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The purpose of this investigation was to examine the capacity of the biphenyl catabolic enzymes of Comamo-
nas testosteroni B-356 to metabolize dihydroxybiphenyls symmetrically substituted on both rings. Data show
that 3,3�-dihydroxybiphenyl is by far the preferred substrate for strain B-356. However, the dihydrodiol
metabolite is very unstable and readily tautomerizes to a dead-end metabolite or is dehydroxylated by
elimination of water. The tautomerization route is the most prominent. Thus, a very small fraction of the
substrate is converted to other hydroxylated and acidic metabolites. Although 2,2�-dihydroxybiphenyl is a poor
substrate for strain B-356 biphenyl dioxygenase, metabolites were produced by the biphenyl catabolic enzymes,
leading to production of 2-hydroxybenzoic acid. Data show that the major route of metabolism involves, as a
first step, a direct dehydroxylation of one of the ortho-substituted carbons to yield 2,3,2�-trihydroxybiphenyl.
However, other metabolites resulting from hydroxylation of carbons 5 and 6 of 2,2�-dihydroxybiphenyl were
also produced, leading to dead-end metabolites.

The enzymes of the bacterial biphenyl catabolic pathway are
very versatile. They can cometabolically transform several bi-
phenyl analogs, including polychlorinated biphenyls (PCBs) (1,
31), hydroxybiphenyls, and chlorohydroxybiphenyls (33). The
four enzymatic steps required to transform biphenyl or its
analogs into corresponding benzoic acids are illustrated in Fig.
1. The initial reaction of this pathway is catalyzed by the bi-
phenyl dioxygenase (BPDO) (13, 16). The cis-(2R,3S)-dihy-
droxy-1-phenylcyclohexa-4,6-diene(cis-biphenyl-2,3-dihydro-
diol) (commonly called cis-2,3-dihydro-2,3-dihydroxybiphenyl)
generated by the catalytic oxygenation of biphenyl is dehydro-
genated by the 2,3-dihydro-2,3-dihydroxybiphenyl 2,3-
dehydrogenase (BphB), and the catechol produced is cleaved
by the 2,3-dihydroxybiphenyl 1,2-dioxygenase. The 2-hydroxy-
6-oxo-6-phenylhexa-2,4-dienoic acid (HOPDA) is then hydro-
lyzed by the HOPDA hydrolase to yield benzoate and hydroxy-
pentanoate. The substrate specificity of BPDO is crucial,
because it limits the range of compounds potentially degrad-
able by the catabolic system (14).

For example, the three symmetrical ortho, meta, or para-
substituted dichlorinated biphenyl isomers are not metabolized
equally well by various BPDOs. Comamonas testosteroni strain
B-356 BPDO oxygenates 3,3�-dichlorobiphenyl much faster
and more efficiently than 2,2�-dichlorobiphenyl and 4,4�-di-
chlorobiphenyl. On the other hand, the catalytic activity of
Burkholderia sp. strain LB400 BPDO toward 2,2�-dichlorobi-
phenyl is much more efficient than that of B-356 BPDO (17),
but 3,3�-dichlorobiphenyl and 4,4�-dichlorobiphenyl are poor
substrates for LB400 BPDO. Nevertheless, metabolites gener-
ated from B-356 and LB400 demonstrating BPDO attack on
each of these three substrates have been detected and identi-

fied (2, 14, 17). It is noteworthy that, for both strains, BPDO
attacks 2,2�-dichlorobiphenyl principally at position 2,3, which
results in concomitant dehalogenation of the molecule (2, 14).

Many features of this enzyme have now been well charac-
terized (8, 14, 15, 17, 18, 19, 35, 36). BPDO is a three-compo-
nent enzymatic system (Fig. 1). The first component, which is
an oxygenase, is an iron-sulfur protein (ISPBPH) that catalyzes
the addition of molecular oxygen. The second and third com-
ponents are a flavoprotein reductase (REDBPH) and a ferre-
doxin (FERBPH), respectively, that are involved in the transfer
of electrons from NADH to ISPBPH, which then activates mo-
lecular oxygen for insertion into the aromatic substrate. BPDO
components are encoded by bphA (� subunit of ISPBPH), bphE
(� subunit of ISPBPH), bphF (FERBPH), and bphG (REDBPH)
in Burkholderia sp. strain LB400 (4, 11) and in C. testosteroni
B-356 (39). Enhancement of BPDO catalytic potency through
enzyme engineering toward a range of xenobiotic substrates,
including PCBs as well as dibenzodioxins and dibenzofurans
and their chlorinated forms, will require a better knowledge of
the catalytic capacity of this enzyme toward biphenyl analogs
and a better understanding of its mode of attack.

