyl dehydrogenase (BphB), the 2,3-
dihydroxybiphenyl 1,2-dioxygenase (BphC), and the 2-hydroxy-
6-oxo-6-phenylhexa-2,4-dienoic acid (HODA) hydrolase (BphD)
(Fig. 1). The enzymes of the biphenyl catabolic pathway are very
versatile. Beside PCBs they may also metabolize diphenylmethane
as well as heterocyclic aromatics, including dibenzofuran, quino-
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line, and many phenolics, such as flavonoids derived from plants
(2, 8, 10, 13–16).

The specificity of the BPDO is crucial to determine the range of
biphenyl analogs metabolized by the biphenyl catabolic pathway.
For this reason, significant effort has been invested to characterize
this enzyme, and the three-dimensional structure of the oxygenase
component (BphAE) of the BPDOs of strain B356 and of Burk-
holderia xenovorans LB400 has been resolved (17, 18). It is now
well established that the range of biphenyl analogs metabolized by
B356 and LB400 BPDOs differs considerably. Although B. xeno-
vorans LB400 is considered to be the best PCB-degrading bacte-
rium that occurs naturally, recent reports have shown that BphAE
of strain B356 (BphAEB356) metabolizes many biphenyl analogs
significantly more efficiently than BphAE of strain LB400 (BphA-
ELB400) (13, 19–21).

It has clearly been established that bacterial BPDOs oxidize
chlorinated biphenyls principally on the least substituted or non-
substituted ring (4). In the case of plants, using in vitro plant cells
cultures, Kucerova et al. (22) have shown that 4-chlorobiphenyl is
hydroxylated onto the 4=-carbon and Rezek et al. (6) have shown
that the least substituted ring is the one that is the most often
hydroxylated. Fungi were also reported to generate para-hydroxy-
lated metabolites of PCBs (23). Although the prevalence of the
doubly para-hydroxychlorobiphenyls has not been determined
precisely, 4-hydroxy-4=-chlorobiphenyl may cause inhibition of
state 3 respiration of mitochondria (24), and in addition, several
para-hydroxychlorobiphenyls were shown to be endocrine dis-
rupters (25). The profiles of metabolites generated from 2,2=- and
3,3=-dihydroxybiphenyl by biphenyl-induced cells of strain B356
were determined in a previous study (8). The ability of the biphe-
nyl catabolic pathway of B. xenovorans LB400 to metabolize 4-hy-
droxy-4=-chlorobiphenyl has recently been demonstrated (16),
but the profile of the metabolites produced from doubly para-
substituted hydroxy- or hydroxychlorobiphenyls has never been
reported. In this work, we determined the profile of metabolites
produced from selected doubly para-substituted hydroxychloro-
biphenyls by the biphenyl catabolic pathway enzymes of B356 and
LB400. Since many metabolites differed from those expected for a
2,3-dioxygenation of the substrate, to explain their production,
we have examined in more detail the catalytic reaction of P.
pnomenusa B356 and B. xenovorans LB400 BPDOs toward these
biphenyl analogs. Our data show that BPDO catalytic oxidation of
doubly para-substituted biphenyl analogs may lead to the produc-
tion of metabolites other than the expected dihydrodihydroxybi-
phenyls, many of which are dead-end metabolites that may accu-
mulate in the environment.

MATERIALS AND METHODS
Bacterial strains, plasmids, chemicals, and general protocols. Wild-type
strains P. pnomenusa B356, Escherichia coli DH11S(pDB31 LB400 bphFG)
(pQE31 B356 bphAE), and E. coli DH11S(pDB31 LB400 bphFG)
(pQE31 LB400 bphAE), in which pDB31 carries the LB400 bphFG genes
and pQE31 carries the B356 or LB400 bphAE genes, were described pre-
viously (20, 26, 27). These two E. coli strains express an active BPDO
exhibiting the biochemical features of B356 and LB400 BPDOs, respec-
tively. The culture media used were Luria-Bertani (LB) broth (28), M9
basal medium (28), or minimal mineral medium no. 30 (MM30) (29)
amended with various sources of carbon and antibiotics, depending on
the experiment. 4,4=-Dihydroxybiphenyl, 4-chlorobenzoate, and 4-hy-
droxybenzoate (99% pure) were from Sigma-Aldrich; 4-chlorobiphenyl,
4,4=-dichlorobiphenyl, 4-hydroxy-4=-chlorobiphenyl, 3-hydroxy-4,4=-
dichlorobiphenyl, and 3,3=-dihydroxy-4,4=-dichlorobiphenyl (99% pure)
were from Ultra Scientific. Gas chromatography (GC)-mass spectrometry
(MS) analyses of these compounds did not reveal any contaminants, such
as other hydroxychlorobiphenyls, that may have interfered with the anal-
ysis of the profiles of metabolites derived from them.

Whole-cell assays to assess metabolism of the various hydroxychlo-
robiphenyls by biphenyl catabolic pathway enzymes. Strain B356 was
grown at 28°C on MM30 plus biphenyl to reach log phase. Cultures were
filtered through packed glass wool to remove particulates, cell aggregates,
and crystals of biphenyl. Cells were harvested by centrifugation, washed
with phosphate buffer (30 mM, pH 7.2) or M9 medium, and suspended to
an optical density at 600 nm (OD600) of 2.0 in MM30 plus the appropriate
substrate (27). The suspensions were incubated at 28°C and 100 rpm.
After periods varying from 1 to 18 h, depending on the experiments, the
cell suspensions were extracted at neutral and acidic pH with ethyl acetate,
and the extracts were treated with N,O-bis-trimethylsilyl trifluoroacet-
amide (TMS) for GC-MS analysis according to previously described pro-
tocols (30). GC-MS analyses were performed as described previously (20),
using a Hewlett Packard HP6980 series gas chromatograph interfaced
with an HP5973 mass selective detector (Agilent Technologies).

Similar whole-cell assays were performed with E. coli cells producing
the B356 or LB400 BPDO. In this case, E. coli DH11S(pDB31 LB400
bphFG)(pQE31 B356 bphAE) and E. coli DH11S(pDB31 LB400 bphFG)
(pQE31 LB400 bphAE) were grown at 37°C to log phase in LB broth with
appropriate antibiotics. The cultures were induced for 4 h with 0.5 mM
isopropyl-�-D-thiogalactoside (IPTG) and then washed and suspended to
an OD600 of 2.0 in M9 medium or to an OD600 of 5.0 in 50 mM sodium
phosphate buffer, pH 7.0, depending on the experiments. The resting cell
suspensions were incubated at 37°C for periods varying from 30 min to 18
h with the appropriate hydroxychlorobiphenyls at concentrations ranging
from 0.5 to 2 mM. The metabolites were then extracted for GC-MS anal-
yses using protocols identical to the ones described above. Parallel con-
trols were also performed using 4-chlorobiphenyl as the substrate to con-
firm that the dioxygenase activity was in the same range for both
recombinant E. coli clones expressing the B356 or LB400 BPDO.

We also assessed the ability of reconstituted His-tagged BPDO prepa-

FIG 1 The four enzymatic steps of the bacterial biphenyl catabolic pathway. red, reduction; ox, oxidation.

