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Burkholderia sp. strain LB400 is one of the most potent aerobic polychlorobiphenyl (PCB)-degrading
microorganisms that have been characterized. Its PCB-dioxygenating activity originates predominantly or
exclusively from the biphenyl dioxygenase encoded by its bph gene cluster. Analysis of the dioxygenation
products of several di- to pentachlorinated biphenyls formed by this enzyme revealed a complex dependence of
the regiospecificity and the yield of dioxygenation on the substitution patterns of both the oxidized and the
nonoxidized rings. No dioxygenolytic attack involving chlorinated meta or para carbons was observed. There-
fore, the ability of the enzyme to hydroxylate chlorinated carbons appears to be limited to the ortho position.
However, it is not limited to monochlorinated rings, as evidenced by dioxygenation of the 2,4-disubstituted ring
at carbons 2 and 3. This site of attack is strikingly different from that of the 2,5-dichlorinated ring, which has
been shown to be dihydroxylated at positions 3 and 4 (J. D. Haddock, J. R. Horton, and D. T. Gibson, J.
Bacteriol. 177:20-26, 1995). These results demonstrate that a second substituent of ortho-chlorinated rings
crucially influences the site of dioxygenation at this ring and thereby determines whether or not the initial
chlorobiphenyl oxidation product is further metabolized through the bph-encoded pathway. The 2,4-dichlori-
nated ring can alternatively be attacked at carbons 5 and 6. The preferred site crucially depends on the
substitution pattern of the other ring. The formation of more than a single dioxygenation product was found
predominantly with congeners that contain two chlorinated rings, both of which are similarly prone to
dioxygenation or one is substituted only at carbon 3.

Microbes and enzymes capable of attacking halogenated
aromatics are of increasing interest due to their potential use
in the treatment of environmental contaminants. Industrial
mixtures of polychlorobiphenyls (PCBs) constitute an impor-
tant class of persistent and potentially carcinogenic pollutants.
Certain aerobic bacteria are able to oxidize some PCB conge-
ners by upper pathways that are basically identical in the dif-
ferent organisms (Fig. 1) (1, 4, 7, 10, 20). Genes encoding such
pathways have been cloned and characterized (2, 11, 15, 18,
22), and the elucidation of the three-dimensional structure of
pathway enzymes is in progress (14, 17, 25, 30).

One microorganism with a superior ability to oxidize a wide
range of chlorobiphenyl (CB) congeners is Burkholderia sp.
strain LB400. A number of investigations focussed on the de-
pletion of CBs by this organism (4-6, 12, 24). Fewer data are
available on the metabolites that arise from the attack on CBs.
The conversion of 2,5,2",5'-CB into dead-end dihydrodiols has
been described (6, 24). Furthermore, the chlorinated benzo-
ates (CBAs) and acetophenones formed from a number of CBs
have been identified (3, 4, 24). Genes, termed bph, encoding all
enzymes of the pathway shown in Fig. 1 have been identified,
cloned, and characterized (8, 9, 15, 16, 22). Transposon mu-
tagenesis of strain LB400 indicated that the bph locus codes for
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a major pathway but did not rule out the existence of addi-
tional routes involved in the breakdown of CBs (23, 24). The
construction of bph-harboring recombinant Escherichia coli
strains and the isolation of the bph-encoded biphenyl 2,3-di-
oxygenase (BphA) permitted investigations of the CB catabolic
activities directly ascribable to Bph enzymes. These investiga-
tions provided data on the substrate range of BphA (22) as well
as on CB metabolites formed by this enzyme (13, 27), by
biphenyl-2,3-dihydrodiol 2,3-dehydrogenase (BphB) (27), by
2,3-dihydroxybiphenyl 1,2-dioxygenase (BphC) (28), and by
2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoate hydrolase (BphD)
(28). The results obtained are consistent with the view that the
bph locus encodes a major CB catabolic route of strain LB400.