Although it has been shown that metabolism of dibenzofu-
ran by Pseudomonas sp. strain HH69 generates 2,2�,3-trihy-
droxybiphenyl that is further metabolized to 2-hydroxybenzoic
acid (12), there is relatively little information about the me-
tabolism of dihydroxybiphenyls bearing hydroxyl groups on
both phenyl rings. The 2-hydroxybiphenyl 3-monooxygenase of
Pseudomonas sp. strain HBP1 has been well characterized (37).
Beside 2-hydroxybiphenyl this enzyme can also hydroxylate
2,2�-dihydroxybiphenyl to generate 2,3,2�-trihydroxybiphenyl,
which is then degraded by a meta-cleavage pathway. In a recent
paper, the catalytic oxygenation of 2,2�-dihydroxybiphenyl by
Burkholderia strain LB400 BPDO was examined (30). How-
ever, very few other investigations have examined the catalytic
activity of the biphenyl catabolic pathway on hydroxybiphenyl
analogs. In a previous report we have shown that C. testosteroni
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B-356 is able to metabolize monohydroxybiphenyls and mono-
hydroxychlorobiphenyls through the biphenyl catabolic path-
way (33). The transformation involved in the first step is the
dioxygenation of vicinal ortho-meta carbons of the unsubsti-
tuted ring.

The toxicity of hydroxybiphenyls and substituted hydroxybi-
phenyls has been exploited for many years in antimicrobial
preparations used as biocides for industrial and agricultural
purposes (27, 40). However, these compounds are also ubi-
quitous in the environment. As our understanding of the bio-
logical degradation pathways of persistent pollutants progresses,
it becomes clear that hydroxybiphenyls are key intermediates
produced from multiple sources. For example, they are pro-
duced from microbial metabolism of dibenzofuran, fluorene,
and carbazole (26). Furthermore, many reports have now
shown that plants metabolize major environmental contami-
nants such as PCBs to generate hydroxylated derivatives (9, 10,
21, 22, 23, 28).

In the context of the potential use of high-performing
evolved BPDOs in biological processes for the degradation of
persistent pollutants, these enzymes are likely to simulta-
neously catalyze oxygenation of many analogs of the targeted
substrates. Thus, hydroxybiphenyls are likely to be transformed
in the course of processes aiming at the destruction of pollut-
ants such as PCBs and polyaromatic hydrocarbons. It is, there-
fore, essential that the metabolism of hydroxybiphenyls
through the biphenyl catabolic pathways be clearly understood.

In this investigation, we have examined the capacity of the
biphenyl catabolic pathway of C. testosteroni B-356 to metab-
olize 2,2�- and 3,3�-dihydroxybiphenyl and provided evidence
that metabolism of hydroxybiphenyls can generate dead-end
metabolites from rearrangement of the dihydrodiol metabo-
lites. The metabolism of 2,2�-dichlorobiphenyl was found to be
similar to that observed when LB400 BPDO was used to cat-
alyze the reaction (14, 30). A preference for the pair of vicinal
ortho and meta carbons of 2,2�-dihydroxybiphenyl leads to the
formation of 2,3,2�-trihydroxybiphenyl. A small proportion of
the substrate was converted to 2,5,2�-trihydroxybiphenyl. The
biphenyl catabolic pathway did not further degrade the latter.

On the other hand, catalytic oxygenation of 3,3�-dihydroxy-
biphenyl by B-356 BPDO generates as a major metabolite
3,4-dihydroxy-5-(3�-hydroxyphenyl)-5-cyclohexen-1-one, which
is a dead-end metabolite. It was shown, with isopropyl-�-
D-thiogalactoside (IPTG)-induced Escherichia coli DH11S
expressing B-356 BPDO, that this dead-end metabolite is pro-
duced by tautomerization of 5,6-dihydro-3,5,6,3�-tetrahydroxy-

biphenyl. Since this compound was a dead-end metabolite re-
sulting from catalytic dioxygenation of 3,3�-dihydroxybiphenyl,
we have examined the metabolism of this compound in more
detail.