Metabolite Profile of para-Hydroxychlorobiphenyls

July 2015 Volume 81 Number 14 aem.asm.org 4861Applied and Environmental Microbiology

http://aem.asm.org


rations to metabolize hydroxychlorobiphenyls. His-tagged enzyme com-
ponents were produced and purified by affinity chromatography accord-
ing to a previously published protocol (31). This protocol produces
consistent highly purified enzyme preparations, and the purity of each
preparation was assessed by SDS-PAGE. The enzyme assays, in which the
assay mixtures contained from 100 to 800 nmol substrate and 1.2 nmol of
each enzyme component, were performed in a volume of 200 �l in 50 mM
morpholineethanesulfonic acid (MES) buffer, pH 6.0, at 37°C as de-
scribed previously (32). The reaction medium was incubated for 5 to 15
min, and the metabolites were extracted at pH 6.0 with ethyl acetate and
then treated with TMS as described above for GC-MS analysis.

Purification and NMR analysis of 3,4-dihydroxy-4=-chlorobiphe-
nyl, 3,4,5-trihydroxy-4=-chlorobiphenyl, and 4-(4-chlorophenyl)-cis-
5,6-dihydroxycyclohex-3-en-1-one. 4-Hydroxy-4=-chlorobiphenyl me-
tabolites were produced by use of a reconstituted His-tagged purified
preparation of B356 BPDO comprised of BphAEFG from strain B356. The
reaction mixture for each enzyme reaction, performed as described above,
contained 800 nmol 4-hydroxy-4=-chlorobiphenyl, and the mixture was
incubated for 15 min at 37°C. The ethyl acetate extract was concentrated
20-fold by evaporation under a stream of nitrogen, and this preparation
was injected into a XDB-C8 column (4.6 � 150 mm). The high-pressure
liquid chromatography (HPLC) conditions were identical to those used in
a previous study (20) to purify the benzophenone metabolites produced
by purified B356 BPDO preparations. The identity and purity of the eluted
metabolites were confirmed by GC-MS analysis of TMS derivatives before
running the nuclear magnetic resonance (NMR) analysis. The NMR spec-
tra were obtained at the Quebec/Eastern Canada High Field NMR Facility
at McGill University (Montreal, Quebec, Canada) with a Bruker 500-mHz
spectrometer. The analyses were carried out in deuterated acetone at
room temperature.

Docking and structure analysis. After removal of the cocrystallized
ligands and water, dimer AB of BphAEB356 (RCSB Protein Data Bank
accession number 3GZX) was used as the docking target. Ligand was
downloaded as SDF files from PubChem (http://pubchem.ncbi.nlm.nih
.gov) and converted into PDB format in the Discover Studio Visualizer
(version 2.5) program. In the AutoDockTools program, the ligand was

randomly placed into the active site near the mononuclear iron as the
starting position. Atomic energy maps were calculated for all types of
atoms in the ligand, and the grid map was centered on mononuclear iron
and contained 20 points in each x, y, and z direction with the default
spacing of 0.375 Å. Then, automatic docking was implemented in the
AutoDock (version 4.2) program (33) with the Lamarckian genetic algo-
rithm (LGA) as the search method. The number of LGA runs was in-
creased to produce 20 docking results for further structural analysis.

RESULTS
Analysis of metabolites produced from 4-hydroxy-4=-chlorobi-
phenyl by purified B356 BPDO. When a purified preparation of
B356 BPDO was used to metabolize 4-hydroxy-4=-chlorobiphe-
nyl, several metabolites were produced, but one of them, metab-
olite 7, was by far the major one. Figure 2 shows the metabolite
profile obtained after 7 min of incubation. The fact that the me-
tabolite profile did not vary significantly for incubation times of
between 2 min and 15 min suggested that multiple pathways were
occurring simultaneously for oxidation of this substrate. On the
basis of previous reports (8, 34), the mass spectral features of me-
tabolite 7 (Table 1) corresponded to those of a trihydroxychloro-
biphenyl {M� at m/z 452 and fragmentation ions at m/z 437
(M� � CH3), 417 (M� � Cl), 379 [M� � (CH3)3Si], 364 [M� �
(CH3)4Si], 349 [M� � (CH3)4Si � CH3}. Among the minor me-
tabolites, metabolite 1 (Fig. 2) exhibited spectral features that were
identical to those of authentic 2,3-dihydroxy-4=-chlorobiphenyl,
which is produced from 4-chlorobiphenyl (34). The mass spectral
features of metabolite 2 (Table 1) were similar to those of metab-
olite 3 {M� at m/z 382 and fragmentation ions at m/z 367 (M� �
CH3), 340 (M� � CO � CH2), 292 [M� � (CH3)3SiOH], 277
[M� � (CH3)3Si � OH � CH3], 264 [M� � (CH3)3SiO � CH �
O], 252 [M� � (CH3)3SiO � CH � CO], 217 [M� � (CH3)3SiO �
CH � CO � Cl]}, which has been identified to be 4-(4-chloro-

FIG 2 Total ion chromatogram of TMS derivatives of the metabolites produced from 4-hydroxy-4=-chlorobiphenyl by biphenyl (BPH)-induced cells of strain
B356 incubated for 90 min with the substrate, as indicated in Materials and Methods (black line), or by a purified preparation of B356 BPDO incubated for 7 min
with the substrate (gray line). The metabolite numbering is the same as that in the text and in Table 1. Structures are those of the nonderivatized metabolites.
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phenyl)-cis-5,6-dihydroxycyclohex-3-en-1-one by NMR spec-
trometry (see below). The TMS-treated metabolite 4 exhibited
mass spectral features that, on the basis of previous reports (8, 34),
were characteristic of a dihydroxychlorobiphenyl (Table 1). The
identity of this metabolite was confirmed by NMR spectroscopy
(see below). The spectral features of metabolite 5 corresponded to
those of a trihydroxychlorobiphenyl (Table 1), and the spectral
features metabolite 6 corresponded to those of a dihydrotrihy-
droxychlorobiphenyl (Table 1).

Analysis of the metabolites produced from 4-hydroxy-4=-
chlorobiphenyl by biphenyl-induced resting cells of strain
B356. When a resting suspension of biphenyl-induced B356 cells
was incubated with 1.6 �mol/ml of 4-hydroxy-4=-chlorobiphenyl,
about 10% of the added substrate remained after 2 h of incuba-
tion. In the acidic extract, we detected only approximately 10
nmol/ml of each of 4-chlorobenzoic acid and 4-hydroxybenzoic
acid, and both were identified by comparing their spectral features
with those of authentic standards. In addition, we detected only
traces of a metabolite whose spectral features were identical to
those of 2-hydroxy-6-oxo-6-(4=-chlorophenyl)-hexa-2,4-dienoic
acid (chlorophenyl-HODA), which is also produced from 2,3-
dihydroxy-4=-chlorobiphenyl during the metabolism of 4-chloro-
biphenyl (34). Two major metabolites, metabolites 4 and 7, were
detected in the neutral extract from cell suspensions incubated for
2 h (Fig. 2). Together, they represented more than 95% of the total
neutral plus acidic metabolites, and their GC-MS features were
identical to those of metabolites 4 and 7. Since both 4-hydroxy-
benzoate and 4-chlorobenzoate are poor growth substrates for
strain B356 and poorly metabolized by biphenyl-induced cells of
strain B356 (not shown), most of the added 1.6 �mol/ml substrate
should have been converted to the benzoic acid derivatives by the
resting cell suspension after 2 h of incubation. Since less than 1%
of the added substrate was converted to the acidic metabolites
chlorophenyl-HODA plus hydroxy- and chlorobenzoic acids and
since almost 90% of the substrate was converted to metabolite 4
plus metabolite 7, it suggested that the last two compounds were
dead-end metabolites that accumulated in the growth medium.