The regiospecificity of dioxygenation by the initial enzyme of
the pathway is of particular importance, because the site (or
sites) of dioxygenation of a CB determines the (potential)
site(s) of attack by the subsequent enzymes of the pathway
(Fig. 1). This predetermines whether and how further enzy-
matic degradation of the compound may take place. The prod-
ucts formed from a number of CBs by attack by BphA of strain
LB400 show that the enzyme is able to hydroxylate meta and
para carbons, that the site specificity of dioxygenation is influ-
enced by the substituent pattern, and that an ortho-monochlo-
rinated ring is readily and almost exclusively attacked at posi-
tions 2 and 3 (13, 27). However, these data do not permit
predictions of dioxygenation patterns for other CBs and of
whether their primary products are further metabolized. We
have therefore characterized the oxidation of a larger range of
congeners and investigated their further catabolism by the
bph-encoded upper pathway.
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FIG. 1. Upper pathway for catabolism of biphenyls encoded by the bph locus of Burkholderia sp. strain LB400. Compounds shown are biphenyl (1), BDHD (2), DHB

(3), HOPDA (4), 2-hydroxypenta-2,4-dienoic acid (5a), and benzoic acid (5b).

MATERIALS AND METHODS

Chemicals. PCB congeners (99% purity) were obtained from Lancaster Syn-
thesis (White Lund, Morecambe, England), Promochem (Wesel, Germany), or
Restek (Sulzbach, Germany). CBAs (98% purity) were purchased from Fluka
AG (Buchs, Switzerland) or Lancaster Synthesis.

Bacterial strains, plasmids, and culture conditions. The E. coli strain used in
this study was BL21(DE3)/pLysS (31) harboring either pAIA111, pAIA13,
pAIA1S, pAIAS0, or pAIA74. These plasmids are based on the phage T7 ex-
pression vector pT7-6 (32). pAIA111 carries bphA1424344, pAIA13 contains
bphAI1A2A3A44B, pAIA1S harbors bphC, pATIAS0 carries bphA1A2A3A4BC, and
PAIA74 contains bphA1424A34A4BCD of Burkholderia sp. strain LB400. The
constructions of pAIA111 (21), pAIA13 (27), pAIAS0, and pAIA74 (28) have
been described previously. pAIA15 was obtained from pDD372 (16) by cleavage
with HindIII and Stul, filling in of the HindIll end, and recircularization with
standard procedures (26). Bacteria were grown in Luria-Bertani medium (26) at
37°C unless otherwise indicated. Where appropriate, chloramphenicol and/or
ampicillin at a concentration of 20 or 50 pg/ml, respectively, was used for
selection.

Preparation of resting cells. The preparation of resting cells was carried out as
previously described (28).

Degradation of CBs by BphA or by BphA and BphB and analysis of products.
Resting cell suspensions (1 ml) (optical density at 600 nm [ODgy,] = 15) of
E. coli BL21(DE3)/pLysS harboring either pAIA111 or pAIA13 were incubated
on a rotary shaker with a 0.5, 1, or 2 mM nominal concentration of CB for 6 or
24 h at 30°C. The reaction mixtures were extracted with an equal volume of ethyl
acetate. The organic layer was reextracted with one volume of 50 mM sodium
phosphate buffer, pH 7.5, and dried over magnesium sulfate. To obtain butyl-
boronate derivatives, the solvent was removed from 200 pl of extract, the residue
was redissolved in 80 wl of acetone, 20 pl of a 2-mg/ml solution of n-butylboronic
acid in acetone was added, and the solution was incubated at 50°C for 10 min
(19). After derivatization, mixtures were evaporated to dryness under a stream of
nitrogen and dissolved in 10 ul of n-octane. Samples (1 wl) were injected in the
splitless mode (250°C injector temperature) into a Hewlett-Packard series 1I gas
chromatograph equipped with a Hewlett-Packard Ultra 2 capillary column (5%
diphenyl-, 95% dimethylpolysiloxane; length, 50 m; inside diameter, 0.2 mm; film
thickness, 0.11 mm). Helium served as the carrier gas, and the following tem-
perature program was used: 80°C (3 min), increases of 10°C/min to 288°C, and 20
min at 288°C. The gas chromatograph was coupled to a Hewlett-Packard model
5989A quadrupole mass spectrometer, which was operated in the electron im-
pact mode.