MATERIALS AND METHODS

Bacterial strains, culture media, and chemicals. The bacterial strains used in
this study were C. testosteroni strain B-356 (3) and a variant of strain B-356
described previously (34), which was derived by adaptation through successive
transfers on minimal medium containing biphenyl as the sole growth substrate.
This strain expresses the biphenyl catabolic enzymes constitutively. Other bac-
teria used included Pseudomonas putida KT2440 carrying plasmid pDA1 or
pDA2, which are described elsewhere (2). Strain KT2440[pDA1] expresses the
four biphenyl catabolic enzymes of strain B-356, and KT2440[pDA2] expresses
the enzymes of the first three steps of the pathway. E. coli strain DH11S carrying
pQE51[LB400-bphFG] plus pDB31[B-356-bphAE] (7) was also used. This strain
expresses an active BPDO exhibiting the biochemical features of B-356 BPDO.
The media used were minimal medium 30 (MM30) (38), M9 (29), and Luria-
Bertani (LB) broth (29) containing the appropriate selective agents for propa-
gation. 2,2�-Dihydroxybiphenyl and 3,3�-dihydroxybiphenyl were from UltraSci-
entific (North Kingstown, R.I.).

Identification of metabolites of hydroxybiphenyls. Strains B-356 and B-356
biphenyl-adapted were grown at 30°C on MM30 plus biphenyl and/or succinate
for the biphenyl-adapted variant. P. putida KT2440 carrying pDA1 or pDA2 was
grown on LB broth with appropriate antibiotics (2). Cultures were filtered
through packed glass wool to remove particulates, cell aggregates, and crystals of
growth substrate. Cells were harvested by centrifugation, washed with phosphate
buffer (30 mM, pH 7.2), and resuspended, depending on the experiment, to an
optical density at 600 nm (OD600) of 1.0 (5 � 109 cells/ml) or 2.0 (1.0 � 1010

cells/ml) in MM30 plus the appropriate substrate. E. coli DH11S carrying
pQE51[LB400-bphFG] plus pDB31[B-356-bphAE] was grown at 37°C to log
phase in LB broth. The cultures were induced for 4 h with 0.5 mM IPTG and
then washed and suspended to an OD600 of 2.0 in M9 medium containing 0.5
mM IPTG, 0.1% (wt/vol) sodium acetate, and the appropriate hydroxybiphenyl.

The final volume of the cell suspensions was 30 ml in 125-ml Erlenmeyer flasks
for experiments involving B-356 and P. putida and 2 ml in 10-ml test tubes for
experiments involving E. coli strains. The cultures were incubated at 30°C (37°C
for E. coli) with shaking. At intervals, the whole content of each culture was
extracted with ethyl acetate at neutral pH and then at pH 3 for gas chromato-
graphic-mass spectrometric analysis according to protocols described previously
(33). The metabolites were analyzed as butylboronate or trimethylsilyl (TMS)
derivatives according to protocols described previously (17, 33). Occasionally,
metabolites were derivatized with 9H2-TMS. 1H nuclear magnetic resonance
(NMR) spectra were obtained at the NMR spectrometry center of the Université
de Montréal, Montréal, Canada, with a Bruker WH 400-mHz spectrometer. The
analysis was carried out in D2O at room temperature.

Ames test. The Ames test was performed to examine the potential of muta-
genicity of (3S,4R)-3,4-dihydroxy-5-(3�-hydroxyphenyl)-5-cyclohexen-1-one,
which is a major metabolite of 3,3�-dihydroxybiphenyl. The test was performed in
triplicate according to the protocol described by Maron and Ames (24) with the
four standard tester strains TA97, TA98, TA100, and TA102 of Salmonella
enterica serovar Typhimurium. Tests were done with and without activation by an
Aroclor 1254-induced rat liver S9 fraction (Microbiological Associates, Inc.,
Bethesda, Md.), lot R-469. The S9 fraction was added at concentrations of 20 and

FIG. 1. Biphenyl catabolic pathway of C. testosteroni B-356.
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50 �l per plate. (3S,4R)-3,4-Dihydroxy-5-(3�-hydroxyphenyl)-5-cyclohexen-1-one
was incorporated directly into the agar overlay at concentrations of 0.2, 2, 20, 50,
100, 250, and 500 �g per plate. The positive controls used to test the strains and
the activity of the S9 fraction were sodium azide, 2-aminofluorene, and benzo-
(a)pyrene. Each strain responded as expected (24) when 1.5, 10, and 1 �g of
sodium azide, 2-aminofluorene, and benzo(a)pyrene, respectively, were incorpo-
rated directly into the agar overlay of each plate with or without the S9 fraction.

Microtox assay. The luminescence inhibition of Photobacterium phosphoreum
by (3S,4R)-3,4-dihydroxy-5-(3�-hydroxyphenyl)-5-cyclohexen-1-one was exam-
ined using the Microtox assay (Microbics Corp., Carlsbad, Calif.) performed on
a Microtox model 500 analyzer. The compound was dissolved in dimethyl sul-
foxide, and control assays with dimethyl sulfoxide and phenol were run in par-
allel. The assays were performed according to the exact recommendations of the
company (Microtox manual, Microbics Corp., 1992). The 50% effective concen-
trations (EC50) were calculated using the Microtox version 6.2 data system
software.