Identities of metabolites 3, 4, and 7. Metabolite 7 was purified

as a single peak by HPLC and analyzed by NMR spectrometry.
Metabolite 3 was also purified by HPLC, but the purified prepa-
ration contained a small amount of metabolite 4. This mixture was
also analyzed by NMR spectrometry.

On the basis of its NMR features reported in Table 2, com-
pound 7 was identified to be 3,4,5-trihydroxy-4=-chlorobiphenyl.
The presence of only three signals (one singlet and two doublets)
for 6 protons shows that the metabolite is perfectly symmetrical;
thus, two hydroxyl groups are located on two symmetrical posi-
tions of one of the aromatic rings. A two-dimensional (2D) het-
eronuclear multiple bond correlation (HMBC) experiment
showed a correlation between the singlet proton at 6.716 ppm and
carbon C-1= at 141.12 ppm (Fig. 3A), which gives only two possi-
ble positions for these hydroxyl groups at either 3,5 or 3=,5=.
Therefore, the identity of metabolite 7 was confirmed to be 3,4,5-
trihydroxy-4=-chlorobiphenyl on the basis of the experimental
chemical shift values for the 13C NMR, which were very close to
the calculated theoretical values for this compound (Table 2).

Metabolite 4 was also identified from its NMR spectral fea-
tures. This metabolite was detected as a minor component of the
HPLC peak containing metabolite 3, but the resolution and peak
height for the 1H NMR and the 2D correlation spectroscopy spec-
tra were good enough to allow its identification. The 1H NMR
spectrum showed five signals representing seven protons [peaks at
7.60 ppm (d,2H) (H-2=,H-6= or H-3=,H-5=) and 7.38 ppm (d,2H)
(H-3=,H-5= or H-2=,H-6=), at 7.15 ppm (d,1H) (H-2), at 7.03 ppm
(dd,1H) (H-6), and at 6.94 ppm (d,1H) (H-5)]. The structure and
coupling constants shown in Fig. 3B are identical to those already
reported for 3,4-dihydroxy-4=-chlorobiphenyl in the same solvent
(35). The accumulation of metabolites 4 and 7 in biphenyl-in-
duced cell suspensions of strain B356 may be explained by the
inability of B356 BphC to metabolize meta-para-dihydroxybiphe-
nyls during the incubation period (36).

The 1H NMR spectrum of metabolite 3 showed 9 protons,
including two couples of symmetrical vicinal aromatic protons
(AA=BB= system) [7.424 ppm (d), 8.5 Hz (2H), and 7.658 ppm (d),
8.5 Hz (2H)]. The correlation between these four protons and the
carbon at position 4= observed from a 2D HMBC spectrum, as well

TABLE 1 Metabolites produced from 4-hydroxy-4=-chlorobiphenyl by
B356 BPDO

Metabolite
no.a

Spectral feature(s) (TMS derivatives)b

M� M-15 Other ions

1 364 (100) 349 (18) 276 (30), 261 (20), 246 (31), 210 (3),
147 (16), 139 (16)

2 382 (13) 367 (20) 339 (6), 264 (40), 249 (14), 217
(169), 204 (100), 147 (63)

3 382 (40) 367 (7) 340 (100), 264 (26), 252 (68), 217
(22), 204 (3), 147 (80)

4 364 (100) 349 (4) 276 (21), 261 (7), 246 (18), 210 (3),
147 (4), 139 (6)

5 452 (100) 437 (5) 364 (5), 349 (60)
6 454 (100) 439 (5) 364 (18), 341 (4), 279 (19), 264

(18),147 (95)
7 452 (100) 437 (5) 417 (1), 379 (2), 364 (7), 349 (28),

321 (8), 314 (1)
a Metabolite numbering follows the order of elution on the GC-MS spectrum. The
structures are shown in Fig. 2.
b Numbers refer to m/z values (percentage of the base peak).

TABLE 2 NMR features of metabolite 7

Position
no.

Chemical shifta (ppm)

1H

13C

Experimentalb
Theoretical
molecule A

Theoretical
molecule B

1 133.99 136.5 132.5
2 6.716 (s) 106.88 107.0 129.5
3 147.16 143.5 115.0
4 NA 126.5 153.5
5 147.16 143.5 115.0
6 6.716 (s) 106.88 107.0 129.5
1= 141.12 139.5 143.5
2= 7.557 (d) 129.50 129.0 106.5
3= 7.428 (d) 128.98 128.5 157.0
4= 132.88 133.0 106.0
5= 7.428 (d) 128.98 128.5 157.0
6= 7.557 (d) 129.50 129.0 106.5
a Theoretical molecule A, 3,4,5-trihydroxy-4=-chlorobiphenyl; theoretical molecule B,
3=,4,5=-trihydroxy-4=-chlorobiphenyl.
b NA, not available.

Metabolite Profile of para-Hydroxychlorobiphenyls

July 2015 Volume 81 Number 14 aem.asm.org 4863Applied and Environmental Microbiology

http://aem.asm.org


as the 13C chemical shifts (Table 3), confirmed that one of the two
phenyl rings was not transformed during the enzymatic reaction.

Signals for the other ring were one carbonyl (CAO; 207.813
ppm), one methylene (CH2; C, 39.749 ppm; Ha, 3.365 ppm; Hb,
3.123 ppm), two CHOOH groups (C, 77.605 ppm and 73.706
ppm, respectively; H, 4.892 ppm and 4.649 ppm, respectively),
and one CHA (C, 125.868 ppm; H, 6.371 ppm). On the basis of

the HMBC correlations, there were two possible structures of
metabolite 3. These possibilities were molecule 3A [4-(4-chloro-
phenyl)-cis-5,6-dihydroxycyclohex-3-en-1-one] (Fig. 3C) or
molecule 3B [3-(4-chlorophenyl)-cis-5,6-dihydroxycyclohex-3-
en-1-one] (Fig. 3D). In the case of molecule 3B (Fig. 3D), there are
several unjustifiable coupling constants, such as JH-4,H-5 equal to
1.5 Hz and JH-2a,H-4 and JH-2b,H-4 equal to 4.0 Hz. In addition, for
this compound, no four-bond total correlation spectroscopy
(TOCSY) correlation was observed between protons H-4, H-5,
and H-6.