Degradation of CBs by BphA, BphB, and BphC or by BphA and BphC and
analysis of products. Resting cell suspensions (4 ml) (ODgy, = 2) of E. coli
BL21(DE3)/pLysS harboring pAIA50 or a mixture of equal amounts of the same
host harboring pAIA111 or pAIA1S5 were incubated as described above with a 30
1M nominal concentration of CB. The formation of 2-hydroxy-6-oxo-6-phenyl-
hexa-2,4-dienoates (HOPDAs) was monitored at intervals between 1 and 24 h by
visible spectral scanning of the assay mixtures with a Beckman model DU-70
spectrophotometer.

Degradation of CBs by BphA, BphB, BphC, and BphD and analysis of prod-
ucts. Resting cell suspensions (1 ml) (ODgyy = 10) of E. coli BL21(DE3)/pLysS
harboring pAIA74 were incubated as above with a 125 wM nominal concentra-
tion of CB for 24 h. Cell-free supernatants were analyzed by high-performance
liquid chromatography (HPLC) as described previously (28). CBAs were iden-
tified and quantitated by comparison with authentic standards.

RESULTS AND DISCUSSION

Conversion of CBs into dihydroxy compounds. The attack
upon several di- to penta-CBs by the bphA-encoded dioxyge-
nase of Burkholderia sp. strain LB400 was investigated by in-
cubation of individual congeners with a recombinant E. coli

strain synthesizing this enzyme. The dioxygenation products
formed were characterized by gas chromatography-mass spec-
trometry (GC-MS). The results are shown in Table 1. Half of
the congeners yielded more than a single reaction product,
indicating a relaxed regiospecificity of attack by the enzyme.
Each of the metabolites detected was the product of a single
dioxygenation of a CB molecule. Thus, “dioxygenation of a
congener at different sites” or similar phrases throughout this
work refer to the dioxygenation of different molecules of a
congener. On the basis of apparent relative yields (deduced
from total ion chromatogram [TIC] peak areas and thus based
on the assumption that similar amounts of the different me-
tabolites yield similar areas), the formation of one of the di-
oxygenation products appeared to be strongly preferred in
most cases. Biphenyldihydrodiols (BDHDs) are formed by the
dioxygenation of unchlorinated carbons, while dihydroxybiphe-
nyls (DHBs) are formed by an attack at a semichlorinated pair
of carbons and the subsequent elimination of hydrochloric acid
(13, 27). As hydroxylation of a chlorosubstituted ring can lead
to artifactual dechlorination during derivatization or GC-MS
analysis (27), we confirmed the formation of DHBs by an
entirely different experimental procedure that obviates deriva-
tization. This procedure involved incubation of the CBs with
recombinant bacteria synthesizing BphA and the third pathway
enzyme, BphC, but not BphB. BphC does not attack BDHDs
but converts 2,3-DHBs into HOPDAs (Fig. 1), which display
characteristic absorption maxima between approximately 390
and 440 nm (28). Biphenyl (not shown) and 3,4- and 3,5-CB,
for which dehalogenation had not been detected (29), served
as negative controls. Positive controls were carried out with
cells producing all three enzymes. The results are shown in
Table 2. Whereas biphenyl and 3,4- and 3,5-CB were not con-
verted to HOPDAs by cells synthesizing BphA and BphC, the
other CBs were transformed to HOPDASs, which confirms that
attack by BphA leads directly to the formation of DHBs.
Conversion of CBs to CBAs. Table 3 shows the CBAs de-
tected and identified by HPLC-UV after transformation of 15
congeners by E. coli cells synthesizing the four enzymes of the
bph-encoded upper pathway. All of these CBs yielded CBAs,
indicating that all four enzymes of this pathway are able to
metabolize congeners or their degradation products with a
large variety of different chlorine substitution patterns, includ-
ing compounds with up to four substituents on the nonoxidized
ring. Bedard and Haberl (4) have shown that strain LB400
itself catabolizes 2,4,4'-CB to 4-CBA (13% yield) and 2,4-CBA
(2%) and 3,4,2'-CB to 3,4-CBA (48 to 64%). Thus, the me-
tabolism of these congeners appears to be similar in this strain
and in E. coli harboring its bph genes. Strain LB400 converts
2,3,3'-CB into the dead-end product 2,3-CBA and the tran-
sient metabolite 2,3-dichloroacetophenone (4). Our recombi-
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TABLE 1. Characterization of CB metabolites formed by dioxygenation catalyzed by the bph-encoded biphenyl
dioxygenase of Burkholderia sp. strain LB400

