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Abstract We examined the metabolism of dibenzofuran
(DF) and dibenzo-p-dioxin (DD) by the biphenyl dioxy-
genase (BPDO) of Comamonas testosteroni B-356 and
compared it with that of Burkholderia xenovorans LB400.
Data showed that both enzymes oxygenated DF at a low
rate, but Escherichia coli cells expressing LB400 BPDO
degraded DF at higher rate (30 nmol in 18 h) compared with
cells expressing B-356 BPDO (2 nmol in 18 h). Further-
more, both BPDOs produced dihydro-dihydroxy-dibenzo-
furan as a major metabolite, which resulted from the lateral
oxygenation of DF. 2,2’ 3-Trihydroxybiphenyl (resulting
from angular oxygenation of DF) was a minor metabolite
produced by both enzymes. Deuterated DF was used to
demonstrate the production of 2,2’,3-dihydroxybiphenyl
through angular oxygenation of DF. When tested for their
ability to oxygenate DD, both enzymes produced as sole
metabolite, 2,2’,3-trihydroxybiphenyl ether at about the
same rate, indicating similar catalytic properties toward this
substrate. Altogether, although LB400 and B-356 BPDOs
oxygenate a different range of chlorobiphenyls, their metab-
olite profiles toward DF and DD are similar. This suggests
that co-planarity influences the regiospecificity of BPDO
toward DF and DD to a higher extent than the presence of an
ortho substituent on the molecule.

Introduction

Aryl-hydroxylating dioxygenases are of considerable in-
terest as they are potentially capable of initiating the
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degradation of numerous aromatic pollutants. Recent in-
vestigations provided evidence that these enzymes can
be engineered to further increase their catalytic activity
toward selected targeted pollutants, such as polychlor-
inated biphenyls (PCBs) and polyaromatic hydrocarbons
(Brithlmann and Chen 1999; Kumamaru et al. 1998; Parales
et al. 2000; Suenaga et al. 2002).

Among the aryl-hydroxylating dioxygenases, biphenyl
dioxygenase (BPDO; Broadus and Haddock 1998; Had-
dock and Gibson 1995; Haddock et al. 1997; Hurtubise
et al. 1996) has been investigated thoroughly. It catalyzes
the first step of the biphenyl catabolic pathway to generate
cis-(2R,3S)-dihydroxy-1-phenylcyclohexa-4,6-diene(cis-bi-
phenyl-2,3-dihydrodiol). The substrate specificity of BPDO
is crucial, because it limits the range of compounds that are
degradable by the catabolic pathway (Haddock et al. 1995).
BPDO is a three-component enzyme (Fig. 1). The first
component is an oxygenase, which is an iron—sulfur protein
(ISPgpy) that catalyzes the addition of molecular oxygen.
The second and third components are flavoprotein reductase
(REDgpp) and ferredoxin (FERgpy) that transfer electrons
from NADH to ISPgpy, which then activates molecular
oxygen for insertion into the aromatic substrate. BPDO
components are encoded by bphA (x-subunit of ISPgpy),
bphE (B—Subunit of ISPBPH), bphF (FERBPH) and bth
(REDgpy) in Burkholderia sp. strain LB400 (Erickson
and Mondello 1992), which was recently renamed B.
xenovorans LB400 (Denef et al. 2004), and in Comamo-
nas testosteroni B-356 (Sylvestre et al. 1996). Several
evolved BPDOs have been reported which exhibit ex-
tended catalytic activity toward PCBs (Barriault et al.
2002; Brithlmann and Chen 1999; Kumamaru et al. 1998;
Suenaga et al. 2002), trichloroethylene (Maeda et al. 2001),
alkylbenzene (Suenaga et al. 2001b), dibenzo-p-dioxin
(DD) or dibenzofuran (DF; Suenaga et al. 2001a). Of
particular interest are DD and DF, as their chlorinated
derivatives are of concern for the environment. Further-
more, DF and DD can be regarded as analogues of sym-
metric doubly ortho-substituted biphenyls and diphenyl
ethers (Fig. 2); and 2,2'-dichlorobiphenyl is an example. In
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Fig. 1 The BPDO reaction

addition, the bonds between the oxygen atom and the two
ortho-carbons lock both phenyl rings into a co-planar con-
figuration that characterizes some of the most toxic PCB
congeners, e.g. 3,3",4,4'-tetrachlorobiphenyl. In this re-
spect, DF and DD share features of both co-planar and
ortho-substituted PCB congeners. Therefore, it is of inter-
est to use these compounds as models to better understand
how these structurally distinct analogues are recognized by
the enzyme active center and what orientations they can
occupy inside the catalytic pocket of the enzyme.