On the other hand, all coupling constant values were consistent
with those for the structure of molecule 3A and also consistent
with the results of the TOCSY experiment, which did not show
any of the three vicinal protons. The JH-5,H-6 coupling value at 4.0
Hz reveals a 45-degree dihedral angle (calculated by Karplus equa-
tions [37]), consistent with a cis conformation. With these pieces
of evidence, metabolite 3 was identified to be molecule 3A, which
is 4-(4-chlorophenyl)-cis-5,6-dihydroxycyclohex-3-en-1-one.
The 13C and 1H chemical shifts and HMBC correlations for
molecule 3A are listed in Table 3. Both metabolite 2 and me-
tabolite 3 are tautomers of cis-2,3-dihydro-2,3,4-trihydroxy-
4=-chlorobiphenyl, and the absence of the latter in the medium
suggests that the equilibrium is in favor of tautomer formation.

Experimental evidence showing that metabolite 7 is pro-
duced from oxidation of metabolite 4. We performed additional
experiments to determine whether metabolites 4 and 7 were pro-

FIG 3 NMR coupling constants and HMBC correlations of 3,4,5-trihydroxy-4=-chlorobiphenyl (metabolite 7) (A) and NMR coupling constants of 3,4-
dihydroxy-4=-chlorobiphenyl (metabolite 4) (B), 4-(4-chlorophenyl)-cis-5,6-dihydroxycyclohex-3-en-1-one] (molecule 3A) (C), and 3-(4-chlorophenyl)-cis-
5,6-dihydroxycyclohex-3-en-1-one (molecule 3B) (D).

TABLE 3 13C and 1H chemical shifts and HMBC correlations of
metabolite 3

Position
no.

Chemical shift(s) (ppm)

HMBC correlation13C 1H

1 207.813
2 39.749 2a, 3.365 (dd); 2b,

3.123 (dd)
H-2, C-1, C-3, C-4, C-6, C-5,

C-1=, C-2=
3 125.868 6.371 (dt) H-3, C-4, C-1=, C-5, C-2, C-1
4 138.203
5 77.605 4.892 (d) H-5, C-6, C-3, C-4, C-1=, C-1
6 73.706 4.649 (d) H-6, C-5, C-1
1= 139.837
2= 128.372 7.658 (d) H-2=, C-3=, C-4=, C-1
3= 129.423 7.424 (d) H-3=, C-2=, C-4=, C-1=
4= 133.610
5= 129.423 7.424 (d) H-5=, C-2=, C-4=, C-1=
6= 128.372 7.658 (d) H-6=, C-3=, C4-=, C-1
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duced simultaneously or sequentially. In one set of experiments,
we incubated a suspension of IPTG-induced recombinant E. coli
cells expressing B356 BPDO with 0.8 mM 4-hydroxy-4=-chlorobi-
phenyl. After a 30-min incubation, approximately 30% of the sub-
strate was metabolized, and on the basis of the GC-MS peak area,
metabolites 4 and 7 represented, respectively, 90% and 10% of the
total metabolites. Other metabolites, metabolites 1, 2, 3, 5, and 6,
were also detected, but in trace amounts. Consistent with a further
oxidation of metabolite 4, when the same suspension was incu-
bated for 2 h, more than 90% of the substrate was metabolized,
and metabolite 7 was by far the major metabolite, representing
95% of the total metabolites, with small amounts of all other me-
tabolites being detected (not shown). When the suspensions were
incubated for 18 h, these minor metabolites disappeared, most
likely due to polymerization through oxidation, and metabolite 7
was the only metabolite detected in the culture medium. As indi-
cated above, unlike the experiment performed with recombinant
E. coli cells expressing B356 BPDO, purified preparations of B356
BPDO generated a pattern of metabolites that remained similar
for incubation times of between 2 and 15 min. This may be ex-
plained by the fact that 4-hydroxy-4=-chlorobiphenyl was added
in excess in the in vitro reaction mixtures. It was therefore always
present in the medium to compete as the substrate with metabo-
lite 4.

As further evidence that metabolite 7 is produced from metab-
olite 4, the mixture of metabolites 3 and 4 that was used for NMR
analysis was used as the substrate for a purified preparation of
B356 BPDO. After a 10-min reaction, metabolite 3 was not me-
tabolized, as shown by the fact that its peak area remained the
same, but approximately 85% of metabolite 4 was converted to
metabolite 7 (not shown). This shows clearly that metabolite 7 is
produced from further oxidation of metabolite 4 by B356 BPDO.
It also shows that, once produced, metabolite 3 is a stable tau-
tomer of cis-2,3-dihydro-2,3,4-trihydroxy-4=-chlorobiphenyl and
is not further transformed by B356 BPDO. In addition, approxi-
mately 5% of metabolite 4 was converted to a metabolite whose
GC retention time and mass spectral features were identical to
those of metabolite 5. This shows that metabolite 5 was also gen-
erated from further oxidation of metabolite 4. This metabolite
could be the 3,4,6-trihydroxy-4=-chlorobiphenyl produced from
5,6-dihydro-3,4,5,6-tetrahydroxy-4=chlorobiphenyl after the re-
moval of one water molecule at position 5. However, it could also
be the 2,3,4-trihydroxy-4=-chlorobiphenyl which may result from
the dioxygenation of 3,4-dihydroxy-4=-chlorobiphenyl on car-
bons 2 and 4.

Interestingly, under the same conditions, E. coli cells produc-
ing LB400 BPDO metabolized less than 10% of the added 4-hy-
droxy-4=-chlorobiphenyl in 18 h and 3,4-dihydroxy-4=-chlorobi-
phenyl was the sole metabolite detected in those suspensions.
Since this experiment included controls that showed that the same
cell suspension metabolized 4-chlorobiphenyl as efficiently as E.
coli cells expressing B356 BPDO, we may conclude that, unlike
B356 BPDO, LB400 BPDO metabolized 4-hydroxy-4=-chlorobi-
phenyl poorly and it was unable to further metabolize the reaction
product.

Docking experiments and suggested pathways for metabo-
lism of 4-hydroxy-4=-chlorobiphenyl. We docked 4-hydroxy-4=-
chlorobiphenyl in the substrate-bound form of BphAEB356 after
removal of biphenyl. The conformation of 19 of the 20 top-ranked
docked molecules in BphAEB356 exhibited an orientation very

similar to the one shown in Fig. 4A. The ortho-meta carbons did
not closely align with carbons 2 and 3 of the oxidized ring of
biphenyl in the complexed form (Fig. 4A), but they were at a
distance from the catalytic iron that would allow an oxygenation
of the molecule onto those positions. For all of them, the ortho-
meta carbons were not perfectly equidistant to the catalytic iron
but were at a distance of between 3.7 and 4.0 Å, which is in the
range of the distance between the reactive atoms of biphenyl and
the catalytic iron that was observed (Fig. 4A). A similar observa-
tion was made in a previous work (38) with 1,1,1-trichloro-2,2-
bis(4-chlorophenyl)ethane (DDT), a doubly para-substituted bi-
phenyl analog, where the ortho-meta carbons of DDT did not
closely align with those of the oxidized ring of biphenyl in the
complexed form. It is likely that if the docking process had aligned
the ortho-meta carbons of these substrates closer to those of biphe-
nyl, the para substituent would have been too close to Gln226 and
Phe227, two residues that are involved in the catalytic reaction
(31). Therefore, these analogs require induced-fit conformational
changes of the protein that our docking experiments could not
reproduce.