RESULTS

Oxygen uptake by washed cell suspensions as an initial
measure of substrate preference. B-356 exhibits substrate pref-
erences towards symmetrical meta-substituted dihydroxybiphe-
nyls. This was initially evaluated using the oxygen uptake rates
of biphenyl-induced resting cell suspensions of strain B-356 or
of its biphenyl-adapted variant. When 4,4�-dihydroxybiphenyl
was used as the substrate, oxygen uptake rates were 12.1 and
9.0 �mol of O2/min/ml for B-356 and its biphenyl-adapted
variant, respectively. 3,3�-Dihydroxybiphenyl was oxygenated
the fastest of the three isomers by resting cell suspensions, 18.1
and 27.1 �mol of O2/min/ml for biphenyl-induced B-356 and
the biphenyl-adapted variant, respectively. The oxygen uptake
rate was 9.0 �mol of O2/min/ml for both suspensions when
2,2�-dihydroxybiphenyl was the substrate. Thus, similarly to the
chlorinated biphenyls, the meta-substituted congeners are the
preferred substrates for oxygenases of the biphenyl catabolic
pathway of strain B-356 as judged by oxygen uptake in washed
cell suspensions.

Metabolism of 2,2�-dihydroxybiphenyl by the biphenyl cat-
abolic enzymes of strain B-356. Resting cell suspensions of
IPTG-induced E. coli DH11S expressing B-356 BPDO gener-
ated two metabolites from 2,2�-dihydroxybiphenyl. From gas
chromatography-mass spectrometry analysis (Table 1) they
were identified as 2,3,2�-trihydroxybiphenyl (metabolite 1) for
the major metabolite and presumably 2,6,2�- or 2,5,2�-trihy-
droxybiphenyl (metabolite 5) for the minor metabolite. Data
showed that the mode of attack on 2,2�-dihydroxybiphenyl by
B-356 BPDO is similar to that of LB400 BPDO (30).

Evidence that strain B-356 metabolizes 2,2�-dihydroxybiphe-
nyl through a pathway involving BPDO as a first step was
provided from analysis of 2,2�-dihydroxybiphenyl metabolites
generated by washed cell suspensions. The spectral features of
the metabolites found in these washed cell suspensions are
presented in Table 1. Trace amounts of metabolite 2, 2,5,6,2�-
tetrahydroxybiphenyl, and its meta-cleavage derivative (metab-
olite 6) confirmed that catalytic oxygenation on carbons 5 and
6 had occurred. Metabolite 5, 2,5,2�-trihydroxybiphenyl, which
is a dead-end metabolite, was likely to result from 5,6-dihydro-
2,5,6,2�-tetrahydroxybiphenyl by elimination of water, and its
identity was confirmed from the presence of 2-(2-hydroxy-
phenyl)-1,4-benzoquinone (metabolite 7). No 2,3,2�-dihydroxy-
biphenyl was found in the cell suspensions. However, the
presence of 2-hydroxybenzoic acid (metabolite 4) and 2-hy-
droxy-5-oxo-5-(2-hydroxyphenyl)-3-pentanoic acid (metabolite

3) confirmed dioxygenation of the ortho and meta carbons on
the substituted side of the ortho-hydroxylated ring. The fact
that strain B-356 can degrade 2-hydroxybenzoate (33) makes it
likely that part of the substrate is mineralized by the strain.
Based on these data, the proposed pathway for the metabolism
of 2,2�-dihydroxybiphenyl is shown in Fig. 2.

Metabolism of 3,3�-dihydroxybiphenyl by the biphenyl cat-
abolic pathway of strain B-356. (i) Metabolites from IPTG-
induced E. coli DH11S expressing B-356 BPDO. IPTG-induced
E. coli cells expressing B-356 BPDO transformed 3,3�-dihy-
droxybiphenyl essentially into two metabolites. One metabo-
lite, which was produced only in trace amounts, was identified
as a trihydroxybiphenyl from the mass spectral features of its
TMS derivative (M� at m/z 418 plus characteristic ions at 403,
330, and 315). The major metabolite, (3S,4R)-3,4-dihydroxy-5-
(3�-hydroxyphenyl)-5-cyclohexen-1-one (metabolite 9, Table
2), accounted for more than 99% of the total metabolites
generated from 3,3�-dihydroxybiphenyl.