Several bacterial isolates able to degrade DF and DD
have been described (Kimura and Urushigawa 2001; Nojiri
and Omori 2002). As noted above, the first reaction in the
degradation process involves the introduction of molecular
oxygen at lateral or angular carbons by a dioxygenase. The
possible sites of oxygenation are shown in Fig. 2. Angular
oxygenation is the most desirable reaction, as a concom-
itant carbon—oxygen bond-cleavage occurs to generate
2,2' 3-trihydroxybiphenyl (from DF) or 2,2’,3-trihydrox-
ydiphenyl ether (from DD). These two metabolites can be
further metabolized through, respectively, the biphenyl or
the diphenyl ether catabolic pathway, whereas the degra-
dation of the metabolites produced from lateral oxygenation
of DD and DF has not been demonstrated. Several
dioxygenases such as dbf4142 (Kasuga et al. 2001),
DxnAlIA2 (Armengaud et al. 1998) and Carda (Nojiri et

Fig. 2 Schematic representation of DF and DD, their possible sites
of oxygenation (4 angular oxygenation, L lateral oxygenation) and a
comparison with the structure of biphenyl (BP)
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al. 2001) are known to catalyze exclusively via angular
oxygenation of DF and/or DD. However, based on amino
acid sequence alignment, these dioxygenases do not
belong to the same phylogenetic lineages as the BPDOs
(Nojiri and Omori 2002). Angular attack of DF by the DF
dioxygenase of Brevibacterium strain DPO1361 has been
inferred from the observation that fluorene is transformed
to a stable intermediate identified as 1,10-dihydro-1,10-
dihydroxyfluoren-9-one (Engesser et al. 1989).

Seeger et al. (2001) examined the metabolites generated
from DD and DF by LB400 BPDO. This enzyme is among
the most-characterized BPDO and it oxygenates a broad
range of chlorobiphenyl congeners (Mondello et al. 1997).
The identification of 2,2',3-trihydroxybiphenyl as one of
the metabolites suggested this enzyme is capable of hy-
droxylating angular carbons. However, because LB400
BPDO is distantly related to the oxygenases listed above
and because, unlike the latter oxygenases, LB400 BPDO
oxygenates DF at more than one position (Seeger et al.
2001), we cannot exclude the possibility that 2,2',3-tri-
hydroxybiphenyl is produced from the rearrangement of
an unstable dihydro-dihydroxy metabolite resulting from
lateral oxygenation of DF. Metabolites generated by rear-
rangement of unstable dihydro-dihydroxybiphenyls were
recently identified among the metabolites obtained from
the catalytic oxygenation of hydroxybiphenyls by B-356
BPDO (Sondossi et al. 2004) and chloro-hydroxybiphenyls
(Francova et al. 2004). Before we can conclusively deter-
mine the structural features responsible for changing the
regiospecificity of BPDOs to favor angular oxygenation of
DF, it is mandatory that angular oxygenation be unambigu-
ously demonstrated.

Unlike LB400 BPDO, B-356 BPDO oxygenates 2,2'-
dichlorobiphenyl (2,2’-CB) poorly (Barriault et al. 1997)
and is unable to oxygenate naphthalene (Hurtubise et al.
1995). Since DF is structurally analogous to both naphtha-
lene and 2,2’-CB, it was of interest to compare the metab-
olites generated from DF by B-356 and LB400 BPDOs.

The purpose of the present investigation was to examine
the metabolite profile obtained from catalytic oxygenation
of DF and its analogue DD by B-356 BPDO and to com-
pare it with that obtained with LB400 BPDO. Furthermore,
we used DF deuterated on all carbons (DF4g) to demon-
strate unambiguously that LB400 BPDO catalyzes angular
oxygenation of DF.