FIG 4 Superposition of catalytic center residues of 4-hydroxy-4=-chlorobi-
phenyl-docked (black and blue) and biphenyl-bound (red) forms of
BphAEB356. (A) Major conformation of the docked 4-hydroxy-4=-chlorobi-
phenyl; (B) minor conformation of the docked 4-hydroxy-4=-chlorobiphenyl.
The hydroxyl groups of 4-hydroxy-4=-chlorobiphenyl are in red, and the chlo-
rine atoms are in green. The red spheres represent the catalytic iron.
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Among the 20 top-ranked docked molecules, only one exhib-
ited a conformation that would enable an oxygenation of the or-
tho-meta carbons of the chlorinated ring (Fig. 4B). In this case,
however, its ortho-meta carbons were more distant than those of
the other top-ranked molecules to the corresponding carbons of
the biphenyl substrate, and in addition, they were at a shorter
distance (almost 1 Å less) from the catalytic iron than the ortho-
meta carbons of the bound biphenyl substrate. This may explain
why metabolite 6, which may be the 2=,3=-dihydro-2=,3=,4-trihy-
droxy-4=-chlorobiphenyl, was a minor product.

On the other hand, although based on model structures only,
none of the docking experiments placed 4-hydroxy-4=-chlorobi-
phenyl in an orientation that would allow a meta-para reaction.
Therefore, on the basis of the docking experiments, it appears
unlikely that 3,4-dihydroxy-4=-chlorobiphenyl was produced
from a 3,4-dioxygenation of 4-hydroxy-4=-chlorobiphenyl. It was,
rather, metabolized through an ortho-meta oxygenation to gener-
ate cis-2,3-dihydro-2,3,4-trihydroxy-4=-chlorobiphenyl, which
appears to be very susceptible to rearrangement.

When purified preparations of B356 BPDO were used to cata-
lyze the oxidation of 4-hydroxy-4=-chlorobiphenyl, about 30% of
2,3-dihydro-2,3,4-trihydroxy-4=-chlorobiphenyl tautomerizes to
metabolites 2 and 3. These two tautomers were produced in much
larger proportions when the reactions were catalyzed by purified
B356 BPDO preparations than when they were catalyzed by bi-
phenyl-induced B356 cells or recombinant E. coli cell suspensions
producing B356 BPDO. This difference may be explained by the
fact that in vitro BPDO reactions were performed under condi-
tions (50 mM MES, pH 6.0) that differed significantly from those
inside the cells. Although our experimental setting did not allow
us to determine the precise conditions that favor tautomerization
of 2,3-dihydro-2,3,4-trihydroxy-4=-chlorobiphenyl, once produced,
the tautomers were stable in a way similar to that for 3,4-dihydroxy-
5-(3-hydroxyphenyl)-5-cyclohexen-1-one, which was produced
from cis-5,6-dihydro-3,3=,5,6-tetrahydroxybiphenyl during catalytic
oxygenation of 3,3=-dihydroxybiphenyl by B356 BPDO (39).

On the other hand, on the basis of biochemical and docking
experiments, the preferred pathway for the oxidation of 4-hydroxy-
4=-chlorobiphenyl by B356 BPDO would be through the rapid trans-
formation of cis-2,3-dihydro-2,3,4-trihydroxy-4=-chlorobiphenyl to
3,4-dihydroxy-4=-chlorobiphenyl (metabolite 4) through water re-
moval at position 2, followed by a further oxidation of this me-
tabolite to ultimately generate metabolite 7 and a small amount
of metabolite 5. We tried to dock 3,4-dihydroxy-4=-chlorobi-
phenyl into BphAEB356, but none of the 20 top-ranked molecules
exhibited a productive conformation (not shown); other struc-
tural features that our docking experiments could not reproduce
are required for productive binding of this substrate. Therefore,
we are unable to determine precisely whether the oxygenation
reaction of metabolite 4 occurred onto carbons 5,6 or carbons 4,5.
However, on the basis of the docking experiments with 4-hy-
droxy-4=-chlorobiphenyl, which favored the ortho-meta dioxy-
genation of the substrate, and also on the basis of the finding that
oxidation of metabolite 4 yielded a small amount of metabolite 5,
we may postulate that metabolite 4 was oxygenated onto carbons
5,6 and the resulting dihydrodihydroxy metabolite was dehy-
drated principally at position 6 to generate metabolite 7.

A small portion of the 2,3-dihydro-2,3,4-trihydroxy-4=-chlo-
robiphenyl produced from the BPDO reaction may lose one water
molecule at position 4 to generate 2,3-dihydroxy-4=-chlorobiphe-

nyl (metabolite 1), but this pathway is minor, since only a small
amount was detected in the medium.

Because 4-hydroxybenzoate was found among the metabolites
in the acid extract of B356 resting cell suspensions, we may pre-
sume that metabolite 6 was 2=,3=-dihydro-2=,3=,4-trihydroxy-4=-
chlorobiphenyl. This would be consistent with the findings of the
docking experiments that showed that 1 of 20 docked molecules
exhibited a conformation allowing an oxygenation of the chlori-
nated ring. However, we cannot exclude the possibility that me-
tabolite 6 would be the 2,3-dihydro-2,3,4-trihydroxy-4=-chloro-
biphenyl that tautomerizes to metabolites 2 and 3.

On the basis of these observations, we may propose the meta-
bolic pathway for 4-hydroxy-4=-chlorobiphenyl shown in Fig. 5.

Metabolism of other para-hydroxy- or hydroxychlorobiphe-
nyls. Analysis of the metabolites generated from 4-hydroxy-4=-
chlorobiphenyl showed that oxidation of this doubly para-substi-
tuted biphenyl by the biphenyl dioxygenase may proceed through
various pathways that involve the rearrangement of cis-2,3-di-
hydro-2,3,4-trihydroxy-4=-chlorobiphenyl. In order to verify that
this observation was not a feature unique to this substrate, we also
examined the metabolism of 4,4=-dihydroxybiphenyl, 3-hydroxy-
4,4=-dichlorobiphenyl, and 3,3=-dihydroxy-4,4=-dichlorobiphenyl.

Metabolism of 4,4=-dihydroxybiphenyl by biphenyl-induced
cells of strain B356. When a biphenyl-induced resting cell sus-
pension of strain B356 was incubated with 4,4=-dihydroxybi-
phenyl, several metabolites were detected. We did not investi-
gate in detail the metabolites that were produced, and our data
do not allow us to draw a precise profile of the metabolites.
However, in the acid fraction, we detected a small amount of
4-hydroxybenzoic acid (not shown), showing that part of the
substrate was metabolized to the end product of the pathway.
When the reaction was catalyzed by E. coli cells expressing B356
BPDO, more than 95% of the substrate was converted to a metab-