(ii) Production of (3S,4R)-3,4-dihydroxy-5-(3�-hydroxyphen-
yl)-5-cyclohexen-1-one. Metabolite 9 was also the major me-
tabolite obtained when 3,3�-dihydroxybiphenyl was trans-
formed by resting cell suspensions of biphenyl-induced B-356
or its biphenyl-adapted variant. The latter strain is derepressed
for the biphenyl catabolic enzymes; it does not require biphe-
nyl for induction, preventing any cross-contamination of hy-
droxybiphenyl metabolites resulting from growth on biphenyl.
Under optimal conditions, 30 ml of a resting cell suspension
adjusted to an OD600 of 1.0 (5 � 109 cells/ml) was able to
convert 2.5 mg of 3,3�-dihydroxybiphenyl completely into me-
tabolite 9 within 24 h (rate of 120 �g/h). The optimal condi-
tions for production of metabolite 9 were established as fol-
lows. Cells of strain B-356 were grown in MM30 containing
biphenyl as the sole growth substrate. Log-phase cells (18-h
cultures) were washed and suspended in MM30 without car-
bon source, to 5 � 109 cells/ml. Thirty milliliters of the cell
suspension was transferred into a 125-ml Erlenmeyer flask to
which 2.5 mg of 3,3�-dihydroxybiphenyl was added. The flask
was incubated at 30°C with rotatory shaking at 250 rpm for
24 h. Under these conditions, metabolite 9 was the only com-
pound extracted with ethyl acetate at neutral pH from the cell
suspension. Gas chromatography-mass spectrometry analysis
of these extracts showed no trace of 3,3�-dihydroxybiphenyl
and no trace of any other metabolite. When metabolite 9 (0.1
to 3 mg in 30 ml) was added to washed-cell suspensions of
B-356, adapted variant, and/or P. putida KT2440[pDA1] or
KT2440[pDA2], expressing the enzymes of the biphenyl cata-
bolic pathway, no further metabolite was detected in cultures
(data not shown). Therefore, this is a dead-end biotransforma-
tion product of BPDO from 3,3�-dihydroxybiphenyl.

Identification of (3S,4R)-3,4-dihydroxy-5-(3�-hydroxyphen-
yl)-5-cyclohexen-1-one. From X-ray analysis of crystals the
structure of metabolite 9 was determined to be (3S,4R)-3,4-
dihydroxy-5-(3�-hydroxyphenyl)-5-cyclohexen-1-one, C12H12O4

(32). The mass spectral features of the TMS-derived com-
pound are shown in Table 2. The spectra of its TMS derivative
showed prominent peaks at m/z 436 (M�), 421 (M-15), and 320
(M-116, OTMS-CH2-CH). The mass shift by 27 to 463 for the
(2H9)TMS derivative is indicative of a trihydroxylated metab-
olite (data not shown). The spectra of the butylboronate de-
rivative exhibited prominent ions at m/z 358 (M�), which is
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compatible with the presence of two vicinal hydroxyl groups
(data not shown).

The proton H� NMR spectrum (data not shown) corrobo-
rates the structure determined by X-ray crystal analysis. When

D2O was the solvent, the 1H NMR at 400 MHz yielded the
following data: 7.33 ppm [dd, J � 8 Hz, 8 Hz, 1H, HC(5�)]; 7.18
ppm [d, J � 8 Hz, 1H, HC(4� or 6�)]; 7.07 ppm [dd, J � 2 Hz,
2 Hz, 1H, HC(2�)]; 6.95 ppm [ddd, J � 0.5 Hz, 2 Hz, 5 Hz, 1H,

TABLE 1. Mass spectral features of TMS-derived metabolitesa generated from 2,2�-dihydroxybiphenyl

Metabolite No. RTb pH
Spectral feature (TMS derivatives)