No. of products

t, (min) of Apparent relative Mass of No. of Type of
Substrate CB Possible? Observed” derivgtive)(GC) pr;ield (%) derivative chlorines corz/lrr))ound
3,3’ 2 2 24.82 85-95 322 2 BDHD
25.25 5-15 322 2 BDHD
3.4’ 3 3 25.03 50-70 322 2 BDHD
25.18 20-40 322 2 BDHD
25.45 5-15 322 2 BDHD
4.4 1 1 25.37 100 322 2 BDHD
2,32’ 6 1 24.29 100 320 2 DHB
2,42' 6 2-3 23.92 90-95 320 2 DHB
24.22 3-10 320 2 DHB
[25.41] [1-2] [356] [3] [BDHD]
342 5 1 25.61 100 320 2 DHB
3,52 4 1 24.98 100 320 2 DHB
2,33’ 4 2 25.64 90-95 356 3 BDHD
26.42 5-10 356 3 BDHD
2,43’ 4 2-3 25.29 15-20 356 3 BDHD
[25.50] [2-3] [356] [3] [BDHD]
26.19 75-85 356 3 BDHD
2,34’ 3 2 26.03 85-95 356 3 BDHD
26.39 5-15 356 3 BDHD
2,44 3 2 25.48 20-40 320 2 DHB
25.65 60-80 356 3 BDHD
2,345 2 1 27.65 100 390 4 BDHD
242" 4’ 2 1 25.69 100 354 3 DHB
2,3,4,52 4 1 27.54 100 388 4 DHB

“ Based on the assumption that the enzyme cannot attack C-1 and chlorinated meta or para carbons. There are no indications of these types of attack, either in

previous studies or in the present work.

® A range is given when one or more products were observed in only marginal amounts. Data for such products are given in square brackets, as it cannot be ruled

out that they may originate from contaminants.
¢ Deduced from TIC peak areas.

nant E. coli strain also yielded 2,3-CBA and no 3-CBA. The
formation of chloroacetophenone is currently being investi-
gated.

Assignment of sites of initial dioxygenation. An assignment
of the positions of initial dioxygenation from GC-MS data
alone can be made only in exceptional cases, such as 4,4’-CB,
where an attack at only a single site will yield a BDHD. How-
ever, the combination of different types of data frequently
permitted assignment of the site of dioxygenation. For exam-
ple, congeners that were dechlorinated and converted into
DHBs by BphA must have been attacked at a chlorinated
carbon. If the CB is monochlorinated or symmetrically dichlo-
rinated and the substituents are at ortho or para positions, the
identification of its metabolite as a DHB is sufficient for as-
signment of the site of dioxygenation, if we assume that posi-
tion 1 or 1’, respectively, cannot be attacked. In some in-
stances, we additionally transformed an otherwise analogous
CB, which did not contain a presumptively eliminated chlorine,
into a DHB and compared the chromatographic retention
times (t,s) of the two DHBs. For example, 3,4,2'-CB, trans-
formed by BphA, and 3,4-CB, transformed by BphA and
BphB, yielded coeluting DHBs (data not shown). As the DHB
formed from 3,4-CB had been previously shown to be dioxy-
genated at carbons 2’ and 3’ (28), this was taken as an indica-
tion that 3,4,2'-CB had been attacked at the same positions.
Our investigation of the CB metabolites formed by BphA of
the gram-positive PCB degrader Rhodococcus globerulus P6
(21) was also helpful in identifying dioxygenation sites in the
present work. This enzyme frequently formed only a single
metabolite which could be identified. Thus, the comparison of
t, values and mass spectra of the products formed by the two
BphA’s revealed their identity or nonidentity. The conversion

of CBs into CBAs or chlorinated HOPDAs was also used for
site assignments. Only dioxygenation at ortho and meta carbons
will lead to formation of these metabolites (Fig. 1). While
CBAs in most cases can be identified by comparison with
authentic standards, the absorption maxima of the electronic
spectra of HOPDAs can be useful in identifying the attacked
ring, since they are different for ortho-substituted and non-
ortho-substituted compounds (28). The particular type of evi-
dence used for dioxygenation site assignments is indicated in
Table 4. For completeness, this table also contains data from
earlier reports (4, 13, 27).