FIG 5 Proposed profile of metabolites produced from 4-hydroxy-4=-chloro-
biphenyl by B356 BPDO and biphenyl-induced cells of strain B356. Thick
arrows, the major routes of transformation; brackets, the metabolite was not
detected. The metabolite numbering is as indicated in Table 1.
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olite exhibiting the spectral features of a trihydroxybiphenyl (me-
tabolite 8; Table 4). The fact that this metabolite was not further
metabolized by BphC (not shown) allows us to tentatively identify
it as 3,4,4=-trihydroxybiphenyl, which BphC would be unable to
cleave (36), or as 2,4,4=-trihydroxybiphenyl. No dihydrodihy-
droxy metabolites were detected, but two tetrahydroxybiphenyls
(metabolites 9 and 10; Table 4) were produced in small amounts.
Together, they represented less than 1% of the total metabolites.
We also detected trace amounts of a metabolite which, on the basis
of its mass spectral features, was tentatively identified as 5,6-dihy-
droxy-4-(4-hydroxyphenyl)-cyclohex-3-en-1-one or 2,6-dihy-
droxy-4-(4-hydroxyphenyl)-cyclohex-3-en-1-one. Obviously, an-

alogs with different distributions of their hydroxyl and ketone
functions (metabolite 11; Table 4), which would be tautomers of
2,3-dihydro-2,3,4,4=-tetrahydroxybiphenyl resulting from the dioxy-
genation of the substrate on carbons 2 and 3, could be considered.
Together, these observations plus the absence of 2,3-dihydro-
2,3,4,4=-tetrahydroxybiphenyl in recombinant E. coli cell suspen-
sions provide evidence that this metabolite is susceptible to
rearrangement during the oxygenase reaction. Metabolite 8
would most likely be produced from 2,3-dihydro-2,3,4,4=-tet-
rahydroxybiphenyl after the spontaneous removal of water.
When E. coli cells expressing LB400 BPDO were used to metabo-
lize 4,4=-dihydroxybiphenyl, as was the case for 4-hydroxy-4=-

TABLE 4 Metabolites produced from 4,4=-dihydroxybiphenyl by strain B356 BPDO

b 

M+ M-15  Other ions  

8 418 (52) 403 (3) 330 (7), 315 (10), 299 (3), 241 (3),
209 (2), 147 (4), 73 (100) 

9 506 (100) 491 (1) 418 (13), 403 (8), 300 (1), 253 (1), 
207 (12), 147 (10), 73 (95) 

10 506 (50) 491 (3) 418 (5), 403 (1), 300 (1), 253 (1), 
207 (1), 147 (5), 73 (100) 

11 436 (1) 421 (13) 330 (40), 204 (100) 
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Metabolite structure

a Metabolite numbering follows the order of elution on the GC-MS spectrum.
b Numbers refer to m/z values (percentage of the base peak).
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chlorobiphenyl, the substrate was poorly utilized. Less than 5% of
the substrate was converted to metabolite 8, which was the only
one recovered in the culture medium. Therefore, LB400 BPDO
catalyzed the oxidation of 4,4=-dihydroxybiphenyl less efficiently
than B356 BPDO did, but both of them produced the same major
metabolite, and they did not produce the expected dihydrodihy-
droxy metabolites.

Metabolism of 3-hydroxy-4,4=-dichlorobiphenyl. When
3-hydroxy-4,4=-dichlorobiphenyl was used as the substrate for bi-
phenyl-induced resting cell suspensions of strain B356, less than
20% of the added substrate was metabolized. The major metabo-
lite, representing approximately 50% of the total (neutral plus
acidic) metabolites, was 3-hydroxy-4-chlorobenzoic acid (metab-
olite 12; Table 5), which was identified on the basis of its GC-MS
spectral features. Among the several hydroxylated metabolites de-
tected, only two were produced in significant amounts, and each
of these represented about 25% of the total metabolites. The first
was identified as a dihydroxydichlorobiphenyl on the basis of its
mass spectral features (metabolite 13; Table 5). It may result from
2,3-dihydro-2,3,3=-trihydroxy-4,4=-dichlorobiphenyl or 5=,6=-di-
hydro-3=,5=,6=-trihydroxy-4,4=-dichlorobiphenyl after elimina-
tion of one water molecule. The other was identified as a mono-
chlorotrihydroxybiphenyl on the basis of its mass spectral features
(metabolite 14; Table 5). When purified B356 BPDO was used to
metabolize 3-hydroxy-4,4=-dichlorobiphenyl, less than 5% of the
substrate was transformed within 10 min and metabolite 13 was a
minor product, on the basis of the area under its GC-MS peak,
representing less than 5% of the total metabolites. Two major
products were detected at approximately equal amounts and to-
gether constituted about 90% of the total metabolites. The mass
spectral features of the first one to elute (spectrum not shown)
were identical to those of metabolite 14 produced by biphenyl-
induced resting cells of strain B356. This could be produced by
hydroxylation of the nonhydroxylated ring with concomitant de-
chlorination of the ring, resulting in 2,3,3=-trihydroxy-4=-chloro-
biphenyl. Production of metabolite 14 would be consistent with
the observation that 3-hydroxy-4-chlorobenzoic acid is a major
metabolite of B356 resting cell suspensions. The second major
metabolite was identified on the basis of its mass spectral features
to be either 6-chloro-3-(4-chlorophenyl)-4,5-dihydroxycyclo-

hex-2-en-1-one or 6-chloro-3-(4-chlorophenyl)-2,5-dihydroxy-
cyclohex-3-en-1-one (metabolite 15; Table 5). It exhibited a mo-
lecular ion at m/z 416 and fragmentation ions at m/z 401 (M�-CH3)
and at m/z 381 (M�-Cl), with a single prominent ion at m/z 266
corresponding to (M�-150), which would result from the loss of
[(CH3)3SiOH-CH-CH-Cl]. This is similar to the prominent m/z
M�-116 ions corresponding to [(CH3)3SiOH-CH-CH2] observed
for 3,4-dihydroxy-5-(3-hydroxyphenyl)-5-cyclohexen-1-one (8),
which is characterized by the fact that the two meta positions of the
nonaromatic ring are occupied by a hydroxyl and a carbonyl
group, respectively, and one of the ortho positions is occupied by a
hydroxyl group. Altogether, the data presented above show that
both rings of 3-hydroxy-4,4=-dichlorobiphenyl may be attacked
by B356 BPDO. When the nonhydroxylated ring is oxidized, the
resulting metabolite may easily lose the para chlorine atom to
generate a catechol which is further metabolized by the down-
stream enzymes. However, our data did not allow us to determine
the mechanism involved in the reductive dehalogenation of the
biphenyl ring during catalytic oxygenation. When the hydroxy-
lated ring is oxygenated by B356 BPDO, the resulting metabolite is
readily tautomerized, since no 5=,6=-dihydro-3=,5=,6=-trihydroxy-
4,4=-chlorobiphenyl was detected in the reaction medium. Since
neither the latter nor its tautomer (metabolite 15) was detected in
biphenyl-induced resting cell suspensions of strain B356 and
4-chlorobenzoic acid was absent, the suggestion is that the dihy-
drodihydroxy metabolite may be further oxidized or polymerized
to a nondetectable dead-end product in the cell suspensions. A
tentative pathway for the metabolism of 4,4=-dichloro-3-hydroxy-
biphenyl is proposed in Fig. 6.

Metabolism of 3,3=-dihydroxy-4,4=-dichlorobiphenyl. 3,3=-
Dihydroxy-4,4=-dichlorobiphenyl is poorly metabolized by strain
B356. About 1% of the substrate added to the biphenyl-induced
resting cell suspension was metabolized after 18 h of incubation.
The major metabolite, representing about 90% of the total, was
detected in the acidic extract of the culture, and it was identified as

FIG 6 Tentative profile of metabolites produced from 3-hydroxy-4,4=-dichlo-
robiphenyl by B356 BPDO and biphenyl-induced cells of strain B356. Thick
arrows, the major routes of transformation; brackets, the metabolite was not
detected. The metabolite numbering is as indicated in Table 5.