Materials and methods

Bacterial strains, plasmids, chemicals and general
protocols

Escherichia coli DH11S (Lin et al. 1992) was used in this
study. Plasmids pDB31[LB400-bphAE] and pDB31[B-
356-bphAE] were described by Barriault et al. (2002). To
construct pQE31[LB400-bphF G|, bphF G was amplified as
a 1,555-bp BamHI/Kpnl fragment from LB400 DNA
(using antisense primers 5'-GCGGGATCCTATGAAATTT
ACCAGAGTTTG-3", 5'-CTGGTACCGCTTCACCTTT
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CA-3") and then cloned into the BamHI/Kpnl-digested
pQE31. DNA general protocols were done according
to Sambrook et al. (1989). The other plasmids used
(pQE31[B-356-bphAE], pQE31[LB400-bphAE], pQE31[B-
356-bphF1], pQE31[LB400-bphF], pQE31[LB400-bphG]) to
produce the purified His-tagged components of LB400
and B-356 BPDOs were described by Barriault et al. (2002)
and Hurtubise et al. (1996).

Chemicals

The chemicals used in this work were of the highest grade
available commercially. Dibenzofuran (99% minimum pu-
rity) was from Aldrich Chemicals (Milwaukee, Wis.) and
dibenzo-p-dioxin (98% minimum purity) was from Accu-
Standard (New Haven, Conn.). DF 45 (99% purity) was ob-
tained from CDN Isotope (Pointe-Claire, Québec, Canada).

Assays to identify metabolites and quantify catalytic
activity

Metabolites were analyzed from whole-cell suspensions of
E. coli [pQE31bphFG] + [pDB31bphAE] induced with
isopropyl-3-p-thiogalactopyranoside (IPTG). Cells were
grown in LB broth (Sambrook et al. 1989) to reach an
optical density at 600 nm (ODggg) of 1.0 and were then
induced for 3 h with 0.5 mM IPTG. Induced cells were
harvested by centrifugation, washed and suspended to an
ODggp of 2.0 in M9 medium (Sambrook et al. 1989) con-
taining 0.5 mM IPTG. This cell suspension was distributed
by portions (2 ml) among 7-ml glass tubes covered with
Teflon-lined screw caps. Each tube received 2 pl of a
50 mM acetone solution of the appropriate substrate. They
were incubated overnight at 37°C with shaking. Cell sus-
pensions were extracted at neutral pH with ethyl acetate.
Metabolites were identified by gas chromatographic—mass

spectrometric (GC-MS) analysis of their n-butylboronate
(nBuB) or trimethylsilyl (TMS) derivatives (Barriault et al.
1999, 2002). All analyses were done in triplicate.

Metabolites were also analyzed from catalytic conver-
sion of DF by His-tagged purified enzymes. In this case,
the enzyme components were purified by affinity chroma-
tography on Ni-nitrilotriacetic acid resin, according to the
protocols of Hurtubise et al. (1995, 1996). Enzyme assays
were performed in a volume of 200 pl in 100 mM mor-
pholinoethanesulfonic acid buffer, pH 6.0 (Hurtubise et al.
1996). The reactions were initiated by adding 100 nmol of
substrate dissolved in acetone. Metabolites were extracted
at pH 6.0 with ethyl acetate and treated with nBuB or TMS
for GC-MS analysis.

Results

Metabolism of DD and DF by LB400 and B-356
BPDOs

Using GC-MS analysis, Seeger et al. (2001) examined the
TMS-derived metabolites produced from DF by E. coli cells
expressing LB400 BPDO. They found five metabolites, two
of which represented respectively 2—5% and 5-10% of the
total metabolites and were identified as monohydroxy-
dibenzofuran (monohydroxy-DF). Two other metabolites,
representing respectively 55-65% and 10-20% of total
metabolites were identified as dihydro-dihydroxy-DF. The
last metabolite represented 10-15% of total metabolites
and was identified as 2,2',3-trihydroxybiphenyl.