M� M�15 Other ions

4 1 3.0 282 267 233, 209, 193, 175, 149, 135, 91, 73

7 7.2 7.0 272 257 229, 183, 145, 115, 73

1c 10.5 7.0 418 403 385, 330, 315, 299, 147, 73

5 10.7 7.0 and 3.0 418 403 355, 315, 281, 207, 185, 147, 73

3 12.8 3.0 438 423 344, 333, 321, 305, 291, 217, 193, 147

2 12.9 7.0 506 491 418, 403, 387, 315, 253, 172, 147, 73

6 17.3 3.0 538 523 421, 345, 267, 193, 147

a Only major metabolites and those that help to elucidate the metabolic pathway of 2,2�-dihydroxybiphenyl are shown.
b Retention time relative to the retention time of 2-hydroxybenzoic acid.
c Metabolite found only in cell suspensions of E. coli cells expressing BPDO.
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HC(4� or 6�)]; 6.31 ppm [s, deshielded, 1H, HC(6)]; 4.87 ppm
[d, J � 3.3 Hz, H, HC(4)]; 4.21 ppm [ddd, J � 3.4 Hz, 1.2 Hz,
3.4 Hz, 1H, HC(3)]; 2.75 ppm [dd, J � �16.8 Hz, 10 Hz, 1H,
HC(2)]; 2.68 ppm [dd, J � �16.8 Hz, 4.7 Hz, 1H, HC(2)].
There were two coupling systems showing four adjacent pro-
tons each, one of which was an aromatic system as indicated by
its chemical shift between 7 and 8 ppm.

Other metabolites generated from 3,3�-dihydroxybiphenyl
by the biphenyl catabolic pathway of strain B-356. When the
concentration of 3,3�-dihydroxybiphenyl was raised over 100
�g/ml of cell suspension of strain B-356 or of its adapted
variant, the rate of transformation of substrate into metabolite
9 was lower (ca. 75 �g/h for suspension adjusted to 1010 cells/
ml). Furthermore, several other metabolites were generated in
the growth medium. The metabolites that were found in 48-h-
old resting cell suspensions of B-356 are shown in Table 2
along with the mass spectral features of their TMS derivatives.
Typically, approximately 70 to 80% of the substrate was trans-
formed into metabolite 9. Metabolite 10 was the second most
abundant in the culture extracts, representing approximately
10 to 15% of the substrate converted. From the mass spectral
features of its TMS derivative, metabolite 10 was identified as
trihydroxybiphenyl. Butylboronate derivatization of metabolite
10 revealed that none of its hydroxyl groups were adjacent. By
deduction, it must be the 3,5,3�-trihydroxybiphenyl or the
3,6,3�-trihydroxybiphenyl that would be generated by elimina-
tion of water from 5,6-dihydro-3,5,6,3�-tetrahydroxybiphenyl.
On the other hand, the total absence of 2-(3-hydroxyphenyl)-
1,4-benzoquinone strongly suggests that it is 3,5,3�-trihydroxy-
biphenyl. All other metabolites were present in small amounts
(less than 1% of total mass).

A small amount of a dihydrotetrahydroxybiphenyl which is
presumed to be 5,6-dihydro-3,5,6,3�-tetrahydroxybiphenyl (me-
tabolite 8) was found in the extracts of suspensions prepared

with the biphenyl-adapted variant of strain B-356. 2,3,3�-Tri-
hydroxybiphenyl (metabolite 11, Fig. 3) was not detected in the
extracts; however, the presence of metabolites 12 and 13 in pH
3.0 extracts provides the evidence that the elimination of water
from 5,6-dihydro-3,5,6,3�-tetrahydroxybiphenyl or catalytic ox-
ygenation on carbons 2 and 3 of 3,3�-dihydroxybiphenyl can
generate 2,3,3�-trihydroxybiphenyl as well. Metabolite 12 was
found in suspensions of strain B-356 whereas metabolite 13
was detected in suspensions of P. putida KT2440[pDA2]. Me-
tabolites 12 and 13 must have been generated by further non-
specific transformation of 2-hydroxy-6-oxo-6-(3-hydroxyphen-
yl)-hexa-2,4-dienoic acid through pathways described
previously for the corresponding chlorinated biphenyls and
hydroxybiphenyls (25, 33). The same metabolites were also
present in extracts from resting cell suspensions of B-356 and
P. putida KT2440[pDA1] and KT2440[pDA2] when 3-hydroxy-
biphenyl was used as the substrate (data not shown). The
absence of 3-hydroxybenzoate (metabolite 14, Table 2) in rest-
ing cell suspensions of strain B-356 with 3,3�-dihydroxybiphe-
nyl can be explained by the ability of this strain to use 3-hy-
droxybenzoate for growth (33). P. putida KT2440[pDA1] is
unable to metabolize 3-hydroxybenzoate (33). It expresses the
four enzymes required to transform biphenyl into benzoate,
but the expression is poor (2). The conversion rate of 3,3�-
dihydroxybiphenyl by a cell suspension of P. putida
KT2440[pDA1] is 10 times lower than that of strain B-356. In
spite of the fact that less than 10% of the total 3,3-dihydroxy-
biphenyl added was converted into metabolite 9, a small
amount of 3-hydroxybenzoate was found in pH 3.0 extracts of
48-h-old resting cell suspensions of P. putida KT2440[pDA1]
(data not shown). This observation provides further evidence
that, although minor, an alternative metabolic route for the
degradation of 3,3�-dihdyroxybiphenyl involves oxygenation on

FIG. 2. Proposed pathway for production of metabolites generated from 2,2�-dihydroxybiphenyl.
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carbons 2 and 3 to ultimately generate 3-hydroxybenzoate that
is mineralized by strain B-356.