Characteristics of CB oxidation by BphA from strain LB400.
The present and previous studies of CB oxidation provide no
indication of hydroxylation of chlorinated meta or para car-

TABLE 2. Determination of dechlorinating dioxygenation of
CBs by measurement of HOPDA formation in the
presence and absence of BphB*

HOPDA formed by:

CB BphA and BphC BphA, BphB, and BphC
Amax (nm) A (5hy Mmax (M) A(5hy
3,4 NF NF 440 = 2°¢ ND
35 NF NF 439 * 2¢ ND
2,4,2' 392 +2 0.72 392 £2 2.1
2,4,4' 436 =3 0.21 434 =2 0.33
242" 4' 396 =2 0.14 396 £ 2 0.05

“ND, not determined; NF, not found.
b Absorption at A, after 5 h of incubation.
¢ Taken from reference 28.
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bons. Specifically, 3-, 4-, 2,3-, and 2,5-substituted rings were not
dechlorinated. The 2,4-dichlorinated ring of 2,4,2'-,2,4,4'-, and
2,4,2',4'-CB was dechlorinated at one of the carbons, but avail-
able evidence indicates that this reaction involved position 2.
For example, the dioxygenation of 2,4,4’-CB yielded a di-
chloro-DHB which was converted into a HOPDA by BphC.
This indicates that the hydroxy groups of the DHB were at-
tached to ortho and meta carbons and thus rules out dioxygen-
ation at positions 3,4, 4,5, or 3',4’. The HOPDA showed a \,,,,
of 433 nm, which indicates dioxygenation of the ortho-substi-
tuted ring (28) and is consistent with attack at carbons 2 and 3.
Thus, all available evidence suggests that the attack of chlori-
nated carbons by this BphA is limited to the ortho position.

Although the hydroxylation of chlorinated carbons by BphA
from strain LB400 appears to occur only at the ortho position,
our results show (Tables 1 and 2) that the attack of a chlori-
nated ortho carbon is not limited to monochlorinated rings.
The 2,4-disubstituted rings of 2,4,2'-, 2,4,4'-, and 2,4,2',4'-CB
were dioxygenated at positions 2 and 3. The mass spectrum of
the sole product obtained from 2,4,2',4'-CB is shown in Fig. 2.
Its isotopically most abundant (*°B:''B ratio = 1:4; **CI:>’Cl
ratio = 3:1) molecular ion (m/z = 354) and the fragment [M —
56]", which is the most prominent ion typically formed from
catechols due to the elimination of butene (19), indicate the
formation of a trichlorinated DHB. The conversion of this
congener into 2,4-CBA (Table 3) demonstrates dioxygenation
at ortho and meta carbons. Taken together, both results indi-
cate dioxygenation at positions 2 and 3. Evidence for 2,3-
dioxygenation of 2,4,2'- and 2,4,4’-CB is provided in Table 4.
This site of attack, which permits degradation of these conge-
ners by all subsequent enzymes of the upper pathway (Table
3), is strikingly different from that of the 2,5-dichlorinated ring,
which also possesses a chlorinated ortho carbon next to an
unsubstituted meta carbon. Haddock et al. (13) reported that
the dichlorinated ring of 2,5,2'-, 2,5,3'-, and 2,5,2",5'-CB is
dihydroxylated exclusively at carbons 3 and 4. This yields me-
tabolites that are not further transformed by the next pathway
enzyme (13). These results demonstrate that a second substitu-
ent on an ortho-chlorinated ring can crucially influence the site
of dioxygenation and, as a result, the further breakdown of the
compound.