Under our experimental conditions, IPTG-induced cells
of E. coli pDB31[LB400 bphAE] +pQES1[bphFG] oxy-
genated 30 nmol of DF in 18 h. Five TMS-derived me-
tabolites were detected from GC-MS analysis of these
cultures. Based on the peak surface of the total ion chro-
matogram, 2,2',3-trihydroxybiphenyl represented approxi-
mately 5% (or 1.5 nmol) of the substrate converted. It was
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identified on the basis of: (1) its mass spectral fragmenta-
tion pattern (data not shown) that comprised ions at m/z
418 (M"), m/z 403 (M'—CH3) and m/z 315 [M'—CH;—
(CH3)4Si; where the loss of a molecule of tetramethylsi-
lane from the molecular ion is characteristic of a catechol
moiety (Massé et al. 1989)] and (2) by comparison with
authentic 2,2',3-trihydroxybiphenyl produced by catalytic
oxygenation of 2-hydroxybiphenyl by E. coli cells ex-
pressing LB400 BPDO. Three other metabolites exhibited
mass spectral features (molecular ion at m/z 256, promi-
nent ions at m/z 241, 225) that were identical to those
reported by Seeger et al. (2001) for monohydroxy-DF.
Based on the peak surface of the total ion chromatogram,
they represented 5, 5 and 50% of the total metabolites
produced, respectively (Fig. 3). One last metabolite ex-
hibited mass spectral features identical to those reported
for dihydro-dihydroxy-DF (molecular ion at m/z 346, prom-
inent ions at m/z 256, 241, 184, 168, 156, 147, 139) by
Seeger et al. (2001). This metabolite represented 35% of
the total metabolites. Data confirmed that 2,2',3-trihydro-
xybiphenyl was a minor metabolite of DF oxygenation.
There was an apparent discrepancy between our results
and those of Seeger et al. (2001) about the relative amount
of monohydroxy-DF and dihydro-dihydroxy-DF. How-
ever, this can be explained on the basis of differences in
extraction procedures, whereby the procedure we followed
has most likely favored the dehydration of the dihydro-
dihydroxy metabolites.
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When DF metabolites produced by E. coli cells ex-
pressing LB400 BPDO were derived with butylboronate,
two metabolites (metabolites 1, 2 in Fig. 4) were detected on
GC-MS chromatograms but were not detected in a control
culture that did not express the enzyme. Both metabolites
exhibited a molecular ion at m/z 268 (Fig. 4). Based on their
molecular ions and mass spectral fragmentation pattern,
they could have been butylboronate-derived dihydro-dihy-
droxy-DF or 2,2'-3-trichlorobiphenyl. However, authentic
butylboronate-derived 2,2',3-trihydroxybiphenyl obtained
by catalytic conversion of 2-hydroxybiphenyl by LB400
BPDO was not detected under our chromatographic con-
ditions (data not shown). Furthermore, the fact that the
molecular ion of both butylboronate-derived metabolites
obtained from catalytic conversion of DF4 by LB400
BPDO was at m/z 276 (Fig. 5) conclusively demonstrated
that metabolites 1 and 2 were isomers of dihydro-dihy-
droxy-DF. If one of these metabolites had been 2,2',3-
trihydroxybiphenyl generated from an angular attack of
DFg4g, the mass spectral pattern of its butylboronate de-
rivative should have exhibited a molecular mass at m/z 275
instead of m/z 276 because of the replacement of one
deuterium by a hydroxyl group in the trihydroxybiphenyl
metabolite (Fig. 5).

When E. coli cells expressing B-356 BPDO were used to
catalyze the oxygenation of DF, the reaction was much less
efficient than for cells expressing LB400 BPDO. Based on
the peak surface of substrate in the total ion chromatogram,
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Fig. 4 Total ion chromatograms showing the peaks and mass spectra of the butylboronate-derived metabolites produced from DF by E. coli
cells expressing LB400 BPDO (solid line) and B-356 BPDO (dotted line)
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B-356 BPDO transformed 2.0+0.3 nmol of the substrate
after 18 h of incubation, compared with 30.0+2.0 nmol by
cells expressing LB400 BPDO. A small amount of metab-
olite 1 was detected when the metabolites were derived with
butylboronate (Fig. 4) and only traces of dihydro-dihy-
droxy-DF and monohydroxy-DF were detected when the
metabolites were derived with TMS (data not shown).
However, when a purified preparation of His-tagged B-356
BPDO was used to catalyze the oxygenation of DF, the
same metabolite profile as that obtained with purified