Cytotoxicity and genotoxicity of (3S,4R)-3,4-dihydroxy-5-(3�-
hydroxyphenyl)-5-cyclohexen-1-one. Because metabolite 9 is a
dead-end metabolite produced in large amounts from 3,3�-
dihydroxybiphenyl, we have examined some of its toxic prop-
erties. Metabolite 9 did not exhibit any mutagenic properties in
the Ames test (24). The assay was done in the presence and

absence of Aroclor-induced fraction S-9, with strains TA97A,
TA98, TA100, and TA102 of S. enterica serovar Typhimurium.
All strains exhibited the expected responses when benzo-
(a)pyrene, sodium azide, and 2-aminofluorene were used as
controls. However, no change in the number of prototrophs
recovered per plate was found for any of the plates in which 0.2
to 500 �g of metabolite 9 was incorporated into the top agar
layer.

TABLE 2. Mass spectral features of TMS-derived metabolitesa generated from 3,3�-dihydroxybipheny

Metabolite No. RTb pH
Spectral feature (TMS derivatives)

M� M�15 Other ions

14c 1.0 3.0 282 267 251, 223, 193, 149, 126, 91, 73

12 11.3 3.0 352 337 295, 262, 234, 193, 147, 129, 73

10 12.3 7.0 418 403 330, 315, 299, 273, 195, 147, 133, 73

8 14.3 7.0 508 420 405, 394, 334, 241, 204, 147, 73

9 15.5 7.0 436 421 346, 320, 281, 203, 147, 73

13 16.3 3.0 452 437 362, 318, 283, 217, 193, 147, 73

a Only major metabolites and those that help to elucidate the metabolic pathway of 3,3�-dihydroxybiphenyl are shown.
b Retention time relative to the retention time of 3-hydroxybenzoic acid.
c Metabolite found only in cell suspensions of P. putida KT2440[pDA1].
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Metabolite 9 was also tested for its toxicity toward the flu-
orescent bacterium P. phosphoreum in the Microtox assay. Un-
der the conditions described in Materials and Methods, its
EC50 was determined as 20 �g/ml compared to an EC50 of 15
�g/ml for phenol. The toxicity of metabolite 9 for cells is thus
of the same order as that for phenol.

DISCUSSION

Strain B-356 BPDO was shown to oxygenate 3,3�-dichloro-
biphenyl at higher rates than those for 2,2�-dichlorobiphenyl
and 4,4�-dichlorobiphenyl (17). The fact that B-356 cells also
metabolize 3,3�-dichlorobiphenyl more efficiently than 2,2�-di-
chlorobiphenyl or 4,4�-dichlorobiphenyl reflects this feature
(6). It was thus of interest to verify if strain B-356 exhibits
similar substrate preferences towards symmetrical ortho-,
meta-, or para-substituted dihydroxybiphenyls.

In this study we have shown that the catabolic pathway of C.
testosteroni B-356 can metabolize dihydroxybiphenyls that are
symmetrically substituted on both rings. Similar to the reaction
involving the symmetrically substituted dichlorobiphenyls (17),
strain B-356 BPDO shows a preference for the meta-substi-
tuted substrate, 3,3�-dihydroxybiphenyl. However, the enzyme
can also oxygenate 2,2�- and 4,4�-dihydroxybiphenyls.

In the case of 2,2�-dihydroxybiphenyl, the major products of
oxidation are the same as those generated by Burkholderia sp.

strain LB400. BPDO catalytic oxygenation, with IPTG-induced
E. coli DH11S expressing B-356 BPDO, generates principally
2,3,2�-trihydroxybiphenyl. It has been proposed that produc-
tion of 2,3,2�-trihydroxybiphenyl is the result of a catalytic
oxygenation on the substituted side of the ring (30). However,
production of 2,3,2�-trihydroxybiphenyl from 5,6-dihydro-
2,5,6,2�-tetrahydroxybiphenyl by spontaneous elimination of
water resulting in loss of a hydroxyl group in position 2 is an
alternative pathway that cannot be excluded.