As shown above, the dichlorinated ring of 2,4,2',4’-CB was
dioxygenated at positions 2 and 3. In contrast, 2,4,3'-CB
yielded no DHB but three BDHDs, one in marginal amounts
(Table 1). The formation of BDHDs is inconsistent with 2,3-
dioxygenation of this congener. The formation of 3-CBA from
this CB (Table 3) indicates that one of the BDHDs is dihy-
droxylated at positions 5 and 6. Dioxygenation of 2,4,4'-CB
gives rise to a DHB by attack at carbons 2 and 3 (Table 4).
Additionally, this congener yields a BDHD as a major metab-
olite (Table 1). This may be formed by dioxygenation at posi-
tions 5 and 6. This assignment is consistent with the formation
of a HOPDA with an absorption maximum at 434 nm (Table
2) and with the formation of 4-CBA (Table 3). Thus, the
dichlorinated ring of 2,4,4’-CB is possibly dioxygenated at both
pairs of vicinal ortho and meta carbons. These results indicate
that the position of dioxygenation can be strongly influenced by
the substitution pattern of the nonoxidized ring. Another ex-
ample for this influence is 2,3’-CB. The ortho-chlorinated ring
of this congener is 5,6-dioxygenated with a relative yield of
38% (13). In contrast, 2,2'- and 2,4’-CB are not or are only
marginally attacked at this site (13, 27). These results suggest
that a meta substituent on the nonoxidized ring promotes 5,6-
dioxygenation of the 2-chlorinated ring. However, of five
a,b,2'-CBs, including four with a and/or b in the meta posi-
tion(s), only 2,4,2’-CB was 5',6'-dioxygenated, though only in
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TABLE 3. Formation of CBAs from CBs by the enzymes
of the bph-encoded degradative pathway of
Burkholderia sp. strain LB400”

No. of CB CBA
CB dioxygenation : i
products” (trH(Pnilgg ngslllgfirrll(es()s)o f Yield (%)
3,4 3 5.05 4 10-20
4.83 3¢ 5-10
234 ND 7.27 23,4 70-100
2,45 ND 8.61 2,45 70-100
3,45 ND 15.18 3,4,5¢ 40-707
2,32 1 4.52 2,3 70-100
2,42 2-3 5.34 2,4 70-100
3.42 2ef <1
3,42 1 7.59 34 40-70
3,52 1 8.92 35 40-70
2,3,3' 2 4.52 2,3¢ 20-40
2,43 2-3 4.83 3 10-20
2,3,4' 2 4.52 23 3-6
2,4.4' 2 5.05 4¢ 20-40
5.34 2,4f 1-2
2,3,4,5 1 12.34 2,345 70-100
2,424 1 5.34 2,4 10-20
2,3,4,5,2 1 12.34 2,345 40-70

“ND, not determined.

b A range is given when one or more products were observed only in marginal
amounts (Table 1).

¢ In previous experiments (28), this CBA was not detected, probably due to a
lower activity of the HOPDA hydrolase.

4 Tentative data, as an authentic reference was not available.

¢ Assignment based only on t, value.

/ As this product was observed only in marginal amounts, it cannot be ruled out
that it may originate from a contaminant.

marginal amounts (Tables 1 and 4). This emphasizes the dif-
ficulty of deducing the site(s) of dioxygenation from the be-
havior of similarly substituted CBs.

Irrespective of the site of dioxygenation, a 2,4-disubstituted
ring yielded more dioxygenation product (as deduced from
absolute TIC peak areas) than a 4-monochlorinated ring, in-
dicating that a higher chlorosubstitution of a ring may increase
its susceptibility to enzymatic oxidation. A similar observation
has been made by Nadim et al. (24), who found that strain
LB400 depletes 2,4,2",4’-CB much more rapidly than 4,4'-CB.

Relative and absolute yields of dioxygenation can also be
influenced by the substitution pattern of the second ring. Thus,
the para-chlorinated ring of 3,4'-CB yielded more dioxygen-
ation product than that of 4,4'-CB, even though oxidation of
the para-chlorinated ring of 3,4’-CB unfavorably competed
with oxidation of the meta-chlorinated ring.

Several CBs yielded more than a single dioxygenation prod-
uct, indicating that the productive binding of a given substrate
to the BphA active site occurs in more than one orientation.
The data shown in Table 4 reveal a complex dependence of the
regiospecificity of dioxygenation on the substitution pattern of
the biphenyl core.