Fig. 6 Total ion chromatograms
showing the peaks of TMS-
derived metabolites produced 60000 -
from DF by purified preparation
of His-tagged LB400 BPDO
(solid line) and B-356 BPDO
(dotted line)
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LB400 BPDO was observed (Fig. 6), including 2,2',3-
trihydroxybiphenyl that represented approximately 10% of
the substrate converted. Thus, DF metabolism by B-356
BPDO was similar to that by LB400 BPDO, except that the
rate of transformation was slower. At this time, there is no
clear explanation why both purified enzymes produced
similar amounts of each metabolite after 15 min of incu-
bation, whereas E. coli cells expressing these enzymes me-
tabolized DF at considerably different rates. Because the
metabolite production was determined at a single time-
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2,2',3-Trihydroxybiphenyl

16
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point, it was not possible to determine whether higher
sensitivity of LB400 BPDO to environmental conditions or
product inhibition could have explained this difference. The
rate of conversion of 4-chlorobiphenyl, a substrate that
both enzymes oxygenate equally well, was similar for E.
coli cells expressing B-356 or LB400 BPDO at respec-
tively 4.2 nmol h™! and 4.4 nmol h™". This suggests that
the level of expression of BPDO is similar for the two E.
coli recombinant clones. Nevertheless, data show that the
regiospecificity of B-356 BPDO toward DF resembles
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that of LB400 BPDO where the orientation of the sub-
strate inside the catalytic pocket favors a lateral rather
than angular oxygenation.

Use of DF45 to demonstrate angular oxygenation by
BPDO

Because LB400 BPDO oxygenated DF at more than one
position, we could not exclude the possibility that 2,2,3-
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trihydroxybiphenyl was produced from the rearrangement
of 1,2-dihydro-1,2-dihydroxy-DF. In order to unambigu-
ously show that 2,2',3-trihydroxybiphenyl was generated
from angular oxygenation of DF, we used DF 45 as substrate.
The mass spectra of the non deuterated 2,2',3-trihydroxy-
biphenyl-TMS exhibited a molecular ion at m/z 418, with
prominent ions at m/z 403 (M'—CHs, or 418-15) and m/z
315 (M"—(CHj;)4Si—CHs, or 418-88-15; data not shown).
The mass spectral fragmentation pattern of the deuterated
2,2' 3-trihydroxybiphenyl-TMS (Fig. 7) was identical to
that of the non-deuterated compound, except that the frag-
mentation ions were displaced by a value of m/z = +7.
Prominent ions were at m/z 410 (M —CH3, or 425-15) and
m/z 322 (M'—(CH;3),Si—-CH3, or 425-88-15) and the mo-
lecular ion was at m/z 425.

This shows that 2,2’,3-trihydroxybiphenyl was produced
from an angular attack. Mass spectrometry is a very
sensitive and precise method to determine the molecular
mass of chemicals. If 2,2',3-trihydroxybiphenyl had been
produced from the rearrangement of 1,2-dihydro-1,2-dihy-
droxy-DF resulting from a lateral attack on carbons 1 and 2,
the expected fragmentation ions of its TMS-derivative
would have been displaced by a value of m/z = +6. The
molecular ion would have been at m/z 424 instead of
m/z 425 (Fig. 7).

Metabolism of DD by LB400 and B-356 BPDOs

Seeger et al. (2001) showed that, unlike DF, DD was pre-
ferentially dioxygenated at the angular position by LB400
BPDO. Our data confirmed that LB400 BPDO generated a
single metabolite from DD that exhibited the mass spectral
features reported by Seeger et al. (2001) for 2,2',3-trihy-
droxy-diphenyl ether-TMS (molecular ion at m/z 434, pro-
minent ions at m/z 419, 331). B-356 BPDO generated the
same metabolite from DD (data not shown). However, the
rate of DD oxygenation by both strains was much lower
than for DF. Cells of E. coli expressing LB400 BPDO or
B-356 BPDO transformed approximately 2 nmol of DD in
18 h when assayed under the conditions described in the
Materials and methods.