TABLE 5 Metabolites produced from 3-hydroxy-4,4=-dichlorobiphenyl
and from 3,3=-dihydroxy-4,4=-dichlorobiphenyl by strain B356 and its
BPDO

Metabolite
no.a

Spectral feature(s) (no. of TMS derivatives)b

M� M-15 Other ions

12 316 (21) 301 (100) 257 (35), 227 (18), 189 (10), 149 (7)
13 398 (100) 383 (11) 363 (3), 348 (32), 333 (9), 275 (7),

239 (10), 181(3), 152 (3), 131 (7)
14 452 (100) 437 (7) 417 (1), 379 (2), 364 (2), 349 (93),

314 (26), 299 (1), 253 (7), 147 (6)
15 416 (1) 401 (2) 353 (6), 266 (100), 250 (1), 147 (27)
16 486 (100) 471 (6) 398 (7), 383 (68), 348 (50), 219

(13), 147 (6), 131 (14)
17 470 (3) 455 (9) 381 (5), 354 (100), 315 (4), 271 (6),

181 (8), 147 (19), 131 (91)
a Metabolite numbering follows the order of elution on the GC-MS spectrum.
Structures are shown in Fig. 6 and 7.
b Numbers refer to m/z values (percentage of the base peak).
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3-hydroxy-4-chlorobenzoic acid on the basis of its GC-MS spec-
tral features, which were identical to those of metabolite 12 (Ta-
ble 5). The other metabolites were hydroxychlorobiphenyls,
which were found at very low concentrations and were not further
identified. The observation that the biphenyl catabolic enzymes of
strain B356 poorly metabolized 3,3=-dihydroxy-4,4=-dichlorobi-
phenyl was confirmed by the fact that less than 1% of the added
substrate was metabolized after 10 min of incubation with a puri-
fied preparation of B356 BPDO. Only one major metabolite was
detected, and it exhibited the mass spectral attributes of a trihy-
droxydichlorobiphenyl (metabolite 16; Table 5). Although fur-
ther work will be required to determine its precise identity, this
metabolite may presumably be the 2,3,3=-trihydroxy-4,4=-dichlo-
robiphenyl that would be further metabolized by the downstream
biphenyl catabolic enzymes to generate the 3-hydroxy-4-chloro-
benzoic acid found in the resting cell suspensions of strain B356.
Metabolite 16 was most likely produced from a 2,3 dioxygenation
reaction with concomitant replacement of the meta hydroxyl, but
we cannot exclude the possibility that it was formed from a 5,6
dioxygenation followed by elimination of one water molecule.
Another metabolite detected in a trace amount in the BPDO reac-
tion medium was identified on the basis of its mass spectral fea-
tures, which were characteristic of those of a monochlorinated
compound, as either 3-(4-chloro-3-hydroxyphenyl)-2,5-dihy-
droxycyclohex-3-en-1-one or 3-(4-chloro-3-hydroxyphenyl)-
4,5-dihydroxycyclohex-2-en-1-one (metabolite 17; Table 5). The
metabolite exhibited the characteristic single prominent ion at
m/z 354 (M�-116), corresponding to the (CH3)3SiOH-CH-CH2

observed for 3,4-dihydroxy-5-(3-hydroxyphenyl)-5-cyclohexen-
1-one (8). This metabolite is not likely to be further metabolized
by the biphenyl catabolic pathway and is most likely produced
from the concomitant tautomerization and loss of a chlorine atom
of 5,6-dihydro-3,3=,5,6-tetrahydroxy-4,4=-dichlorobiphenyl that
would result from a catalytic oxygenation on carbons 5 and 6. It is
noteworthy that in the case of 3-hydroxy-4,4=-dichlorobiphenyl,
the attack onto the hydroxylated ring generated a similar metab-
olite (metabolite 15), but it was not dehalogenated. This finding
suggests that the occurrence of the dehalogenation reaction may
depend on the overall electronic distribution of the dihydrodihy-
droxy metabolite. A tentative pathway for the metabolism of 4,4=-
dichloro-3,3=-dihydroxybiphenyl is presented in Fig. 7.

DISCUSSION

According to their primary amino acid sequences, BphAEB356 and
BphAELB400 belong to distinct phylogenetic clusters of BphAEs.
Recent data have suggested that each cluster may have evolved to
play distinct ecophysiological roles with respect to the metabolism
of aromatic compounds in the environment (13, 20). Although
LB400 BPDO has been considered the best PCB-metabolizing di-
oxygenase of natural origin, B356 BPDO was shown to metabolize
many biphenyl analogs more efficiently than LB400 BPDO (13,
19, 20, 38). Consistent with these findings, in this work we showed
that strain B356 BPDO metabolizes several para-substituted hy-
droxy- and hydroxychlorobiphenyl analogs more efficiently than
strain LB400 BPDO. Our data also showed that the dihydrodihy-
droxybiphenyls resulting from catalytic dioxygenation of doubly
para-substituted hydroxychlorobiphenyls are prone to extensive
intermolecular rearrangements which may or may not lead to the
loss of water or of a para chlorine atom. Similar instabilities and
rearrangements were observed in the case of 5,6-dihydro-3,3=,5,6-

tetrahydroxybiphenyl, which was generated from the catalytic ox-
ygenation of 3,3=-dihydroxybiphenyl by B356 BPDO and which
was rapidly rearranged to a stable tautomer [(3S,4R)-3,4-dihy-
droxy-5-(3-hydroxyphenyl)-5-cyclohexen-1-one] that was not
further metabolized by the biphenyl catabolic enzymes (8, 39).

In a previous work, it was shown that Pseudomonas putida
DA261 which expressed B356 BPDO plus BphB produced 2,3-
dihydroxy-4=-chlorobiphenyl and 2,3-dihydroxy-2=-chlorobi-
phenyl from 4,4=-dichlorobiphenyl and 2,4-dichlorobiphenyl, re-
spectively (40). This suggested that a dehalogenation reaction had
occurred during catalytic oxygenation of the para-chlorinated
ring by B356 BPDO (40). During this work, we confirmed this
observation and found that 2,3-dihydroxy-4=-chlorobiphenyl was
a major metabolite produced from 4,4=-dichlorobiphenyl by E.
coli cells expressing B356 BPDO (not shown). In addition, in this
work a similar dehalogenation reaction was observed with other
doubly para-substituted biphenyls. Thus, we found that 2,3,3=-
trihydroxy-4=-chlorobiphenyl (metabolite 14) was a major me-
tabolite produced from 3-hydroxy-4,4=-chlorobiphenyl and a
small amount of 3-(4-chloro-3-hydroxyphenyl)-2,5-dihydroxy-
cyclohex-3-en-1-one (metabolite 17) was produced from 3,3=-di-
hydroxy-4,4=-dichlorobiphenyl by a purified preparation of B356
BPDO. These dehalogenation reactions are distinct from the oxy-
genolytic dehalogenation occurring during the catalytic oxygen-
ation of the ortho-meta carbons of 2,2=-dichlorobiphenyl (41),
since the para chlorine that was removed was not replaced by an
hydroxyl group.