As stated above, the yield of dioxygenation of one ring is
dependent on the substitution pattern of the other. This is due
not only to steric and electronic influences of the second ring
on the binding to the active site and the reactivity of the
attacked ring but also to the competition of the two rings for
the active site and for dioxygenation. In spite of this compli-
cation, available data suggest the following approximate order
of preferential dioxygenation for a number of different ring
types (“ring preference”): unsubstituted > 2-chloro > 2,5-
dichloro > 2,4-dichloro > < 3-chloro > 4-chloro (“> <”



3618 SEEGER ET AL. ApPL. ENVIRON. MICROBIOL.

TABLE 4. Regiospecificity of dioxygenation of various biphenyls chlorinated in both rings by the bph-encoded biphenyl
dioxygenase of Burkholderia sp. strain LB400

Congener Site(s) of dioxygenation” Evidence for site of dioxygenation®
0$-$ Elimination of HCI (13, 27). Essentially quantitative conversion of 2,2'-CB into 2-CBA (28).
a (é_i) Tentative assignment (13).
?
? 5',6', tentative assignment, consistent with no elimination of HCI (13) and formation of trace

amounts of 2-CBA by strain LB400 (4).

23’ 2,3, elimination of HCI (13); almost quantitative conversion of 2,3'-CB into 3-CBA (28).

@ é-i No elimination of HCI (13); almost quantitative conversion of 2,3'-CB into 3-CBA (28).

~
1
]
<
o
]
-0

3'? Elimination of HCI; identical t. of monochloro-DHB derived from 4-CB (27); essentially

v quantitative conversion of 2,4’-CB into 4-CBA (28).
| ~0-0
el

33’ O O ~)

a é t@’ No elimination of HCI (13); no other possibility.
- No elimination of HCI (13); identical t, of P6 BphA product, identified as 5,6-dioxygenated
(29); formation of 20-25% of 3-CBA (28).

No elimination of HCI; formation of 3-CBA.

3,4
No elimination of HCI; no other possibility.
No elimination of HCI; identical t, of P6 BphA product, identified as 5,6-dioxygenated (21);
formation of 4-CBA (28).
No elimination of HCI; formation of HOPDA (28).
4.4
Elimination of HCI; formation of 2,3-CBA.
2,32
Elimination of HCI; identical t, of dichloro-DHB derived from 2,4-CB.
2,42
Tentative assignment, consistent with no elimination of HCIL.
Elimination of HCI; probable formation of 2-CBA.
NMR (13).
2,52
NMR (13).
Tentative assignment, consistent with no elimination of HCI (13).
Elimination of HCI; identical t, of dichloro-DHB derived from 3,4-CB; formation of 3,4-CBA.
3,42

Continued on following page
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TABLE 4—Continued
Congener Site(s) of dioxygenation” Evidence for site of dioxygenation”<
a 03-3 Elimination of HCI; identical t, of dichloro-DHB derived from 3,5-CB; formation of 3,5-CBA.
a
o]
235 (D
a o é%’ 9 Tentative assignment, consistent with no elimination of HCL.
é- ) No elimination of HCI; formation of 20-40% of 2,3-CBA.
3-3 Cl No elimination of HCI; formation of 10-20% of 3-CBA.
, For the 3-chlorinated ring, no other possibilities in the absence of HCI elimination. Tentative
243 a O % assignment of marginal attack at carbons 4’ and 5'.
4
a ﬁ i%
a c
2,53 4 ~ 3,4 and 3',4’, no other possibilities in the absence of HCI elimination (13). Tentative assign-
o a é_g\, ment of minor attack to carbons 4" and 5'.
Formation of trace amounts of 2,5-CBA and -CA by strain LB400 (4).
()
(3'3) Tentative assignment, consistent with no elimination of HCL.
234 c.
a @ ﬁ_ﬁ No elimination of HCI; formation of 2,3-CBA.
l’)
s '$ Tentative assignment, consistent with no elimination of HCL¢
e
é_éﬂ Elimination of HCI; incubation with only BphA and BphC yields HOPDA ()., = 436 nm);
formation of 4-CBA.
C& -3 Elimination of HCI; incubation with only BphA and BphC yields HOPDA (.. = 396 nm);
formation of 2,4-CBA.
zi oA
a
a C,$-3 Elimination of HCI; formation of 2,3,4,5-CBA.