Discussion

Suenaga et al. (2001a, b) showed that residue T>’® of
Pseudomonas gaseudoalcaligenes KF707 BPDO (corre-
sponding to N*’7 of LB400 BPDO) was critical to enhance
the catalytic activity of the enzyme toward DF and DD.
Replacing residue T°’® of KE707 BPDO by N or V in-
creased significantly the catalytic activity of the evolved
enzyme toward DF and DD. Residue 377 of LB400 BPDO
was also found to be important for substrate recognition
and regiospecificity toward 2,2',5,5'-CB, allowing oxy-
genation onto meta—para carbons (Suenaga et al. 1999).
Suenaga et al. (2002) found that this residue was located in
the vicinity of the iron active center on a three-dimensional
model of KF707 BPDO structure that was based on the

crystallographic coordinates of naphthalene dioxygenase.
The recently published crystal structure of Rhodococcus
sp. RHA1 BPDO confirmed the proximity of this residue
to the enzyme active center (Furusawa et al. 2004).

The fact that LB400 BPDO oxygenated DF poorly sug-
gests that residue N°”7 of LB400 BPDO is not the only one
responsible for these enzyme features. Furthermore, the
observation that LB400 BPDO favored the lateral rather
than the angular reaction suggests that co-planarity rather
than ortho substitution determines the orientation that DF
can take within the catalytic pocket of LB400 BPDO. DF
can be regarded as an analogue of symmetrical doubly
ortho-substituted 2,2"-CB which is oxygenated principally
onto carbons 2 and 3 by LB400 BPDO (Haddock et al.
1995). Therefore, if the ortho substitution had determined
the orientation of DF in the catalytic pocket, the angular
oxygenation that corresponds to an oxygenation of car-
bons 2 and 3 of 2,2’-CB would have been preferred. It is
noteworthy that, although their residue 377 differs (N in
LB400 BPDO, T in B-356 BPDO), both enzymes cata-
lyze the oxygenation of DF and DD similarly. We still
need to study both enzymes’ crystal structures to under-
stand precisely the contribution of residue 377 to the en-
zyme catalytic activity, substrate recognition, turnover rate
of oxidation and regiospecificity.

Many questions remain to be answered to understand
which protein structural features determine regiospecificity
and how they interact with the substrate to influence its
orientation within the catalytic pocket. Seeger et al. (2001)
presented the five possible orientations that DF could oc-
cupy in the enzyme catalytic pocket and the three orien-
tations that DD could occupy. LB400 BPDO allows only
the angular attack plus two of the four possible lateral
oxygenation reactions of DF; and it allows only the angular
oxygenation of DD. Based on the alignment of the con-
formation of DF with that of biphenyl, Seeger et al. (2001)
made the observation that the two orientations of DF that
are most similar to that of biphenyl should lead to an oxy-
genation on carbons 1 and 2 (lateral) or 4 and 4a (angular)
of DF. The metabolism of DF by the biphenyl degrader
Beijerinckia sp. B1 (now called Sphingomonas yanoikuyae
B1; Gibson 1999) was examined by Cerniglia et al. (1979).
They reported the production of two metabolites tentatively
identified as cis-1,2-dihydro-1,2-dihydroxydibenzofuran
and cis-2,3-dihydro-2,3-dihydroxydibenzofuran. The iden-
tification was based indirectly on the identification of the
monohydroxylated derivatives obtained after acidification
of the dihydro-dihydroxy metabolites. Oxygenation of car-
bons 1 and 2 was also the preferred site of attack of DF
by the naphthalene dioxygenase of Pseudomonas sp. NCIB
9816-4 (Resnick and Gibson 1996), where 50-60% of the
substrate was converted into cis-1,2-dihydro-1,2-dihydroxy-
dibenzofuran. Cis-3,4-dihydro-3,4-dihydroxydibenzofuran
was the second most abundant metabolite, representing 30—
40% of the substrate converted. The precise position of
hydroxylation of DF by BPDOs can only be determined
from direct identification of the resulting dihydro-dihy-
droxy-DF. Although we have not identified precisely all
the positions of attack of DF during BPDO oxygenation,



our results using DF g3 demonstrated unambiguously that
2,2' 3-trihydroxybiphenyl generated from the catalytic oxy-
genation of DF by LB400 resulted from an angular attack
of the molecule.
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