On the other hand, no dechlorinated metabolite was re-
ported when 4,4=-dichlorobiphenyl and 2,4,4=-trichlorobiphe-
nyl were oxidized by Pseudomonas pseudoalcaligenes KF707
BPDO (42, 43). Similarly, the catalytic oxidation of 2,4,4=-trichlo-
robiphenyl and 2,2=,4,4=-tetrachlorobiphenyl by B356 BPDO and
by LB400 mutants generated as the major metabolite for each

FIG 7 Tentative profile of metabolites produced from 3,3=-dihydroxy-4,4=-
dichlorobiphenyl by B356 BPDO and biphenyl-induced cells of strain B356.
Thick arrows, the major routes of transformation; brackets, the metabolite was
not detected. The metabolite numbering is as indicated in Table 5.
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substrate the expected, nondechlorinated dihydrodihydroxy
metabolite, which was stable (19, 44). It is also noteworthy that
in a previous work, the cis-2,3-dihydro-2,3-dihydroxy-1,1,1-
trichloro-2,2-bis(4-chlorophenyl)ethane produced from the
catalytic oxygenation of DDT was shown to be very stable and no
para dehalogenation was observed (38). Furthermore, in the cur-
rent work no dehalogenated metabolite was detected when 4-hy-
droxy-4=-chlorobiphenyl was metabolized by B356 BPDO. There-
fore, it appears that the dehalogenation reaction occurring during
catalytic oxygenation of doubly para-substituted chloro- and hy-
droxychlorobiphenyl analogs may depend on many factors, which
may include the number, type, and position of the substituents
and perhaps the structural properties of the BPDO used to cata-
lyze the reaction. Further investigation will be required to clarify
the mechanism behind this unusual reaction.

On the basis of the findings of the docking experiments, the
pathway that we proposed to explain the formation of metabolites
4 and 7 from 4-hydroxy-4=-chlorobiphenyl proceeds through a
2,3 dioxygenation, followed by a redistribution of the electronic
configuration of the unstable dihydrodihydroxybiphenyl metab-
olite. However, other mechanisms may have been involved in
their production, and one of these may be substrate displacement
during the catalytic reaction. For example, in a previous investi-
gation it was shown that the crystal structure of the dibenzofuran-
bound form of a BphAELB400 mutant clearly showed the substrate
in the conformation that would enable an angular dioxygenation
of dibenzofuran. However, during the catalytic reaction, dibenzo-
furan (31, 45) was displaced in the catalytic pocket to favor a
lateral dioxygenation. Therefore, in the present study, although
the docking experiments were consistent with an ortho-meta di-
oxygenation of 4-hydroxy-4=-chlorobiphenyl, we cannot exclude
the possibility that the enzyme’s regiospecificity toward this sub-
strate may have changed during the catalytic reaction through a
similar mechanism to generate principally meta-para-hydroxy-
lated metabolites. Likewise, we cannot exclude the possibility that
B356 BPDO may have hydroxylated the meta carbon of the para-
hydroxylated ring through a monooxygenase type of reaction sim-
ilar to the one catalyzed by P. pseudoalcaligenes KF707 BPDO on
isoflavan-4-ol (46).

Whether metabolite 7 was produced from a 2,3 or a 3,4 oxy-
genation of the biphenyl molecule, it is noteworthy that this me-
tabolite results from a further oxidation of metabolite 4. In a pre-
vious investigation, 3-benzylcyclohexa-3,5-diene-1,2-diol was
further oxidized to 3-[(5,6-dihydroxycyclohexa-1,3-dien-1-yl)m-
ethyl]cyclohexa-3,5-diene-1,2-diol by B356 BPDO (20). A se-
quential reaction was also observed when a purified preparation of
Pseudomonas sp. strain NCBI9816-4 naphthalene dioxygenase
was used to catalyze the oxidation of ethylbenzene (47).

Furthermore, when B356 BPDO was coupled to the 2,3-di-
hydro-2,3-dihydroxybiphenyl dehydrogenase (BphB) of B356,
benzophenone was almost completely oxidized to 2,2=,3,3=-tetra-
hydroxybenzophenone, resulting from the further oxidation of
2,3-dihydroxybenzophenone. Unlike B356 BPDO, LB400 BPDO
was unable to further oxidize 3-benzylcyclohexa-3,5-diene-1,2-
diol or 2,3-dihydroxybenzophenone (20). This observation, in ad-
dition to the fact that metabolite 7 was not detected when 4-hy-
droxy-4=-chlorobiphenyl was oxidized by LB400 BPDO, provides
evidence that BPDOs may further oxidize the initial dihydroxy or
dihydrodihydroxy metabolites generated by the catalytic oxygen-

ation of selected biphenyl analogs, but this reaction is structure
dependent.

One clear observation made in this work is that B356 and
LB400 BPDO reactions produced many metabolites other than
the expected 2,3-dihydrodihydroxybiphenyls that would result
from an ortho-meta dioxygenation of the substrates. A major con-
sequence of this finding is that doubly para-substituted hydroxy-
chlorobiphenyls are prone to generate dead-end metabolites when
they serve as the substrate for the bacterial biphenyl dioxygenase.
This was evidenced by the fact that only small amounts of hy-
droxy- or chlorobenzoic acids were detected in biphenyl-induced
cell suspensions of strain B356 incubated with 4,4=-dihydroxy- or
4-hydroxy-4=-chlorobiphenyl; most of the metabolites were re-
covered as hydroxylated derivatives of the tested substrates. The
formation of dead-end metabolites may also explain why Tehrani
et al. (16) did not detect any 4-chlorobenzoate in biphenyl-in-
duced cell suspensions of strain LB400 incubated with 4-hydroxy-
4=-chlorobiphenyl, although substrate depletion was observed.

Unlike bacteria which metabolize PCBs using biphenyl dioxy-
genase to generate cis-dihydrodihydroxybiphenyl derivatives,
plants and animals principally produce monohydroxylated deriv-
atives from PCBs. In both types of organisms, the hydroxylation
may occur on either one of the chlorinated or nonchlorinated
rings (6, 48). However, in the case of plants, several reports indi-
cate that the hydroxylation reaction often occurs on the para car-
bon of the least chlorinated ring (6, 22). Altogether, our data show
that many hydroxylated metabolites other than those expected for
a 2,3 dioxygenation of the substrate are produced when doubly
para-substituted hydroxychlorobiphenyls are metabolized by the
bacterial BPDOs. Some of these, such as the one resulting from
para dehalogenation reactions, may be metabolized further, but
other metabolites may not be further degraded by the biphenyl
catabolic enzymes and they may accumulate in the environment.
Further work will be required to clarify precisely the mechanisms
by which all the metabolites observed in this work were produced.
Our data show that a clear picture of the fate of PCBs in contam-
inated sites will require a better understanding of the metabolism
of the hydroxychlorobiphenyls derived from plants, animals, and
fungi as well as the chemistry of the dihydrodihydroxylated me-
tabolites produced from them by the bacterial biphenyl dioxyge-
nase.
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