“ Minor sites of dioxygenation (apparent yield, =15%) are shown in parentheses. Marginal sites of dioxygenation (Table 1) are shown in square brackets. Tentatively

assigned sites are indicated by question marks.
b CA, chloroacetophenone. NMR, nuclear magnetic resonance.
¢ If no reference is given, evidence is provided by this work.

4 A trace amount of 2,4-CBA (Table 3) suggests an alternative or additional attack at carbons 2" and 3’. However, it cannot be ruled out that this small quantity

originates from a contaminant in the CB.

indicates that both preferences were observed). The dioxygen-
ation of both rings of an asymmetrically substituted biphenyl is
expected when rings are similarly prone to attack. This was
frequently observed; examples are 3,4'-, 2,4,2'-,2,5,2'-,2,4,3'-,
and 2,5,3'-CB. A similar ring preference has been deduced for
strain LB400 on the basis of CBA and chloroacetophenone
yields (4).

The only rings which were found to be meta- and para-
dioxygenated are meta-monochlorinated rings and ortho- and
meta-substituted 2,5-dichlorinated rings (Table 4). The latter

may be regarded as a more highly substituted analogue of the
former. While the 2,5-dichlorinated ring was attacked only at
meta and para carbons (13), the 3-chlorinated ring was ortho-
and meta- as well as meta- and para-dioxygenated. The appar-
ent inability of the enzyme to 2,3-dioxygenate the 2,5-dichlo-
rinated ring is surprising. The comparison of the dioxygenation
of the 2,5-dichlorinated ring of 2,5,2'-, 2,5,3'-, and 2,5,2",5'-CB
with the dioxygenation of the 2-monochlorinated ring of 2,2'-,
2,3’-, and 2,5,2'-CB reveals that the 2-monochlorinated ring of
the latter congeners can be positioned in the enzyme active site
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FIG. 2. Mass spectrum of the butylboronate derivative of the product obtained from 2,4,2',4'-tetrachlorobiphenyl by dioxygenation catalyzed by the bph-encoded

biphenyl dioxygenase of Burkholderia sp. strain LB400.

to be 2,3-dioxygenated, whereas the 2,5-dichlorinated ring of
the former CBs presumably cannot. It seems less likely that this
is due to the steric interference of the substituent at position 5
when carbons 2 and 3 of the 2,5-dichlorinated ring are facing
the iron-bound activated oxygen species, because with 3,3’-
and 2,5,3'-CB, the 3-monochlorinated ring becomes 5,6-dioxy-
genated, indicating no such steric hindrance in these cases. It is
interesting to note that minor amounts of 2,5-dichloroaceto-
phenone were detected as metabolites of 2,5,2",5'-CB when
degraded by strain LB400 (4, 24). This may suggest an addi-
tional attack by BphA of this dichlorinated ring, although for-
mation of this metabolite via another pathway present in strain
LB400 cannot strictly be ruled out (24).

A ring that can in principle be dioxygenated at two alterna-
tive sites was not attacked at both sites in any congener. Thus,
the 3-chlorinated ring was dioxygenated at different sites in
four of six congeners, and the 2-chlorinated ring was attacked
at alternative sites essentially in only one of nine CBs. This
again illustrates the influence of the substitution pattern of the
nonoxidized ring.

Our data suggest that a congener is expected to yield more
than a single dioxygenation product particularly when both
rings are chlorinated, of which one carries a substituent at
carbon 3, and/or when the congener contains two rings that are
similarly prone to dioxygenation. However, it is not possible to
reliably predict the exact sites of dioxygenation of as yet unin-
vestigated CBs.

Finally, our results show that most of the examined primary
dioxygenation products that are dihydroxylated at ortho and
meta carbons, including catabolites with up to four chlorines on
the nonoxidized ring (2,3,4,5- and 2,3,4,5,2'-CB), are further
degraded by all subsequent enzymes of the upper pathway.
However, the 2,3-dihydrodiol of 4,4’-CB (28) and the 5',6'-
dihydrodiols derived from 2,5,3’-CB (28) and 2,4,3'-CB were
not converted into CBAs. This indicates that in some cases
catabolic bottlenecks exist after the first step of this LB400
pathway.
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