Production of trace amounts of tetrahydroxybiphenyl (me-
tabolite 2) and 2,5-dihydroxy-6-oxo-6-(2-hydroxyphenyl)-hexa-
2,4-dienoic acid (metabolite 6) also provides evidence for ox-
ygenation of at least a portion of the substrate on carbons 5
and 6 of the phenyl ring. The presence of metabolite 5 (2,5,2�-
trihydroxybiphenyl) shows that under our experimental condi-
tions some of the 5,6-dihydro-2,5,6,2�-tetrahydroxybiphenyl
spontaneously eliminates water, reconstituting the aromatic
ring, to produce this minor metabolite. In our experiments
metabolite 5 was extracted at pH 7. The instability of dihydro-
diols under acidic conditions or at high temperatures has been
well documented (5, 20, 41). Furthermore, some carboxycyclic
cis-dihydrodiol metabolites of heterocyclic arene such as those
generated from dioxygenation of benzofuran [5,6-(OH)2], ben-
zothiophene [4,5-(OH)2], and isoquinoline [5,6-(OH)2] have
been reported to aromatize spontaneously at ambient temper-
ature at neutral pH (5). However, traditionally it is believed
that cis-dihydrodiols derived from dioxygenation of aromatic
compounds are stable under physiological conditions. There-
fore, data suggest that the type and position of substitutes
present on the biphenyl ring influence the stability of the di-
hydrodiol metabolites produced from dioxygenation of biphe-
nyl analogs. This observation is clearly demonstrated from
analysis of dihydrodiol metabolites produced from 3,3�-dihy-
droxybiphenyl.

In the case of 3,3�-dihydroxybiphenyl, data showed that,
among the three dihydroxybiphenyls symmetrically substituted
on both rings, it is by far the most preferred substrate for B-356
BPDO. Although 3,3�-dihydroxybiphenyl is rapidly oxygenated
by B-356 BPDO, this compound cannot be efficiently mineral-
ized by the biphenyl catabolic pathway of strain B-356. The
dihydrodiol produced from 3,3�-dihydroxybiphenyl is readily
tautomerized to a more stable form (metabolite 9) which is not
metabolized further by the biphenyl catabolic pathway. How-
ever, a fraction of the 3,3�-dihydroxybiphenyl substrate is con-
verted to the trihydroxylated derivative by spontaneous elimi-
nation of water to generate metabolite 10 (Fig. 3). At this time,
it is not clear whether the water elimination reaction is also
responsible for the production of 2,3,3�-trihydroxybiphenyl or
whether it is produced directly through an oxygenation reac-
tion on carbons 2 and 3 of 3,3�-dihydroxybiphenyl. The fact is
that resting cell suspensions of strain B-356 or of P. putida
expressing the biphenyl catabolic enzymes of strain B-356 are
producing metabolites 12, 13, and 14 (Fig. 3), which could
occur only if 2,3,3�-trihydroxybiphenyl was produced.

The tautomerization reaction observed for 5,6-dihydro-
3,5,6,3�-tetrahydroxybiphenyl and the reactions involving water
elimination under physiological conditions for 5,6-dihydro-
2,5,6,2�-tetrahydroxybiphenyl and 5,6-dihydro-3,5,6,3�-tetrahy-
droxybiphenyl have significant consequences, as they lead to
rapid accumulation of dead-end recalcitrant metabolites such

FIG. 3. Proposed pathway for production of metabolites generated
from 3,3�-dihydroxybiphenyl. Metabolites in brackets were not de-
tected in extracts of resting cell suspensions prepared as described in
Materials and Methods. The question mark indicates the uncertainty
about the pathway for production of metabolite 11, which could also be
generated by oxygenation of the ring on carbon 2 and 3.
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as metabolite 9 with little information on its biological activi-
ties. Data show that the position and type of substitute on the
biphenyl ring can strongly influence the stability of the cis-
dihydrodiol metabolites produced by dioxygenation of biphe-
nyl analogs. The dihydrodiol metabolite resulting from cata-
lytic dioxygenation of 2,2�-dichlorobiphenyl has been detected
in the reaction medium (14). The same is true for the dihy-
drodiol metabolite derived from 3,3�-dichlorobiphenyl (data
not shown). However, when the rings are symmetrically sub-
stituted on the meta carbon by hydroxyl groups, the dihydro-
diol metabolite is unstable. Thus, in spite of the fact that strain
B-356 grows on 3-hydroxybenzoate and that B-356 BPDO cat-
alyzes the oxygenation of 3,3�-dihydroxybiphenyl rather effi-
ciently, this strain is unable to grow on it and to mineralize this
compound. This observation could have significant conse-
quences for biological processes involved in the degradation of
substituted biphenyl analogs and deserves further examination.
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